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SYNTHESIS AND ANTIPROLIFERATIVE ACTIVITY OF NITRO AND 

AMINO SUBSTITUTED BENZIMIDAZOLES AND BENZOTHIAZOLES 

 
Marijana Hranjec1, Livio Racané2, Ida Boček1, Leentje Persoons3, Dirk Daelmans3 

 
1Department of Organic Chemistry, Faculty of Chemical Engineering and Technology, University of Zagreb, HR-10000 

Zagreb, Croatia 

2Department of Applied Chemistry, Faculty of Textile Technology, University of Zagreb, HR-10000 Zagreb, Croatia 
3KU Leuven Department of Microbiology and Immunology, Laboratory of Virology and Chemotherapy, Rega Institute, 

Leuven, Belgium 

 

 

Abstract 

 

Nowadays heterocyclic compounds become unavoidable structural motifs and building blocks in 

organic and medicinal chemistry. Since benzimidazoles and benzothiazoles as one of the most 

important nitrogen heterocycles have great and versatile biological activities, these benzazoles 

become important structural scaffolds in the rational design of novel drugs in medicinal and 

pharmaceutical chemistry. These nitrogen scaffolds could be found in a variety of bioactive natural 

and synthetic medical and biochemical agents, which possess different chemical and pharmacological 

features. Within this work we present the synthesis, structural characterization and biological 

evaluation of methoxy and hydroxy substituted 2-benzimidazole and 2-benzothiazole derivatives 

bearing either nitro or protonated amino group at the benzazole scaffold (Figure 1). The targeted 

compounds were prepared by using conventional and well-optimized reactions of organic chemistry 

for the synthesis and cyclocondensation of benzimidazole and benzothiazole nuclei. All synthesized 

compounds were structurally characterized by means of 1H and 13C NMR spectroscopy. The 

antiproliferative activity was evaluated on the panel of human cancer cells in vitro. Some of tested 

compounds showed prominent antiproliferative activity. Obtained results revealed the strong 

influence of the substituents placed at the phenyl as well as on the benzazole nuclei on biological 

activity. 

 

Figure 1. Benzimidazole and benzothiazole derivatives 

 

Keywords: antiproliferative activity, benzimidazoles, benzothiazoles, synthesis. 

 

Introduction 

 

In the last two decades, heterocyclic molecules are playing an important role in the rational design of 

novel biologically active molecules being one of the greatest focuses of organic, medicinal and 

pharmaceutical chemists all over the world (Silverman, 2004). The most significant feature of the 

heterocycles is their great possibility to incorporate different functional groups either as subsituents 

or as part of the ring itself, which enabled the optimization of suchlike skeletons towards more 
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efficient molecules (Časar, 2016). This ability has a particular interest in organic and medicinal 

chemistry, so the heterocycles became widely incorporated in the structure of many newly 

synthesized compounds in order to improve their biological features. Nitrogen-containing 

heterocycles have been one of the most studied types of heterocycles having great and extensive 

therapeutic potential and significance in medicinal chemistry (Akhtar, 2017). Among all nitrogen 

heterocycles, one of the most important subclasses are benzazoles, namely benzimidazoles and 

benzothiazoles which have proven to be fundamental, privileged and indispensable building motifs 

for the synthesis of novel biologically active molecules (Bansal, 2012; Sharma, 2013). Furthermore, 

because benzazole nuclei are actually a bioisoster of naturally occurring purine, suchlike derivatives 

have often a crucial role in the function of biologically important molecules like DNA, RNA or 

different proteins (Tariq, 2019; Keri, 2015). Based on all above-mentioned importance, there are a 

great number of natural and synthetic molecules, which consist of bezazole structural fragments 

showing versatile biological activities including antitumor, antimicrobial, antifungal, antiprotozoal, 

antihypertensive, antioixdant, anti-inflammatory etc. Activities (Yadav, 2015; Gill, 2015). 

Recently, in our research group, we have evaluated several series of substituted 2-benzimidazole and 

2-benzothiazole derivatives including amidino, cyano, carboxamido, nitro, amino, hydroxy and 

methoxy substituted derivatives, which have showed a great biological potential possessing 

promising antiproliferative, antitumor, antibacterial or antioxidant activity (Hranjec, 2007; Racané, 

2010a; Racané, 2021b; Sović, 2019). Furthermore, we have also synthesized and studied tricyclic, 

tetracyclic and pentacyclic benzimidazole derivatives substituted with amidino, cyano and 

carboxamido side chains and showing great antiproliferative activity in submicromolar range of 

inhibitory concentrations (Perin, 2016a; Perin, 2017b). Among all benzimidazole/benzothiazole 

derivates, the most promising antiproliferative activity has been observe by amidino-substituted 

derivatives with compounds bearing cyclic 2-imidazolinyl amidine group. In addition, many of our 

previously published and studied benzimidazole/benzothiazole derivatives with enhance biological 

activity have shown strong interaction with either DNA or RNA being classified as minor groove 

binders or intercalators which showed selective binding to these biomolecules (Hranjec, 2008b; 

Racané, 2021c).  

In the last few years, our research has been focus on the study of antioxidative potential of benzazole 

derivatives, which possess good antiproliferative activity (Tireli, 2017; Cindrić, 2019). We have 

explored different benzazole derivatives, which have been substituted with versatile substituents to 

study the structure-activity relationship. Based on all obtained results, we have seen that the most 

important influence on the antioxidative and thus on antiproliferative activity have nitro, amino, 

amino protonated and variabile number of methoxy and hydroxy groups (Beč, 2022). The focus 

within this research was to study the influence of nitro and amino protonated as well as hydroxy and 

methoxy groups on antiproliferative activity as well as the influence of the type of heteroatom (NH 

group in benzimidazole and S atom in benzothiazole) on biological activity. With this purpose, all 

synthesized compound were tested for their antiproliferative activity on a panel of human cancer cells 

in vitro. 

 

Materials and Methods 

 

Chemistry 

General methods 

All chemicals and solvents were purchased from commercial available suppliers. Melting points were 

recorded on SMP11 Bibby apparatus and were not corrected.  

All NMR spectra were measured in DMSO-d6 solutions using TMS as an internal standard. The 1H 

and 13C NMR spectra were recorded on a Varian Bruker Avance III HD 400 MHz/54 mm Ascend. 
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Chemical shifts are reported in ppm (δ) relative to TMS. All compounds were routinely checked by 

TLC with Merck silica gel 60F-254 glass plates. Elemental analysis for C, H and N were performed 

on a Perkin-Elmer 2400 elemental analyzer. Where analyses are indicated only as symbols of 

elements, analytical results obtained are within 0.4% of the theoretical value.   

Synthesis of benzothiazole derivatives 

Compounds 2, 4a and 4b were synthesized according to the previously published paper (Racané, 

2022d).  

2-(2-Hydroxyphenyl)benzothiazole-6-ammonium chloride (5a) 

To a stirred solution of tin(II) chloride dihydrate (1.28 g, 5.0 mmol) in concd. hydrochloric acid (2.5 

ml) and methanol (2.5 ml), 2-(2-hydroxyphenyl)-6-nitrobenzothiazole (4a) (0.272 g, 1.0 mmol) was 

added and heated to reflux for 30 min. The reaction mixture was poured onto ice, made slightly basic 

(pH 8-9) with 20 % NaOH and the product was extracted with diethyl-ether. The solvent was removed 

under reduced pressure and resulting crude amine was dissolved in 2-propanol (10 ml), concd. 

hydrochloric acid (0.165 ml, 2 mmol) was added and stirred at room temperature for 2 h. The resulting 

precipitate was filtered, washed with diethyl-ether and dried at 75 °C giving 0.256 g (92 %) of 

colorless solid; mp = 263 - 272 °C (dec.). 1H NMR (600 MHz, DMSO-d6) (δ ppm): 11.57 (bs, 1H, -

OH), 8.16 (d, J = 7.2 Hz, Ar-H), 8.05 (d, 1H, J = 8.6 Hz, Ar-H), 7.96 (s, 1H, Ar-H), 7.42 – 7.38 (m, 

2H, Ar-H), 7.12 (d, 1H, J = 8.1 Hz, Ar-H), 7.02 (m, 1H, Ar-H). 13C NMR (75 MHz, DMSO-d6) (δ 

ppm): 165.3, 156.0, 150.0, 135.2, 132.1, 130.6, 128.1, 122.8, 120.5, 119.4, 118.0, 116.3, 114.7. 

Analysis calcd for C13H11ClN2OS: C, 56.01; H, 3.98; N, 10.05. Found: C, 55.87; H, 4.08; N, 10.10. 

2-(2-Methoxyphenyl)benzothiazole-6-ammonium chloride (5b) 

To a stirred solution of tin(II) chloride dihydrate (1.28 g, 5.0 mmol) in concd. hydrochloric acid (2.5 

ml) and methanol (2.5 ml), 2-(2-methoxyphenyl)-6-nitrobenzothiazole (4b) (0.286 g 1.0 mmol) was 

used and heated to reflux for 30 min. The reaction mixture was poured onto ice, made slightly basic 

(pH 8-9) with 20 % NaOH and the product was extracted with diethyl-ether. The solvent was removed 

under reduced pressure and resulting crude amine was dissolved in 2-propanol (15 ml), concd. 

hydrochloric acid (0.165 ml, 2 mmol) was added and stirred at room temperature for 2h. The resulting 

precipitate was filtered, washed with diethyl-ether and dried at 75 °C giving 0.220 g (75 %) of 

colorless solid; mp = 214 - 218 °C (dec.). 1H NMR (600 MHz, DMSO-d6) (δ ppm): 8.43 (dd, 1H, J = 

7.8 Hz, J = 1.7 Hz, Ar-H), 8.18 (d, 1H, J = 2.0 Hz, Ar-H), 8.14 (d, 1H, J = 8.6 Hz, Ar-H), 7.60 -7.57 

(m, 1H, Ar-H), 7.54 (dd, 1H, J = 8.6 Hz, J = 2.1 Hz, Ar-H), 7.33 (d, 1H, J = 8.1 Hz, Ar-H), 7.18 (m, 

1H, Ar-H), 4.07 (s, 3H, -OCH3). 13C NMR (75 MHz, DMSO-d6) (δ ppm): 163.6, 157.0, 150.8, 136.1, 

132.8, 128.6, 128.5, 123.2, 121.9, 121.1, 120.7, 116.6, 112.7, 56.1. Analysis calcd for C14H13ClN2OS: 

C, 57.43; H, 4.48; N, 9.57. Found: C, 57.62; H, 4.38; N, 9.55. 

Synthesis of benzimidazole derivatives 

5(6)-nitro-2-(2-hydroxyphenyl)benzimidazole (7) 

A mixture of 2-hydroxybenzaldehyde 3a (1.00 g, 8.2 mmol), 4-nitro-1,2-phenylenediamine 6 (1.25 

g, 8.2 mmol) and p-benzoquinone (0.88 g, 8.2 mmol) in absolute ethanol (10 mL) was obtained 1.140 

g (55 %) of grey solid; mp > 270 °C; 1H NMR (600 MHz, DMSO-d6) (δ ppm): 13.52 (bs, 1H, OH), 

12.32 (bs, 1H, NHbenzimidazol), 8.55 (s, 1H, Ar-H), 8.15 (t, J = 8.5 Hz, 2H, Ar-H), 7.83 (d, J = 8,8 Hz, 

1H, Ar-H), 7.45 (t, J = 7.8 Hz, 1H, Ar-H), 7.15 – 7.00 (m, 2H, Ar-H).  

13C NMR (75 MHz, DMSO-d6) (δ ppm): not enough soluble. Analysis calcd for C13H9N3O3: C, 57.43; 

H, 4.48; N, 9.57. Found: C, 57.60; H, 4.70; N, 9.80. 

General method for the synthesis of benzimidazole derivatives 10a-10b 

Equimolar amounts of the corresponding aldehyde 9a-9b and 4-nitro-1,2-phenylenediamine 7 in PPA 

(10 g) was stirred at temperature 180 °C for 2 hours. The cooled mixture was poured into ice-water 

(200 ml) and the resulting solution was made slightly basic (pH 8-9) with 20 % NaOH. After 
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extraction with ethyl-acetate, the organic layer was dried over MgSO4 and evaporated to obtained 

powdered product.  

5(6)-nitro-2-(2,4-dihydroxyphenyl)benzimidazole (10a) 

Using above described method from 2,4-dihydroxybenzoic acid 9a (0.38 g, 2.4 mmol) and 4-nitro-

1,2-phenylenediamine 7 (0.37 g, 2.4 mmol) was obtained 0.455 g (70 %) of green solid; mp > 3000 

°C; 1H NMR (600 MHz, DMSO-d6) (δ ppm): 13.33 (bs, 1H, NHbenzimidazol), 13.21(bs, 1H, 

NHbenzimidazol), 12.37 (bs, 1H, OH), 12.28 (bs, 1H, OH), 10.18 (s, 2H, OH), 8.53 (s, 1H, Ar-H), 8.39 

(s, 1H, Ar-H), 8.13 (d, 2H, J = 8.91 Hz, Ar-H), 7.98 (bs, 2H, Ar-H), 7.81-7.70 (m, 2H, Ar-H), 6.49 

(dd, 2H, J1 = 8.58 Hz, J2 = 2.19 Hz, Ar-H), 6.44 (d, J = 2.04 Hz, Ar-H). 13C NMR (75 MHz, DMSO-

d6) (δ ppm): not enough soluble. Analysis calcd for C13H9N3O4: C, 57.57; H, 3.34; N, 15.94. Found: 

C, 57.33; H, 3.14; N, 15.80. 

5(6)-nitro-2-(2-methoxyphenyl)benzimidazole (10b) 

Using above described method from 2-methoxybenzoic acid 9b (1.00 g, 7.4 mmol) and 4-nitro-1,2-

phenylenediamine 7 (1.13 g, 7.4 mmol) was obtained 0.550 g (38 %) of grey solid; mp > 300 °C; 1H 

NMR (600 MHz, DMSO-d6) (δ ppm): 12.64 (bs, 1H, NHbenzimidazol), 8.53 (d, 1H, J = 2.22 Hz, Ar-H), 

8.37 (dd, 1H, J1 = 7.76 Hz, J2 = 1.56 Hz, Ar-H), 8.13 (dd, 1H, J1 = 8.90 Hz, J2 = 2.30 Hz, Ar-H), 7.80 

(d, 1H, J = 8.90 Hz, Ar-H), 7.59-7.56 (m, 1H, Ar-H), 7.30 (d, 1H, J = 8.20 Hz, Ar-H), 7.17 (t, 1H, J 

= 7.90 Hz, Ar-H), 4.03 (s, 3H, OCH3).13C NMR (150 MHz, DMSO-d6) (δ ppm): 159.1, 157.7, 143.0, 

133.1,130.6, 121.6, 120.1, 118.2, 117.7, 117.1, 112.8, 56.4. Analysis calcd for C14H11N3O3: C, 62.45; 

H, 4.12; N, 15.61. Found: C, 62.67; H, 4.25; N, 15.78. 

General method for the synthesis of benzimidazole derivatives 8 and 11 

To a stirred solution of tin(II) chloride dihydrate in concd. hydrochloric acid) and methanol, nitro 

substituted benzimidazoles 7 and 10b were added and heated to reflux for 30 min. The reaction 

mixture was poured onto ice, made basic (pH 12-13) with 20 % NaOH and the product was extracted 

with ethyl-acetate. The solvent was removed under reduced pressure and resulting crude amine was 

dissolved in absolute ethanole (3 ml), concd. hydrochloric acid was added and stirred at room 

temperature for 2 h. The resulting precipitate was filtered, washed with diethyl-ether to give powdered 

products. 

2-(2-hydroxyphenyl)benzimidazole ammonium chloride (8) 

Using above described method from 7 (0.50 g, 3.62 mmol), tin(II) chloride dihydrate (3.09 g, 13.7 

mmol) in MeOH (10 ml) and HClconc. (5 ml) to obtain 0.35 g (79%) amine which gave with HClconc. 

(133 mL) in EtOHabs. desired hydrochloride salt as 0.30 g beige powder (73%); mp > 300 °C; 1H NMR 

(600 MHz, DMSO-d6) (δ ppm): 13.79 (bs, 2H, OH, NHbenzimidazole), 7.90 (d, J = 7.4 Hz, 1H, Ar-H), 

7.36 (d, 2H, J = 8.36 Hz, Ar-H), 7.00 – 6.90 (m, 2H, Ar-H), 6.69 (d, 1H, J = 8.60 Hz, Ar-H), 6.58 

(bs, 1H, Ar-H), 5.09-4.80 (bs, 3H, NH3
+).  

13C NMR (75 MHz, DMSO-d6) (δ ppm): not enough soluble.Analysis calcd for C13H12ClN3O: C, 

59.66; H, 4.62; N, 16.06. Found: C, 59.50; H, 4.38; N, 16.28. 

2-(2-methoxyphenyl)benzimidazole ammonium chloride (11) 

Using above described method from 10b (0.15 g, 0.64 mmol), tin(II) chloride dihydrate (1.44 g, 6.4 

mmol) in MeOH (4 ml) and HClconc. (4ml) to obtain 0.065 g (42%) amine which gave with HClconc. 

(30 L) in EtOHabs. desired hydrochloride salt as 0.44 g beige powder (85%); mp > 300 °C; 1H NMR 

(600 MHz, DMSO-d6) (δ ppm): 11.90 (bs, 1H, NHbenzimidazol), 8.37 (d, 1H, J = 7.32 Hz, Ar-H), 7.89 

(d, 1H, J = 8.70 Hz, Ar-H), 7.81 (s, 1H, Ar-H), 7.74 (t, 1H, J = 8.40 Hz, Ar-H), 7.41 (d, 2H, J = 8.40 

Hz, Ar-H), 7.28 (t, 1H, J = 7.60 Hz, Ar-H), 5.30-4.97 (bs, 3H, NH3
+), 4.10 (s, 3H, OCH3). 13C NMR 

(150 MHz, DMSO-d6) (δ ppm): 157.1, 156.8, 145.8, 134.6, 131.5, 129.5, 119.3, 116.7, 114.5, 112.4, 

110.7, 110.4. Analysis calcd for C14H14ClN3O: C, 60.98; H, 5.12; N, 15.24. Found: C, 60.75; H, 5.30; 

N, 15.40. 
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Biology 

Cell culture and reference compounds 

Human cancer cell lines were acquired from the American Type Culture Collection (ATCC, 

Manassas, VA, USA), DND-41 cell line was purchased from the Deutsche Sammlung von 

Mikroorganismen und Zellkulturen. All assays were done according to the previously published 

procedures. Culture media were purchased from Gibco Life Technologies, USA, and supplemented 

with 10% fetal bovine serum (HyClone, GE Healthcare Life Sciences, USA). Stock solutions were 

prepared in DMSO and Vincristine and docetaxel were used as references.  

 

Results and discussion 

 

Chemistry 

All targeted benzothiazole and benzimidazole derivatives were synthesized according to the 

experimental procedures shown in Scheme 1, 2 and 3. 

 

Sheme 1. Synthesis of benzothiazole derivatives 4a-4b and 5a-5b 

 

Hydroxy and methoxy substituted benzothiazoles 4a and 4b were prepared according to the Scheme 

1, in the green synthesis starting from disulphide 2, prepared from 6-nitrobenzothiazole 1 in glycerol.  

Precursor 2 gave in cyclocondensation with chosen benzaldehydes 3a-3b also in glycerol targeted 

compounds. Amino protonated derivatives obtained after the reduction with SnCl2×2H2O and HCl in 

MeOH followed with protonation in 2-PrOH with HCl. All benzothiazole derivatives obtained in 

moderate reaction yields. 2-(hydroxyphenyl)substituted benzimidazole derivative 7, according to the 

Scheme 2, obtained in the condensation from 2-hydroxybenzaldehyd and 4-nitro-1,2-

phenylenediamine 7 using p-benzoquinone as an oxidants. After the reduction and protonation, 

targeted amino protonated derivative 8 was prepared.  

 
Sheme 2. Synthesis of benzimidazole derivatives 7 and 8 
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2,4-dihydroxy and 2-methoxy substituted benzimidazoles 10a-10b obtained according to the reaction 

Scheme 3, starting from corresponding benzoic acid and 4-nitro-1,2-phenylenediamine 7  using 

polyphosphoric acid. The synthesis of 2,4-dihydroxy substituted amino-benzimidazole was not 

successful and thus, only 2-methoxy substituted derivative bearing amino protonated group 11 was 

prepared using reduction and protonation. All hydrochloride salts were prepared in order to ensure 

better solubility important for biological testing. 

 

 

Sheme 3. Synthesis of benzimidazole derivatives 10a-10b and 11 

 

Antiproliferative activity in vitro 
 

All prepared compounds were tested for their antiproliferative activity in vitro on a following human 
cancer cells: LN-229 - glioblastoma, Capan-1 - pancreatic adenocarcinoma, HCT-116 - colorectal 
carcinoma, NCI-H460 - lung carcinoma, DND-41 - acute lymphoblastic leukemia, HL-60 - acute 
myeloid leukemia, K-562 - chronic myeloid leukemia, and Z-138 - non-Hodgkin lymphoma (Table 
1). As standard drugs, docetaxel and vincriste have been used and obtained results revealed that all 
tested compounds showed significantly lower activity in comparison to these antitumor drugs.  
 
     Table 1. Antiproliferative activity of tested compounds in vitro 

Cpd 

 IC50 /M 

 Cell lines 

LN-229 Capan-1 HCT-116 NCI-H460 DND-

41 
HL-60 K-562 Z-138 

4a >100 >100 >100 >100 >100 >100 >100 >100 

4b >100 >100 >100 >100 >100 >100 >100 >100 

5a >100 13.5 >100 >100 >100 62.4 >100 50.0 

5b >100 2.6 43.3 >100 43.4 17.7 >100 46.9 

7 2.1 1.7 2.2 2.1 1.6 2.3 3.0 1.2 

8 >100 >100 >100 >100 >100 >100 >100 >100 

10a 83.7 4.3 48.7 43.5 12.1 10.6 68.5 8.8 

10b >100 29.1 >100 >100 69.5 50.4 87.0 53.8 

11 >100 27.6 >100 83.5 56.4 61.8 >100 >100 

Docetaxel 0.0041 0.0038 0.0025 0.0044 0.0025 0.0022 0.0085 0.0023 

Vincristine 0.0027 0.0088 0.0079 0.0097 0.010 0.0033 0.017 0.031 

 

The majority of the compounds exerted weak to moderate antiproliferative activity on the tested cell 
lines. Exceptionally compound 7, 5(6)-nitro and 2-hydroxyphenyl substituted benzimidazole 
derivative, showed strong antiproliferative activity against all of the cancer cells without significant 

selectivity (IC50 1.2 – 2.3 M). This compound has been chosen as a lead compound for further 
structure optimization to achieve even better antiproliferative activity and selectivity. Very strong 
antiproliferative activity was also shown by 5(6)-nitro and 2,4-dihydroxyphenyl substituted 
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benzimidazole 10a with strong and selective activity against Capan-1 cells (IC50 4.3 M) and good 

activity against DND-41 and HL-60 cells (IC50 12.1 and 10.6 M, respectively). 

Compounds 4a, 4b and 8 were not active at all. 2-methoxyphenyl benzothiazole ammonium chloride 

5b showed selective activity against Capan-1 cells in comparison to other cancer cells. Furthermore, 

5(6)-nitro and 2-methoxyphenyl substituted derivative 10b and 2-methoxyphenyl benzimidazole 

ammonium chloride 11 also showed moderate selective activity aginst Capan-1 cells. In general, we 

might conclude that benzimidazole derivatives were more active in comparison to benzothiazole 

derivatives with strong influence of the chosen substituents on the antiproliferative activity.  

 

Conclusion 

 

Within this work, we have synthesized and structurally characterized hydroxyl and methoxy 

substituted benzimidazole and benzothiazole derivatives bearing either nitro or amino protonated 

group on the benzazole nuclei. All compounds were prepared in order to evaluate their 

antiproliferative activity in vitro against several human cancer cells as well as to study the influence 

of the chosen substituents on the biological activity. Targeted compounds were prepared according 

to the well-optimized and previously published conventional methods for organic synthesis of 

benzimidazole and benzothiazole derivative. 

Based on results obtained from antiproliferative testing, we might observe that the benzimidazole 

derivatives are in general more active in comparison to their benzothiazole analogues. Majority of 

active compounds showed selective activity against Capan-1 cancer cells.  

The type of substituent placed at either the phenyl or benzazole nuclei as well as the type of benzazole 

nuclei has a strong impact on the antiproliferative activity. The most active compound has proven to 

be 5(6)-nitro and 2-hydroxyphenyl substituted benzimidazole derivative, with strong antiproliferative 

activity against all of the cancer cells (IC50 1.2 – 2.3 M). This compound has been chosen for further 

optimization of the structure in order to design a promissing antiproliferative agent. 
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Abstract 

 

Pharmaceuticals such as β-blockers have been widely recognized as a continuous threat to the 

environment. These compounds are discharged into the aquatic environment, while the traditional 

wastewater treatment plants cannot perform their efficient removal. Nadolol, a representative of the 

β-blockers family, has been detected in the treated wastewater at a concentration of 20 ± 0.5 ng/dm3. 

Although nadolol is helpful for humans, it shows a certain level of toxicity to aquatic organisms. 

Since bicarbonates are present in natural waters, observing their influence on the stability of 

pharmaceuticals detected in natural waters is essential. Therefore, nadolol has been subjected to 

photolytic degradation in the presence/absence of bicarbonates under different types of irradiation 

(simulated solar (SS), UV-LED, and UV irradiation). Due to bicarbonates in water, it is essential to 

discover their effect on the photolytic stability of nadolol in water. In the presence of 3 mmol/dm3 

bicarbonate, the efficiency of direct photolysis is decreased under UV and UV-LED irradiation. In 

contrast, under SS irradiation presence of bicarbonates showed a slightly positive effect on nadolol 

degradation. Bicarbonates are a known radical scavenger, which explains their tendency to lower the 

degradation efficiency of nadolol under irradiation, where most radicals are formed. 

 

Keywords: β-blockers, Stability, Water purification, UV, UV-LED, Simulated solar irradiation. 
 

Introduction 

 

Expeditious industrialization and urbanization have raised water demands and increased water 

pollution. A serious problem of this century is the continuous discharge of wastewater that has not 

been effectively purified into the environment. Therefore, steps for the remediation of contaminated 

water should be prioritized (Gupta et al., 2020). Pharmaceuticals have a substantial share of various 

pollutants discharged into the aquatic environment. Pharmaceuticals are already known to negatively 

affect aquatic organisms in terms of mutagenicity, while the impact on humans is still uncertain 

(Ratpukdi, 2014). Reusing treated wastewater, an often suggested method to achieve sustainable 

water cycle management, is also endangered by the presence of micropollutants. Urban and domestic 

wastewaters that reach sewage treatment facilities contain increasing amounts of pharmaceuticals, 

whether or not they have been metabolized. Many of these chemicals get beyond typical activated 

sludge wastewater treatment processes, reaching surface water streams and distributing them 

throughout the environment (Rosal et al., 2010). 
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For each pollutant in general, abiotic and biotic processes in surface waters define their fate. Abiotic 

transformations of any contaminant, including pharmaceuticals in surface waters, include hydrolysis 

and photolysis. Since pharmaceuticals are often designed for oral consumption and are typically 

resistant to hydrolysis, direct and indirect photolysis is thought to be the main pathway for their 

abiotic transformation in surface waters. Indirect photolysis involves natural photosensitizers, 

whereas direct photolysis of chemical compounds is generated by direct radiation absorption. When 

exposed to radiation, naturally occurring water components can either increase the photodegradation 

rate by generating strong oxidant species, including hydroxyl radicals and singlet oxygen, or decrease 

by radical scavenging (Andreozzi et al., 2003). Radiation wavelength and light intensity are other 

factors that significantly impact the rate of photodegradation for any specific pharmaceutical found 

in surface waters (Carlson et al., 2015). 

Bicarbonates HCO3
- , as inorganic salts, are present in various environmental waters, ranging from 0.4 

to 4.0 mmol/dm3. Depending on the photolysis conditions, HCO3
-  can either promote 

photodegradation by producing reactive species (HCO3
⦁ /CO3

⦁-) or inhibit photodegradation by reacting 

with radicals in water (Kang et al., 2018). The carbonate radical has a relatively high oxidation 

potential (E0 = 1.78 V, pH 7), but this radical is selective transient species that react with some organic 

compounds. Because of the high selectivity, photodegradation efficiency depends mainly on the type 

of organic compound (Orellana-García et al., 2015). 

β–blockers are often prescribed pharmaceuticals extensively used to treat heart dysfunction and 

hypertension. These medications and their metabolites are considerably discharged into municipal, 

hospital, and industrial wastewaters. β–blockers are regarded as "pseudo persistent" substances 

because of their reported aqueous phase half-lives of 3.0 – 8.7 days. Even at low doses, β–blockers 

are toxic to aquatic organisms like fish, algae, and invertebrates (Xu et al., 2019). Nadolol, a 

representative of the β–blockers family, has been detected in the treated wastewater at a concentration 

of approximately 20 ng/dm3 (Gabet-Giraud et al., 2010). 

Due to bicarbonates in water, it is essential to discover their effect on the photolytic stability of 

nadolol in water. Therefore, the efficiency of direct photolysis in 3 mmol/dm3 bicarbonate under UV, 

UV-LED, and SS irradiation were investigated. The degradation kinetics of nadolol was monitored 

by HPLC–PDA technique. Also, the change in pH during the photolysis under different irradiation 

was observed using a pH meter. 

 

Materials and Methods 

 

Nadolol (C17H27NO4, Mr = 309.4, ≥99% purity, Sigma–Aldrich) and sodium bicarbonate 

(NaHCO3, Mr = 84.01, ≥99% purity, Kemika, Zagreb) were used without additional purification. The 

standard solutions of nadolol (0.05 mmol/dm3) were made using ultrapure water (UPW, pH = 6.56, κ 

= 0.055 μS/cm). The solutions were stored in the dark at a temperature of 4 °C. Acetonitrile (ACN, 

C3H3NO, 99.9% purity, Sigma-Aldrich, pro analysis) and orthophosphoric acid (H3PO4, 85% purity, 

Lachema, Neratovice, Czech Republic, pro analysis), were used as mobile phase components for 

liquid chromatography. 

A Pyrex glass cell with a plain window on which the light beam was focused (total volume of ca. 

40 cm3) was used for photolytic degradation of nadolol. Experiments were performed using 20 cm3 

of 0.05 mmol/dm3 nadolol containing 3 mmol/dm3 NaHCO3. Before irradiation, the reaction mixture 

was sonicated for 15 min in the dark to establish adsorption/desorption equilibrium. Also, before 

irradiation, the reaction mixture was thermostated at 25 °C using a water circulating jacket in a stream 

of O2 (3.0 cm3/min). The solution was stirred using a magnetic stirring bar during all experiments 

under continuous gas flow. A high-pressure mercury lamp (125 W, Philips, HPL-N, emission bands 

at 290, 293, 296, 304, 314, 335, and 366 nm, with maximum emission at 366 nm) was used as the 
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UV radiation source, UV LED Lamp (5W Enjoydeal, China, type: MR16 AC 85-265V/12) was used 

as an LED radiation source, and halogen lamp (50 W, Philips) was used as SS radiation source. 

Aliquots of 0.50 cm3 were taken from the reaction mixture at the beginning of the experiment and at 

regular time intervals to monitor the kinetics of nadolol removal with High-Performance Liquid 

Chromatography with Diode Array Detection (HPLC−PDA, Shimadzu) equipped with an Eclipse 

XDB−C18 column (150 mm × 4.6 mm i.d., particle size 5 μm, 30 °C). The reaction mixture's highest 

volume variation due to aliquot sampling was ca. 10%. A 20 μL sample was injected and analyzed 

using the HPLC–PDA. The UV/vis PDA detector was set at 210 nm (suitable nadolol absorption 

wavelength). The gradient method of analysis was utilized in HPLC–PDA. The mobile phase (flow 

rate 0.7 cm3/min) was a mixture of ACN and water (0 min 15% ACN, which increased to 25% ACN 

for 6 min, after which 30% ACN was constant for the next 2 min; post time 1 min), the water is 

acidified with 0.1% H3PO4. The retention time for NAD was 5.8 ± 0.1 min. The reproducibility of 

repeated runs was around 3−10%.  

For measuring the pH during the degradation, a combined glass electrode (pH-Electrode SenTix 20, 

WTW) connected to the pH meter was used (pH/Cond 340i, WTW). 

 

Results and discussion 

 

The impact of the radiation type (SS, UV, and UV-LED radiation) was investigated to assess the 

effect of various conditions on the efficiency of nadolol degradation. All experiments were under 

natural pH, c.a. 7.0. UV radiation was more effective than SS and UV-LED radiation. After 180 

minutes of exposure to SS and UV-LED radiation, 3.0% and 11.0% of nadolol were degraded 

(Figures 1a and 1c). The degradation efficiency was higher when UV irradiation was used, 14.7% of 

the nadolol was degraded after 180 minutes (Figure 1b). The absorption spectrum of the substance of 

interest is the main factor determining this process's efficiency. Since nadolol's absorption maximum 

occurs at 210 nm, the results described were anticipated. 

Further, the influence of HCO3
-  on degradation efficiency was examined. As seen in Figure 1, in the 

presence of 3 mmol/dm3 bicarbonate, the efficiency of direct photolysis is decreased under UV and 

UV-LED irradiation. After 180 min of UV and UV-LED irradiation, 9.2% and 6.5% of nadolol were 

less degraded (Figures 1b and 1c). In contrast, the presence of investigated anion showed a slightly 

positive effect on nadolol degradation under SS irradiation. After 180 min, the degradation efficiency 

of nadolol is higher by 1.5% (Figure 1a). These ions "steal" UV radiation from organic pollutants and 

act as scavengers of •OH presented in water, which explains its tendency to lower the degradation 

efficiency of nadolol under UV and UV-LED irradiation (Petala et al., 2015). While potentially 

formed carbonate radicals (reactions 1-3), which are highly selective, do not show affinity towards 

nadolol and do not increase degradation efficiency. 
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Figure 1. The degradation efficiency of nadolol (0.05 mmol/dm3) in the presence of bicarbonates under a) SS, b) UV, 

and c) UV-LED irradiation 

 

−•− +→+ eHOhOH                                        (1) 

−••− +→+ OHHCOHOHCO 33  (2) 

+•• +→+ OHCOOHHCO 3
-

323  (3) 

 

The pH change was monitored throughout each experiment (Figure 2). As shown in Figure 2b, during 

direct photolysis, the pH value increases slightly from 8.2 to 9.1 under SS irradiation, from 8.1 to 8.8 

under UV irradiation, and from 8.2 to 9.2 under UV-LED irradiation during 180 min. The similar pH 

change with the application of SS, UV, and UV-LED irradiation implies the formation of similar 

intermediates. In the case of photolytic degradation of nadolol with bicarbonates, the pH value 

increases slightly from 8.9 to 9.9 under SS irradiation, from 8.9 to 9.7 under UV irradiation, and from 

9.1 to 9.7 under UV-LED irradiation after 180 min (Figure 2a). In the absence and the presence of 

bicarbonate, an increase in pH value was observed, indicating the formation of more alkaline 

intermediates. 
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Figure 2. Change of pH during the photolytic degradation of nadolol under SS, UV, and UV-LED irradiation in the a) 

presence and b) absence of bicarbonates 

 

Conclusion 

 

Human society strives for constant development in which a clean natural environment plays an 

important role. The population's physical health and socioeconomic development depend on clean 

and safe water availability. Quality natural water is a global problem that has grown significantly due 

to increasing urbanization, industrialization, and intense agricultural activity. For this reason, research 

in removing pollutants from water and understanding the factors influencing their fate in water is of 

great importance. Pharmaceuticals are one of those polluting materials to which special attention must 

be paid because they are very stable and harmful to the living world. 

This work studied the influence of bicarbonates on the photolytic degradation of nadolol water 

solution under different types of radiation (SS, UV, and UV-LED radiation). The degradation kinetics 

were monitored using high-performance liquid chromatography, and the pH change was observed 

using a pH meter. First, the photolytic degradation of nadolol using different types of radiation was 

investigated, where UV radiation showed to be the most efficient, wherein 14.7% of nadolol was 

degraded after 180 min of irradiation. Further, the kinetics of photolytic degradation in the presence 

of bicarbonates under different types of irradiation was monitored. The results showed that 

bicarbonates decrease removal efficiency under UV and UV-LED irradiation. Only 5.5% and 4.5% 

of nadolol were degraded after 180 min, respectively. Only in the presence of SS radiation is a slight 

increase in the degradation efficiency of nadolol by 1.5% after 180 min. In the photolytic degradation 

of nadolol, the potential bicarbonate radicals are not selective for nadolol. Moreover, bicarbonate 

anions absorb part of UV radiation, which explains the decrease in degradation efficiency of nadolol. 
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Abstract 

 

Electronic cigarettes (EC) proved to be very popular way of consuming nicotine, especially due to 

opinion that EC present a safer alternative to conventional tobacco products. There are many forms 

of EC in the market with different refills. In presented research, e-cigarettes filters were in the focus. 

The idea was to evaluate heavy metals content  in used and unused e-cigarettes filters. Special 

attention was on environmental issue, since e-cigarettes filters (with potential heavy metals presence) 

could contribute to the environmental damage and threat, due to accumulation. Four heavy metals, 

namely Cr, Cd, Pb and Mn were quantified in the filters of the most popular e-cigarettes found in the 

market of Bosnia and Herzegovina. Determination of metal concentrations was done by method of 

atomic absorption spectrophotometry in the extracts obtained after the acid digestion of filters with 

concentrated nitric acid and hydrogen peroxide. The results of used e-cigarettes mean ± standard 

deviation concentrations in the filters were  as follows: 0.16±0.05 mg Cd/kg, 4.61±1.81 mg Pb/kg, 

32.02±5.31 mg Mn/kg and 2.59±1.23 mg Cr/kg. On the other hand, heavy metal concentrations in 

the unused filters were significantly lower and amounted to 0.07±0.00 mg Cd/kg, 0.035±0.04 mg 

Pb/kg, 10.43±0.14 mg Mn/kg and 0.98±0.30 mg Cr/kg. Determined metal contents in the filters of 

smoked and unsmoked cigarettes were at similar levels to those found  in the studies done worldwide. 

In order to obtain more detailed overview of the impact of these products on human health and the 

environment, it is necessary to continue with similar researches. 

 

Keywords: tobacco products, heavy metals, electronic cigarettes. 

 

Introduction 

 

Among the diverse range of tobacco products available in the market worldwide, electronic cigarettes 

(EC) have become increasingly popular in many countries, including ours, especially in the last 

decade of the 21st century. Due to the serious health concerns of conventional tobacco products 

(Talhout, 2011; Drope & Schluger, 2018), there is an evident tendency for safer alternatives such as 

e-cigarettes (Gentzke, 2022). According to the U.S. Department of Health and Human Services 

(2016), e-cigarettes are especially popular among young and youth adults, and non-smokers in the 

United States. The main reasons for the popularity of e-cigarettes are probably successful marketing 

campagnes and their promotion as a healthier way of consuming nicotine.  

On the other hand, some studies have shown that e-cigarettes are a source of exposure to toxic metals, 

including elements with known carcinogenic properties such as Pb, As, Cd, Ni, etc. (Goniewicz et 

al., 2014; Williams et al., 2013; Farsalinos et al., 2015). Williams and authors (2013) found the 

concentrations of nine heavy metals (Ni, Cr, Zn, etc.) in e‑cigarette aerosol to be higher than or equal 
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to the concentrations smoke of conventional cigarettes. Similar results were found in another study 

done by the quantification of heavy metals in the liquids of the five most popular e-cigarette brands 

in the United States (Hess et al., 2017). In addition to increased amounts of Ni, Cr, Mn, and Pb found 

in the liquids of analyzed e-cigarettes, Hess et al. (2017) found significant differences between metal 

concentrations in the cigarretes of different brands.  

Furthermore, there is a need to determine heavy metals in the filters of smoked cigarettes (butts). 

Cigarette butts are among the most common forms of litter in urban areas, accounting for between 22 

and 46% of visible litter (Roder Green et al., 2014). They are also the second most found item of litter 

on beaches in the European Union (Kideys & Aydin, 2020) and the single most collected litter in the 

coastal environment in the last decade (Ocean Conservancy, 2021). Therefore, this type of litter 

represents a serious ecological problem not only due to possible accumulation in the environment but 

especially due to the presence of various pollutants: heavy metals (Moerman & Potts, 2011; Koutela 

et al., 2020), polycyclic aromatic hydrocarbons (Dobaradaran et al., 2019), nicotine (Roder Green et 

al., 2014), radionucleotides (Desideri et al., 2019), etc.  

Considering that the consumption of e-cigarettes has become popular and that, according to our 

knowledge, no similar research has been done in Bosnia and Herzegovina (B&H) recently, we 

conducted our research as a preliminary step in assessing the quality control of e-cigarettes and heated 

tobacco products, consumed in our country, on potential health and environmental protection. During 

research, using the method of atomic absorption spectrophotometry after the acid digestion of 

analyzed samples, we determined the contents of four heavy metals: Cr, Cd, Pb, and Mn in the filters 

of cigarettes that are the most often smoked in e-cigarettes. 

 

Materials and Methods 

 

In April 2022, 15 e-cigarette filter samples were collected. These cigarettes belong to the Heets brand, 

produced by Philip Morris International, which was one of the most popular brands of cigars (also 

known as "heated tobacco sticks"), used for smoking in e-cigarettes and heathed tobacco devices in 

our country. The sampled varieties of the Heets brand were: Blue Selection (8 samples), Siena Label 

(4), Purpule Label (1), and Creation (1). All collected cigarettes were not more than 6 months old 

from the day of production, and in the case of smoked cigarettes, no more than 2 days old from the 

day of consumption. Two of the filters were sampled from the unused (unsmoked) cigarettes and 13 

others from smoked cigarettes (Table 1). 

The sampled filters were first manually separated from the cigarettes, gently chopped, and then dried 

in an air dryer at 60 0C. After drying, the filters were weighed on an analytical balance (cca. 1.0000 

g) and transferred into glass beakers of 100 mL, where 10 mL of concentrated HNO3 was added. The 

contents of beakers were heated and slowly boiled on a hot plate for 1,5 hours at 150 0C. After cooling, 

3 mL of 30% hydrogen peroxide (H2O2) was added twice to the contents of beakers. The digested 

cooled samples were transferred to a 50 mL volumetric flask and diluted with distilled water. 

Afterwards, the solutions were filtered through acid-washed Whatman No.1 filter paper. The obtained 

extracts were stored in the laboratory refrigerator at 4 0C until the analysis.  

The quantification of the examined heavy metals (Cr, Cd, Pb, and Mn) was done by the method of 

atomic absorption spectrofotometry (AAnalyst 400 Perkin Elmer®
,
 USA). Selected wavelenghts of 

determined elements were as follows: Cd 228.80, Cr 357.87, Mn 279.48, and Pb 283.00 nm. Metals 

were quantified in the air/acetylen flame with an additional deuterium background correction of signal 

for Cd. Calibration standards included: 0.2, 0.5, 0.7, 0.9 mgCd/L, 1.0, 2.0, 3.0, 4.0 mgCr/L, 0.2, 0.4, 

0.8, 1.0 mgMn/L, and 0.5, 1.0, 2.0, 4.0, 8.0 mgPb/L. Standard solutions were prepared by diluting a 

single element stock solution for AAS (1000 mg/l, Perkin Elmer, USA) with 2% HNO3. The 

calibration equations for all elements were linear through zero, with a correlation cofficient higher 

than 0.995 prior to analysis. The measurement procedure also included the analysis of one calibration 
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blank and one calibration standard after each group of 10 extracts as a calibration check. All glassware 

and plastic material used during the analyses were immersed in 10% HNO3 for 12 hours and later 

rinsed with deionized water to prevent any external contamination. 
 

Results and discussion 

 

The results of analysis (Table 1) showed that the content of all detemined metals in the filters of 

unused (unsmoked) cigarettes was lower than in used (smoked) cigarettes, except for Cd, whose 

content was the same in the filters of used cigarettes (0.07 mg/kg) and in the two samples of unsmoked 

cigarettes (samples F1 and F2, Table 1). 
 

Table 1. Determined concentrations of heavy metals (mg/kg) in analyzed filters of e-cigarettes 

Furthermore, the content of metals in the analyzed used cigarette filters decreased in the following 

order: Mn>Pb>Cr>Cd (Figure 1, Table 1). A similar sequence of metal concentrations was found in 

the unused cigarettes (Mn>Cr>Pb>Cd), with the exception of Pb and Cr. A higher amount of Pb 

compared to Cr was detected in the filters of the used cigarettes, while in unused filters the order of 

their content was the opposite.  

In the study conducted in Greece (Koutela et al., 2020), the contents of eleven heavy metals, among 

them Pb, Cr, and Cd, were analyzed in the two brands of e-cigarette filters. For these three elements, 

the researchers found the same decreasing order of concentrations in the filters of used and unused 

cigarettes: Cr>Pb>Cd, which is the same order of determined concentrations found in the unused 

cigarettes in our work. Also, Koutela et al. (2020) found slightly lower concentrations of Cr and Pb 

in used than in unused filters, while the concentrations of Cd were under the limit of detection in both 

groups of samples. In addition, they quantified the content of metals in the filters of conventional 

cigarettes and found the same order of their presence as in the filters of e-cigarettes. Also, a slightly 

lower content of Pb, Cr, and Cr was determined in conventional cigarette filters compared to those 

belonging to e-cigarettes.  

 
 

 

 

 

 

 

 

Sample 

mark 
Brand Character 

Cd 

(mg/kg) 

Cr 

(mg/kg) 

Mn 

(mg/kg) 

Pb 

(mg/kg) 

F1 Heets Sienna Label unused 0.07 0.68 10.29 0.00 

F2 Heets Sienna Label unused 0.07 1.27 10.57 0.07 

F3 Heets Sienna Label used 0.17 2.02 31.67 2.67 

F4 Heets Sienna Label used 0.13 1.32 24.47 0.57 

F5 Heets Silver Select. used 0.22 5.54 33.49 6.56 

F6 Heets Creations used 0.15 1.48 28.62 4.14 

F7 Heets Blue Selection used 0.14 2.11 30.74 5.26 

F8 Heets Blue Selection used 0.22 2.33 31.30 4.64 

F9 Heets Blue Selection used 0.15 3.83 45.62 2.82 

F10 Heets Blue Selection used 0.15 2.04 38.22 6.59 

F11 Heets Blue Selection used 0.15 2.56 33.06 5.66 

F12 Heets Blue Selection used 0.21 2.31 30.67 5.02 

F13 Heets Blue Selection used 0.22 2.24 32.88 5.58 

F14 Heets Blue Selection used 0.07 1.58 26.62 3.70 

F15 Heets Purple Label used 0.07 4.34 28.94 6.77 
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Figure 1. Determined avearge concentrations of heavy metals in the filters of e-cigarettes 

 

Moreover, in the analysed filter samples, we found significantly higher concentrations of Pb in the 

used filters (4.61±1.81 mg Pb/kg) compared to the unused filters (0.035±0.04 mg Pb/kg). During the 

study of conventional cigarettes, Michael et al. (2022) determined significantly higher content of Cd 

and Pb in the butts of smoked cigars than in the butts of unsmoked cigars, as well as in the parts of 

cigarettes filled with tobbaco. Furthermore, in a study conducted in Canada, Shaller et al. (2016) 

anallyzed the composition of aerosols produced after smoking heated tobacco sticks and determined 

that the content of examined toxic metals (Hg, As, Pb, Cd) were within the levels allowed by Canadian 

regulations. Besides, they found that among the examined metals, Pb was the most abundant in the 

aerosols. 

 

Conclusion 

 

Electronic cigarettes (EC) and other alternative ways of consuming nicotine have become 

increasingly popular in the 21st century worldwide, but the facts about their health and environmental 

influence have not been thoroughly and sufficiently investigated. Also, the permitted levels of 

pollutants in these products are not defined by legislation in a large number of countries, as well as 

in B&H. This paper presents the results of preliminary research conducted with the aim of assessing 

the content of e-cigarettes, present in the markets in our country, and also potential risk on the 

environment and human health by quantifying four heavy metals: Pb, Cd, Cr, and Mn in the filters of 

cigarettes used for smoking in e-cigarettes and heated tobacco devices. The determined contents of 

metals in the filters of used e-cigarettes were as follows: 0.16±0.05 mg Cd/kg, 4.61±1.81 mg Pb/kg, 

32.02±5.31 mg Mn/kg and 2.59±1.23 mg Cr/kg. On the other hand, heavy metal concentrations in 

the unused filters were significantly lower and amounted to 0.07±0,00 mg Cd/kg, 0.035±0.04 mg 

Pb/kg, 10.43±0.14 mg Mn/kg and 0.98±0.30 mg Cr/kg. By comparing our results with some studies 

done on similar products around the world, we could conclude that the determined metal contents in 

the order of their presence in the filters of smoked and unsmoked cigarettes were at similar levels to 

those found by other authors, even if they used different methodologies of sampling and 

quantification of heavy metals. In order to obtain a clearer and more detailed overview of the impact 

of these products on human health and the environment, it is necessary to continue with provision of 

similar research projects. 



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

25 

 

References 

 

Desideri, D., Meli, M. A. & Roselli, C. (2019). Leaching tests to assess the release of  210Po from 

discarded cigarette butts. Microchemical Journal. 145, 42–46. 

https://doi.org/10.1016/j.microc.2018.10.008 

Dobaradaran, S., Schmidt, T. C., Lorenzo-Parodi, N., Jochmann, M. A., Nabipour, I., Raeisi, A., 

Stojanović, N. & Mahmoodi, M. (2019). Cigarette butts: an overlooked source of PAHs in the 

environment? Environmental Pollution, 249, 932–939. 

https://doi.org/10.1016/j.envpol.2019.03.097 

Drope, J. & Schluger, N. W. (2018). The tobacco atlas. American Cancer Society. 

European Commission (2019). Directive (EU) 2019/904 of the European Parliament and the Council 

on the reduction of the impact of certain plastic products on the environment. OJ L 155, 1–

19. 

Farsalinos, K. E., Voudris, V. & Poulas, K. (2015). Are metals emitted from electronic cigarettes a 

reason for health concern? A risk-assessment analysis of currently available literature. 

International Jounal of Environmental Research and Public Health, 12(5), 5215–5232. 

doi:10.3390/ijerph120505215 

Gentzke, A. S., Wang T. W., Cornelius, M., Park-Lee, E., Ren, C., Sawdey, M. D., Cullen, K. A., 

Loretan, C., Jamal, A. & Homa, D. M. (2022). Morbidity and Mortality Weekly Report, 71(No. 

SS-5), 1–29. https://www.cdc.gov./mmwr/71/ss/ss7105a1.htm 

Goniewicz, M. L., Knysak, J., Gawron, M., Kosmider, L., Sobczak, A., Kurek, J., Prokopowicz, A., 

Jablonska-Czapla, M., Rosik-Dulewska, C., Havel, C., Jacob, P. & Benowitz, N. (2014). 

Levels of selected carcinogens and toxicants in vapour from electronic cigarettes. Tobacco 

Control, 23(2), 133–139. doi:10.1136/tobaccocontrol-2012-050850859 

Hess, C. A., Olmedo, P., Navas-Acien, A., Goessler, W., Cohen, J. E. & Rule, A. M. (2017). E-

cigarettes as a source of toxic and pottentially cancerogenic metals. Environmental Research, 

152, 221–225. http://dx.doi.org/10.1016/j.envres.2016.09.026 

Kideys, A. E. & Aydin, M. (2020). Marine Litter Watch (MLW) European Beach Litter Assessment 

2013-2019. ETC/ICM Technical Report 2/2020, 26 pp. 

Koutela, N., Fernandez, E., Saru, M. & Psillakis, E. (2020). A comprehensive study on the leaching 

of metals from heated tobacco stick and cigarettes in water and natural waters. Science of the 

Total Environment, 714, 136700. https://doi.org/10.1016/j.scitotenv.2020.136700 

Michael, M., Meyyazhagan, A., Velayudhannair, K., Pappuswamy, M., Maria, A., Xavier, V., 

Balasubramaniam, B., Baskaran, R., Kamyab, H., Vasseghian, Y., Chelliapan, S., Safa, M., 

Moradi, Z. & Khadimallah, M. A. (2022). The content of heavy metals in cigarettes and the 

impact of their leachates on the aquatic ecosystem. Sustainability, 14, 4752. 

https://doi.org/10.3390/su14084752 

Moerman, J. W. & Potts, G. E. (2011). Analysis of metals leached from smoked cigarette litter. 

Tobacco Control, 20, i30–i35. https://doi.org/10.1136/tc.2010.040196 

Ocean Conservancy (International Coastal Cleanup) /https://oceanconservancy.org/trash-free-

seas/international-coastal-cleanup/annual-data-release/accesed on 01.07.2022. 

Roder Green, A. L., Putschew, A. & Nehls, T., (2014). Littered cigarette butts as a source of nicotine 

in urban waters. Journal of Hydrology, 519, 3466–3474. 

https://doi.org/10.1016/j.jhydrol.2014.05.046. 

Shaller, J., Keller, D., Poget, L., Pratte, P., Kaelin, E., McHugh, D., Cudazzo, G., Smart, D., Tricker, 

A. R., Gautier, L., Yerly, M., Piers, R. R., Le Bouhellec, S., Ghosh, D., Hofer, I., Gracia, E., 

Vanscheeuwijck, P. & Maeder, S. (2016). Evaluation of the tobacco heating system 2.2. Part 

2: Chemical composition, genotoxicity, cytotoxicity, and phisical properties of the aerosol, 

http://dx.doi.org/10.1016/j.envres.2016.09.026


 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

26 

 

Regulatory toxicology and Pharmacology, 81, S27–S47. 

http://dx.doi.org/10.1016/j.yrtph.2016.10.001 

Talhout, R., Schulz, T., Florek, E., Van Benthem, J., Wester, P. & Opperhuizen, A. (2011). Hazardous 

compounds in tobacco smoke. International Jounal of Environmental Research and Public 

Health, 8, 613–628. https://doi.org/10.3390/ijerph8020613 

U.S. Department of Health and Human Services (2016). E-cigarette use among youth and young 

adults: A report of the surgeon general. Atlanta: U.S. Department of Health and Human 

Services, Centers for Disease Control and Prevention, National Center for Chronic Disease 

Prevention and Health Promotion, Office on Smoking and Health. 

Williams. M., Villarreal, A., Bozhilov, K., Lin, S. & Talbot, P. (2013). Metal and silicate particles 

including nanoparticles are present in electronic cigarette cartomizer fluid and aerosol. PloS 

One, 8(3), e57987. https://doi.org/10.1371/journal.pone.0057987 

  

http://dx.doi.org/10.1016/j.yrtph.2016.10.001
https://doi.org/10.3390/ijerph8020613


 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

27 

 

Original scientific article 

 

COMPARISON OF THREE EXTRACTION PROCEDURES FOR 

QUANTIFICATION OF Cu, Mn, Ni, Pb AND Zn IN THE PLANTS 

 
Dijana Mihajlović1, Vesna Antunović2 

 
1University of Banja Luka, Faculty of Agriculture, Banja Luka, B&H 

2University of Banja Luka, Faculty of Medicine, Banja Luka, B&H 

 

 

Abstract 

 

During this research, the content of five potentially toxic elements (Cu, Mn, Ni, Pb and Zn) was 

determined in different plant material by atomic absorption spectrophotometry after three methods of 

acid digestion: 1. HNO3+H2O2+HClO4 (10:3:1), 2. aqua regia+H2O2 (5:1), 3. HNO3+H2SO4+HClO4 

(5:1:1). Analyzed plant samples were hay and quinoa shoots, vine tree and pear and apple leaves. 

Additional quality control was done with certified reference sample of the rye grass ERM®-CD281. 

Obtained results showed that the most effective extraction procedure for quantification of Cu, Mn, 

Ni and Pb in the examined plant samples was acid digestion with mixture of aqua regia and 30% 

H2O2. On the other hand, digestion with concentrated nitric acid followed by addition of hydrogen 

peroxide and perchloric acid was the most efficient procedure in the case of the Zn contents 

determination. 

 

Keywords: potentially toxic elements, acid digestion, plant material. 

 

Introduction 

 

Potentially toxic elements (PTEs) are found naturally in the environment but also due to the various 

anthropological sources: industry, urbanization, traffic etc. (Bradl, 2005; Hooda, 2010). 

Quantification of PTEs in plants is important as an indicator of environmental pollution, and in the 

case of edible and medical plants for assessing their impact on human health due to the possible 

serious damages caused by their elevated content, especially pronounced for some toxic elements 

(Hg, As, Pb, Cd), and/or by lack of essential microelements necessary for the normal functioning of 

living cells (Cu, Zn, Ni etc.). Therefore, plant analyses are important for diagnosing of mineral 

nutrition defects and solving practical field problems (Kabata-Pendias, 2011). 

According to the literature (Campbell & Plank, 1998; Beneton 2001; Uddin et al., 2016), a large 

number of wet acid digestions have been used to extract PTEs from plant tissues. During these 

procedures, the samples were destroyed and solubilized due to aggressive reagents and heating. Wet 

digestion is also accompanied by the mineralization of organic matter in the aqueous phase due to the 

addition of oxidizing reagents (hydrogen peroxide or concentrated acids). However, sometimes it was 

impossible to completely end the decomposition of organic matter. In these cases, undegraded organic 

compounds partially remained in the extraction solution and interfered with further assay (Sleimi et 

al., 2022). Hence, the selection of a suitable digestion procedure is important for the quantification of 

PTEs.  

Sampling is the first step done before the chemical analysis, which has to be planned and provided 

properly. Variables which significantly affect the final results and their interpretation are plant 

species, age, plant part, minimum number of the plants to sample and time of sampling (Bell, 2000). 

Sample preparation is the next important step in the further analytical procedure, which includes 



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

28 

 

transporting, decontamination (washing or cleaning the plant tissues), drying, particle size reduction, 

and storage (Campbell & Plank, 1998). According to the same authors, other critical factors in wet 

digestion procedures besides selection of reagents are: temperature, time, mass of the analysed 

samples, and final volume of getted extract. Hence, wet digestion procedures generally require analyst 

supervision and intervention. On the other hand, every analytical technique used for the quantification 

of PTEs has its own characteristics: accuracy, limit of detection, elemental coverage, single or 

multielement determination, etc. (Beneton, 2001). Finally, the major influence on the variation of the 

results in elemental analysis of plants has been the steps in the extraction solutions preparation 

(Unddin et al., 2016; Sleimi et al., 2022). 

Furthermore, the variety of extraction procedures used in environmental research causes difficulties 

in comparing the obtained results. Considering all that has stated, the aim of this study was to estimate 

the efficiency of three different extraction procedures by their application to a certified reference 

standard and six different samples of the plant material. The quantification of the examined elements 

(Cu, Mn, Ni, Pb, and Zn) was done by the method of atomic absorption spectrofotometry. 

 

Materials and Methods 

 

Our work was focused on the different extraction procedures of potentially toxic elements through 

wet digestion with different acid mixtures: 1. HNO3+H2O2+HClO4 (10:3:1), 2. aqua regia+H2O2 (5:1), 

3. HNO3+H2SO4+HClO4 (5:1:1), carried out on sellected plant samples: shoots of hay and quinoa, 

stem of vine and leaves of pear and apple. Additional quality control was done with certified standard 

reference material ERM® CD281, that is rye grass, provided by the Institute for reference materials 

and measurements of the Europian Commision's Joint Research Centre (Geel, Belgium). 

One gram of the plant powder, previously dried in an air dryer at 60 0C and milled, was weighted on 

an analytical balance and transferred into tubes of the heating block (InKjel M, Behr Labor-technik 

GmbH). Extraction was performed via three acid digestions, which included: 1. addition of 20 mL of 

concentrated HNO3 and boiling the content in the tube for 2 hours at 150 0C, and after cooling to 

room temperature addition of 3 mL 30% H2O2 in two consecutive steps, followed by gentle boiling 

for15 minutes. Following that, 2 mL of the 70% HClO4 was added to the cooled solutions, evaporated, 

transferred to a 100 mL volumetric flask, diluted with deionized water, and filtrated (Perquel et al. 

1993); 2. addition of the 25 mL of aqua regia (HNO3: HCl=1:3) and 5 mL of 30% H2O2, boiling at 

80 0C until a clear solution was obtained. After cooling, the digested samples were diluted to 50 mL 

with deionized water and filtered (Rodrigues-Flores & Rodrigues-Castellon, 1982); 3. addition of the 

15 mL of the  HNO3+H2SO4+HClO4 mixture (5:1:1), digestion at 80 0C untill the solution became 

transparent. The resultant solution was diluted to 50 mL with deionized water and then filtrated (Allen 

et al., 1986). In all three extraction procedures, filtration was done by using Whatman number 42 

filter paper. The obtained solutions were kept at 40C until the analysis. 

All AAS measurements were carried out using AAnalyst 400 Perkin Elmer® (USA). Standard 

solutions for measurements were prepared using commercial standards for AAS (Perkin Elmer, USA) 

and an approprate dilutent extractant. The selected wavelenghts of determined elements were as 

follows: Cu 324.75, Mn 279.48, Ni 232.00, Pb 283.00, and Zn 213.70 nm. The elements were 

quantified in the air/acetylen flame with additional deuterium background correction of signal for Ni 

and Zn. All analytical procedures were triplicated and made with glassware and plastic material 

prewashed with 10% HNO3. 

 

Results and discussion 

 

Three extraction methods were first applied to the certified plant material (rye grass, ERM® CD281). 

The certified and experimental results for five potentially toxic elements are given in Table 1. In order 
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to evaluate the analytical accuracy of applied methods, certified and experimental (measured) values 

obtained after analyses of the standard reference material were compared, and the percentage of 

recovery for each metal was calculated as: 

% Recovery = [experimental values (mg/kg) / certified values (mg/kg)]*100 %                             (1) 

The obtained results (Table 1) for the reference sample, rye grass, ERM® CD281, showed that wet 

digestion with aqua regia and hydrogen peroxide, as well as a mixture of nitric acid, hydrogen 

peroxide and perchloric acid, provides very good recovery values in the range of 86.93-102.69% for 

all five elements. 
 

Table 1. Certified and measured concentrations of potentially toxic elements (mean±SD) in the standard reference 

material ERM® CD281 

 

Comparable recovery rates were obtained for Zn (100.52%) and Pb (101.88%) using an extraction 

method with a mixture of nitric acid, hydrogen peroxide and perchloric acid, while the recoveries 

after the provided wet digestion with aqua regia were 102.69% for Zn and 99.40% for Pb. Tested 

elements were extracted satisfactorily with mixture of concentrated nitric and sulfuric acid, while the 

recovery rates (70.39% - 89.38%) were somewhat lower values compared to the other two methods.  

Determined concentrations of the PTEs in the examined plant samples implied on similar extraction 

potential of aqua regia and a mixture of nitric acid, hydrogen peroxide and perchloric acid (Figure 1, 

Table 2). Generally, greater concentrations of all determined elements were obtained after these two 

extraction procedures compared to digestion with a mixture of nitric and sulfuric acid. 
 

Element 
(mg/kg) 

Certified value 
(mean±SD) 

Extraction reagents 
Measured v. 
(mean±SD) 

Recovery 
(%) 

Cu 10.20±0.50 

HNO3+H2O2+HClO4 8.87±0.35 86.93 

HNO3+HCl 9.33±0.18 91.50 

HNO3+H2SO4 8.47±0.14 83.04 

Zn 30.50±1.1 

HNO3+H2O2+HClO4 30.66±0.70 100.52 

HNO3+HCl 31.32±0.52 102.69 

HNO3+H2SO4 27.26±0.72 89.38 

Ni 15.20±0.6 

HNO3+H2O2+HClO4 13.70±0.70 90.13 

HNO3+HCl 13.76±0.79 90.53 

HNO3+H2SO4 10.70±0.72 70.39 

Mn 82±4.00 

HNO3+H2O2+HClO4 74.97±2.94 91.42 

HNO3+HCl 76.49±3.46 93.28 

HNO3+H2SO4 59.28±2.17 72.30 

Pb 1.67±0.11 

HNO3+H2O2+HClO4 1.70±0.02 101.88 

HNO3+HCl 1.66±0.03 99.40 

HNO3+H2SO4 1.28±0.02 76.65 
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Figure 1. Determined avearge concentrations of potentially toxic elements in analized samples (A, P- leaves of pear and 

apple, H,Q- shoots of hay and quinoa, and V-steam of vine tree) by three extraction procedures 

 

Aqua regia has been proposed as one of the best acid mixtures used for digestion of samples with low 

organic matter and/or carbonate contents, such as sediments and soils (Rao et al., 2008). The addition 

of H2O2 in this mixture provides further oxidation of organic matter from the analysed samples, 

resulting in higher extraction efficiency (Idera et al., 2015). Concentrated HNO3, as well as mixtures 

of HNO3 and HClO4 or HNO3 and H2O2, were found to be good digestion reagens for extraction of 

PTEs from plants and other organic samples, with only minor differences in extraction potential 

(Mokoena et al., 2020; Shaibur et al., 2010). According to Perquel and al. (1993), digestion with all 

three reagens could provide a higher efficiency and less time of digestion. On the other hand, use of 

sulfuric acid provides fast and complete oxidation of organic compounds, but it is followed by higher 
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energy consumption for heating because of the higher boiling point of H2SO4 and the presence of 

insoluble compounds that can interfere during quantification of metals (Hoenig, 2001).  
 

Table 2. Deteremined concentrations of potentially toxic elements (mean±SD) in analyzed plant samples (A, P- leaves of 

pear and apple, H,Q- shoots of hay and quinoa and V-steam of vine tree) 

 

Our result indicate that the most effective extraction procedure for quantification of Cu, Mn, Ni and 

Pb in the examined plant samples was acid digestion with mixture of aqua regia with addition of 

hydrogen peroxide, while the digestion with concentrated nitric acid followed by addition of H2O2 

and HClO4 was the most efficient procedure in the case of the Zn contents determination.  

 

Conclusion 

 

This research indicates that among the examined extractants, aqua regia with athe ddition of H2O2 

showed maximum extraction capacity in the quantification of Cu, Mn, Ni, and Pb. On the other hand, 

wet digestion provided with a combination of HNO3, H2O2 and HClO4 resulted in a slightly smaller 

efficiency in the case of quantification of those four elements and the highest efficiency in the 

determination of Zn content. Besides, during the research, it was found that the accuracy of the both 

these methods of wet digestion for the analysis of the standard reference material was satisfactory. 

Considering all the obtained results, we could conclude that an acid mixture composed of aqua 

regia+H2O2 and HNO3+H2O2+HClO4 could be successfully used for the wet digestion of various plant 

samples as an extraction method for the determination of Cu, Mn, Ni, Pb, and Zn contents by the 

method of atomic absorption spectrophotometry. The efficiency and benefits of both methods for 

quantification of the PETs in specific plant parts (leaves, shoots, roots) and samples could be further 

explored. 

 

References 

 

Allen, S. E., Grimshaw, H. M. & Rowland, A. P. (1986). Chemical analysis. In: Moore, P. D., 

Chapman, S. B. (Eds.), Methods in Plant Ecology, Oxford: Blackwell Scientific Publication, 

London, 285–344. 

Bell, R. W. (2000). Temporary nutrient deficiency-a difficult case for diagnostic and prognosis by 

plant analysis. Communications in Soil Science and Plant Analysis, 31, 1847–1861. 

https://doi.org/10.1080/00103620009370542 

Plant 

sample 
Extraction reagents 

Cu 
(mg/kg) 

Zn 
(mg/kg) 

Ni 
(mg/kg) 

Mn 
(mg/kg) 

Pb 
(mg/kg) 

A 

HNO3+H2O2+HClO4 9.31±0.17 101.85±0.56 2.47±0.03 65.86±0.02 0.97±0.17 

HNO3+HCl 8.83±0.50 103.60±3.30 2.40±0.03 68.78±0.44 1.24±0.03 

HNO3+H2SO4 8.87±0.18 84.02±1.86 0.97±0.14 54.95±0.74 1.21±0.04 

P 

HNO3+H2O2+HClO4 7.63±0.22 38.09±0.58 1.99±0.25 132.07±1.34 2.93±0.21 

HNO3+HCl 7.66±0.22 33.06±0.27 2.03±0.13 131.70±3.32 2.35±0.21 

HNO3+H2SO4 7.41±0.12 32.56±0.56 1.43±0.19 102.61±1.56 2.34±0.11 

H 

HNO3+H2O2+HClO4 5.84±0.29 25.99±0.80 7.09±0.49 50.38±1.46 2.64±0.54 

HNO3+HCl 6.16±0.04 24.71±0.56 7.39±0.37 59.67±1.85 2.66±0.06 

HNO3+H2SO4 5.67±0.15 19.90±0.62 5.57±0.11 48.86±1.43 2.15±0.05 

Q 

HNO3+H2O2+HClO4 4.40±0.60 46.14±0.32 0.12±0.02 245.61±1.36 0.48±0.04 

HNO3+HCl 4.62±0.37 42.35±0.59 0.09±0.01 281.06±6.02 0.47±0.04 

HNO3+H2SO4 4.61±0.02 39.54±0.59 0.04±0.01 262.74±2.01 0.33±0.02 

V 

HNO3+H2O2+HClO4 8.39±0.11 25.01±1.10 6.95±0.37 38.45±0.48 4.68±0.05 

HNO3+HCl 8.31±0.31 18.09±0.23 6.88±0.34 32.84±0.29 2.43±0.35 

HNO3+H2SO4 7.79±0.18 17.34±0.42 6.19±0.05 27.86±0.08 4.64±0.43 

http://dx.doi.org/10.1080/00103620009370542


 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

32 

 

Beneton, J. Jr. (2001). Laboratory guide for conducting soil tests and plant analysis. CRC Press LLC, 

Boca Raton. 

Bradl, H. B. (2005). Sources and origins of heavy metals. in Bradl, H. B., Ed. Heavy metals in the 

environment. Elsevier, Ltd. London.UK. 

Campbell, R. C. & Plank, O. C. (1998). Handbook of reference methods for plant analysis, In Y. P. 

Kalra (Ed.) Preparation of Plant Tissue for laboratory analysis (pp.37-50) Taylor & Francis 

Group, Boca Raton. 

Hooda, P. A. (2010). Trace Elements in Soils. Blackwell Publishing Ltd. 

Hoenig, M. (2001). Preparation steps in environmental trace element analysis-Facts and traps. 

Talanta, 54, 1021–1038. https://doi.org/10.1016/s0039-9140(01)00329-0 

Idera, F., Omotola, O., Adedayo, A. & Paul, U. J. (2015). Comparison of Acid Mixtures Using 

Conventional Wet Digestion Methods for Determination of Heavy Metals in Fish Tissues. 

Journal of Scientific Research & Reports, 8(7), 1–9. https://doi.org/10.9734/JSRR/2015/19717 

Kabata-Pendias, A. (2011). Trace elements in soils and plants. 4th Edition,vine CRC Press. 

Mokoena, D. P., Mngadi, S. V. & Nomngongo, P. N. (2020). Microwave-assisted extraction of trace 

metals from sediments using dilute hydrogen peroxide and dilute nitric acid prior to their 

determination by inductively coupled plasma-optical emission spectrometry. Current 

Analitycal Chemistry, 16(8), 970–978. https://doi.org/10.2174/1573411016666200318144655 

Pequerul, A., Perez, C., Madero, P., Val, J. & Mange, E. (1993). A rapid wet digestion method for 

plant analysis, in Optimization of Plant Nutrition (eds. Fragoso, M.A.C. and van Beusichern). 

Development in Plant and Soil Sciences, 53, 3–6. 

Rао, C. R. M., Sahuquillo, А. & Lopez-Sanchez, J. F. (2008). A review of the different methodes 

applied in environmental geochemistry for single and sequential extraction of trace elements 

in soils and related materials. Water, Air and Soil Pollution, 189(1), 291–333. 

https://doi.org/10.1007/s11270-007-9564-0 

Rodrigues-Flores, M. & Rodrigues-Castellon, E. (1982). Lead and cadmium levels in soil and plants 

near highways and their correlation with traffic density. Environmental Pollution Ser. B, 4, 

281–290. https://doi.org/10.1016/0143-148X(82)90014-3 

Shaibur, M. R., Shamim, A. H., Huq, S. M. I. & Kawai, S. (2010). Comparison of digesting capacity 

of nitric acid and nitric acid-perchloric acid mixture and the effect of lanthanum chloride on 

potassium measurement. Nature and Science, 8(5), 157–162. 

https://doi.org/10.7537/marsnsj080510.18 

Sleimi, N., Bankaji, I., Kouki, R., Dridi, N., Duarte, B. & Cacador, I. (2022). Assessment of extraction 

methods of trace metallic elements in plants: Approval of common method. Sustainability, 

14, 1428. https://doi.org/10.3390/su14031428 

Uddin, A. H., Khalid, R. S., Alaama, M., Abdualkader, A. M., Kasmuri, A. & Abbas, S. A. (2016). 

Comparative study of three digestion methods for elemental analysis in traditional medicine 

products using atomic absorption spectrometry. Journal of Analytical Science and 

Technology, 7, 6. https://doi.org/10.1186/s40543-016-0085-6 

  

https://doi.org/10.1016/s0039-9140(01)00329-0
http://dx.doi.org/10.9734/JSRR/2015/19717
http://dx.doi.org/10.2174/1573411016666200318144655
http://dx.doi.org/10.7537/marsnsj080510.18
https://doi.org/10.3390/su14031428


 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

33 

 

Original scientific article 

 

ANTIPROLIFERATIVE AND ANTIBACTERIAL ACTIVITY IN VITRO OF 

AMIDINO SUBSTITUTED 2-NAPHTHYLBENZAZOLES 

 
Livio Racané1, Lucija Ptiček1, Marijana Hranjec2, Leentje Persoons3, Dirk Daelmans3, Mihailo Banjananc4, Vedrana 

Radovanović4 

 
1Department of Applied Chemistry, Faculty of Textile Technology, University of Zagreb, HR-10000 Zagreb, Croatia 

2Department of Organic Chemistry, Faculty of Chemical Engineering and Technology, University of Zagreb, HR-10000 

Zagreb, Croatia 

3KU Leuven Department of Microbiology and Immunology, Laboratory of Virology and Chemotherapy, Rega Institute, 

Leuven, Belgium 

4Pharmacology in vitro, Fidelta Ltd., Prilaz baruna Filipovića 29, 10000 Zagreb, Croatia 

 

 

Abstract 

 

Taking into account that benzimidazole, benzothiazole and benzoxazole nuclei, as a part of nitrogen 

heterocycles, are highly-privileged building structural motifs in organic and medicinal chemistry, they 

played unavoidable role in the rational drug design. Among their versatile pharmacological features, the 

most important ones are antimicrobial, antitumor, antiviral, anti-inflammanory, antihistaminic, 

antioxidant, etc. On the other hand, amidines are known as important pharmacophore functional groups 

usually placed at the termini of the biologically active molecules. They are a structural parts of the 

numerous biologically active compounds and many important medical and biochemical agents. Amidine 

groups, usually in cationic form, could significantly contribute to the molecule/possible biological target 

complex stability. Herein we present the synthesis, structural characterization and biological evaluation 

of amidino substituted benzimidazole and benzothiazole derivatives substituted with 2-naphthyl ring. All 

targeted compounds have been synthesized according to the conventional methods of organic synthesis. 

They have been evaluated on the several human cancer cell lines for their antiproliferative activity in vitro. 

Additionally, all synthesized compounds have been tested against several Gram negative and Gram 

positive bacterial strains in vitro.  

 
 

 

 

Keywords: amidines, antibacterial activity, antiproliferative activity, benzimidazoles, 

benzothiazoles. 

 

Introduction 

 

Among all known heterocyclic compounds and specially nitrogen heterocycles, benzazoles, including 

benzoxazoles, benzimidazole and benzothiazole moieties have been recognized as important and 

unavoidable constituents and structural motifs of versatile biologically important molecules in 

medicinal and pharmaceutical chemistry (Tariq, 2019; Yaday, 2015; Kale, 2019; Silakari, 2018). 

Owing to their wide range of different biological activities, these heterocycles are still privileged 
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structural motifs in the rational design of novel drugs (Akthar, 2017; Mahdi Alzhrani, 2022). Suchlike 

derivatives display versatile biological features including antiproliferative, antitumor, antibacterial, 

antifungal, antiprotozoal, antihypertensive, antioxidant, antihistaminic etc. activities (Ali, 2020; 

Bansal, 2012; Keri, 2015).  
On the other hand, amidines are pharmacophore groups which could be found in the structure of many 
known biologically active molecules, mostly being placed at the termini of the molecules (Rescifina, 
2014). On that way this functional groups usually in the cationic form, could improve and enhance 
the interaction with the possible biological targets, like DNA, RNA or proteins (Tidwell & Boykin, 
2003). If the biological target is DNA or RNA, it has been proven that amidines contribute 
significantly to the molecule/possible biological target complex stability through H-bonding and 
electrostatic interactions and thus, enhance the biological activity (Depauw, 2019). In our research 
group, we have published several papers describing the biological activity of amidino substituted 
benzazole derivatives (Lončar, 2021; Hranjec, 2008a). All results obtained from the antiproliferative 
testing in vitro as well as from the additional biological experiments, we have concluded that the 
introduction of one or two positively charged amidine moieties at the end of the heteroaromatic 
benzazole derivatives, has significantly improve the biological activity of studied derivatives 
(Racané, 2010a). Among all types of amidino groups, the most significant influence on the 
improvement of biological activity was displayed within the derivatives bearing cyclic 2-imidazolinyl 
amidine group, which showed stronger activity when compared to the aliphatic types of amidines 
(Racané, 2021b). Additionally, we have confirmed that the amidino-substituted benzazole derivatives 
bind strongly to an electronegatively charged molecule such as DNA/RNA, mostly as groove binders 
or intercalators. Furthermore, we have shown that some amidino substituted benzimidazole and 
benzothiazole derivatives displayed strong antitumor activity by intercalating into ds-RNA and ct-
DNA, or by binding into the minor groove of AT-DNA, ss-RNA or showed sequence-selective 
binding in the A-T rich side of ct-DNA (Racané, 2014c; Cindrić, 2017). 

Herein we present the synthesis and biological activity on 2-naphthyl substituted 2-benzazoles 

bearing either cyclic amidino or unsubstituted amidino group at the benzazole nuclei. All compounds 

were tested for their antiproliferative and antibacterial activity in vitro on several human cancer cells 

as well as several bacterial strains. Based on the SAR study, we might conclude that the type of the 

heteroatom placed at the azole nuclei as well as the type of the amidine substituent has a great impact 

on the biological activity. 

 

Materials and Methods 

 

Chemistry 

General methods 

Melting points were determined by means of Original Kofler Mikroheitztisch apparatus (Reichert, 

Wien). 1H NMR and 13C NMR spectra were recorded with the Bruker Avance DPX-300 or Bruker 

AV-600 using TMS as internal standard. Chemical shifts are reported in parts per million (ppm) 

relative to TMS. Elemental analyses for carbon, hydrogen and nitrogen were performed on Perkin-

Elmer 2400 elemental analyser. Analyses are indicated as symbols of elements, and analytical results 

obtained are within 0.4% of the theoretical value.  

Synthesis of benzoxazole and benzothiazole derivatives 3a-3d 

General procedure for synthesis of 3a-3d 

A mixture of 1-naphthoic acid (1) (0.5 mmol) and 5-amidino-substituted 2-aminophenols 

hydrochloride 2a-2b or 5-amidino-substituted 2-aminothiophenoles 2c-2d (0.5 mmol) in 

polyphosphoric acid (10-12 g) was gradually heated to 160 °C until the mixture became homogenous 

and then at 180 °C for 2 h. The reaction mixture was poured in water (150 mL), cooled and made 

alkaline with 20% NaOH. The obtained free base was filtered, washed with water and dried under 
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vacuum over KOH. To a mixture of crude base in ethanol (5 ml) 36% hydrochloride acid (0.087 ml, 

1 mmol) was added and stirred at room temperature for 1-2 h, diethyl ether (10 ml) was added, and 

then cooled overnight. The resulting precipitate was filtered and purified by crystallization. 

6-Amidino-2-(naphthalene-1-yl)benzoxazole hydrochloride (3a)  

Using 1-naphthoic acid (1) (86 mg), 2-amino-5-amidinophenol dihydrochloride (2a) (112 mg) and 

crystallization from ethanol gave 66 mg (41 %) of white solid; mp = 281 − 285 °C. 1H NMR (300 

MHz, DMSO-d6) (δ ppm): 9.55 (s, 2H, −C(NH2)+), 9.42 (d, 1H, J = 8.4 Hz Ar−H), 9.29 (bs, 2H, 

−C(NH2)+), 8.53 (d, 1H, J = 7.1 Hz, Ar−H), 8.42 (s, 1H, Ar−H), 8.31 (d, 1H, J = 7.9 Hz, Ar−H), 8.20 

– 8.11 (m, 2H, Ar−H), 7.94 (d, 1H, J = 8.6 Hz, Ar−H), 7.87 – 7.66 (m, 3H, Ar−H). 13C NMR (75 

MHz, DMSO-d6) (δ ppm): 165.2, 164.8, 148.9, 145.6, 133.4, 133.3, 129.9, 129.7, 128.8, 128.1, 126.6, 

125.3, 125.2, 124.9, 124.7, 121.6, 120.1, 111.2. Analysis calcd for C18H14ClN3O (323.78): C, 66.77; 

H, 4.36; N, 10.95. Found: C, 66.89; H, 4.25; N, 10.99. 

6-(4,5-Dihydro-1H-imidazol-2-yl)-2-(naphthalene-1-yl)benzoxazole hydrochloride (3b)  

Using 1-naphthoic acid (1) (86 mg), 2-Amino-5-(4,5-dihydro-1H-imidazol-2-yl)phenol 

hydrochloride dihydrate (2b) (125 mg) and crystallization from ethanol gave 79 mg (45 %) of white 

solid; mp > 300 °C. 1H NMR (300 MHz, DMSO-d6) (δ ppm): 10.89 (s, 2H, −C(NH−)2
+), 9.42 (d, 1H, 

J = 8.5 Hz, Ar−H), 8.61 (s, 1H, Ar−H), 8.54 (d, 1H, J = 7.3 Hz, Ar−H), 8.30 (d, 1H, J = 8.3 Hz, 

Ar−H), 8.20 (d, 1H, J = 8.4 Hz, Ar−H), 8.16 – 8.08 (m, 2H, J = 6.7 Hz, Ar−H), 7.85 – 7.65 (m, 3H, 

Ar−H), 4.06 (s, 4H, −CH2CH2−). 13C NMR (151 MHz, DMSO-d6) (δ ppm): 165.1, 164.4, 149.0, 

146.1, 133.3, 133.2, 129.9, 129.6, 128.6, 127.9, 126.4, 125.3, 125.1, 125.0, 121.5, 120.3, 118.8, 111.5, 

44.2. Analysis calcd for C20H16ClN3O (349.81): C, 68.67; H, 4.61; N, 12.01. Found: C, 68.58; H, 

4.63; N, 10.04. 

6-Amidino-2-(naphthalene-1-yl)benzothiazole hydrochloride (3c)  

Using 1-naphthoic acid (1) (86 mg), 2-amino-5-amidiniumbenzenethiolate (2c) (84 mg) and 

crystallization from ethanol-diethylether gave 55 mg (32 %) of white solid; mp = 267 − 271 °C. 1H 

NMR (300 MHz, DMSO-d6) (δ ppm): 9.60 (bs, 2H, −C(NH2)+), 9.37 (bs, 2H, −C(NH2)+), 9.05 (d, 

1H, J = 8.0 Hz Ar−H), 8.78 (s, 1H, Ar−H), 8.41 (d, 1H, J = 8.5 Hz, Ar−H), 8.24 (d, 1H, J = 8.2 Hz, 

Ar−H), 8.19 – 8.08 (m, 2H, Ar−H), 8.02 (d, 1H, J = 8.4 Hz, Ar−H), 7.78 – 7.64 (m, 3H, Ar−H). 13C 

NMR (75 MHz, DMSO-d6) (δ ppm): 171.4, 165.5, 156.6, 134.8, 133.7, 132.2, 130.4, 129.5, 129.1, 

128.7, 128.1, 126.9, 126.3, 125.6, 125.3, 125.1, 123.3, 123.2. Analysis calcd for C28H14ClN3S 

(339.84): C, 63.62; H, 4.15; N, 12.36. Found: C, 63.74; H, 4.14; N, 12.28. 

6-(4,5-Dihydro-1H-imidazol-2-yl)-2-(naphthalene-1-yl)benzothiazole hydrochloride (3d)  

Using 1-naphthoic acid (1) (86 mg), 2-amino-5-(4,5-dihydro-1H-imidazol-3-ium-2-yl)-

benzenethiolate hydrate (2d) and crystallization from ethanol gave 70 mg (38 %) of white solid; mp 

= 297 − 302 °C. 1H NMR (300 MHz, DMSO-d6) (δ ppm): 10.94 (s, 2H, −C(NH−)2
+), 9.04 (d, 1H, J 

= 8.2 Hz, Ar−H), 8.97 (d, 1H, J = 1.4 Hz, Ar−H), 8.45 (d, 1H, J = 8.6 Hz, Ar−H), 8.27 – 8.09 (m, 

4H, Ar−H), 7.77 – 7.65 (m, 3H, Ar−H), 4.08 (s, 4H, −CH2CH2−). 13C NMR (75 MHz, DMSO-d6) (δ 

ppm): 164.6, 156.8, 153.32, 146.6, 135.0, 133.6, 132.3, 130.5, 129.5, 128.7, 128.1, 126.9, 126.6, 

125.5, 125.3, 123.7, 123.6, 119.1, 44.5. Analysis calcd for C20H16ClN3S (365.88): C, 65.65; H, 4.41; 

N, 11.48. Found: C, 65.60; H, 4.48; N, 11.48. 

Synthesis of benzimidazole derivatives 6a-6b 

The synthesis and structural characterization of amidino substituted benzimidazole derivatives 6a-6b 

were previously published (Perin, 2017).  

Antiproliferative activity in vitro 
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Cell culture, proliferation assay and reference compounds 

Human cancer cell lines were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA, USA), DND-41 cell line was purchased from the Deutsche Sammlung von 

Mikroorganismen und Zellkulturen. All assays were done according to the previously published 

procedures. Culture media were purchased from Gibco Life Technologies, USA, and supplemented 

with 10% fetal bovine serum (HyClone, GE Healthcare Life Sciences, USA). Stock solutions were 

prepared in DMSO and Vincristine and docetaxel were used as references. Adherent cell lines LN-

229, HCT-116, NCI-H460, LS513 and Capan-1 cells were seeded at a density between 500 and 1500 

cells per well, in 384-well tissue culture plates (Greiner). After overnight incubation, cells were 

treated with seven different concentrations of the test compounds, ranging from 100 to 0.006µM. 

Cells were incubated for 72 hours with compounds and were then analyzed using the CellTiter 96® 

AQueous One Solution Cell Proliferation Assay (MTS) reagent (Promega) according to the 

manufacturer’s instructions. Absorbance of the samples was measured at 490 nm using a SpectraMax 

Plus 384 (Molecular Devices), and OD values were used to calculate the 50% inhibitory concentration 

(IC50). Compounds were tested in at least two independent experiments. 

Antibacterial activity in vitro 

In this experiment standard antibiotics Ampicillin, Ceftazidime, Ciprofloxacin and Meropenem were 

tested. Broth microdilution testing was performed according to CLSI (Clinical Laboratory Standards 

Institute) guidelines. MIC (minimal inhibitory concentration) value was defined as the last tested 

concentration of compound at which there is no visible growth of bacteria. Inoculums for each 

microorganism were prepared using the direct colony suspension method where broth solutions that 

achieved turbidity equivalent to 0.5 McFarland standard were additionally diluted 100x with Ca 

adjusted MH media (Becton Dickinson). All test plates were incubated for 16 – 24h at 37 °C. MIC 

values for reference antibiotics against quality control strains were used for confirming the validity 

of the screen. 

 

Results and discussion 

 

Chemistry 

Amidino substituted benzoxazole, benzothiazole and benzimidazole derivatives were synthesized 

following the experimental protocols presented in Scheme 1 and 2. All compounds were prepared as 

hydrochloride salts were prepared in order to ensure better solubility important for biological testing. 

For the synthesis of targeted amidino substituted benzoxazoles and benzothiazoles, the corresponding 

amidino substituted precursors 2a-2d as hydrochloride salts were prepared by previously published 

procedures. Synthesis of 2-amino-5-amidinophenol dihydrochloride 2a and 2-Amino-5-(4,5-dihydro-

1H-imidazol-2-yl)phenol hydrochloride dihydrate 2b were carried out according to the literature 

(Ptiček, 2021), while 2-amino-5-amidiniumbenzenethiolate (2c) and 2-amino-5-(4,5-dihydro-1H-

imidazol-3-ium-2-yl)-benzenethiolate hydrate 2d were synthesized according to the literature 

(Racané, 2008d).  

2-Naphthyl substituted benzoxazole and benzothiazole derivatives obtained in the reaction of 

cyclocondensation of precursors 2a-2d with 2-naphthoic acid 1 using polyphosphoric acid at high 

temperature. After the treatment with aq. NaOH the free bases were isolated which were then 

converted, with concentrated hydrochloric acid in absolute ethanol, into the corresponding 

hydrochloride salts in moderate reaction yields. 

 

 

 

 



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

37 

 

 

 

Scheme 1. Synthesis of benzoxazole 3a-3b and benzothiazole derivatives 3c-3d 

 

The targeted amidino substituted 2-naphthyl benzimidazole derivatives 6a-6b obtained by the 

condensation from 2-naphthylcarbaldehyd 4 and previously synthesized 4-amidino substituted 1,2-

phenylenediamnies 5a-5b in absolute ethanol using p-benzoquinone as an oxidants (Hranjec, 2007b; 

Racane, 2021e).  

 

Scheme 2. Synthesis of benzimidazole derivatives 6a and 6b 

 

 



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

38 

 

Antiproliferative activity in vitro 

All prepared amidino-substituted benzazole derivatives were tested for their antiproliferative activity 
in vitro on a following human cancer cells: LN-229 - glioblastoma, Capan-1 - pancreatic 
adenocarcinoma, HCT-116 - colorectal carcinoma, NCI-H460 - lung carcinoma, DND-41 - acute 
lymphoblastic leukemia, HL-60 - acute myeloid leukemia, K-562 - chronic myeloid leukemia, and 
Z-138 - non-Hodgkin lymphoma (Table 1). Docetaxel and Vincristine have been used as standard 
drugs. All tested compounds showed lower antiproliferative activity in comparison to these antitumor 
drugs. 
 

Table 1. Antiproliferative activity of tested compounds in vitro 

Cpd 

 IC50 /µM 

 Cell lines 

LN-229 Capan-1 HCT-116 NCI-H460 DND-

41 
HL-60 K-562 Z-138 

3a 37.8 8.9 32.2 40.5 6.1 6.5 26.9 3.8 

3b 6.1 5.2 40.0 10.8 2.1 2.5 3.5 2.0 

3c 46.8 38.4 45.7 44.4 19.1 42.9 38.8 31.5 

3d 1.9 3.1 7.1 4.0 1.3 1.2 2.0 1.9 

6a >100 50.7 >100 >100 13.6 77.3 84.0 32.5 

6b 43.3 29.6 45.2 34.4 7.6 12.5 50.4 9.5 

Docetaxel 0.0041 0.0038 0.0025 0.0044 0.0025 0.0022 0.0085 0.0023 

Vincristine 0.0027 0.0088 0.0079 0.0097 0.010 0.0033 0.017 0.031 

 
All tested compounds exerted moderate to strong antiproliferative activity on the tested cell lines. 2-
Imidazolinyl substituted benzothiazole derivative 3d, showed strong antiproliferative activity against 
all of the cancer cells without significant selectivity between tested cells (IC50 1.2 – 7.1 µM). This 
compound has been chosen as a lead compound for further structure optimization to achieve better 
antiproliferative activity and selectivity. Very strong antiproliferative activity was also shown by 2-
Imidazolinyl substituted benzoxazole derivative 3b with strong and selective activity against DND-
41, HL-60 and Z-138 cells (IC50 2.1, 2.5 and 2.0 µM, respectively) and good activity against K-562 
cells (IC50 3.5 µM). 2-Imidazolinyl substituted benzimidazole derivative 6b showed selective activity 
against DND-41 cells (IC50 7.6 µM). 

In general, we might conclude that benzimidazole derivatives were less active in comparison to 

benzoxazole and benzothiazole analogues with strong influence of the amidino group placed at the 

benzazole nuclei on the antiproliferative activity. Obtained results revealed that the cyclic amidino 

group enhanced antiproliferative activity in comparison to unsubstituted amidino group. 

Additionally, all prepared amidino-substituted benzazole derivatives were tested also for their 

antibacterial activity against some Gram-positive and Gram-negative bacterial strains including 

E.coli, S. Aureus and S. Pneumoniea. Four antibiotics were used as a standard drugs for comparison: 

Ampicillin, Ceftazidime, Ciprofloxacin and Meropenem. Obtained results are presented in the Table 

2. Tested compounds were less active when compared to standard drugs. 

According to the obtained results, we might observe that benzoxazole and benzothiazole derivatives 

showed the same moderate antibacterial activity against chosen bacterial strains (MIC 16-64 µM). 

There was no influence of the type of benzazole nuclei as well as the type of the amidine substituent 

placed at the benzazole nuclei on the antibacterial activity. Benzimidazole derivatives were less active 

when compared to the benzoxazole and benzothiazole analogues.  
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Table 2. Antibacterial activity of tested compounds in vitro 
 

Cpd 

MIC /M 

Bacterial strains 

S. aureus 

ATCC 29212 

E. coli 

ATCC 29213 

E. coli 

efflux del 

S. pneumoniae 

ATCC 49619 

3a 16 32 16 32 

3b 16 >64 16 64 

3c 16 32 16 32 

3d 16 >64 16 64 

6a 32 >64 32 >64 

6b 32 >64 32 32 

Ampicillin 1 1 2 <0.125 

Ceftazidime 16 0.25 0.25 0.25 

Ciprofloxacin 0.25 <0.125 <0.125 0.25 

Meropenem <0.125 <0.125 <0.125 <0.125 

 

Conclusion 

 

Within this research, we have synthesized amidino-substituted benzoxazole, benzothiazole and 

benzimidazole derivatives bearing either cyclic 2-imidazolinyl or unsubstituted amidino group on the 

benzazole nuclei. Targeted compounds were prepared in order to evaluate their antiproliferative 

activity in vitro against several human cancer cells as well as antibacterial activity in vitro. 

Additionally, the main purpose was to study the influence of the type of benzazole nuclei and amidino 

substituents on the biological activity. Benzazole derivatives were prepared according to the well-

optimized and previously published conventional methods for organic synthesis of benzazole 

derivatives, mostly published by our research group. 

Obtained results for antiproliferative and antibacterial activity in vitro, revealed that the 

benzimidazole derivatives are in general less active in comparison to their benzoxazole and 

benzothiazole analogues. Regarding the antiproliferative activity, the most active compound has 

proven to be benzothiazole derivative substituted with cyclic amidino group 3d with strong activity 

against several cancer cells. This derivative has been chosen for further structure optimization in order 

to design a more active and selective antiproliferative agent. Additionally, from the results we might 

conclude that cyclic amidino group enhanced the antiproliferative activity in comparison to 

unsubstituted amidino group. Benzoxazoles and benzothiazoles showed better antibacterial activity 

in comparison to benzimidazole derivatives with 2-imidazolinyl substituted derivatives being slightly 

more active. 
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Abstract 

 

Pyridone aryl azo dyes belong to a class of compounds that have wide application, not only as agents 

for coloring various materials in many branches of the industry but also in medicine as biologically 

active compounds. It has been proven that they have anti-tumor, anti-inflammatory, and anti-

tuberculosis activity and are widely used for therapeutic purposes. Their application can highly 

depend on the inter- or intra- molecular interactions that occur between the dissolved compound and 

the surrounding medium. Therefore, the study of these interactions is of great importance for newly 

synthesized compounds. The spectrophotometric method can be used to examine intermolecular 

interactions thoroughly by studying the solvatochromic properties of newly synthesized compounds 

in different molecular environments. To this end, absorption spectra of seven newly synthesized aryl 

azo pyridone dyes based on 5-((disubstituted phenyl)diazenyl)-6-hydroxy-4-methyl-2-oxo-1,2-

dihydropyridine-3-carbonitrile were recorded in ten solvents of different properties. The spectra were 

recorded in the range from 300 to 600 nm and showed one absorption maximum. By applying 

different models based on the principle of multiple linear correlations of solvatochromic energies 

(LSER method), information about the effects of certain interactions that take place between the 

tested compounds and the surrounding medium were obtained.  

 

Keywords: Aryl azo dyes, solvatochromism, intermolecular interactions, spectrophotometry.  

 

Introduction 

 

Azo dyes are compounds containing at least one diazenyl group (R–N=N–R’) in their structure and 

account for more than 60% of the known commercial dyes. During synthesis, when the coupling 

component is a pyridone derivative, and the diazo component is a carbocyclic or heterocyclic 

compound, aryl azo pyridone dyes are obtained (Chudgar & Oakes, 2003; Radojković-Veličković & 

Mijin, 2001). These dyes are widely used due to their high molar extinction coefficient and great 

resistance to light and wet processing (Lubai et al., 1986; Christie, 2001). Mostly they are applied in 

the textile industry for dying synthetic fabrics, but also as components of LCD screens and ink-jet 

graphic colors (Oberholzer, 2005; Seto et al., 2006; Tanaka et al., 2012). Recent medical and 

biological research in the field of azo derivatives has opened up the possibility of their use as 

antimicrobial, antioxidant, and antitumor agents (Ashkar et al., 2012; El-Sonbati et al., 2017; Mishra 

et al., 2019). Considering previous studies, it is clear that newly synthesized compounds based on azo 

dyes would be interesting candidates for the investigation of potential biological activity. Every 

biological study is preceded by a detailed physicochemical characterization. UV-Vis 

spectrophotometry is a simple, economic method used to obtain information about inter- and 

intramolecular interactions that occur between dissolved substances and the surrounding medium. 

The strength and type of these interactions can have a great influence on the activity of a molecule, 
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and their quantification is important for the further potential application of the investigated 

compound. In this paper absorption spectra of seven newly synthesized aryl azo pyridone dyes have 

been recorded in nine solvents of different properties in the range from 300 to 600 nm. The influence 

of the solvent on the shifts of absorption maxima was interpreted with two solvatochromic models, 

first proposed by Kamlet and Taft and second by Catalan, using the LSER method (Linear Solvation 

Energy Relationship). This way, information about the intermolecular interactions that take place 

between the newly synthesized azo dyes and the selected solvents was obtained. 

 

Materials and Methods 

 

Seven derivatives of 5-(disubstituted phenylazo)-3-cyano-6-hydroxy-4-methyl-2-pyridone were 

synthesized and characterized at the Department of Organic Chemistry, Faculty of Technology and 

Metallurgy in Belgrade. Absorption spectra of newly synthesized compounds were recorded in the 

range from 300 to 600 nm in nine solvents of different properties, four of which are protic (methanol, 

i-butanol, t-butanol, and acetic acid) and five aprotic solvents (acetonitrile (ACN), dimethylsulfoxide 

(DMSO), N,N-dimethylformamide (DMF), chloroform and diethyl-ether). All solvents used were 

with a high degree of purity and quality for spectrophotometric measurements, manufactured by 

Sigma Aldrich. Solutions recorded were prepared in concentrations of 4x10-5 mol dm-3, and the 

obtained data were processed in Origin 8.0 and Microsoft Office Excel 2007. The structure and 

numbering of the investigated compounds are given in Table 1. 
 

Table 1. Structure and numeration of investigated azo dyes 

N

N

N
H

CN

HO O

X

X

 

 X 

Compound Position Substituent 

1 3, 5 CH3 

2 2, 4 CH3 

3 2, 6 Cl 

4 2, 6 CH3 

5 3, 5 Cl 

6 2, 4 NO2 

7 2, 4 OCH3 

   

 

Quantitative analysis of the interactions that occur between the investigated dyes and the surrounding 

medium was done by the LSER method, using two solvatochromic models, Kamlet-Taft’s (1) 

(Kamlet & Taft 1976; Taft & Kamlet, 1976; Kamlet et. al., 1977) and Catalan’s (2) (Catalan & Hopf, 

2004; Catalan, 2009) according to the following equations: 

𝜈𝑚𝑎𝑥 = 𝜈0 + a ∙ 𝛼 + b ∙ 𝛽 + s ∙ 𝜋                                                                                                    (1) 

νmax - frequency in the used solvent, ν0 - frequency in the standard solvent, α - acidity,  

β - basicity, π* - polarizability/dipolarity of the solvent, while a, b and s are the regression coefficients 

of this equation.  

𝜈𝑚𝑎𝑥 = 𝜈0 + a ∙ 𝑆𝐴 + b ∙ 𝑆𝐵 + c ∙ 𝑆𝑃 + d ∙ 𝑆𝑑𝑃                                                                            (2) 

νmax - frequency in the used solvent, ν0 - frequency in the standard solvent, SA - acidity,  

SB - basicity, SP - polarizability и SdP - dipolarity of the solvent, and a, b, c and d are the regression 

coefficients of this equation. 

 

Results and discussion 

 

Depending on the properties of the used solvent and its ability to enter into various interactions with 

the dissolved substance, changes in the absorption spectrum of the given compound can occur related 
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to the spectrum of the same compound in the gaseous state. This phenomenon is defined as 

solvatochromism and is used to study the structure and reactivity of organic compounds using the 

linear solvation energy relationship (LSER) method. The solvatochromic effect have only those 

organic molecules whose chromophores contain π-electrons and free electron pairs, i.e. where π→π* 

or n→π* electron transitions can occur (Kamlet et. al., 1977). Figure 1 represents spectra of compound 

2 recorded in all solvents, four protic (a) and five aprotic (b). 
 

 
Figure 1. Spectra of compound 2 recorded in protic (a) and aprotic (b) solvents 

 

Table 2. Absorption frequencies of azo dyes recorded in all solvents used 
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1 22.70 22.84 22.81 22.68 22.82 22.76 22.85 22.89 22.99 

2 22.05 22.14 22.21 22.12 22.25 22.20 22.23 22.36 22.41 

3 24.98 25.06 25.18 24.94 25.24 25.17 25.20 25.31 25.43 

4 23.10 23.17 23.22 23.10 23.25 23.22 23.30 23.44 23.48 

5 23.72 23.75 23.81 23.70 23.86 23.85 23.82 23.88 23.94 

6 22.65 22.71 22.74 22.65 22.73 22.74 22.73 22.86 22.96 

7 20.62 20.65 20.73 20.60 20.81 20.75 20.76 20.84 20.96 

 

Observing the spectra presented in Figure 1, it can be seen that there is one absorption maximum in 

all solvents. Similar spectra are obtained for the remaining compounds. Also, it can be noted that 

more significant shifts are represented within aprotic solvents, due to a much greater variety of their 

properties compared to the protic solvents. Absorption frequencies at the maximum absorbance for 

all tested compounds (wave numbers) are shown in Table 2. 

The absorption maxima of seven tested dyes are in the range of wavelengths from 390 to  

485 nm. The reason for such a wide range is already mentioned variety of the solvents used and also 

the great variety of substituents attached to the benzene ring of azo derivatives (methyl, methoxy, 

chloride, and nitro). Calculated wave numbers (Table 2) were correlated with empiric polarity 

parameter (ET
N, Table 3) and significant dependencies were obtained. One of them, obtained for 

compound 2, is shown in Figure 2, while similar dependencies were obtained for all other investigated 

compounds. 
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Table 3. Parameters used for correlations 

Solvent ET
N 

Kamlet–Taft’s parameters Catálan’s parameters 

α β π SA SB SP SdP 

Methanol 0.762 0.98 0.66 0.60 0.605 0.545 0.608 0.904 

i-butanol 0.552 0.79 0.84 0.40 0.311 0.828 0.657 0.684 

t-butanol 0.389 0.42 0.93 0.41 0.145 0.928 0.632 0.732 

Acetic acid 0.648 1.12 0.45 0.64 0.689 0.390 0.651 0.676 

ACN 0.460 0.19 0.40 0.75 0.044 0.286 0.645 0.974 

DMSO 0.444 0.00 0.76 1.00 0.072 0.647 0.830 1.000 

DMF 0.386 0.00 0.69 0.88 0.031 0.613 0.759 0.977 

Chloroform 0.259 0.44 0.00 0.58 0.047 0.071 0.783 0.614 

Diethyl ether 0.117 0.00 0.47 0.27 0.000 0.562 0.617 0.385 
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Figure 2. Correlation obtained between values of wave numbers of compound 2 and ET
N 

 

From Figure 2 it can be seen that with increasing the polarity of the solvent, the values of the wave 

numbers decrease, that is, there is a shift of the absorption maxima towards higher wavelengths 

(bathochromic shift). This is a characteristic of π→π* electronic transitions in molecules (Antić-

Jovanović, 2006), so it can be concluded that precisely these transitions are present in the investigated 

compounds, which is in agreement with the results published so far (Mirković et al., 2018). 

Further correlations were made with the parameters of solvatochromic models (Table 3) in order of 

quantitative analysis of the interactions that occur between the synthesized azo dyes and the solvents 

used. 
 

Kamlet-Taft’s solvatochromic model 
 

Results obtained using Kamlet-Taft’s solvatochromic model, as well as statistical parameters are 

presented in Table 4. Table 5 gives these results in percentages for easier interpretation of the 

solvent’s effects. Observing the values of regression coefficients (a, b and s) it can be concluded that 

the highest impact on absorption shifts within compounds 1, 2, 4, and 6 have polarizability and 

dipolarity of the solvents used, while for compounds 3, 5, and 7 acidity is the solvent’s property that 

affects the most. For all compounds basicity of the solvents has the lowest impact on spectral changes. 

A negative sign in front of every value of regression coefficients indicates that with the increase of 

solvent’s acidity, basicity, and polarizability/dipolarity batochromic shifting of the absorption 

maxima of the investigated dyes is expected. Observing the values of correlation coefficients obtained 
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for all compounds (r2 = 0.909-0.994), it is assumed that the selected solvatochromic model is suitable 

for interpreting the solvatochromism of azo dyes. 
 

Table 4. Results obtained using Kamlet-Taft’s solvatochromic model 

 ν0·10-3, cm-1 a·10-3, cm-1 b·10-3, cm-1 s·10-3, cm-1 r2 F 

1 23.114 (±0.050) -0.182 (±0.031) -0.087 (±0.045) -0.274 (±0.057) 0.909 17 

2 22.574 (±0.037) -0.214 (±0.023) -0.210 (±0.033) -0.227 (±0.042) 0.965 46 

3 25.618 (±0.021) -0.337 (±0.013) -0.200 (±0.019) -0.305 (±0.024) 0.994 273 

4 23.671 (±0.055) -0.251 (±0.034) -0.247 (±0.050) -0.269 (±0.063) 0.944 28 

5 24.017 (±0.023) -0.172 (±0.014) -0.099 (±0.022) -0.113 (±0.026) 0.971 57 

6 23.081 (±0.047) -0.178 (±0.029) -0.149 (±0.043) -0.268 (±0.054) 0.924 20 

7 21.083 (±0.021) -0.242 (±0.013) -0.169 (±0.019) -0.217 (±0.024) 0.989 145 

 
Table 5. Percentage shares of the regression coefficients of the Kamlet-Taft’s model 

Compound a, % b, % s, % 

1 33.52 16.02 50.46 

2 32.87 32.26 34.87 

3 40.02 23.75 36.23 

4 32.72 32.20 35.07 

5 44.79 25.78 29.43 

6 29.92 25.04 45.04 

7 38.54 26.91 34.55 

 

In order to confirm the correctness of the used solvatochromic model, experimentally obtained values 

of absorption frequencies (νexp·10-3, cm-1) were correlated with values obtained by theoretical 

calculations (νcalc·10-3, cm-1). Results are presented in Figure 3. Figure 3 shows great linear 

dependency with the value of correlation coefficient r2 = 0.999 which indicates that the chosen 

solvatochromic model is adequate for the interpretation of the solvatochromism of the synthesized 

aryl azo dyes. 
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Figure 3. Correlation of calculated values with experimentally obtained results (Kamlet-Taft) 

Catalan’s solvatochromic model 
 

Another solvatochromic model was used for quantification of the solvent’s effect on spectral changes 

of synthesized aryl azo pyridone dyes. Results obtained using Catalan’s model are presented in Tables 

6 and 7. 
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Table 6. Results obtained using Catalan’s solvatochromic model 

 ν0·10-3, cm-1 a·10-3, cm-1 b·10-3, cm-1 c·10-3, cm-1 d·10-3, cm-1 r2 F 

1 
23.182 

(±0.145) 

-0.305 

(±0.058) 
/ 

-0.176 

(±0.028) 

-0.224 

(±0.071) 
0.922 12 

2 
22.573 

(±0.092) 

-0.339 

(±0.037) 

-0.125 

(±0.034) 
/ 

-0.265 

(±0.045) 
0.978 44 

3 
25.721 

(±0.158) 

-0.564 

(±0.063) 

-0.115 

(±0.058) 

-0.292 

(±0.227) 

-0.219 

(±0.078) 
0.965 28 

4 
23.605 

(±0.174) 

-0.385 

(±0.070) 

-0.138 

(±0.063) 
/ 

-0.320 

(±0.085) 
0.944 17 

5 
24.030 

(±0.120) 

-0.279 

(±0.048) 

-0.062 

(±0.044) 
/ 

0.084 

(±0.059) 
0.923 12 

6 
23.066 

(±0.143) 

-0.257 

(±0.057) 

-0.056 

(±0.052) 
/ 

-0.308 

(±0.070) 
0.931 13 

7 
21.214 

(±0.173) 

-0.401 

(±0.069) 

-0.118 

(±0.063) 

-0.281 

(±0.247) 

-0.160 

(±0.085) 
0.924 12 

 

Table 7. Percentage shares of the regression coefficients of the Catalan’s model 

Compound a, % b, % c, % d, % 

1 43.26 / 24.96 31.78 

2 46.50 17.15 / 36.35 

3 47.39 9.66 24.54 18.40 

4 45.67 16.37 / 37.96 

5 65.65 14.59 / 19.76 

6 41.38 9.02 / 49.60 

7 41.77 12.29 29.27 16.67 
 

Within this, model the highest impact on spectral changes of azo dyes has the acidity of the solvents 

used (except for compound 6). Some smaller effects have polarizability and dipolarity and again, the 

smallest impact on solvatochromism has solvent’s basicity. Negative values of all regression 

coefficients indicate the same trend – with the increase of solvent’s acidity, basicity, polarizability, 

and dipolarity batochromic shifting of the absorption maxima of the investigated dyes is expected. 

Values of obtained correlation coefficients are in the range from 0.922 to 0.978 and it is assumed that 

this model is also suitable for interpretation of solvatochromism of investigated azo dyes. In order to 

confirm the previously stated assumption experimentally obtained values of absorption frequencies 

(νexp·10-3, cm-1) were correlated with values obtained by theoretical calculations (νcalc·10-3, cm-1) for 

Catalan’s model (Figure 4). 
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Figure 4. Correlation of calculated values with experimentally obtained results (Catalan) 
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A high correlation coefficient value obtained again (r2 = 0.996) shows that Catalan’s model is also 

suitable for the determination of solvatochromic properties of synthesized azo dyes. 

 

Conclusion 

 

In this paper, the effect of solvent on spectral changes of seven newly synthesized aryl azo pyridone 

dyes was determined by the linear solvation energy relationship method (LSER), with the use of two 

different solvatochromic models – Kamlet-Taft's and Catalan's. Results obtained showed that the 

highest impact on solvatochromism of investigated dyes, in general, has solvent acidity, followed by 

dipolarity and polarizability of the solvents. The smallest impact on absorption shift has the basicity 

of the solvent used. The negative value of every regression coefficient in both models indicates that 

with the increase of solvent’s acidity, basicity, polarizability, and dipolarity batochromic shifting of 

the absorption maxima of the investigated will occur. Obtained results as a part of physico chemical 

characterization of newly synthesized dyes can be further used for studies of potential biological 

activity. 
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Abstract 

 

Using natural fillers can provide several benefits as they are abundant, low cost, and non-toxic. In 

this paper two different natural fillers were examined, rosehip seed flour and hemp fibres, both of 

which were varied in weight ratios. A highly biobased unsaturated polyester resin was synthesized as 

a matrix. Characterization of thus obtained composite materials consisted of examining mechanical 

properties by uniaxial tensile test, FTIR spectroscopy and gel content analysis.  

 

Keywords: biobased materials, natural fillers, itaconic acid, sustainable development. 

 

Introduction 

 

Polymer composite materials consist of two phases, polymer matrix phase and reinforcement (fillers). 

Polymer matrices keep intact the fillers that contribute to the strength of composite materials. 

Composite materials are considered as vital materials in the modern world due to their combined 

properties, namely their light weight, good stiffness, high strength, high temperature stability, 

resistance to moisture, weather and corrosion stability, which are not possible with the individual 

components (Devaraju & Alagar, 2019). 

In recent years biobased polymer composites have been the subject of many research projects in both 

industry and academia (Li et al., 2019). Growing global environmental and social concern, the high 

rate of depletion of petroleum and new environmental regulations has forced the search for new 

composite materials and green materials, compatible with the environment.  

Unsaturated polyester resins (UPRs) are the most adaptable and industrially important group of 

thermosetting polymers. UPRs are the most widely used thermosetting polymer resins in the form of 

coating and matrices, making up around three fourths of all the thermoset resins used in the production 

of polymer composite materials (Devaraju & Alagar, 2019).  

Commercially available UPRs are mainly synthesized from petroleum (Ahamad et al., 2001; Malik 

et al., 2000), containing two main components, namely unsaturated polyesters and reactive diluents. 

Unsaturated polyester is synthesized by the polycondensation of diacids with diols. These diacids and 

diols are mostly extracted and produced from petroleum. Furthermore, it has been found that the 

industrially used reactive diluent styrene poses a potential health risk and has a negative effect on the 

environment (Li et al., 2019). Transitioning to biobased UPRs is a complex, costly and time-

consuming process. Using different combinations of petroleum based and biobased monomers can be 

the first step to achieving a fully biobased UPR, since acting in this way lowers the dependence of 

petroleum (Zhu et al., 2016).  

In contrast to the polymer matrix phase, the use of biobased fillers is far more present. Natural fillers 

are renewable and are cheaper alternatives to synthetic or inorganic ones and have several advantages 
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such as low density and biodegradability (Satyanarayana et al., 2009; Taj et al., 2007). In this paper 

one set of experiments was conducted where hemp fibres were used as filler, while the second set of 

experiments was conducted where rosehip seed flour was used as filler. The criteria for these fillers 

was their difference in shape, i.e. round particles and fibres. 

We examined how two different shapes of natural fillers affected the properties of a highly biobased 

UPR. UPR was prepared from itaconic acid, succinic acid, propylene glycol, neopentyl glycol with 

dimethyl itaconate as a reactive diluent. The obtained composite materials were characterized by 

uniaxial tensile testing, FTIR spectroscopy and gel content analysis.  

 

Materials and Methods 

 

Itaconic acid, succinic acid, propylene glycol, neopentyl glycol, hydroquinone and toluene were 

supplied from Acros Organics. The catalyst, FASCAT 4100 was procured from PMC 

Organometallix. The initiator, methyl ethyl ketone peroxide, activator, cobalt octoate, and reactive 

diluent dimethyl itaconate (DMI) were all supplied by Sigma Aldrich. All chemicals were used as 

received. 

UPRs are obtained by the polycondensation reaction between itaconic acid, succinic acid, propylene 

glycol and neopentyl glycol, with the mole ratio of 1:1:1.05:1.05, respectively. Toluene (0.5 wt.% 

based on monomers) was used to increase the rate of water removal. Hydroquinone (150 ppm) was 

added as a free radical scavenger and the components were mixed. The reaction was carried out in a 

three-neck round-bottom flask equipped with a stirrer, Dean-Stark and thermometer, and under 

nitrogen atmosphere. The temperature range was 110 to 190 °C and was raised by 10 °C every hour. 

The reaction was carried out until the acid value reached 35. Obtained prepolymer was cooled to 90 

°C and diluted in dimethyl itaconate (60% w/w with respect to the prepolymer). 

The prepared UPRs were mixed with methyl ethyl ketone peroxide (2.5% w/w) and cobalt octoate 

(1% w/w), after natural fillers were added in different weight ratios (10, 20 wt.%). Preparation of 

reinforcements included sifting rosehip seed flour through 300 m sieves and drying in an air oven 

at 70 °C for 5 hours, while hemp fibres were cut to length of 3000 m. After homogenization, the 

mixtures were poured into Teflon moulds, which were placed in an air oven for 24 hours at 60 °C to 

cure. Additionally, all the samples were kept at 120 °C for 2 hours to harden. The acid value was 

defined as the number of milligrams of KOH needed to neutralize 1 g of resin and was measured 

according to ASTM D465-01. Around 0.5 g of resin was titrated with a KOH equimolar solution of 

toluene and isopropyl alcohol (0.3 mol/L). 

Chemical composition of obtained composite materials were determined by Fourier Transform 

Infrared spectroscopy. The Fourier Transform Infrared (FTIR) spectra of powdered samples were 

recorded in transmittance mode for the wavelength range of 600 – 4000 cm-1 with a resolution of 4 

cm-1, using NicoletTMiS10 FTIR Spectrometer. 

The gel content was calculated by extraction in tetrahydrofuran (THF). The cured samples were cut 

into rectangular shapes, with dimensions of 40  10  4 mm, and their weight was determined (Wi). 

Such prepared samples were immersed into THF for 28 days at room temperature. The insoluble 

fractions, which correspond to the inflated polymer network, were filtered, carefully dried under 

vacuum, and then measured (Wsol). The gel content was calculated as follows:  
 

GC (%)=Wsol/ Wi× 100                                                                                                                    (1) 
 

The uniaxial tensile mechanical properties of the investigated composite materials were evaluated 

using the Shimadzu Autograph AGS-X servo-hydraulic testing machine, equipped with a 1 kN load 

cell at room temperature according to ASTM D638. Four measurements were performed for each 

sample, at a testing rate of 2 mm/min. The average values of the break stress and break stroke strain, 
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the standard deviations and Young’s modulus were determined. Young’s modulus was calculated by 

the software TRAPEZIUM X from the linear part of the stress-strain curve. 

 

Results and discussion 

 

The chemical structure of cured UPR (c-UPR), rosehip seed flour (RSF) and hemp fibres (HF) were 

analyzed by FTIR spectroscopy and corresponding spectra are shown in Figure 1. The spectra of c-

UPR show a band at 1720 cm-1 that corresponds to C=O stretching vibrations, that derives from 

itaconic acid and succinic acid, and indicate an ester bond forming between carboxyl and hydroxyl 

groups (Baharu et al., 2015; Brännström et al., 2017). Band at 2950 cm-1 found in this spectra 

correspond to C-H stretching vibrations. Bands from 1300 to 1000 cm-1 are related to C-O-C and C-

O vibrations of ester bonds.  

The FTIR spectra of both RSF and HF show a broad characteristic band at 3310 cm-1 which 

corresponds to -OH stretching vibrations. The double peaks at 2925 and 2850 cm-1 are related to C-

H stretching. FTIR spectra of RSF shows a specific band maximum in the 1200 to 1000 cm-1 region. 

This region is dominated by ring vibrations overlapped with stretching vibrations of C-OH side 

groups and the C-O-C glycosides bond vibration (Neagu et al., 2013). FTIR spectra of HF shows a 

characteristic band at 1020 cm-1 which corresponds to C-OH vibrations (Dai & Fan, 2010).  

 

Figure 1. FTIR spectra of c-UPR, HF and RSF 

 

The FTIR spectra of obtained composite materials with different weight ratios of natural fillers are 

shown in Figure 2. Wide band at 3310 cm-1 corresponds to -OH stretching vibrations and it increases 

with increasing filler ratio. It is noticeable that samples where hemp fibers were used as filler have 

more -OH groups present in its structure than samples where rosehip seed flour was used as filler, 

since the increasing of this band is more prominent. It is also noticeable that all composite materials 

formed peaks at 2850 and 2350 cm-1 when compared to c-UPR. The peak at 2850 cm-1 corresponds 

to C-H symmetrical stretching vibrations.  
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Figure 2. FTIR spectra of obtained composite materials 

 

Gel content analysis was used to assess the degree of crosslinking. Namely, unreacted monomers, 

oligomers and non-crosslinked polymer chains would dissolve in THF and leach out from the sample. 

In other words, a lower value of gel content indicated a lower degree of crosslinking. The results of 

this analysis are very indicative of mechanical properties. The obtained values of gel content are given 

in Table 1. It is noticeable that weight ratio of fillers doesn’t affect the degree of crosslinking since 

in both sets of composite materials similar value of gel content are obtained. Furthermore, the 

presence of rosehip seed flour has a greater effect on the polymerization reaction than hemp fibers 

since samples that used this type of filler have lower degree of crosslinking when compared to 

samples that used hemp fibers as filler. 
 

Table 1. Results of gel content analysis (GC) and uniaxial tensile testing 

Samples GC, % Young’s modulus, MPa Break stress, MPa Break strain, % 

c-UPR 99.44 974.3 29.2 666 

c-UPR/10RSF 87.92 553.1 10.7 2.9 

c-UPR/20RSF 87.25 332.8 5.2 2.3 

c-UPR/10HF 91.72 746.5 23.6 4.5 

c-UPR/20HF 92.25 873.7 23.6 3.4 

 

The mechanical properties of obtained composite materials as well as neat UPR were examined by 

uniaxial tensile test. The obtained results are summarized in Table 1. Highest break stress was 

obtained for c-UPR, presence of fillers lowered this value. The drop in break stress is more prominent 

for samples that used rosehip seed flour as filler, and it is clear that with growing weight ratio break 

stress is decreasing. It is interesting that samples with hemp fiber fillers also showed a drop in break 

stress value, but the weight ratio doesn’t seem to affect this parameter.  

The presence of natural fillers has led to weakening of mechanical properties, this is mainly due to 

the lower crosslink density witnessed by lower values of gel content. Furthermore, lower mechanical 

properties could be a consequence of poor interactions between fillers and resin. Potentially, when 

the compatibility problem is resolved, characterization of samples with higher filler content could be 

the next step. Using higher contents of filler could result in composite materials with desired 

mechanical properties while also being lightweight, which are commercially favorable properties.  
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Conclusion 

 

In this paper hemp fibres and rosehip seed flour particles were used as filllers for a highly biobased 

UPR. Their potential as composite material fillers were examined using several different methods. 

FTIR spectroscopy showed little interactions between resin and natural fillers. This was confirmed 

by poor mechanical properties of both composite materials when compared to neat UPR. To achieve 

better mechanical properties, it is necessary to increase these interactions. To achieve this objective 

several approaches can be used, such as chemical modifications of natural fillers, physical 

modifications of natural fillers and modifying the UPR matrix by additives and using compatibilizers 

to provide increased interactions among composite components.  
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Abstract 

 

Due to their polymer networks, nanocomposites are mainly used in those applications where 

traditional networks are not able to meet the needs satisfactorily. One of the goals of this study is, 

therefore, to develop a process that would enable the manufacture of silicone polymer networks with 

improved mechanical, elastic and thermal properties. The motivation behind this goal was the desire 

to develop new composite materials with unique mechanical, or thermo-mechanical properties that 

would allow silicone materials to be used in a wider range of applications. The paper analyzes the 

influence of the siloxane matrix structure and addition of nanofillers on the mechanical properties of 

siloxane elastomers. The focus of the study is the influence of possible interactions between the fillers 

and polymer matrices at the supramolecular levelon the mechanical properties of siloxanes. It can be 

concluded that the addition of nanosilicon(IV)oxide leads to the increase in tensile strengths of the 

samples, where the increase is more significant at higher filler loadings, that is, the samples with 5 

wt% of the filler. The elongation at break also increases with the addition of the filler, so that the 

fillers, along with increasing the strength, increased the elasticity of the siloxane materials. The focus 

of the study was to investigate the influence of nanoparticles on the properties of elastomeric materials 

based on different siloxane precursors. FTIR spectroscopy confirmed the presumed structure of the 

polysiloxane and the obtained siloxane elastomeric nanocomposites. It was found that the addition of 

silicon(IV)oxide nanoparticles leads to an increase in hardness and tensile strength of the siloxane 

elastomers. 

 

Keywords: elastomers, nanocomposites, silica, silicones.  

 

Introduction 

 

Designing the properties of materials, or material structuring, is particularly important for their 

application. One of the methods that may be used in materials design is crosslinking the ensembles 

of siloxane macromolecules in composite materials. 

Research in the field of nanocomposite materials is mainly focused on the structure-properties 

relationship. Considering the fact that polymer nanocomposites are becoming the pillar of modern 

polymer industry, the durability of these materials in different exploitation settings and degradation 

upon usage lifespanare increasingly seen as the key areas of research (Witt et al., 2013; Xie et al., 

2017). 

Polyorganosiloxanes (whose general formula is -(SiR2-O)n-, where R represent a monovalent organic 

substituent) are the first commercial category of polymers with an inorganic structure of the main 
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chain, which has even become the most important such category today. The most common 

substituents on the atom of silicon are methyl, phenyl, 1,1,1-trifluoropropyl, hydrogen and vinyl 

group, the most important being polydimethylsiloxane, PDMS. The unique combination of PDMS 

properties is a result of the characteristic siloxane bond.  PDMS is an extremely flexible molecule 

with an almost free rotation along the main chain. The freedom of movement in the PDMS molecule, 

both in rotation and in the mobility of the segmental chain, allows for the increase in the interchain 

spacing, whereas weak intermolecular interactions make it significantly more elastic compared to 

corresponding carbon polymers, which gives them numerous unusual properties. Flexibility and weak 

intermolecular forces also result in low surface energy, low solubility and low dielectric constant. 

Polydimethylsiloxanes are transparent and resistant to UV light and ozone, and they are very stable 

to atomic oxygen. Other interesting features of polydimethylsiloxane materials are permeability for 

numerous gases, hydrophobicity, ability to form films, surface activity, and extreme chemical and 

physical inertness. Siloxanes are widely used in medicine owing to their high biocompatibility, 

biological inertness, non-toxicity (they do not cause irritation), efficiency (characterized by their 

ability to be applied to the skin and to be permeable to therapeutic substances) and stability (high 

chemical inertness and ability to retain physical and chemical properties at the skin’s temperature), 

(Owen, 1981; Sanchez & Ribol, 1994). The crosslinking process most commonly used nowadays in 

polysiloxane chains is known as “addition reaction” (Figure 1). Numerous parameters are 

investigated in addition reactions in silicon coatings – namely, the structure of the reactive silicon 

polymer (the type and number of functional alkenyl groups per molecule and molecular mass), the 

type and structure of the crosslinker, the type, functionality and structure of the siloxane resin, etc. 

Since functional silicone polymers are becoming more and more available, addition reactions in 

silicone coatings have now started to develop (Kanar, 2006; Okumara & Ito, 2001). 

 
Figure 1. Addition crosslinking of siloxane by hydrogen siliconization using a Pt - catalyzed  

 

Materials and Methods 

 

Materials 

Vinylpolydimethyldisiloxane (HANSA SFA 42500, manufactured by CHT GMBH BEZEMA) with 

a content of vinyl of 0.19 mmol/g, Mw 34 500 g/mol, Brookfield viscosity at 20 ̊ C -500 mPas. Methyl 

Hydrogen Polysiloxane fluid (HANSA SFA 11230, manufactured by CHT GMBH BEZEMA) with 

a content of hydrogen of 2.3 mmol/g, Mw 19 800 g/mol, Brookfield viscosity at 25 ˚C of 210 mPas. 

Мethyl silicone resin (ALPA-RETARD manufactured by CHT GMBH BEZEMA) with a 20% 

content of the active component, Mw 5640 g/mol MenSiHmOy type, viscosity at 25 ˚C was 75 mPas. 

A complex of platinum polydimethylsiloxane containing vinyl groups (ALPA-KAT manufactured by 

CHT GMBH BEZEMA) with a content of vinyl of 0.5 mmol/g, Brookfield viscosity at 20 ˚C of 800 

mPas. Silicon(IV)oxide with a specific surface area of 130 m2/g and an average size of primary 
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particles of 16 nm (Aerosil R 972 (hydrophobic filler), manufactured by Degussa). Silicon(IV)oxide 

with a specific surface area of 200 m2/g and an average size of primary particles of 12 nm (Aerosil A 

200 (hydrophilic filler), manufactured by Degussa). 

With the Methyl Hydrogen Polysiloxane crosslinker, a number of methyl groups was substituted by 

hydrogen —polymethylhydrosiloxane, HPDMS, (CH3)3Si-O-((CH3)Si(H)-O)n-Si(CH3)3 The 

structure of this network precursor was given in Figure 2.  

 
Figure 2. The structure of polymethylhydrosiloxane 

Preparation of siloxane elastomers and siloxane nanocomposites 

Siloxane elastomers were prepared by a conventional method, with the hydrogen- and vinyl-siloxane 

ratios of 65:35. All syntheses were performed by the addition of the catalyst (0.2 wt%) and the 

inhibitor (0.1 wt%), calculated on the total weight of monomers. First, all components were mixed in 

a round bottom flask at room temperature on a magnetic stirrer for 1 h at 100 rpm. Nanocomposites 

were synthesized by adding of 1, 5, 20 % hydrophobic and hydrophilic fillers immediately to the 

reaction mixture and mixing thoroughly all the components for 1 h. The reaction mixture was then 

treated in an ultrasonic bath for 15 min and poured into the mold. Then the samples were poured into 

molds and cured at 80 ˚C for 1 h in a vacuum oven. The major difference between hydrophilic and 

hydrophobic silicon dioxides is, in fact, in the difference between silanol and siloxane functional 

groups within a particular silicon dioxide, as shown in Figure 3. Hydrophobic behavior is a 

consequence of the reaction between the hydrophilic silanol group with organic groups.  

 
Figure 3. Surface treatment which converts hydrophilic AEROSIL® into hydrophobic AEROSIL  

Characterization of obtained materials 

Infrared spectroscopy (FTIR) - FTIR spectrophotometer 

Silicon samples were tested on a Thermo-Nicolet Nexus 670FTIR spectrometer. The measurements 

were made using an ATR (attenuated total reflection) accessory with a single reflection on a 

germanium crystal. The same pressure was used for each sample in order to obtain the same air 

penetration depth. Each sample was scanned 100 times at a resolution of 4 cm-1. A deuterated 

triglycine sulfate, DTGS, was used as a detector. The spectra were analyzed using a Thermo-Nicolet 

Omnic 6.0 software. 
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Mechanical properties  

Mechanical properties such as tensile strength and elongation at break were calculated based on the 

ASTM 412-98a standard, on a universal INSTRON device, model 1195 (England), at 50 cm/min. 

Hardness was determined using the ASTM D2240 standard with a 306L type a durometer model. 

Hardness values are expressed in hardness units (Shore A). 

 

Results and discussion 

 

Physical properties of elastomeric materials are directly dependent on the concentration of elastically 

active network chains, on the number and type of junctions, which, in turn, depend in a certain way 

on the composition of the crosslinking system applied. The structure of an elastomeric material can 

be reduced and improved using novel silicon dioxide fillers. The results of the FTIR analysis for the 

molecular structure of the samples of silicone elastomers without the addition of nano fillers are given 

in Figure 4 and Table 1. Two sharp bands at 2961 cm-1 and 2905 cm-1 originated from the asymmetric 

and symmetric C-H stretching vibrations of Si-CH3. Characteristic peaks of the siloxane matrix that 

originated from the functional groups Si-CH3, Si-O-Si, and Si-C are clearly observed. The absence 

of peaks at wave lengths greater than 3000 cm-1 shows the quantitative reaction of the C=C double 

bond in vinyl siloxanes. H/Vi 65/35 siloxanes with a lower proportion of vinyl siloxane do not give 

a peak of lower intensity at 3080 cm-1, which shows that all double bonds have reacted (Figure 4). 
 

Table 1. Characteristic bands in the FTIR spectrum for the samples of silicone elastomers without the addition of nano 

fillers 

Wavelength, cm-1 Functional group 

3000 - 2800 cm-1 CH3and CH2 group 

1450 cm-1 Asymmetric elongation of CH3 

~1420 cm-1 CH2bending 

~1260 cm-1 Si-CH3 

~1250 cm-1 (CH3)3 - Si 

1130 - 1000 cm-1 Si-O-Si 

1000 cm-1 Si-O 

790 cm-1 Si-C and CH3twisting 

 
Figure 4. FTIR spectrum of crosslinked siloxane elastomer obtained from HPMS and ViPDM: SilH/Vi 65/35 without 

the addition of nano fillers 

Figure 5 shows that the filler did not react chemically with the polymer matrix, though there were 

physical interactions resulting from the structural similarities between the filler and the matrix. These 
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similarities were also the reason for intensive interaction between the SiO2 hydrophobic fillers and 

the siloxane matrix. The highest Si-O range moved at 1100 cm-1 in the composites containing 

hydrophilic silicon(IV) oxide, which is indicative of a lower intensity of physical interaction between 

the filler and the matrix. Based on the surface activity and the geometry of the filler, filler-filler and 

polymer-polymer systems exhibited only physical interactions as the primary reinforcement 

mechanism.  The absence of hydroxyl bond vibrations between 3200 cm-1 and 4000 cm-1 signifies 

that the surface OH groups of the fumed silica were successfully consumed by bonding with the 

silicon atom in the siloxane moiety in the PDMS. The addition of nanoparticles into the samples of 

Sil H/Vi 65/35 did not affect the positions of bands in the FTIR spectra of the obtained siloxanes, 

because the system already had an excess of H from poly(methylhydrosiloxane), so that the added 

nanoparticles can only react with poly(methylhydrosiloxane), which does not result in the formation 

of new bands in the FTIR spectrum.   
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Figure 5. FTIR spectra of crosslinked siloxane elastomers obtained from HPMS and ViPDM: 

Sil H/Vi 65/35with the addition of 1, 5, 20 % hydrophobic and hydrophilic fillers 

 

The research conducted on HPDMS (Methyl Hydrogen Polysiloxane) and ViPDMS (Vinyl 

polydimethyldisiloxane) – Sil H/Vi (Methyl Hydrogen Polysiloxane and Vinyl 

polydimethyldisiloxane) 65/35 siloxanes used as precursors for crosslinking shows that the mobility 

of the ensembles of macromolecules around the nanofiller particles changes depending on the content 

of the nanofiller, which is the explanation for the effect they have on material reinforcement. Table 2 

gives the data on the mechanical properties of the synthesized samples of siloxane composites with 

the addition of hydrophobic and hydrophilic fillers. The values given are tensile strength (maximum 

load), elongation at break, energy necessary to deform the sample, and hardness (according to Shore 

A). With a Sil H/Vi 65/35 ratio, tensile strength is unexpectedly low – 0.546 MPa, and elongation is 

37.48%, probably due to a better configuration of the network formed; this is because in this case 

there are no vinyls that were not used up in the reaction, but only an excess of HPDMS, which, again, 

have a lower molar mass, and thus more easily incorporated into the network topology. Table 2 clearly 

shows that the addition of nanosilicon (IV) oxide increases the tensile strength in the samples, with 

more significant increases occurring only with 5wt% filler loadings and higher. Elongation at break 

also rises with the addition of the filler which means that the filler, apart from increasing the strength, 

also increases the elasticity of silicone materials. This is to be expected considering the chemical 

composition of the filler and the matrix, thus proving that silicon dioxide fillers are beneficial for 

optimizing the desired properties of silicone elastomers. Moreover, the comparison of the energy 

required to deform or break the sample, shows that the increase in the content of the filler also 

increases the energy of deformation of crosslinked siloxane elastomers.  
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Table 2. Mechanical properties of siloxane elastomers HPDMS and ViPDMS- Sil H/Vi 65/35with the addition of 

hydrophobic and hydrophilic fillers 

Samples 
Tensile strength, 

MPa 

Elongation at break, 

% 

Strain energy, 

J 

Hardness, Shore 

A 

Sil H/Vi 65/35 0.546 37.48 0.00638 62 

Sil H/Vi 65/35-1-h-phob 0.787 37.29 0.00680 65 

Sil H/Vi 65/35-2-h-phob 1.132 36.78 0.011 65 

Sil H/Vi 65/35-5-h-phob 2.97 44.82 0.031 70 

Sil H/Vi 65/35-10-h-phob 6.82 80.21 0.065 71 

Sil H/Vi 65/35-20-h-phob 5.307 86.38 0.053 73 

Sil H/Vi 65/35-1-h-phil 0.699 39.39 0.0061 64 

Sil H/Vi 65/35-2-h-phil 1.584 45.08 0.0086 65 

Sil H/Vi 65/35-5-h-phil 2.46 97.19 0.014 67 

Sil H/Vi 65/35-10-h-phil 3.84 138.19 0.046 70 

Sil H/Vi 65/35-20-h-phil 6.65 186.34 0.326 75 

 

Conclusion 

 

Siloxanes or polysiloxanes, are most certainly one of the most interesting classes of polymers. They 

have unique properties that distinguish them from all other polymers, they exhibit extremely high 

mobility of polymer segments and equilibrium flexibility, which gives them extra ordinary surface 

properties and lowest glass transition temperatures among all polymers.  The synthesis of siloxane 

elastomers involves the process of vulcanization as a result of crosslinking linear siloxane polymers, 

the so-called reactive polymers. FTIR spectroscopy confirmed the structure of polysiloxane and the 

obtained elastomer nanocomposites as expected. It was established that the addition of highly active 

silicon(IV) oxide increases hardness and tensile strength. The results clearly lead to the conclusion 

that the addition of nanosilicon(IV) oxide causes the increase in the tensile strength of the samples, 

where the increase is more significant at higher filler loadings, that is, the samples with 5 wt% of the 

filler. The increase in elongation at break in the materials with hydrophilic silicon dioxide is 

noticeable, though lower when compared to nanocomposites with hydrophobic fillers, due to the 

lower interaction between the hydrophobic matrix and hydrophilic fillers, or the lower compatibility 

of the two phases.  The improvement in the mechanical properties is a result of the increase in network 

density, thus proving that silicon(IV) oxide fillers are a very good option for optimizing the properties 

of siloxane elastomers. 
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Abstract 

 

The main goal of agricultural production should be the production of a sufficient amount of 

agricultural products with the least possible impact on the environment. In traditional agricultural 

production, to obtain a satisfactory yield, artificial fertilizers are used, which have multiple negative 

impacts on the environment. Glassy fertilizers are a type of fertilizer that, at least according to 

previous research, do not have a negative impact on the environment, and at the same time the use of 

these fertilizers yields no less than when using traditional fertilizers. Glassy fertilizers are fertilizers 

with controlled dissolution, they do not pollute groundwater or surface water, and the pH of the soil 

does not change with their use, by changing the composition they can adapt to the requirements of 

each crop individually, etc. The paper presents three phosphate glassy fertilizers of different chemical 

compositions, obtained at the Centre for Inorganic Technologies, ITNMS. The method of obtaining 

glassy fertilizers, their dissolution rates in a medium that simulates soil conditions, the changes in pH 

values of solutions for different dissolution times, and the effect of temperature on dissolution rates 

are shown. Also, the results of the influence of glass fertilizers on plant cultures in real conditions are 

presented. 

 

Keywords: glassy fertilizers, phosphate, dissolution rate. 

 

Introduction 

 

Controlled release fertilizers (CR fertilizers) are those materials that have nutrients for the plant and 

can dissolve after some time from the moment of introduction into the soil (to delay their 

availability), they are available to the plant much longer than conventional fertilizers (Calabi-Floody 

et al, 2018). One of the groups of ecological CR fertilizers is glassy fertilizers (GF). These glasses 

have a polymer structure, and the glass network can be made up of one, two, or more network builders, 

while cations of different metals are placed in the cavities (Ersundu et al., 2022). Various macro (K, 

P, Mg, Ca) and micro (B, Fe, Mo, Cu, Zn, Mn) nutrients, necessary for the growth and development 

of plants, can be included in the composition of glass in a relatively simple way (Cacini et al, 2020).  

The dissolution of glass is a complex process that takes place in several stages and which, apart from 

the chemical composition and granulation of the glass, also depends on the temperature, pH of the 

solvent, time of action, etc. (external conditions). The total dissolution time can be designed to favor 

or inhibit one of these phases. During the growing season, plants intensively consume the components 

that are separated from the glass, and thus the driving force for the dissolution process increases. The 

solubility of glassy fertilizers can be adjusted to a certain plant culture or natural conditions (climate 
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and soil characteristics), by changing the chemical composition and granulation of the glass (Sirotkin 

et al, 2012). 

The use of GF in agricultural production has a positive impact on the natural environment and does 

not lead to a decrease in yield, they do not wash into the lower layers of the soil because the unused 

part of the glass remains in the upper layers of the soil, the nutrients are easily accessible, etc. 

(Szumera et al, 2005). Research shows that by using GF, plants get a sufficient amount of nitrogen 

because these glasses encourage the activity of microorganisms from the soil to bind nitrogen from 

the air into forms suitable for plant nutrition (Karapetyan et al, 2004).  

This paper presents three phosphate GF of different chemical compositions, obtained at the Center 

for Inorganic Technologies, ITNMS. The method of obtaining glassy fertilizers, their dissolution rates 

in a medium that simulates soil conditions and the effect of temperature on dissolution rates are 

shown. Also, the results of the influence of glass fertilizers on plant cultures in real conditions are 

presented. 

 

Materials and Methods 

 

The appropriate glass batches compositions were prepared from reagent-grade raw materials 

(NH4)2HPO4, K2CO3, CaCO3, SiO2, MgO, ZnO, Fe2O3, CuO, B2O3, and MnO2 in an open porcelain 

crucible (the preparation of the glass batches described in the patent, number 61428 (2021)-The 

Intellectual Property Office of the Republic of Serbia). The glasses mixture was melted at T = 1100 

°C (GF2) and 1300 °C (GF1, GF3) for t=1h in an electric furnace, and the melt was quenched on a 

steel plate. Powder X-ray diffraction (XRD) analysis confirmed the quenched melt to be vitreous 

(data not shown). The chemical composition of glass was determined by gravimetric (Si) and 

spectroscopic methods, i.e., by AAS using a PERKIN ELMER 703 instrument (Ca, K, Mg, Cu, Zn, 

Fe, B-standard solutions 1000 µg/ml) and UV/VIS spectroscopy using a PHILIPS 8610 

spectrophotometer (P- standard solutions 1000 µg/ml) The chemical composition of the glasses is 

presented in Table 1. 

The chemical stability of the glasses (granulation 0.3-0.65 mm) was determined in a 2% citric acid 

solution (a solution that simulates the environment around plant roots) at several temperatures.  

 

Results and discussion 

 

Table 1. presents the analyzed composition of the glasses. 
 

Table 1. Chemical composition of glasses 

 Macronutrients 

SiO2 

Micronutrients 

P2O5 K2O 
CaO 

+MgO 
ZnO CuO Fe2O3 MnO B2O3 

CRG1 65 17 10 3 - - - - 5 

CRG2 60 22 10 2 0.5 2 3 0.5 - 

CRG3 45 25 25 3 1 - - 1 - 

 

For the analysis of structure, this glasses were considered as a binary one: zMe2/xO·(1-z)NFO where 

Me are ion modifiers (K, Ca, Mg, Zn, Cu, Fe, Mn), z is a molar fraction of oxides and x is the valence 

of the Me atoms; NF is network former ions (P, Si, B). For 0 z 0.5 the glass is ultraphosphate and 

for z>0.5 the glass is polyphosphate (Brow, 2000). Based on the chemical analysis of the glasses 

(Table 1), it is concluded that the CRG1 and CRG2 belong to ultraphosphate glasses, while CRG3 

belongs to the group of polyphosphate glasses. Figure 1 shows the chemical stability of all three 

glasses in an acidic environment at a temperature of 37 °C. From Figure 1, it can be seen that the 

concentration profiles are similar. The dissolution process is initially very intense (initial phase), 
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while after 15 h it slows down significantly (transitional phase) and enters the stationary phase (final 

phase). CRG1 and CRG3 dissolve faster than CRG2 (Figure 2) because the composition of this glass 

contains divalent and trivalent cations that connect the phosphate network and make it more resistant. 

Divalent cations form chelate structures, which are more resistant to the action of acids. CRG1 

dissolves and has a slightly higher dissolution rate than CRG3. Including B2O3 into phosphate glasses 

often improve their chemical durability because of the formation of P-O-B bonds, which exhibit 

higher resistance to hydrolysis than P-O-P bonds. This small difference in dissolution rate is probably 

because the iconicity of the P-O-Ca bond is lower than that of the B-O-Ca and B-O-K bonds and it is 

more flexible and less resistant to the action of H+ ions (Lee et al, 2022).  
 

 

Figure 1. Dependence of normalized mass release f(m) on dissolution time at 37 C 

 

 

Figure 2. Initial release rates of the ions and mass 

 

Figure 3 shows the influence of temperature on the dissolution process of CRG3. The concentration 

profiles for the other two glasses are similar (data not shown). It can be seen that with increasing 

temperature, the initial phase is shortened and the changes become abrupt (sharper). The final phase 

expands and the slopes of changes in this phase increase with temperature.  

All three vitreous fertilizers were tested in real conditions for feeding different plants, in the 

greenhouse of the Faculty of Agriculture, University of Belgrade. 
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Figure 3. Dependence of normalized mass release f(m) on dissolution time for CRG3 

 

The obtained results show that these fertilizers have a positive effect on the growth and development 

of plant crops. Table 2 shows some of the basic statistics indicators for examined quality parameters 

of Capsicum annuum L seedlings fed with CRG2.  
 

Table 2. The basic statistics indicators for examined quality parameters of Capsicum annuum L seedlings 

 

 

Parameters 

 

Dosage of 

phosphate glass 

 

 

Iv 

Interval of 

variation 

 S  

Arithmetical 

mean  Standard 

error 

 

Me 

Median 

 

Cv (%) 

Coefficient of 

variation 

Plant height (cm) 

0 (test) 25.1– 40.3 31.370 1.638 30.450 16.508 

1 g/l 334 – 41.4 37.350 0.890 37.000 7.535 

2 g/l 25.6 – 37.9 32.690 1.297 33.700 12.545 

3 g/l 28.4 – 40.7 34.370 1.279 34.150 11.764 

4 g/l 23.8 – 35.4 30.700 1.271 31.650 13.090 

Number of leaves 

0 (test) 17.0 – 55.0 28.4 3.407 26.000 37.931 

1 g/l 24.0 – 33.0 27.3 0.803 26.500 9.307 

2 g/l 21.0 – 31.0 25.4 1.861 24.500 13.789 

3 g/l 15.0 – 33.0 22.8 0.876 21.500 25.807 

4 g/l 13.0 – 36.0 26.2 2.973 30.500 35.886 

 

Based on the parameters of development examined it was determined that the glass dosage of 1 g/l is 

optimal. This dosage was affected significantly by an increase in average height and the overground 

mass of the plants. Concerning other additives for improvement of the substrates (mineral fertilizers, 

vermicompost, etc.), by addition of polyphosphate glass, better development of pepper seedlings was 

attained. 

 

Conclusion 

 

This paper presents three phosphate glassy fertilizers (CRG1, CRG2, and CRG3) of different 

chemical compositions, the method of obtaining them, their dissolution rates in a medium that 

simulates soil conditions, and the effect of temperature on dissolution rates. The dissolution process 

is initially very intense (initial phase), while after 15 h it slows down significantly (transitional phase) 

X X
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and enters the stationary phase (final phase). CRG1 and CRG3 dissolve faster than CRG2 because 

the composition of this glass contains divalent and trivalent cations that connect the phosphate 

network and make it more resistant. With increasing temperature, the initial phase is shortened and 

the changes become abrupt. The obtained results show that these fertilizers have a positive effect on 

the growth and development of plant crops.  Based on the parameters of development examined it 

was determined that the CRG2 dosage of 1 g/l is optimal for pepper seedlings (Capsicum annuum L). 
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Abstract 

 

Clay is the basic raw material for obtaining various ceramic materials. In nature, it is formed by the 

decomposition of complex silicate rocks, which form clays of different physical characteristics, 

mineral and chemical composition. The aim of this work was to perform mineralogical and chemical 

characterization of clay from the locality Zagoni, municipality of Bratunac. Chemical analysis 

revealed a high content of SiO2 (59.39%) and a relatively low content of other components, which 

are chemical contaminants of clay (Fe2O3 + TiO2 + CaO + MgO).  Based on the obtained experimental 

results, the clay can be classified into semi-acidic clays with a low content of coloring oxides. The 

presence of quartz and kaolinite minerals was registered in the clay by XRD and thermal methods of 

analysis. The granulometric composition of this clay is uneven, and fifty percent of the particles have 

an average diameter of 8.54 µm. The examination determined that the clay "Zagoni" swells poorly 

under the action of water. 

 

Keywords: clay, kaolin, quartz, mineralogical composition, chemical analysis. 

 

Introduction 

 

Clay is a polymineral raw material, which is formed due to mechanical and chemical decomposition 

of rock masses. The composition of clay includes clay minerals (kaolinite, montmorillonite, illite, 

dickite, nacrite, etc.), then various carbonates, iron oxides, quartz, etc. (Brzaković, 2000; Kostić-

Gvozdenović & Ninković, 1997; Tecilović-Stevanović, 1990; Hamzabegović, 2015). 

For decades, clay has been successfully used in many industries, such as the building materials 

industry, refractory ceramics, electrical ceramics, but also in the field of ceramic art (Filipović-

Petrović et al., 2018). It was initially used to build simple ceramic pottery. Over time, the range of 

clay products increased, from low-quality products (pots and vases made of clay, pots obtained by 

drying, etc.), through baked clay products (these products were of low quality and could not tolerate 

high temperatures) to baked products of high quality and resistance to high temperatures (fire 

resistance). 

The suitability of clays for different uses in certain industries and their capability to fulfill certain 

technological requirements are influenced by their physical-chemical, mineral and technological 

characteristics. Therefore, it is extremely important to characterize the clay before its application, 

which means determining the chemical and mineral composition, granulometric composition, as well 

as different technological characteristics (sensitivity to drying, plasticity, swelling, etc.). 

Clays can be classified according to different parameters: origin, mineralogical composition, 

Al2O3+TiO2 content, content of colored oxides, refractoriness, sintering ability, content of finely 

dispersed fractions, etc. (Brzaković, 2000; Kostić-Gvozdenović & Ninković, 1997; Tecilović-

Stevanović, 1990; Hamzabegović, 2015; Filipović-Petrović et al., 2018). 
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According to the content of Al2O3 + TiO2 in the annealed state, clays are classified as high-base, base, 

semi-acidic and acidic clays (Table 1). 
 

Table 1. Classification of clays according to the content of Al2O3 + TiO2 in the annealed state 

A group of clay raw materials Content of Al2O3 + TiO2   (%) 

High-base >40 

Base 30-40 

Semi-acidic 15-30 

Acidic < 15 

 

The color of the clay can vary from white, yellow, gray, to even black. The presence of components 

which do not belong to clay minerals determines the color of the clay and the ceramic material 

obtained from it. These components include organic matter, iron oxides, titanium oxide, etc. 

(Vulićević-Krstić, 1981). Clays can also be classified according to the content of colored oxides 

(Fe2O3 and TiO2) (Table 2) into those with very low, low, medium and high content of colored oxides. 
 

Table 2. Classification of clays according to the content of colored oxides 

A group of clay raw materials Content of Fe2O3     (%) Content of TiO2   (%) 

with a very low content of colored oxides - <1 

with a low content of colored oxides < 1.6 <1 

with a medium content of colored oxides 1.5-3 1-2 

with a high content of colored oxides > 3 >2 

 

The ability of clay to absorb and retain water is a property that is closely related to the plasticity of 

clay. Hygroscopicity depends on the specific surface area of the clay particles, and is larger if the 

particles are smaller or finer. Closely related to water absorption is the notion of normal clay 

consistency, which gives clay dough with the highest plasticity and tear strength. In practical 

application, the term normal consistency of clay dough means a consistency in which the clay 

contains the maximum amount of water, and the clay mass does not stick to the fingers. According 

to their absorption or hydrophilicity, clays can be divided into high-plasticity, medium-plasticity and 

low-plasticity clays. 

Aluminum hydrosilicates (clay minerals) are minerals that are the main constituents of clay (Bravin, 

1999). In addition to clay minerals, clay may also contain quartz (SiO2), limestone (CaCO3), dolomite 

(CaCO3·MgCO3), hematite (Fe2O3), gypsum (CaSO4·H2O), organic substances, etc. Clay minerals 

are divided into two major groups: kaolinite and montmorillonite. The kaolinite group of minerals 

includes: kaolinite, dickite, nacrite [(Al2(Si2O5)(OH)4)], halloysite (Al2 (Si2O5) (OH)4·2H2O)] and 

allophane [(Al2O3·SiO2·nH2O)] (Tecilović-Stevanović, 1990). 

The montmorillonite group includes pyrophyllite [(Al2(Si2O5)2(OH)2)], montmorillonite 

[[Al2(OH)2|Si4O10]·nH2O], illite [(K,H3O)Al2[(H2O,OH)2|(Si,Al)4O10)]] and chlorite 

[(3Mg(OH)2Mg3(Si2O5)2(OH)2].  

The starting parameters in the characterization and evaluation of clay quality are chemical 

composition, mineral composition, granulometric composition, plasticity, sensitivity to drying, 

shrinkage during drying and baking, etc. The whole range of physical, mechanical and technological 

properties of clay as a raw material for ceramic products is directly dependent on the chemical 

composition. 

Also, all calculations of raw material mixtures in the ceramic industry are based on data on the 

chemical composition of clay as a raw material. Clay is a complex polymineral system composed of 

a large number of chemical elements. It usually contains the following elements: Si, Al, Ti, Fe, Ca, 

Mg, Na, K, Cr, Mn, P, S, H, and in rare cases: Zr, Ni, Co, Ba, Be, Pb, B, C, Cl, F, etc. (Kovačević et 

al., 2007; Tzozue et al., 2017).  
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The most important deposits of kaolin raw materials in Bosnia and Herzegovina are located in several 

ore districts, of which the Srebrenica-Bratunac ore region is very important with the following 

deposits: "Smoljave-Zagoni", "Tegare", "Borići", as well as several sites with kaolinite phenomena 

such as: "Bjelavac", "Sikirići", "Vukosavljevići", "Crni Guber" and "Jadar" near Srebrenica and 

Bratunac. The aim of this paper is to mineralogically and chemically characterize the clay from the 

Zagoni site, Bratunac municipality. 

 

Materials and Methods 

 

The test methods used in this paper for chemical and mineralogical characterization of clay from the 

site "Zagoni", Bratunac municipality, are as follows: chemical analysis, thermal analysis, XRD 

analysis, laser method for determining granulometric composition, swelling ability, and 

determination of specific mass of clay. 

Loss by annealing, moisture content, granulometric composition and thermal analysis were 

determined on a clay sample which was previously crushed in a mortar and then sifted through a DIN 

20 sieve. 

Sample preparation for chemical analysis, swelling ability and determination of specific clay mass 

was performed by drying the sample to a constant mass at 105-110 °C after being crushed and sieved 

through a DIN 20 sieve (Lee & Yeh, 2008; Ranđelović et al., 2011; Mitrović et al., 2009; Filipović-

Petrović et al., 2008). 

The Swell Index or Free Swell (Swelling) test procedure is used to determine the general swelling 

characteristics of clay. Test method ASTM - D5890 is used to determine the swell index. A 2g sample 

of dried and finely ground clay is dispersed into a 100 ml graduated cylinder in 0.1g increments. A 

minimum of 10 minutes must pass between additions to allow for full hydration and settlement of the 

clay to the bottom of the cylinder. These steps are followed until the entire 2g sample has been added 

to the cylinder. The sample is then covered and protected from disturbances for a period of 16 - 24 

hours, at which time the level of the settled and swollen clay is recorded to the nearest 0.5 ml. The 

ability to swell depends on the mineral composition, type, shape and specific surface area of clay 

particles (Table 3) (Vulićević-Krstić, 1981; Filipović-Petrović et al., 2008). 

The density of clay refers to the ratio of the mass of an absolutely dry clay sample to the volume that 

includes pores. Of the many procedures for determining the specific mass, the pycnometer method is 

the most widely used. There are two techniques for determining the density of clay using the 

pycnometer method, and they differ in the way air is removed from open pores, cracks and cavities. 

In the first one, the air is removed by vacuuming, whereas the second one uses boiling the sample 

with liquid immersion. 
 

Table 3. Influence of mineral composition on swelling ability 

Mineral Particle size (10-10m) Specific surface area (m2/g) Propensity to swell 

Montmorillonite 20 800 High 

Illite 200 80 Medium 

Kaolinite 1000 15 Low 

 

The size and distribution of clay particles was determined on a laser particle size analyzer 

"Mastersizer 3000" in the laboratory of the Faculty of Technology Zvornik. X-ray diffraction 

measurements were performed on a Bruck D8 Endeavor powder diffractometer operating on the 

principle of Brag-Brentan geometry, with a Ni-filter, using an X-ray tube with cobalt anticathode 

(CoK) with a =1.78897 Å wavelength radiation. Thermal analysis of a clay sample from Zagoni, 

Bratunac municipality, was performed on a Netzsch-Gerätebau GmbH - STA 409 CD Simultaneous 

thermal analyzer, under the following conditions: inert material - Al2O3, atmosphere - air, heating 

rate - 15.0 °C/min and maximum temperature of 1200 °C. 
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Results and discussion 

 

The whole range of physical, mechanical and technological properties of ceramic raw materials is 

directly dependent on the chemical composition of the clay. The starting point in the assessment of 

the quality of clay from the site "Zagoni", municipality of Bratunac, was the chemical analysis. 

Chemical composition analysis for the purpose of this study included the determination of moisture 

(W), loss on ignition at 1000 °C (LOI) and determination of the content of SiO2, Al2O3, Fe2O3, TiO2, 

CaO and MgO. 

Chemical analysis of clay (Table 4) revealed a high content of SiO2 (59.39%) and a relatively low 

(less than 5%) content of other components (Fe2O3+TiO2+CaO+MgO), which are chemical 

contaminants of clay. 
 

Table 4. Chemical analysis of the clay sample "Zagoni" 

 

According to the content of Al2O3+TiO2 in the annealed state (21.92%), the clay from the locality 

Zagoni, municipality Bratunac, is classified as semi-acidic clay, while according to the content of 

colored oxides (Fe2O3 and TiO2) it is classified as the clay with a low content of colored oxides. 

Thermal analysis was used to examine the physico-chemical changes of clay that occur during 

annealing. 

The obtained thermogram (Figure 1) shows the occurrence of phase transformations in the form of 

temperature maxima at endothermic and exothermic peaks. Two intense peaks are observed: the first 

at 596.9 °C is characteristic of the endothermic process of dehydration of kaolinite, while the second 

peak at 1020.6 °C is responsible for the phase transformation of kaolinite into mullite. 
 

 

Figure 1. Thermogram of the clay sample "Zagoni" 

  

Comparison of the obtained thermogram of the clay sample "Zagoni" with the thermogram of the 

standard sample of kaolinite (Figure 2) also confirms the presence of kaolinite in the tested sample. 

Based on the surface of the peaks, it can be concluded that the sample of clay "Zagoni" is not pure 

kaolinite, because the surface of the peak corresponding to the dehydration of kaolinite is lower. 

Component 
SiO2 

(%) 

Al2O3 

(%) 

Fe2O3 

(%) 

TiO2 

(%) 

CaO 

(%) 

MgO 

(%) 

Loss on Ignition(LOI) at 

1000 °C (%) 
W (%) 

Clay „Zagoni“ 59.39 19.16 1.14 1.22 0.7 1.8 7.02 0.49 
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Figure 2. Comparative thermogram of the clay sample "Zagoni" (-) and the kaolinite sample (-) 

 

 
Figure 3. Diffractogram of the clay sample "Zagoni" 

 

Based on the results of XRD analysis (Figure 3), the presence of quartz, kaolinite and dolomite 

minerals is noticed, and the presence of orthoclase and jarosite is very low. 

Based on the chemical analysis (Table 4) and the stoichiometric ratio of SiO2 and Al2O3 masses in 

kaolinite, the quartz content in the clay sample "Zagoni" can be approximately determined using 

relation (1). 
 

Q = % SiO2 – 1.175% Al2O3 = 59.39 – 1.175 x 19.16 = 32.18%                                                     (1) 
 

Clays are polydisperse systems, which means that one of the important characteristic is granulometric 

composition (grain size and particle distribution).  
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Figure 4. Particle size distribution in the clay sample "Zagoni" 

 

Analysis of the size and distribution of clay particles in the sample "Zagoni" (Figure 4, Table 5) by 

the laser method showed varying particles size and the mean diameter of 8.54 µm in fifty percent of 

the particles. Figure 4 clearly shows the distribution of particles into two different groups. The first 

group, with a granulation of about 1 µm, are characteristic of kaolinite in the sample, while the group 

of larger particles represent impurities in the examined sample. 
 

Table 5. Granulometric composition in the clay sample "Zagoni" 

 

 

 

The density (ρ) of the clay sample "Zagoni" was determined by the pycnometer method. Air was 

removed from open pores, cracks and cavities in the clay sample using two techniques: "vacuuming" 

and "boiling" water with a clay sample. 

The density values obtained by the two techniques were similar: ρv = 2.61 g/cm3 for the "vacuum" 

method and ρk = 2.54 g/cm3 for the "boiling" method . 

The Swell Index is expressed in cm3/2g of the sample. If the volume of clay inside the graduated 

cylinder is less than 20, then the swelling is less than 20 cm3/2g of the sample. 

Clays with a volume of over 20 are said to swell to a large degree, while the opposite is the case with 

the clay sample "Zagoni". 

 

Conclusion 

 

Chemical analysis of the clay from the Zagoni site, Bratunac municipality, revealed a high content of 

SiO2 (59.39%) and a relatively low (less than 5%) content of other components that represent 

chemical contaminants of clay (Fe2O3 + TiO2 + CaO + MgO). Based on the chemical analysis (the 

content of Al2O3 + TiO2 and the content of colored oxides Fe2O3 and TiO2), this clay is classified as 

semi-acidic and low in the content of colored oxides.  

Thermal analysis and XRD analysis revealed the presence of quartz, kaolinite and dolomite minerals. 

Chemical analysis and stoichiometric ratio of SiO2 and Al2O3 masses in kaolinite showed that the 

clay from the Zagoni site is contaminated with quartz, whose approximate content is 32.18%. 

Previous results show that the clay sample from Zagoni site, Bratunac municipality can be used as a 

ceramic material. 

 

P,% 10 50 90 

Clay sample „Zagoni“ (µm) 1.35 8.54 29.4 
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Abstract 

 

Anthraquinone dyes and their derivatives are a type of colorants with excellent color properties, light 

and wet fastness and are widely used as dyes, pigments, and colorants in cosmetics, drugs and foods. 

Furthermore, they have a variety of interesting biological activities and pharmacological effects, such 

as antiviral, antioxidant, antibacterial, anti-cancer and anti-inflammatory, and to prevent osteoporosis 

and hypoglycemic activity. The photostability of two blue anthraquinone reactive dyes, synthesized 

by as in water solution and dyed samples of cotton and paper have been investigated. A comparative 

analysis has been made with two commercial direct dyes from the Solenis PergasolTM range. The 

dyeing of cotton fabrics was carried out with dyes at 2% depth o.w.f. Aiming to prepare woodfree 

paper for printing and packaging, wet-end chemical additives have been added, in the following 

sequence: dye fixative - 1% of o.d.f., dye - 0.6% of o.d.f., sizing agent - 1% of o.d.f. and retention 

additive – 0.05% of o.d.f. The optical properties - L*, a*, b*, C*, and h* from the CIE Lab color 

space of the resulting textile and paper samples have been examined. As a result of the studies carried 

out it was found out that the photostability of the examined reactive dyes is about 20-25% higher than 

that of direct dyes. Bearing in mind that the color characteristics of the dyed samples of cotton and 

paper do not change significantly during irradiation, it could be concluded that the synthesized 

anthraquinone dyes are suitable for dyeing of cellulosic materials. 

 

Keywords: triazine reactive dyes, anthraquinone dyes for cotton and paper, photostability. 

 

Introduction 

 

Cotton and paper are the major cellulose fibers and they have a unique combination of properties, 

including high strength, durability, softness, good dyeability and biodegrability. 

Direct dyes are widely used to dye cotton and paper for over 100 years (Benkhaya, 2020; Drzewińska, 

2008; Hande, 2022; Holmes, 1922; Ishegbe et al., 2014; Society of Dyers and Colourists, 1995). 

Pergasol direct dyes are water-soluble synthetic dyes. Chemically they are azo dyes or solubilized 

pigments. They are used in alkaline or neutral solution especially for dyeing cellulosic material (such 

as cotton or paper) directly in the presence of electrolytes. Anionic PergasolTM direct dyes contain 

several sulfonic or carboxyl groups to activate the dye soluble in water. In solution, the dyes are 

dissociated into a dye anion and a colorless cation for instance sodium. The dye molecules also exhibit 

a linear and planar structure, which allows the dye to attach to the cellulose chains in the fiber via 

intermolecular bonding. Anionic Pergasol dyes are especially suitable for dyeing wood-free papers 

or papers containing small amounts of lignin and should be added as early as possible, allowing 

sufficient time for uptake by the stock. In most cases the use of a fixing aid is suggested. Sizing and 

other process chemicals should preferably by added after the dyes. Cationic PergasolTM direct dyes 

have amine groups, providing a net positive charge. The combination of positive charge and relatively 
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large, planar shape means that cationic direct dyes bond readily to fiber surfaces. Because of their 

more rapid uptake, cationic dyes are highly suitable for continuous application. Before adding these 

dyes, it is advisable to be neutralized troublesome anionic trash with cationic fixative for aluminium 

sulphate (Solenis, 2019). Direct dyes have good light fastness, poor wash fastness, shorter dying 

cycle. However, they bind with cellulose fibres through weak physical forces due to which cotton 

dyed with direct dyes bleeds when washed (Porter, 1973). 

Anthraquinone dyes are very well known in literature, being the second largest class of textile dyes 

after azo dyes and are used for dyeing of different type of fibres (Baqi, 2022). They are distinguished 

by their brilliance, good light-fastness and stability of the chromophore under both acid and alkaline 

conditions. The color of anthraquinone dyes is partially associated with the anthraquinone nucleus 

and modified by the type, number, and position of substituents. Anthraquinone dyes give a wide range 

of colors in almost the whole visible spectrum, but they are most commonly used for green, blue and 

violet hues. Some of the very important blue dyes are derivatives of sodium salt of 1-amine-4-bromo-

anthraquinone-2-sulphonic acid (bromamine acid). They are widely used as dyes, pigments and 

colorants in cosmetics, drugs and foods (Lv et al., 2017; Oprisan et al., 2007; Oyewale et al., 2020; 

Patel & Patel, 2009). 

Among the anthraquinone dyes the reactive ones are the most important class of dyes since they can 

be linked with the textile fibres through covalent bonds, thus the colored fibres have high fastness to 

wet treatment. These dyes are widely used in the textile industries for dyeing of cotton, wool, silk, 

polyamides and other synthetic fibres and have only limited use on practical application in the 

papermaking process and single reports on laboratory experiments (Shan et al., 2015; Zhang et al., 

2019). 

Bearing in mind above mentioned, it was of interest to study the photostability and dyeing ability of 

some anthraquinone reactive dyes and to compare them with some commercial direct dyes used for 

dyeing of cotton and paper. 

 

Materials, analysis and equipment 

 

We synthesized the anthraquinone dyes as it was reported before (Konstantinova & Miladinova, 

2008). Bromamine acid, cyanuric chloride (98%), allylamine and ammonia (25% water solution) 

were Sigma-Aldrich (Merck) products. The direct dyes Pergasol Türk F-2GN and Pergasol Türk R 

were Solenis products. 

Electronic absorption spectra were recorded on a Hewlett Packard 8452A UV/Vis spectrophotometer 

in water (concentration 2x10-4 g.ml-1). 

Dyeing with synthesized reactive dyes (Exhaust at 80 °C) and with direct dyes was performed on 

100% cotton (15 x 25 cm) according to standard procedures (Miladinova & Todorova, 2022; 

Parvinzadeh & Najafi, 2008). 

The used fibre raw material for obtaining paper samples is a mixture of bleached kraft cellulose from 

sprues wood (delivered by SCA, Sweden) and bleached kraft cellulose from beech wood (delivered 

by Svilosa AD, Bulgaria) in ratio 1:1. The used kraft cellulose were refined by laboratory Jokro mill 

method with six refining units, acc. ISO 5264-3:1979. The refining concentration in each unit was 

6% (16g o.d.f in 267ml water). The celluloses were refined separately and the Schopper Riegler Value 

as degree SR (ISO 5267-1/AC:2004) of the obtained pulp mixture was 30 °SR.  

Aiming to prepare wood-free paper for printing and packaging, wet-end chemical additives have been 

added to the obtained cellulose fiber raw material, in the following sequence:  
 

• dye fixative - 1% of o.d.f. (Kemira® Levogen E 1063 LQ);  

• investigated two direct and two reactive dyes - 0.6% of o.d.f.;  

• alkylketendimer (AKD) sizing agent - 1% of o.d.f (Kemira® Fennosize KD 157YC); 
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• cationic retention additive – 0.05% of o.d.f. (modified polyacrylamide with molecular 

weight 11.106 g/mol and charge density +1.05 from Ciba Specialty Chemicals-Ciba® 

Percol®Co (Basel, Switzerland)). 
 

After preparation of each cellulose mixture, the papermaking process was simulated by using 

laboratory paper-sheet machine. Paper suspensions with concentration of 2% were prepared and paper 

samples were obtained on paper laboratory machine (Rapid-Kothen, Germany) acc. ISO 5269-

2:2005, with a basic weight of 70 g/m2, with drying conditions of – 96 °C and duration of 7 minutes. 

The color coordinates L*, a*, b*, C*, h* from the CIE Lab color space by Konica Minolta 

Spectrophotometer CM-3630 from Frank – PTI, according to ISO 5631-2:2008. Irradiation of the 

dyes (in solution) and the dyed cotton and paper was performed in a Suntest CPS equipment (Heraeus) 

supplied with a Xenon lamp (Hanau, 1.1 kW, 765 W.m-2, wavelength λmax = 290 nm). 

 

Results and discussion 

 

The anthraquinone dyes object of the present study can be presented by the following general formula 

1: 

 
Formula 1 

 

where the meanings of R are -NH2 (dye RD1) and –NHCH2CH=CH2 (dye RD2). We synthesized 

them as it was described before (Konstantinova & Miladinova, 2008). Direct dyes Pergasol Türk F-

2GN (dye Dir1) and Pergasol Türk R (dye Dir2) are Solenis products and they were used for 

comparison with synthesized dyes. The absorption spectra of the investigated dyes were recorded in 

water with concentration 2x10-4 g.ml-1) and are presented in Figure 1. 
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Figure 1. Absorption spectra of the investigated dyes in water 
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As can be seen from the presented spectra, the reactive dyes DR1 and RD2 absorb in range of 450-

700 nm with λmax = 592 nm and direct dyes Dir1 and Dir2 - in range of 500-700 nm with λmax at 

610 nm. 

Dyeing of cotton fabrics 

Cotton fabrics were dyed with the investigated dyes at 2% depth o.w.f. according to procedures 

mentioned above. Materials with an intense blue color were obtained. 

The dye exhaustion (%) and dye fixation ratio (%F) was determined spectrophotometrically. Тhe 

extraction rate of the dyes was found to be between 85-90% and the fixation rate was found to be 91-

93%. 

Photostability of the dyes 

In order to determine what is the photostability of the dyes, the solutions of the dyes in water with 

concentration 1.10-4 g/ml were subjected to irradiation for 2 hours by UV light in a Suntest equipment. 

As during the irradiation no change was observed in the absorption spectra (max) of the dyes, the 

course of the photodegradation was monitored colorimetrically, i.e. the dependence of the 

concentration of the dye on the time of irradiatiion was determined using the method of the standard 

calibration curve. The data obtained is presented in Figure 2. 
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Figure 2. Dependence of the concentration of the dye (%) in water on the time of irradiation (min) 

 

One can see from the figure that the photostability of the investigated dyes is similar. The high 

photostability (79-82%) of the dyes is due to the presence of hydroxy or amine groups located near 

the azo groups (at direct dyes) or carboxylic groups (at reactive dyes) and the possibility to forming 

hydrogen bonds. 

Photostability of colored cotton 

In order to study the photostability of the colored cotton, the last ones were subjected to irradiation 

by UV light in a Suntest equipment and examined for its optical properties – color coordinates L*, 

a*, b*, C*, h* from the CIE Lab color space before and after irradiation for 8 hours. The data obtained 

are given in Table 1 and Table 2. 
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Table 1. Optical properties of the dyed with reactive dyes cotton textiles 

   Simple/Dyed with Illuminant L* a* b* C* h* 

non-radiated 

RD1 

D65_10 63.95 -2.86 -16.78 17.03 260.3 

A_10 62.26 -5.95 -19.37 20.26 252.9 

C_2 63.19 0.74 -18.11 18.12 272.3 

RD2 

D65_10 61.57 -2.02 -16.75 16.87 263.1 

A_10 59.99 -5.26 -19.06 19.78 254.6 

C_2 60.86 1.47 -17.99 18.03 274.7 

radiated 

RD1 

D65_10 64.31 -2.86 -15.42 15.68 259.5 

A_10 62.75 -5.64 -17.82 18.69 252.4 

C_2 63.62 0.41 -16.63 16.64 271.4 

RD2 

D65_10 61.93 -2.03 -15.99 16.12 262.8 

A_10 60.42 -5.13 -18.21 18.92 254.3 

C_2 61.25 1.27 -17.17 17.21 274.2 

 

Table 2. Optical properties of the dyed with direct dyes cotton textiles  

       Simple/Dyed with Illuminant L* a* b* C* h* 

non-radiated 

Dir1 

D65_10 60.3 -29.26 -29.6 41.62 225.3 

A_10 54.12 -39.02 -41.12 56.69 226.5 

C_2 58.11 -20.82 -33.91 39.79 238.4 

Dir2 

D65_10 74.10 -23.72 -17.35 29.39 216.2 

A_10 69.98 -28.79 -24.98 38.12 221.0 

C_2 72.90 -20.27 -19.74 28.30 224.2 

radiated 

Dir1 

D65_10 60.70 -28.26 -26.94 39.04 223.6 

A_10 54.98 -36.52 -37.66 52.46 225.9 

C_2 58.72 -20.79 -30.87 37.22 236.1 

Dir2 

D65_10 74.33 -23.08 -17.63 29.04 217.4 

A_10 70.27 -28.08 -25.13 37.68 221.8 

C_2 73.14 -19.55 -19.99 27.97 225.6 

 

From the data presented in Table 1 and Table 2, it can be seen that all dyed samples have a blue 

greenish color that does not change as a result of irradiation. No significant change in shade is 

noticeable either. However, a decrease in the intensity of the blue color was observed in the samples 

dyed with dye Dir1. A change was observed in the lightness of the studied samples and as seen from 

the data, it increased as a result of the irradiation. The color saturation decreases after irradiation. As 

the result from the investigations, we concluded that the changes observed in the studied samples are 

commensurable. 

Photostability of colored paper 

Based on previous research (Miladinova & Todorova, 2022) the chosen consumption of the 

investigated dyes in the paper was 0,6% of o.d.f. In order to study the photostability of the paper, the 

simples were subjected to irradiation by UV light in a Suntest equipment for 12 hours. The obtained 

paper samples were being examined for its optical properties – color coordinates L*, a*, b*, C*, h* 
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from the CIE Lab color space by Konica Minolta Spectrophotometer CM-3630 from Frank – PTI, 

according to ISO 5631-2:2008. For each sample, ten measurements were made at different locations 

on the surface. Before the measurements, the samples were conditioned at 50% RH and 23 ± 2 °C for 

72 h. The data obtained is given in Table 3 and Table 4. 
 

Table 3. Optical properties of the dyed with reactive dyes paper  

         Simple Illuminant L* a* b* C* h* 

Dyed, 

non-radiated 

RD1 

D65_10 65.27 -0.84 -13.55 13.58 266.5 

A_10 64.12 -2.88 -15.21 15.48 259.3 

C_2 64.70 2.13 -14.55 14.7 278.3 

RD2 

D65_10 65.82 -1.96 -13.45 13.59 261.7 

A_10 64.55 -4.06 -15.39 15.92 255.2 

C_2 65.23 0.96 -14.50 14.54 273.8 

Dyed, 

radiated 

RD1 

D65_10 65.25 -0.51 -13.26 13.02 264.6 

A_10 64.33 -2.15 -15.19 14.99 257.1 

C_2 64.51 1.98 -14.05 13.89 277.1 

RD2 

D65_10 65.90 -1.75 -12.73 13.01 259.3 

A_10 64.65 -3.82 -14.63 15.03 253.6 

C_2 64.98 0.74 -13.80 13.97 272.6 

 
Table 4. Optical properties of the dyed with direct dyes paper  

               Simple Illuminant L* a* b* C* h* 

Dyed, 

non-radiated 

Dir1 

D65_10 73.55 -27.43 -18.95 33.34 214.6 

A_10 68.87 -32.46 -27.85 42.77 220.6 

C_2 72.14 -23.06 -21.84 31.76 223.4 

Dir2 

D65_10 75.02 -23.53 -14.54 27.66 211.7 

A_10 71.21 -25.36 -22.01 33.58 220.9 

C_2 73.86 -19.74 -17.00 26.06 220.7 

Dyed, 

radiated 

Dir1 

D65_10 73.78 -26.68 -17.52 31.24 211.5 

A_10 69.82 -31.56 -26.75 40.57 219.4 

C_2 74.19 -22.16 -20.64 29.88 220.6 

Dir2 

D65_10 74.89 -22.78 -13.77 25.55 210.2 

A_10 70.24 -23.58 -21.01 31.39 219.2 

C_2 72.56 -17.94 -15.92 24.12 219.2 

 

From the data presented in Table 3 and Table 4, it can be seen that all dyed samples have a blue 

greenish color that does not change as a result of irradiation. No significant change in shade is 

noticeable either. However, a decrease in the intensity of the blue color was observed in the samples 

dyed with dye Dir1 and Dir2. A change was observed in the lightness of the studied samples and as 

seen from the data, it increased as a result of the irradiation. The color saturation decreases after 

irradiation. As the result from the investigations, we concluded that the changes observed in the 

studied samples are commensurable. 
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Conclusions 

 

As a result of our research, it can be concluded that the synthesized of us reactive dyes RD1 and RD2 

have high exhaustion and dye fixation ratio. The dyes, as well as the cotton and paper samples dyed 

with them, show good photostability, comparable to that of the direct dyes Dir1 and Dir2 used in 

practice for paper dyeing. This makes the investigated reactive dyes suitable for dyeing of cotton and 

paper. 
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Abstract 

 

Commercial activated earths and activated clays based on aluminosilicate minerals, from different 

manufacturers, as well as activated carbon, are used for bleaching vegetable oils.  Their structural and 

chemical composition, specific surface area and porosity are a good basis for application in the 

bleaching process of vegetable oils, which improves the color, reduces the peroxide number and soap 

content, and reduces and/or completely removes undesirable compounds. 

In this paper, bentonite powder ("Bentoprodukt" a.d. Šipovo, Republic of Srpska) was activated with 

8 wt% H2SO4 at the following parameters: mass of calcined bentonite powder 160 g, mass of 8 wt% 

H2SO4 solution 800 g, activation temperature 95 °C and contact time 30 minutes. The characterization 

of bentonite powder before and after activation, and commercial bleaching earth was performed using 

several test methods (XRPD, FTIR, BET, SEM/EDS).  

Bleaching of raw sunflower oil ("Bimal" a.d. Brčko) with activated bentonite powder and commercial 

bleaching earth was carried out in laboratory conditions at the following parameters: temperature 95 

°C, time 30 minutes and proportions of bleaching agents 0.2 wt%; 1.0 wt%; 2.0 wt% and 3.0 wt%. In 

sunflower oil samples before and after bleaching, soap content, peroxide number, color, then fatty 

acid composition by gas chromatography (GC-FID) and oil loss in the bleaching process were 

determined. 

The test results showed that the activation of bentonite powder leads to an increase in its BET specific 

surface area, micropore surface area and volume, higher adsorption capacity, but also a decrease in 

particle size. The effects of bleaching of sunflower oil are: no residual soaps, reduction of peroxide 

value and small changes in the composition of fatty acids. The obtained values are in accordance with 

the Rulebook on the quality of sunflower edible oil, and the effects of bleaching with activated 

bentonite powder are similar to the effects of bleaching with commercial bleaching earth. 

 

Keywords: bentonite powder, sulfuric acid activation, sunflower oil, commercial bleaching earth, 

bleaching effects. 

 

Introduction 

 

Commercial bleaching earths and active clays, due to their structural and chemical composition, are 

widely used in various branches of industry. One of these applications is based on the adsorption 

processes of refining, that is, the purification of various semi-products and products, such as edible 

oils, beer, motor oils, etc.  
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Edible vegetable oils are a necessary nutritional resource for human health (Zhou et al., 2020), 

however, raw edible oils contain undesirable substances having a nuisance or toxicity for the 

consumer (Zio et al., 2020). Because of the above, before their use for food purposes, they need to be 

subjected to a purification or refining process (Gharby, 2022) that aims at removing compounds such 

as phospholipids, free fatty acids, oxidation products, pigments, and other undesirable components 

(Almeida et al., 2019). Bleaching of oils is a process by which unwanted substances are removed by 

intimately mixing an adsorbent with oil, under certain conditions (Richardson, 1978). That is a 

common method in the industry (Sedghamiz et al., 2019), that may use commercial activated earths 

and activated clays based on aluminosilicate minerals, from different manufacturers, as well as 

activated carbon, as adsorbents. Their structural and chemical composition (Foletto et al., 2006; 

Foletto et al., 2011), specific surface area and porosity (Emmerich et al., 2010) are a good basis for 

application in the bleaching process of vegetable oils, which improves the color (Topkafa et al., 2013), 

reduces the peroxide number and soap content (Shah et al., 2018; Sedaghat Boroujeni et al., 2020), 

and reduces and/or completely removes undesirable compounds (Mukasa-Tebandeke et al., 2014). 

Although naturally active clays show a high adsorption capacity and possess some bleaching activity 

(Usman et al., 2012), the most common agents for bleaching of vegetable oils are acid activated clays 

(Okoronkwo & Jeje, 2012). Activated bentonite is considered as ideal clay material owing to its 

higher bleaching efficiency (Yassin et al., 2022) due to desired changes in its adsorptive properties 

occurring as a result of acid activation (Kashani Motlagh et al., 2011).  

In this paper, a comparative analysis of the bleaching of sunflower oil with commercial bleaching 

earth and bentonite powder activated with sulfuric acid was performed. 

 

Materials and Methods 

Materials 

- natural bentonite powder from the company "Bentoprodukt" Šipovo (montmorillonite content 90 

wt%, moisture content 9.8 wt% at 105 0C, 0.063 mm sieve residue 28.9%), 

- 8 wt% sulfuric acid solution (H2SO4),  

- commercial bleaching earth,  

- unbleached sunflower oil (NSU) of the company "Bimal" Brčko,  

- other chemicals and reagents required for the characterization of activated bentonite powder, 

commercial bleaching earth, and sunflower oil before and after bleaching.   

 

Methods 

 

Activation of bentonite powder with sulfuric acid 

Before activation, bentonite powder (BPJM) was heated for 2 h at a temperature of 450 0C, and then 

the measured mass was activated with sulfuric acid (H2SO4) at the following parameters in laboratory 

conditions:  

- 160 g of bentonite powder, 

- 800 g of 8 wt% H2SO4 solution,  

- temperature and activation time (95 0C and 30 minutes), 

After activation, filtering, washing with water and neutralization with a 2 wt% Ca(OH)2 solution to a 

pH value of 4-5 were performed. Then the activated bentonite powder was dried, ground and sieved 

on a 180 m sieve. 

Characterization of activated bentonite powder and commercial bleaching earth 

In order to define the physicochemical characteristics of activated bentonite powder (ABPJM) and 

commercial bleaching earth (KZB), their structural and chemical composition, textural and 
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morphological characteristics and particle size distribution (D50), the characterization of the samples 

was performed using the test methods given below. 

X-ray powder diffraction (XRPD) 

Activated bentonite powder (ABPJM) and commercial bleaching earth (KZB) samples were scanned 

on a multipurpose Rigaku SmartLab X-ray diffractometer of parafocal Bragg-Brentano geometry, 

using a D/teX Ultra 250 strip detector in 1D standard mode with a CuKα1,2 radiation source ( U = 

40 kV, I = 30 mA). XRPD data were collected at angular range between 2° and 80° 2θ, with a step 

size of 0.01° and scan speed of 5°/min, and silicon (low background) sample holder was used 

(Petrović et.al, 2022). Crystalline phases were identified using Rigaku PDXL 2.0 software (with 

ICDD PDF-2 database). 

Fourier transform infrared (FTIR) spectroscopy 

This method was used for a more complete definition of the structural or phase composition of 

activated bentonite powder (ABPJM) and commercial bleaching earth (KZB). The spectra of these 

samples were recorded on an IRAffinity-1S Shimadzu infrared spectrophotometer, using the ATR 

method (MIRacle 10). 

Low-temperature nitrogen adsorption method (BET) 

The low-temperature nitrogen adsorption method (BET method) was used to determine the textural 

characteristics of activated bentonite powder (ABPJM) and commercial bleaching earth (KZB), on a 

Micromeritics Gemini VII 3.04 device. 

Scanning electron microscopy/energy dispersive spectrometry (SEM/EDS) 

Morphological characteristics of activated bentonite powder (ABPJM) and commercial bleaching 

earth (KZB) were recorded with a scanning electron microscope JEOL-JSM-6460LV. The samples 

were gold-sputtered using a BAL-TEC SCD 005 device, with a current of 30 mA, from a distance of 

50 mm for 180 s, and with an instrument resolution of 3-4 nm and a magnification of 500-3000 times. 

Micro-elemental analysis was performed by energy dispersive spectrometry (EDS) using Bruker 

QUANTAX 200 EDS spectrometer (detection of elements Z ≥ 5, detection limit: ~0.1 wt%, resolution 

126 eV), and EDS spectra were analyzed using Noran System Six. 

Bleaching of sunflower oil with bleaching agents 

Bleaching of crude sunflower oil (NSU) by bentonite powder activated by sulfuric acid (ABPJM) and 

by commercial bleaching earth (KZB) in laboratory conditions was carried out under the temperature 

95 °C, bleaching time 30 minutes and doses of bleaching agents (wt%) of 0.2; 1.0; 2.0 and 3.0. A 

previously calculated mass of bleaching agent was added to a certain amount of raw sunflower oil 

heated to a temperature of 95 °C, and intensively mixed for 30 minutes. After that, bleached sunflower 

oil was filtered on vacuum filtration equipment. 

Characterization of sunflower oil before and after bleaching 

To determine the effects of sunflower oil bleaching, the methods prescribed by the regulation on 

edible vegetable oils (Službeni glasnik BiH, broj 2/11) were used to determine the soap content, 

peroxide number, color, fatty acid composition (GC), and oil losses.  

 

 

 

 

 

 



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

86 

 

Results and discussion 
 

Test results of bleaching agents 

X-ray powder diffractometry (XRPD) results 

Recorded XRPD spectra of bentonite powder samples activated by sulfuric acid (ABPJM), and 

commercial bleaching earth (KZB) are shown in Figure 1.a and 1.b. 
 

 
                                                 a)                                                                                           b) 

Figure 1. Difractograms of samples: a) ABPJM; b) KZB 

 

Montmorillonite (PDF#13-0135), nontronite (PDF#29-1497) and quartz (PDF#79-1906) phases were 

identified in a sample of bentonite powder activated with 8 wt% sulfuric acid (ABPJM), and in a 

sample of commercial bleaching earth (KZB ) in addition to the phases of the smectite group and 

quartz, peaks for phyllosilicate minerals, e.g. palygorskite (PDF#31-0783), were identified (Petrović 

et. al, 2022). 

Results of FTIR spectrophotometry 

Figure 2 shows the FTIR spectra of bentonite powder activated with 8% sulfuric acid (ABPJM), and 

commercial bleaching earth (KZB), in the range of wave numbers from 4000 – 500 cm-1. Bands 

characteristic for the presence of the smectite group of clay identified by the XRPD method can be 

identified on these spectra. For example, the band at ~3620 cm-1 originates from stretching vibrations 

of OH groups coordinated by the octahedral Al3+ cation, and the bands at ~3400 and 1630 cm-1 

originate from stretching and bending OH vibrations from water. Si-O and Si-O-Si stretching 

vibrations are characteristic for the region 1020-990 cm-1, and the band at ~915 cm-1 originates from 

Al-Al-OH bending vibrations. Bands at ~680 and 550 cm-1 originate from Si-O and Al-O-Si 

vibrations, and a broad band in the range ~790-770 cm-1 indicates the presence of quartz (Petrović 

et.al, 2022). 
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                                               a)                                                                                         b) 

Figure 2. FTIR spectrum of samples: a) ABPJM; b)  KZB 

 

Results of the low-temperature nitrogen adsorption method (BET) 

Using the method of low-temperature nitrogen adsorption (BET), it was determined that the 

adsorption isotherms of bentonite powder samples, before and after activation with 8% m/m sulfuric 

acid solution, are type II, which is characteristic of mesoporous materials with pores in the form of 

cracks. Unactivated bentonite powder has a relatively small specific surface area (83.1058 m2/g) and 

an underdeveloped porous structure. Table 1 shows some textural characteristics of samples of 

bentonite powder activated by sulfuric acid (ABPJM) and commercial bleaching earth (KZB). 
 

Table 1. Textural characteristics of commercial bleaching earth (KZB) and activated bentonite (ABPJM) 

Characteristics 
Samples 

KZB ABPJM 

Spеcific surface area, SPBET, m2/g 170.6072 195.8427 

Constant, CBET 357.5192 395.6569 

Microporous volume, Vµp, cm3/g 0.020798 0.016072 

External spеcific surface area, SPext, m2/g 122.9679 163.6965 

Microporous surface area, 

Sµp, m2/g 
47.6393 32.1462 

Average pore diameter, dp, nm 6.6506 3.03556 

 

Analyzing the results given in Table 1 it can be concluded that activation with sulfuric acid led to an 

increase in the specific surface area of bentonite powder by about 2.36 times (195.84 m2/g), but also 

to a decrease in the average pore diameter from 6.60 nm to 3.04 nm. The decrease in mean pore 

diameter is a consequence of the development of a porous structure in the range of small mesopores 

(2-6 nm). The obtained results indicate that the applied bentonite activation process improves its 

textural characteristics, both in terms of specific surface area and porosity, primarily in the domain 

of small mesopores. Commercial bleaching earth (KZB) has a 14.85% lower specific surface value 

than activated bentonite powder (ABPJM), and at the same time a larger micropore volume by 

22.72%, micropore area by 32.52%, as well as a larger mean pore diameter by 54.36% of the activated 

bentonite powder.  
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In previous research (Petrović et al., 2022), it was determined that the activation of bentonite powder 

from the same location (with 92 wt% montmorillonite content) with 8 wt% hydrochloric acid resulted 

in a significantly greater increase in specific surface area (316.25 m2/g). Activation of bentonite clay 

with a lower content of montmorillonite (locality Gerzovo, Mrkonjić Grad) with 20% sulfuric acid 

resulted in a significantly greater improvement in textural characteristics (Petrović et al., 2014; 

Petrović et al., 2016) compared to the textural characteristics of the examined bentonite powder 

ABPJM in this paper.  

Results of the method of scanning electron microscopy/energy dispersive spectrometry (SEM/EDS) 

Figures 3 shows SEM micrographs of tested samples of bentonite powder activated with 8 wt% 

sulfuric acid (ABPJM), and commercial bleaching earth (KZB). Activation of natural bentonite 

powder resulted in activated bentonite powder (ABPJM) with smaller particle sizes, which are at the 

same time smaller than the particle sizes of commercial bleaching earth (KZB). 
 

 
                                               a)                                                                                         b) 

Figure 3. SEM micrograph of samples with a magnification of 3000 times: a) ABPJM; b) KZB 

 

Micro-elemental analysis (EDS) of tested samples of bentonite powder, activated with 8 wt% sulfuric 

acid, and commercial bleaching earth, determined the proportion of elements in the selected regions, 

based on which the proportion of oxides in  bleaching agents was calculated (Table 2). The results of 

the EDS analysis show that activated bentonite powder was obtained by activating bentonite powder 

with a slight change in the proportion of individual oxides. There was an increase in the proportion 

of SiO2 (4.34 wt%), a decrease in various proportions of Al2O3 (1.42 wt%), Fe2O3 (0.84 wt%) and 

CaO (1.36 wt%), and a complete removal of TiO2. Commercial bleaching earth contains a higher 

proportion of SiO2 (8.03 wt%), Fe2O3 (0.10 %), CaO (6.49 wt%), and Al2O3 was not detected in the 

selected regions. It should be noted that commercial bleaching earth contains 1.40 wt% K2O. 
 

Table 2. Proportions of oxides in ABPJM and KZB samples 

Component SiO2, wt% Al2O3, wt% Fe2O3, wt% CaO, wt% K2O, wt% 

ABPJM 80.29 16.03 2.75 0.94 - 

KZB 88.32 - 2.85 7.43 1.40 

 

Results of sunflower oil tests before and after bleaching 

The soap content in raw sunflower oil (NSU) and in sunflower oil samples after bleaching with 

activated bentonite and commercial bleaching earth is 0.00 mg/kg. The peroxide value is a measure 

of oxidation and change in oil quality (mmol/kg), the value of which is prescribed by the relevant 
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national regulations. Table 3 shows the values of the peroxide number of sunflower oil before and 

after bleaching with activated bentonite and commercial bleaching earth. 
 

Table 3. Results of determining the peroxide value of sunflower oil before and after bleaching 

Oil samples Peroxide number PoZ, mmol/kg 

NSUJ 6.530 

BSU KZB0,2 5.750 

BSЈKZB1,0 4.377 

BSU KZB2,0 3.316 

BSU KZB3,0 1.229 

SUBPJM0,2 2.464 

SUBJM1,0 1.923 

SUZBBPJM2,0 1.576 

SUBPJM3,0 1.357 

 

As the bleaching agent concentration increases, the peroxide value of the bleached oil decreases. It 

should be pointed out that activated bentonite powder is significantly more effective in reducing the 

peroxide number than commercial bleaching earth. 

The color of bleached oils with bleaching agents can be determined visually, with Lovibond or by the 

spectrophotometric method. In this paper, the color was determined with the Lovibond PFX 995 

device according to the RYBN scale and the GARDNER scale. It can be concluded that there was a 

change in the color of the sunflower oil after bleaching with bleaching agents (ABPJM, KZB), but 

adequate clarity of the oil was not achieved. The assumption is that the reason for the greater turbidity 

of the bleached oil samples is a defective vacuum filtration apparatus, so smaller particles of 

bleaching agents were left behind. The effects of discoloration are slightly lower in oil samples 

bleached with activated bentonite powder (ABPJM) than the effects of using commercial earth 

(KZB). In earlier research on the bleaching of sunflower oil from the same manufacturer with 

homemade bentonite activated by 20% m/m sulfuric acid, significantly better results were achieved 

in changing the color of the starting oil (Petrović et al., 2016). 

Results of determining the fatty acid composition of sunflower oil by gas chromatography 

The composition of fatty acids, as the main components of vegetable oils, has the greatest influence 

on their quality, and depending on the presence of double bonds in the molecule, they are 

distinguished by saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and 

polyunsaturated fatty acids (PUFA). The most important representatives of SFA are stearic, palmitic, 

myristic and lauric acid, and of MUFA is oleic acid. Polyunsaturated fatty acids are characterized by 

the presence of two or more double bonds, and the most significant representatives are linoleic and 

-linoleic acid, which cannot be synthesized in the body and are defined as essential acids very 

important for certain physiological processes in the body (Đurović et al., 2021). Sunflower oil is 

characterized by a high proportion of unsaturated fatty acids (mainly linoleic and linoleic acids), and 

it is considered one of the best vegetable oils in terms of nutritional properties. 

The fatty acid composition of sunflower oil before and after bleaching with activated bentonite 

powder and commercial bleaching earth was determined by gas chromatography (GC) on an Agilent 

Technologies 7890 type gas chromatograph with a flame ionization detector (FID). After recording 

sunflower oil samples before and after bleaching, the retention time for individual components (fatty 

acids) is determined from the obtained chromatograms. Then, the concentrations of fatty acids are 

determined from the area and height of the peaks, i.e. individual proportions of fatty acids in 

sunflower oil samples. Figure 4 shows the chromatogram of unbleached sunflower oil (NSU), and 

Table 4 shows its fatty acid composition. 
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Figure 4. Chromatogram of unbleached sunflower oil (NSU) 

 

Table 4. Fatty acid composition of unbleached sunflower oil (NSU) 

Fatty acid Designation Fatty acid type Content, wt% 

Palmitic C16:0 Saturated fatty acid (SFA) 6.43577 

Stearic C18:0 Saturated fatty acid (SFA) 3.48085 

Oleic C18:1 Monounsaturated fatty acid (MUFA) 29.62076 

Linoleic C18:2 Polyunsaturated fatty acid (PUFA) 59.12150 

Behenic C22:0 Saturated fatty acid (SFA) 0.69442 

 

In a sample of unbleached sunflower oil (NSU), the proportion of saturated (palmitic, stearic and 

behenic), monounsaturated and polyunsaturated fatty acids was determined by gas chromatography. 

The largest mass fraction of this oil is linoleic acid, as a polyunsaturated fatty acid (59.12 wt%), 

followed by oleic acid, as a monounsaturated fatty acid (29.62 wt%) and palmitic, stearic and behenic 

acids, as saturated fatty acids (10.61 wt%). These, as well as other vegetable oils, are subject to 

thermal degradation due to their higher content of unsaturated fatty acids (Đuričić et.al., 2019). 

Figure 5 shows the chromatograms of sunflower oil samples bleached with 0.2% activated bentonite 

powder and commercial bleaching earth (SUABPJM0.2; SUKZB0.2), and Table 5 and Table 6 show 

the fatty acid composition of sunflower oil after bleaching with different proportions of bleaching 

agents. 
 

 
Figure 5. Chromatograms of sunflower oil bleached with activated bentonite (SUABPJM0,2) and commercial bleaching 

earth (SUKZB0,2) 
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Table 5. Fatty acid composition of sunflower oil bleached with activated bentonite powder 

Fatty acid 

(designation) 

Samples of sunflower oil bleached with activated bentonite/content of fatty acids, wt% 

SUABPJM0,2 SUABPJM1,0 SUABPJM2,0 SUABPJM3,0 

Palmitic (C16:0) 6.76387 6.55710 6.69708 6.62866 

Stearic (C18:0) 3.56436 3.49942 3.57005 3.56686 

Oleic (C18:1) 28.86138 29.26400 28.85581 28.95316 

Linoleic (C18:2) 59.97954 59.67099 60.12983 60.11540 

Behenic (C22:0) 0.83086 1.00848 0.74723 0.73591 

 

Table 6. Fatty acid composition of sunflower oil bleached with commercial bleaching earth 

Fatty acid 

(designation) 

Samples of sunflower oil bleached with commercial bleaching earth/content of fatty acids, 

wt% 

 SUKZB0,2 SUKZB1,0 SUKZB2,0 SUKZB3,0 

Palmitic (C16:0) 6.60466 6.70676 6.67418 6.61437 

Stearic (C18:0) 3.55890 3.57828 3.57208 3.56525 

Oleic (C18:1) 29.03599 29.04598 29.05314 29.07031 

Linoleic (C18:2) 60.10005 59.97751 60.00552 60.06984 

Behenic (C22:0) 0.70040 0.69147 0.69508 0.68023 

 

In sunflower oil samples, after bleaching with activated bentonite powder and commercial bleaching 

earth in doses of 0.2 wt%; 1.0 wt%; 2.0 wt% and 3.0 wt%, there was a slight change in the fatty acid 

composition, i.e. the proportion of saturated, monounsaturated and polyunsaturated fatty acids, and 

these changes are shown in Table 7. Based on the GC results, it can be concluded that bleaching 

sunflower oil with a higher proportion of activated bentonite powder leads to a slight increase in the 

content of saturated fatty acids and polyunsaturated fatty acids, and a decrease in monounsaturated 

fatty acids. Similar changes in the fatty acid composition were achieved by bleaching sunflower oil 

with commercial bleaching earth. 
 

Table 7. Changes in mass fractions of certain types of fatty acids in sunflower oil samples after bleaching 

Fatty acid type 

Sunflower oil samples bleached with activated bentonite powder and commercial 

soil/proportion of different types of fatty acids, wt% 

SUABPJM0,2 SUABPJM 1,0 SUABPJM 2,0 SUABPJM 3,0 

SFA 11.16 11.07 11.01 10.93 

MUFA 28.86 29.26 28.86 28.95 

PUFA 59.98 59.67 60.13 60.12 

Fatty acid type SUKZB0,2 SUKZB 1,0 SUKZB 2,0 SUKZB 3,0 

SFA 10.86 10.98 10.94 10.86 

MUFA 29.04 29.05 29.05 29.07 

PUFA 60.10 59.98 60.01 60.07 

Results of determination of oil losses in the bleaching process 

In the process of bleaching sunflower oil, certain losses of oil occur, which remain in the oil cake 

after vacuum filtration. Oil losses depend on the type of bleached oil, the bleaching agent, as well as 

the filtration equipment. Test results show that oil losses decrease with increasing bleaching agents, 

and that they are slightly lower in sunflower oil samples bleached with activated bentonite powder 

compared to commercial bleaching earth. These losses are slightly higher than the losses achieved by 

bleaching sunflower oil of the same manufacturer with activated bentonite (Petrović et al., 2016).  

 

Conclusion 

 

Bentonite clays, due to their structural and chemical composition, and the possibility of modification 

by various procedures, are widely used in various branches of industry, and one of them is application 
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in adsorption processes. In the production of edible vegetable oils in the company "Bimal" Brčko, 

Bosnia and Herzegovina, imported commercial bleaching earths are used for bleaching raw oils, and 

at the same time, Republika Srpska has relatively large supplies of high-quality calcium bentonite. 

Chemical activation of bentonite with mineral acids (H2SO4, HCl, etc.) is performed according to 

various parameters (acid concentration, ratio of bentonite and activation agents, activation 

temperature, activation time, etc.). Activation parameters mostly depend on the characteristics of 

natural bentonite, as well as uses of activated bentonite. 

In this paper, the activation of bentonite powder with a montmorillonite content of 92 wt% was 

performed with an 8 wt% H2SO4 solution, under laboratory conditions. Bentonite powder was 

annealed for 2 h at a temperature of 450 0C before activation. The effects of activation were 

investigated using different test methods (XRPD, FTIR, BET and SEM/EDS). Using the XRPD 

method, the phases of montmorillonite, nontronite and quartz were identified in the sample of 

activated bentonite powder, and in the sample of commercial bleaching earth, in addition to the phases 

of the smectite group and quartz, peaks for phyllosilicate minerals, e.g. palygorskite, were identified. 

The results of FTIR spectroscopy of bentonite powder after activation and commercial bleaching 

earth confirmed the results of the phase composition of the samples, obtained by the XRPD method. 

The adsorption isotherm of the sample of activated bentonite powder is of type IIb, which is 

characteristic of mesoporous materials with pores in the form of cracks. 

The activation of homemade bentonite powder with sulfuric acid led to an increase in the specific 

surface by about 2.36 times (195.84 m2/g), but also to a decrease in the average pore diameter from 

6.60 nm to 3.04 nm. The decrease in mean pore diameter is a consequence of the development of a 

porous structure in the range of small mesopores (2-6 nm). Commercial bleaching earth has a 14.85% 

lower specific surface value than the activated bentonite powder, and at the same time a 22.72% 

higher micropore volume, a 32.52% higher micropore surface and a 54.36% higher mean pore 

diameter than the activated bentonite powder. In earlier studies of the activation of bentonite powder 

of a higher proportion of montmorillonite, by 8 wt% HCl, as well as the activation of bentonite clay 

from the same sites, by 20 wt% H2SO4, it was determined that there was a significantly greater 

increase in their specific surface area. SEM images of the activated bentonite powder in this research 

showed that the activation resulted in a decrease in the particle sizes, which are at the same time 

smaller than the particle sizes of commercial soil. 

The results of the EDS analysis show that the activation of the bentonite powder resulted in an 

activated bentonite powder with a slight change in the proportion of individual oxides, i.e. there was 

an increase in the proportion of SiO2, a decrease in liters of Al2O3, Fe2O3 and CaO, and a complete 

removal of TiO2. Commercial bleaching earth contains a higher proportion of SiO2, Fe2O3 and CaO 

than activated bentonite powder. Also, this clay contains K2O, but no Al2O3 was detected. 

The bleaching effects of sunflower oil with activated bentonite and commercial earth were determined 

by standardized and/or internal methods of testing soap content, peroxide number, color, fatty acid 

composition and oil losses in the bleaching process. The test results of the bleached sunflower oil 

showed that there were no residual soaps, that the value of the peroxide value was significantly 

reduced, and better bleaching efficiency was obtained with activated bentonite. The results of 

determining the color of the sunflower oil samples, after bleaching by bentonite powder, showed that 

there was a change in color, but the appropriate clarity of the oil was not achieved, and some of the 

reasons may be inadequate filtration equipment and no addition of activated carbon, so it is necessary 

to examine the effects of combining bleaching agent with activated carbon. The effects of applying 

commercial bleaching earth were similar to the effects of activated bentonite powder. 

The results of determining the fatty acid composition of unbleached sunflower oil by gas 

chromatography showed that the largest fractions of this oil are: linoleic acid (59.12 wt%), oleic acid 

(29.62 wt%), and palmitic, stearic and behenic acids (10.61 wt%). By bleaching sunflower oil with a 

higher dose of activated bentonite powder, there is a slight increase in the content of saturated fatty 
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acids and polyunsaturated fatty acids, and a decrease monounsaturated fatty acids. Similar changes 

in fatty acid composition were achieved by bleaching sunflower oil with commercial bleaching earth. 

In the process of bleaching sunflower oil, there are certain oil losses that remain in the oil cake after 

vacuum filtration. However, the oil losses decrease with the increase in the proportion of bleaching 

agents, and they are slightly lower in the sunflower oil samples bleached with activated bentonite 

powder, compared to the commercial bleaching earth.  

Research into the activation of domestic bentonite powder and its application for bleaching sunflower 

and other types of oil should be continued in order to achieve appropriate efficiency and eventual 

application in industrial conditions instead of importing commercial bleaching earth. 
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Abstract 

 

In the present study, Serpylli herba's waste extracts were prepared using 50% ethanol (pH 6) and 50% 

ethanol with hydrochloric acid (pH 1.2), using maceration (25 °C) and heat-assisted extraction (HAE, 

80 °C). The best extraction conditions were determined via analyzing total polyphenol (TPC) and 

flavonoid contents (TFC), antioxidant capacity, extraction yield, zeta potential, density, and surface 

tension. In maceration and HAE, TPC were 1.18±0.06 and 1.43±0.05 mg GAE/mL (pH 6), and 

0.69±0.05 and 0.86±0.02 mg GAE/mL (pH 1.2). The same trend is noticed in the case of TFC: 

0.33±0.01 and 0.42±0.02 mg CE/mL (pH 6) and 0.24±0.01 and 0.27±0.01 mg CE/mL (pH 1.2). ABTS 

radical scavenging activity was 775.0±3.5 and 623.8±5.1 mmol Trolox/mL (pH 6), and 269.2±3.1 

and 327.9±7.7 mmol Trolox/mL (pH 1.2). In DPPH assay, IC50 was 1.64±0.04 and 1.48±0.03 mg/mL 

(pH 6), and 7.59±0.07 and 5.11±0.09 mg/mL (pH 1.2). Extraction yield was 0.541±0.049 and 

0.583±0.019% (pH 6), and 0.938±0.057 and 0.889±0.060% (pH 1.2). Zeta potential was -2.58±0.02 

and -2.08±0.10 mV (pH 6), and 1.49±0.37 and 1.08±0.09 mV (pH 1.2). Density was 0.945±0.001 

and 0.949±0.001 g/mL (pH 6), and 1.008±0.001 and 1.010±0.001 g/mL (pH 1.2). Surface tension 

was 29.2±0.3 and 30.5±1.0 mN/m (pH 6), and 32.6±2.3 and 36.5±2.3 mN/m (pH 1.2). The best 

properties were determined in the extract obtained in HAE at pH 6. The aim of this study is to provide 

evidence of the physico-chemical properties of Serpylli herba's waste extracts that can add value and 

improve the quality of existing food, pharmaceutical, and cosmetic products. 

 

Keywords: antioxidant capacity, density, polyphenols, Serpylli herba waste, surface tension. 

 

Introduction 

 

There is a growing interest in extracting polyphenol compounds from various plant materials 

intending to produce a safe, natural, and low-cost alternative to synthetic antioxidant compounds 

(Čadanović-Brunet et al., 2006). Different polyphenol extraction procedures, which vary in nature of 

plant material, solvent-to-solid ratio, extraction time, temperature, type and pH value of the extraction 

medium, were established (Both et al., 2014; Dent et al., 2013; Jovanović et al., 2021). Traditional 

procedures for obtaining plant extracts include maceration, percolation, Soxhlet extraction, leaching, 

etc. However, the mentioned methods possess various disadvantages, such as low extraction yield, 

prolonged extraction time, a large amount of the extraction medium and plant material, and 

consequently negative environmental impact (Jovanović et al., 2017). Thus, the application of novel 

extraction methods, such as heat-assisted extraction, which provide solvent saving, shorter extraction 

time, and higher extraction yield, have been evaluated (Dent et al., 2013; Jovanović et al., 2022; 

Tameshia et al., 2010; Oniszczuk & Podgórski, 2015). The pH of the extraction medium is an 
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important factor that impacts the solubility of the target components. Herbal sources contain various 

polyphenol compounds that have different solubility at different pH values (Wissam et al., 2012). 

Additionally, various research papers showed the presence of different bioactive components in plant 

waste, thus the extracts from the mentioned by-product can be incorporated in food, pharmaceutical, 

and cosmetic formulations (Panić et al., 2018; Sagar et al., 2018; Saha & Basak, 2020). 

Thymus serpyllum L. (Lamiaceae), known as creeping thyme, wild thyme, or mother of thyme, is 

thyme species native to the Mediterranean region (Greece, Italy, and Spain) and extensively cultivated 

in France, Spain, Portugal, Greece, and the United States (California). T. serpyllum contains 0.4-2.3% 

volatile oil consisting of highly variable amounts of polyphenols, alcohols; and monoterpene 

hydrocarbons. Depending on sources, thymol or carvacrol are its major polyphenols (Khan & 

Abourashed, 2010). Serpylli herba has shown bronchodilatory activity on the smooth muscle of the 

trachea and spasmolytic activity on the ileum in vitro (Jovanović et al., 2022; Khan & Abourashed, 

2010). The mentioned effects are probably related to unidentified non-phenolic compounds, not due 

to thymol and carvacrol (Khan & Abourashed, 2010). Additionally, fresh and dried Serpylli herba is 

reportedly used as an anthelmintic, antioxidant, antimicrobial, analgesic, carminative, sedative, 

diaphoretic, and expectorant, in rheumatism, skin problems, chronic gastritis, diarrhea, lack of 

appetite, acute bronchitis, laryngitis, whooping, cough, and cancer, usually in the form of an infusion, 

tincture, or essential oil (Jovanović et al., 2022; Khan & Abourashed, 2010). 

The present study aimed to examine the influence of pH value and temperature on polyphenol and 

flavonoid contents, ABTS and DPPH radical scavenging activity, extraction yield, zeta potential, 

density, and surface tension of Serpylli herba's waste extracts. 

 

Materials and Methods 

 

Plant material, reagents, and standards 

Air-dried and milled T. serpyllum waste (particle size of 0.3 mm that cannot be an integral part of the 

tea products for the market) was from the Institute for Medicinal Plants Research ”Dr Josif Pančić”, 

Pančevo, Serbia. The following reagents were used: ethanol and sodium carbonate (Fisher Scientific, 

UK), Folin-Ciocalteu reagent and gallic acid (Merck, Germany), potassium persulfate (Centrohem, 

Serbia), sodium nitrite (Alkaloid, Macedonia), 1M sodium hydroxide solution (Alfapanon, Serbia), 

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) or ABTS, 6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid or Trolox, 2,2-diphenyl-1-picrylhydrazyl or DPPH, aluminum 

chloride, hydrochloric acid, and catechin (Sigma-Aldrich, USA). 

Extract preparation 

The extracts were prepared by using waste of dried T. serpyllum, 50% ethanol as an extraction solvent 

(pH 6) or 50% ethanol with hydrochloric acid (pH 1.2), and maceration (25 0C, 60 min) or heat-

assisted extraction (HAE, 80 0C, 15 min), in the incubator shaker (KS 4000i control, IKA, Germany). 

A necessary amount of hydrochloric acid was added to the ethanol/water mixture to regulate the pH 

of the extraction medium. All extracts were prepared in triplicate. 

Determination of total polyphenol and flavonoid contents 

Total polyphenol content (TPC) was determined using the previously described Folin-Ciocalteu assay 

(Jovanović et al., 2022). The results are expressed as milligrams of gallic acid equivalents per 

milliliter of liquid extract (mg GAE/mL). 

Total flavonoid content (TFC) was estimated using the previously described spectrophotometrically 

procedure (Jovanović et al., 2022). The results were presented as milligrams of catechin equivalents 

per milliliter of liquid extract (mg CE/mL). 
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Determination of antioxidant capacity 

The antioxidant activity of the extracts was measured according to previously published ABTS and 

DPPH assays (Jovanović et al., 2022). The antioxidant potential was expressed as mmol of Trolox 

equivalents per mL of liquid extract (mmol Trolox/mL, ABTS assay) and as IC50, the concentration 

required to scavenge 50% of free DPPH radicals (mg/mL, DPPH assay). All absorbance readings 

were performed on UV spectrophotometer, UV-1800 (Shimadzu, Japan). 

Determination of extraction yield 

The extraction yield was expressed as the dry matter content of the extract, dry matter content = 100- 

((a-b)*100)/m, where a represents the weight of the vessel containing the extract before drying (g), b 

represents the weight of the vessel containing the extract after drying in Memmert 30-1060 (Memmert 

GmbH, Germany) at 105 0C to constant mass (approximately 2 h), and m represents the weight of the 

sample. Dry matter content is expressed as %. 

Analysis of zeta potential, density, and surface tension 

The zeta potential of the extracts was determined by photon correlation spectroscopy in Zetasizer 

Nano Series, Nano ZS (Malvern Instruments Ltd., UK). Each sample was measured three times at 

room temperature. 

Density and surface tension were measured using silicon crystal as the immersion body and Wilhelmy 

plate, respectively, in Force Tensiometer K20 (Kruss, Germany). Each extract was examined three 

times at room temperature. 

Statistical analysis 

The statistical analysis was performed by using the analysis of variance (one-way ANOVA) followed 

by Duncan's post hoc test (STATISTICA 7.0). The statistical difference was considered significant 

at p<0.05, n=3. 

 

Results and discussion 

 

Total polyphenol and flavonoid contents 

As can be seen from Table 1, the pH value of the extraction medium, as well as the used extraction 

technique, more precisely temperature, had a statically significant influence on polyphenol content in 

T. serpyllum ethanol extracts. Namely, polyphenol yield was significantly higher at pH 6 (1.18±0.06 

mg GAE/mL for maceration and 1.43±0.05 mg GAE/mL for HAE) in comparison to the samples 

obtained at pH 1.2 (0.69±0.05 mg GAE/mL for maceration and 0.86±0.02 mg GAE/mL for HAE). In 

addition, the extracts obtained at 80 0C have shown higher TPC compared to the samples from 

maceration. The same trend is noticed in the case of TFC, where the extract obtained at pH 6 in HAE 

possessed the highest TFC (0.42±0.02 mg CE/mL), followed by the extract prepared at the same pH 

in maceration (0.33±0.01 mg CE/mL). Statistically significant lower flavonoid yield was in the 

extracts prepared at pH 1.2 (0.24±0.01 and 0.27±0.01 mg CE/mL, for maceration and HAE, 

respectively). 
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Table 1. Total polyphenol content (TPC), total flavonoid content (TFC), and antioxidant capacity (ABTS and DPPH 

assays) of Serpylli herba waste extracts obtained using 50% ethanol (pH 6) or 50% ethanol with hydrochloric acid (pH 

1.2), and maceration (MAC, 25 0C) or heat-assisted extraction (HAE, 80 0C) 

*Values with different letters (a-d) in the variable group showed statistically significant differences (p<0.05; n=3; analysis 

of variance, Duncan's post-hoc test); GAE, gallic acid equivalent; CE, catechin equivalent; IC50 (mg/mL), the 

concentration of the extract required to neutralize 50% of DPPH radicals. 

 

According to the literature, the content of extracted polyphenols increased with the decrease in pH 

values, but only up to a certain level. Namely, Librán et al. (2013) have reported that polyphenol 

concentration in grape extracts increased with the decrease in pH value up to 2, or even 4, in the case 

of polyphenols from pomegranate peel (Motikar et al., 2021). Although the acidic condition provides 

the breaking interactions between polyphenols and sugar or proteins polymers, and the protonation 

of polyphenol molecules, consequently leading to the stronger polyphenol-solvent interaction and 

faster penetration of the extraction medium through the herbal matrix (El-Abbassi et al. 2014; Motikar 

et al., 2020), it can be concluded that acidic pH value (1.2) used in the case of T. serpyllum extracts 

was too low. 

The presented results of the influence of the temperature on TPC and TFC are in accordance with the 

literature data, where the higher temperature was a significant factor in maximizing the polyphenol 

yield in Rosmarinus officinalis, Origanum vulgare, O. majorana, and Salvia officinalis extracts (Dent 

et al., 2013; Hossain et al., 2011). Namely, high temperature causes the disruption of plant cells and 

their structures that lead to the increase of membrane permeability and breakdown of bonds between 

secondary metabolites structure compounds. Additionally, higher temperature decreases surface 

tension and viscosity of the extraction solvent, helps wetting of the plant material and solvent 

penetration through the plant matrix, consequently increasing mass transfer and polyphenol recovery. 

The all mentioned mechanisms cause the improvement and acceleration of the extraction process, i.e. 

better extraction efficiency (Jovanović et al., 2017). 

Antioxidant capacity of the extracts 

The antioxidant capacity of Serpylli herba waste extracts is determined using ABTS and DPPH 

assays, and the results are presented in Table 1. Considering that these methods are based on different 

reactions, the results obtained thereof may provide good insight into the overall antioxidant capacity 

of the extracts. It can be noticed that both, the pH value of the extraction solvent and extraction 

temperature have shown a statically significant impact on ABTS and DPPH radical scavenging 

activity of Serpylli herba ethanol extracts. 

In specific, ABTS antioxidant activity was significantly higher in the extracts prepared at pH 6 

(775.0±3.5 and 623.8±5.1 mmol Trolox/mL, for maceration and HAE, respectively) compared to 

their parallels prepared at pH 1.2 (269.2±3.1 and 327.9±7.7 mmol Trolox/mL). However, the extract 

from maceration prepared at pH 6 has shown statistically significantly higher ABTS radical 

scavenging potential compared to the HAE parallel. It can be explained by the fact that different 

polyphenol and flavonoid compounds are extracted in different extraction mediums, and probably the 

polyphenols and flavonoids extracted at pH 6 can be thermosensitive and at 80 0C their degradation 

occurs (Kalušević et al., 2022). Additionally, various unquantified polyphenols, non-phenolic 

compounds, as well as synergism can be also responsible for the antioxidant capacity of the extracts 

(Imeh and Khokhar, 2002). Previous studies reported that the correlation between antioxidant 

samples 
TPC 

[mg GAE/mL] 

TFC 

[mg CE/mL] 

ABTS 

[mmol Trolox/mL] 

DPPH IC50 

[mg/mL] 

MAC pH 1.2 0.69±0.06d* 0.24±0.01d 269.2±3.1d 7.59±0.07d 

MAC pH 6 1.18±0.06b 0.33±0.00b 775.0±3.5a 1.64±0.04b 

HAE pH 1.2 0.86±0.02c 0.27±0.01c 327.9±7.7c 5.11±0.09c 

HAE pH 6 1.43±0.05a 0.42±0.02a 623.8±5.1b 1.48±0.03a 
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potential and polyphenol concentration depends not only on the TPC determined using the Folin-

Ciocalteu method but also on the composition of the extracts (Librán et al., 2013; Rajakaruna et al., 

2021). The significant better antioxidant potential of the extracts prepared at pH 6 (compared to pH 

1.2) is correlated to the previously discussed TPC and TFC. Since that pH represents one of the most 

important factors that can directly influence the polyphenols yield, antioxidant capacity, and stability 

of the extracts, several studies have shown that acidic conditions are associated with higher 

polyphenol and flavonoid yield, and consequently higher antioxidant potential (Putnik et al., 2016; 

Rajakaruna et al., 2021; Wang et al., 2013). Although according to the literature, the increased acidity 

provided a better release of polyphenols and flavonoids, and thus, enhanced the antioxidant potential 

of different plant extracts, in the present study, the pH value was significantly lower than optimal. 

Therefore, various pH values (>1.2 and >6) should be investigated in future experiments. The 

combination of herbal source, extraction solvent, and extraction procedure can significantly influence 

antioxidant capacity and it should be investigated and optimized for every plant matrix. 

In the DPPH assay, lower IC50 (higher antioxidant potential) was measured for the extracts prepared 

at pH 6, 1.64±0.04 mg/mL for maceration and 1.48±0.03 for HAE, whereas the extracts prepared at 

acidic pH have shown significantly higher IC50, 7.59±0.07 and 5.11±0.09 mg/mL, maceration and 

HAE, respectively. The obtained results are in correlation with polyphenol and flavonoid 

concentrations. Miraj et al. (2017) have reported that the antioxidant activity of aromatic plants from 

the Lamiaceae family has arisen from the higher content of some representatives of polyphenols, such 

as rutin, quercetin, chlorogenic acid, rosmarinic acid, and similar. According to the literature, the 

reduction of DPPH radicals may be due to the reducing property of flavonoids (Jovanović et al., 

2022). The highest values of DPPH antioxidant activity of the extracts obtained by HAE revealed 

that the mentioned technique generates high extraction efficiency in the matter of antioxidant 

compounds in different extraction mediums, ethanol-water and ethanol-water-hydrochloric acid. 

Higher temperature assists polar solvents to penetrate the structure of plant cells causing the 

solubilisation and hydrogen bond breaking. Therefore, in that surrounding, there is a gradual increase 

of released polyphenols and flavonoids, which can scavenge and neutralize the free radical species, 

superoxide anions, etc. (Radomir et al., 2019). 

Physical characterization of the extracts 

Physical characteristics, including extraction yield (EY), zeta potential (ζ) density (ρ), and surface 

tension (γ) of T. serpyllum ethanol extracts, obtained in maceration and HAE at pH 1.2 and 6, are 

presented in Table 2. 

The extraction yield was expressed as the dry matter content of Serpylli herba ethanol extracts (%). 

Although it was expected, the extraction technique did not have a significant influence on the 

extraction yield (Table 2). Teofilović et al. (2016) have reported that the extraction yield can be 

influenced by the gradient of concentrations between free solvent and internal liquid (bonded solvent 

with the plant particles), the particle size of plant material, porosity, microcapillary, and the contact 

between solvent and plant particles. Certainly, the amount and polarity of solvent from one side, and 

the solid-to-solvent ratio for another, can directly affect the value of the extraction yield. On the other 

hand, at acidic pH value, extraction yield was statistically significantly higher (0.938±0.057% for 

maceration and 0.889±0.060% for HAE) compared to the extracts prepared at pH 6 (0.541±0.049% 

for maceration and 0.583±0.019% for HAE). At lower pH values, there is a significant breaking of 

interactions between polyphenol and structure compounds which consequently enhances the release 

of different compounds in addition to polyphenols, such as sugars, lipids, and proteins into the 

extraction medium, and increases the extraction yield (El-Abbassi et al. 2014; Jovanović et al., 2022; 

Motikar et al., 2020). Thus, the highest extraction yield does not always correlate with a higher 

concentration of target compounds. Leal et al. (2008) have reported that organic acid (quinic, tartaric, 

and malic acids) and rhamnose can also affect value of extraction yield. 
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Table 2. The extraction yield (EY), zeta potential, density, and surface tension of Serpylli herba extracts obtained using 

50% ethanol (pH 6) or 50% ethanol with hydrochloric acid (pH 1.2), and maceration (MAC, 25 0C) or heat-assisted 

extraction (HAE, 80 0C) 

*Values with different letters (a-c) in the variable group showed statistically significant differences (p<0.05; n=3; analysis 

of variance, Duncan's post-hoc test). 

 

Determination of zeta potential of the plant extracts represents one of the most important variables 

from the aspect of extract encapsulation into various carriers, as well as for their potential use in 

coagulation and flocculation in drinking water treatment. The higher value of zeta potential (absolute 

value) is related to better stability of the system. However, in the case of all investigated Serpylli 

herba waste extracts, the values were quite low (Table 2). For extracts obtained at pH 6, zeta potential 

amounted -2.58±0.02 and -2.08±0.10 mV, for maceration and HAE, respectively, while the zeta 

potential of their parallels prepared at pH 1.2 was 1.49±0.37 and 1.08±0.09 mV. It can be noticed that 

the extracts prepared at pH 6 exhibited negative, but higher zeta potential (absolute value). It 

suggested that T. serpyllum extracts prepared at a higher pH value possess anionic proteins that could 

be used in the treatment of drinking water and wastewater because anionic extracts could coagulate 

and flocculate negatively charged particles through adsorption and bridging actions. Statistically 

significantly lower zeta potential (and positive) was in the extracts prepared at pH 1.2. According to 

Skaf et al. (2021), the extraction rate of the various compounds soluble in the used extraction medium 

with different pH values can be the reason for the mentioned variations of zeta potential for the 

extracts. Serpylli herba waste extracts from maceration possessed higher values of zeta potential in 

comparison to their parallels from HAE. Namely, in Moringa oleifera extracts, zeta potential values 

depended on the extraction conditions and were 2-15 mV (Skaf et al., 2021). Jones (2018) has 

examined the zeta potential of Hibiscus crude extracts (-6.4 and -8.3 mV) intending to investigate the 

potential application in coagulation in water treatment as well. 

Based on density measurements, a significantly higher density was obtained for the extract prepared 

at pH 1.2 (1.008±0.001 g/mL for maceration and 1.010±0.001 g/mL for HAE), whereas the density 

of their parallels prepared at pH 6 was 0.945±0.001 and 0.949±0.001 g/mL, which was correlated 

with their extraction yields (Table 2). However, the density of the extracts from HAE was slightly 

higher in comparison to their parallels from maceration. According to Mladenović et al. (2018), the 

extraction conditions and techniques significantly affect the density of the extracts, and in addition, 

density correlates to the extraction yield. Furthermore, the density of coffee extracts was in the range 

of 1.030 to 1.350 g/mL increasing with the increase of the dry substances' mass fraction (Khomyakov 

et al., 2020).  

The surface tension was significantly lower for the extracts prepared at pH 6 (29.2±0.3 and 30.5±1.0 

mN/m, maceration and HAE, respectively) compared to the extracts obtained at pH 1.2 (32.6±2.3 and 

36.5±2.3 mN/m, maceration and HAE, respectively). Nevertheless, the extraction technique did not 

have a significant impact on the surface tension of the extracts. As the values of surface tension of T. 

serpyllum extracts increase (at acidic pH value, Table 2), a decrease in the polyphenol concentration 

can be noticed (Table 1). Pellati et al. (2013) have reported that in the case of lower surface tension 

of the extraction medium, better adsorption of polyphenols by the solvent is provided. Furthermore, 

quick penetration of the extraction solvent to the herbal matrix causes an increase in surface contact, 

as well as a better release of polyphenols. Peng et al. (2016) have also shown that lower surface 

samples EY [%] zeta potential [mV] denisty [g/mL] surface tension [mN/m] 

MAC pH 1.2 0.938±0.057a 1.49±0.37c* 1.008±0.01b 32.6±2.3a 

MAC pH 6 0.541±0.049b -2.58±0.02a 0.945±0.00d 29.2±0.3b 

HAE pH 1.2 0.889±0.060a 1.08±0.09c 1.010±0.0a 36.5±2.3a 

HAE pH 6 0.583±0.019b -2.08±0.10b 0.949±0.02c 30.5±1.0b 



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

102 

 

tension is related to the relatively low interaction between molecules of water through hydrogen 

bonds that can provide higher mass transfer, as well as better polyphenol diffusion. 

 

Conclusion 

 

The present study aimed to examine the impact of pH value and temperature on polyphenol and 

flavonoid contents, ABTS and DPPH radical scavenging activity, extraction yield, zeta potential, 

density, and surface tension of Serpylli herba's waste extracts. Both, pH value and extraction 

temperature had a statically significant influence on polyphenol and flavonoid contents, as well as 

antioxidant activity. The highest TPC, TFC, and DPPH radical scavenging potential were determined 

in the extract prepared at pH 6 in heat-assisted extraction. On the other hand, the highest extraction 

yield, density, and surface tension were measured in the extracts prepared at pH 1.2, while the highest 

zeta potential was in the extract prepared at pH 6 in maceration. The presented study provides 

evidence of the physico-chemical properties of Serpylli herba's waste extracts that can add value and 

improve the quality of existing food, pharmaceutical, and cosmetic formulation, as well as in 

diagnostic tests and drinking water and wastewater treatment. 
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Abstract 

 

Previous research has shown that Schiff bases have a stimulating effect on the production of the 

antibiotic Azalomycine B by the bacterium Streptomyces higroscopicus. Also, it was confirmed that 

waste glycerol obtained in biodiesel production from vegetable and inedible oils can be the common 

starting material for valuable industrial products such as antibiotics. In this paper, the results of 

studying the possibility of combining isatin derivatives of benzoyl hydrazone as a nitrogen source 

with waste glycerol, obtained in the rapeseed oil-based biodiesel production, as a carbon source for 

manufacturing antibiotic Azalomycine B by S. hygroscopicus CH-7 strain are presented. Depending 

on the nitrogen source (benzoyl hydrazone derivatives), the achieved maximal concentrations of 

azalomycine B range from 33 to 50 μg/ml, and the biomass content range from 5.5 to 5.9 g/l. The 

highest maximal concentration of Azalomycine B (50 μg/ml) and the specific rate of production (1.3 

μg/g/d) were achieved in the medium with 5-chloroisatin-3 (4`hidroxy) benzoylhydrasone. In general, 

the main difference in the structure of these compounds is the substituent at position 5, and chlorine 

in this case did not have a negative effect on antibiotic production. 

 

Keywords: benzoyl hydrazone, waste glycerol, antibiotics. 

 

Introduction 

 

The Schiff bases possess many diverse biological activities (Konstantinović et al., 2008). It was 

confirmed that the usage of some of them as a nitrogen source for antibiotic production by S. 

hygroscopicus has a stimulative effect on Azalomycine B production (Ilić et al., 2010; Ćirić et al., 

2016). Most of those studied isatin derivatives were synthesized in crude glycerol as a green solvent, 

and similar compounds have a positive effect on antibiotic production. Also, it was confirmed that 

waste glycerol obtained in biodiesel production can be a valuable starting material for some industrial 

processes (Konstantinović et al., 2016).  

This paper aims to study the effect of the benzoyl hydrazone derivatives (isatin-3-(4`-

hydroxy)benzoyhydrasone and 5-chloroisatin-3-(4`-hydroxy)benzoylhidrasone) in combination with 

waste glycerol obtained in rapeseed oil-based biodiesel production on the production of the antibiotic. 

The main difference between these two compounds is as a substituent at position 5. 

 

Materials and Methods 

 

The S. hygroscopicus CH-7 (NCAIM (P) B-001336) strain from the Microbial collection of the 

Faculty of Chemistry and Institute of Chemistry, Technology, and Metallurgy in Belgrade, Serbia 
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(Vučetić et al., 1994; Kradžić et al., 1991) was cultivated on the experimental fermentation media at 

30 °C during 168 hours with shaking at 180 rpm. The content of the fermentative media was: (pure 

or waste glycerol 15 g/l; soybean 10 g/l; benzoyl hydrazone derivatives 5 g/l; CaCO3 3 g/l; NaCl 3 

g/l; MgSO4 x 7 H2O 0.5 g/l; (NH4)2HPO4 0.5 g/l; K2HPO4 1 g/l. The benzoyl hydrazone derivatives, 

which have added isatin and hydroxyl group or 5-chloroisatin and the hydroxyl group at the 3,5-

position, were synthesized in the Laboratory for chemical technologies in the Faculty of Technology 

in Leskovac, Serbia. The results were obtained by spectrophotometrically measuring absorbance 

(Perkin-Elmer Lambda 15 UV/VIS) at max = 252 nm for Azalomycine B (Vučetić et al., 1994; 

Kradžić et al., 1991). Microbial growth was determined by measuring the dry weights of cells 

(Kradžić et al., 1991). The concentrations of glycerol were determined using the HPLC method by 

Agilent 1100 Series chromatograph with Aminex HPX-87H column (Ćirić, 2017).  

 

Results and discussion 

 

To study the possibility of the yield increase of Azalomycin B, as well as the higher consumption of 

waste glycerol obtained in rapeseed oil-based biodiesel production, the influence of benzoyl 

hydrazone derivatives, as a source of nitrogen, on the bacterium Streptomyces hygroscopicus CH-7 

gained in media with pure and waste glycerol, was studied. Table 1 shows the effect of benzoyl 

hydrazone derivatives on the maximum concentration of dry biomass, the total consumption of 

glycerol, and the production of antibiotics, while Figure 1 shows the change in the concentration of 

dry biomass, glycerol, and the antibiotic Azalomycin B. An almost identical increase in biomass was 

observed in the first 96 h of fermentation and after that, there was a decline, whereby growth with a 

maximum concentration of dry biomass of 5.9 g/l was achieved in the medium with isatin-3-(4`-

hydroxy)benzoyhydrasone. The lower consumption of waste glycerol is also evident at 16% and 17% 

of the available amount compared to pure glycerol (41% and 29%). Regardless of the weaker growth 

and consumption of glycerol, than was observed in media with pure glycerol,  the highest 

concentration of Azalomycin B (50 μg/ml) was achieved in the medium with 5-chloroisatin-3 

(4`hidroxy) benzoylhydrasone with a specific production rate of 1.3 μg/g/d, which is 19% that is 60% 

more than in the medium with pure glycerol. In contrast to that, in the medium with isatin-3-(4`-

hydroxy)benzoylhydrasone, the higher values were obtained in combination with pure glycerol (52 

μg/ml and 0.8 μg/g/d). There is no literature data for the research with the same or similar compounds 

and their effect on the microbial synthesis of antibiotics. 
 

Table 1. Effect of benzoyl hydrazone derivatives as a nitrogen source on the maximum concentration of dry biomass 

(DBM), consumption of glycerol (Δglic), achieved maximum concentration (Cmax), and specific production rate (qp) of 

the antibiotic azalomycin B, during the cultivation of the Streptomyces hygroscopicus CH-7 in glycerol media 

 

Characteristics of bioprocess 
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Pure glycerol Waste glycerol 

DBM Δglyc Azalomycin 

B 

DBM Δglyc Azalomycin 

B 

Xmax   Cmax qp Xmax   Cmax qp 

g/l mg/ml % µg/ml mg/g/d g/l mg/ml % µg/ml mg/g/d 

isatin-3-(4`-

hydroxy)benzoylhydrasone 
8.2 6.3 41 52 0.8 5.9 2.3 17 33 0.7 

5-chloroisatin-3-(4`-

hydroxy)benzoylhidrasone 
6.8 4.2 29 42 0.8 5.5 2.2 16 50 1.3 
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a) b) 

 

             c) 

Figure 1. The change in concentration of dry biomass (a), the concentration of glycerol (b), and the concentration of 

antibiotic azalomycin B (c) during the cultivating Streptomyces hygroscopicus CH-7 in media with isatin-3-(4`-

hydroxy)benzoylhydrasone (●) and 5-chloroisatin-3-(4`-hydroxy)benzoylhidrasone (+) 

 

Conclusion 

 

The achieved results are significant because they open up new possibilities for the common utilization 

of waste glycerol obtained in biodiesel production of biodiesel from rapeseed oil. Unlike the other 

processes and other microorganisms, chlorine, in this case as a substituent at position 5, did not have 

a negative effect on antibiotic production, even the opposite. The maximum achieved values of the 

antibiotic concentration were lower than in the previously published research with conventional 

media. To achieve better future results, additional purification of waste glycerol obtained in rapeseed 

oil-based biodiesel production is recommendable. 
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Abstract 

 

Wine is a complex natural product influenced by many factors. Red wine is an alcoholic drink 

obtained by fermentation of grape juice. In addition to the qualities and degrees of ripeness of grapes, 

the production process, stabilization, and maturation are necessary for obtaining high quality wines. 

Clarification is a physical operation to remove deposited matter from wine. After fermentation, the 

process of clarification removes the precipitate and proteins, which preventively influence on the 

microbiological stability and quality of the red wine. Thanks to their negative charge, silica particles 

bind protein molecules to themselves. The main goal of this paper was to examine the influence of 

different concentration and sizes of silica gel particles on the stability of red wines. Red wine is 

prepared from varieties Kaberne, Vranac and Merlo. In total, 29 models were prepared to which four 

types of amorphous silica gel were added in different quantities (from 0.5 to 2 g/l). The following 

types of silica gel were used: I-SiO2 (silica gel 60A, ACM 0-10μm); II-SiO2 (silica gel 60A, SCR 0-

40μm); III-SiO2 (silica gel 60A, TSP 0-40μm); IV-SiO2 (silica gel 90A, SCR 0-40μm). With the 

addition of silica gel to red wine, there was a decrease in the value of the content of total acids, as 

well as tartarate salts, which leads to an increase in the stability of the wine. An increase in the amount 

of added silica gel showed an improvement in the properties of red wine. The most optimal results 

were achieved with the addition of 1.5 to 2.0 g of silica gel. Among them, the best results were shown 

by the models M1.4, M6.4 and M7.4. 

 

Keywords: wine clatification, red wine, silica gel, wine stabilisation. 
 

Introduction  

 

Red wine is an alcoholic drink obtained by fermentation more widely (grape juice). The process of 

obtaining red wine involves maceration, which represents the difference compared to the production 

of white wine.  With the progress of human society, wine production has been perfected, however, 

the basic processes, which make wine what it is, have remained unchanged. The earliest records show 

that in Asia wine was ruled as much as 12 thousand years ago (Jackson, 2020). In addition to the 

qualities and degrees of grape ripeness, the final quality of wines is largely influenced by climatic 

and other agroecological environmental factors. Among the ingredients of red wine a very important 

place is occupied by phenolic compounds, micro and macroelements (Reynolds, 2021; Ribéreau-

Gayon et al., 2021; Teng et al., 2020). Maceration is one of the processes aimed at moving individual 

ingredients from solid parts of grapes to a liquid phase (Aleixandre-Tudo & du Toit, 2018) During 

the maceration process, there is a build-up of aromatic, nitrogenous and mineral substances as well 

as phenolic compounds that make up the color and structure of the wine (anthocyanins and tannins) 

(Bakker & Clarke, 2011). 
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In wine production, alcoholic fermentation represents an anaerobic transformation of sugar into 

ethanol and carbon dioxide. Winemakers today use two types of yeasts that have wide application. 

These are Saccharomyces cerevisiae and Saccharomyces bayanus yeast (Bisson, 2004).  The best 

yeast is considered selected wine yeast from grapes (Mills et al., 2008). During fermentation, other 

biochemical and chemical reactions take place simultaneously, which allow the translation of grape 

juice into wine. In addition to ethanol, higher alcohols, estri, glycerol, diacetyl and 2.3-butadiol are 

formed (Malfeito-Ferreira, 2021; Sumby et al., 2019). 

Wine stabilization represents a group of operations that prevent the appearance of turbidity and 

precipitation after closing in bottles. Wines kept in basement courts should be checked regularly in 

terms of volatile acids and sulphur dioxide (Salaha et al., 2008; Snopek et al., 2018). The increase in 

volatile acids represents the first sign of some of the spoilage of vin. Maintaining a certain 

concentration of sulfur dioxide is necessary to protect against microorganisms but also from 

oxidation. It is sought that the wine kept in the cellar conditions contains 20-25 mg/l of free sulphur 

dioxide (Ma et al., 2022). Wine stabilisation measures include clarification, filtration and cold 

stabilisation of wines, while wine care measures include replenishing courts and transshipment of 

wine (Bakker & Clarke, 2011).  

Clarifying is a physical operation to remove the particles and poised matter from wine. Young wines 

are usually not clear enough, so colloidal particles must be removed with the help of certain chemical 

substances. Turbidity is caused by colloidal particles and proteins (Stanković et al., 2004). In this 

paper, silica gel was used for wine clearing, which represents the amorphous form of sio-dioxide SiO2 

and is unique in its porous structure. The properties of silica gel depend on the method of preparation, 

but usually have a pore size of 2200 to 2600 pm and an active surface area of 750 - 800 m²/g. 

Chemicaly is inert and non-toxic (Stanković et al., 2004; Wang et al., 2020; Zhang et al., 2021). 

Therefore, thenew goal of this paper is to examine the influence of different concentrations and sizes 

of silica gel particles on the stability of red wines.  

 

Materials and methods 

 

Wine preparation  

Grapes of the Kaberne, Vranac and Merlo varieties were purchased and according to the standard 

technological procedure prepared in such a way that 4 parts of Vranac, 2 parts of Kabernea and 1 part 

of the Merlo variety were mixed. Maceration lasted 8 days at a temperature of 21 °C. After that, grape 

juice was separated, and alcohol fermentation continued in vertical stainless-steel tanks. Then wine 

yeast is added to achieve alcoholic fermentation (Uvaferm bayanus, Saccharomyces cerevisiae) at a 

temperature of 19-20 °C in 4-week stretch.  At the beginning of the last week, wine samples were 

taken and models with silica gels were prepared. Models with silica gel are prepared in such a way 

that the planned concentration of silica gel is added to the bottle of wine with a volume of 500 cm3. 

After adding silica gel, the models are kept for seven days in a thermostatic chamber at a temperature 

of 18 °C in closed colored bottles. For the first three days, each bottle is stirred by hand twice a day 

for 30 seconds. 

Twenty-nine models have been prepared, including the reference model M0. Measurements were 

made on each of these models. Each individual measurement has been repeated three times to 

determine the reliability of the results. Four types of amorphous silica gel were used to stabilize the 

wine:  I-SiO2 (silica gel 60A, ACM 0-10µm); II-SiO2 (silica gel 60A, SCR 0-40µm); III-SiO2 (silica 

gel 60A, TSP 0-40µm); IV-SiO2 (silica gel 90A, SCR 0-40µm). 
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 Table 1. Tested wine models with added silica gel 

M0 Red wine not treated with silica gel 

M1.1. 0.5 g I-SiO2/1l wine 

M1.2. 1.0 g I-SiO2/1l wine 

M1.3. 1.5 g I-SiO2/1l wine 

M1.4. 2.0 g I-SiO2/1l wine 

M2.1. 0.5 g II-SiO2/1l wine 

M2.2. 1.0 g II-SiO2/1l wine 

M2.3. 1.5 g II-SiO2/1l wine 

M2.4. 2.0 g II-SiO2/1l wine 

M3.1 0,5 g III-SiO2/1l wine 

M3.2 1.0 g III-SiO2/1l wine 

M3.3 1.5 g III-SiO2/1l wine 

M3.4 2.0 g III-SiO2/1l wine 

M4.1 Mixed 0.5 g = 50%:50% = (I-SiO2 : II-SiO2)/1l wine 

M4.2 Mixed 1.0 g = 50%:50% = (I-SiO2 : II-SiO2)/1l wine 

M4.3 Mixed 1.5 g = 50%:50% = (I-SiO2 : II-SiO2)/1l wine 

M4.4 Mixed 2.0 g = 50%:50% = (I-SiO2 : II-SiO2)/1l wine 

M5.1 Mixed 0.5 g  = 50%:50% = (I-SiO2 : III-SiO2)/1l wine 

M5.2 Mixed 1.0 g  = 50%:50% = (I-SiO2 : III-SiO2)/1l wine 

M5.3 Mixed 1.5 g  = 50%:50% = (I-SiO2 : III-SiO2)/1l wine 

M5.4 Mixed 2.0 g  = 50%:50% = (I-SiO2 : III-SiO2)/1l wine 

M6.1 Mixed 0.5 g  = (33.33%:33.33%:33.33%) = (I-SiO2 : II-SiO2: III-SiO2)/1l wine 

M6.2 Mixed 1.0 g  = (33.33%:33.33%:33.33%) = (I-SiO2 : II-SiO2: III-SiO2)/1l wine 

M6.3 Mixed 1.5 g  = (33.33%:33.33%:33.33%) = (I-SiO2 : II-SiO2: III-SiO2)/1l wine 

M6.4 Mixed 2.0 g  = (33.33%:33.33%:33.33%) = (I-SiO2 : II-SiO2: III-SiO2)/1l wine 

M7.1 0.5 g : IV-SiO2/1l wine 

M7.2 1.0 g : IV-SiO2/1l wine 

M7.3 1.5 g : IV-SiO2/1l wine 

M7.4 2.0 g : IV-SiO2/1l wine 

 

Before carrying out the planned experimental measurements, in plastic tubes with a volume of 50 

cm3, red wine from the prepared models was poured and all samples were centrifuged (Tehtnica 

Centric 400R) on 2000 G for 5 minutes. The content of total acids is determined by volumetric 

standard potentiometric titration and is expressed as tartaric acid in g/l. The color of the wine is 

determined spectrophotometrically (Konica Minolta, Spectrofotometer CM-5). The color was 

measured at wavelengths from 380 to 780 nm, every 5 nm, with D65 illuminatant and angle of the 

observer 10°, in a 1cm cuvette opposite distilled water as a blind test. A freezing tartare test implies 

exposure of filtered wine at a temperature of -4 °C for a time interval of three days. After that, an 

inspection was carried out on the presence of crystal tartare precipitate. If the precipitate dissolves 

during heating to room temperature, the wine is considered stable. However, the presence of 

crystalline precipitate indicates the instability of the wine. After visual inspection, the presence of the 

tartarate precipitate is measured for the conductivity of the wine. The wine is cooled to a temperature 

of 5 °C and measures the change in conductivity by adding potassium bitartarate crystals (1 g/l). A 

change in conductivity over 5% indicates unstable wine.  

All experiments were carried out in a model of a minimum of three repetitions. Variance analysis 

(ANOVA) was performed over all variables in the general linear model. The statistically significant 

difference in the mean values of the obtained experimental data is calculated using the T – Tukey 

HSD test with statistical significance of (p≤0.05). On the results of the different letter code a, b, c, 

d... indicate the existence of a difference of that significance, and the same letter marks to the non-

existence. Statistical processing was carried out using online tools (One way ANOVA with post-hoc 

Tukey HSD Test https://astatsa.com/).  
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Results and discussions 

 

Total acid content 

Table 2 shows four groups of models. Each group represents the same amount of added silica gel. In 

models marked with M1.1-M.7.1, 0.5 g/l of different types and mixtures of silica gels was added to 

the wine. The values in the table show an impact on the content of total acids in red wine. A group 

marked with M1.2-M7.2 displays models that have added silica gel of 1 g/l. Analogously, groups 

marked with M1.3-M7.3 and M1.4-M7.4 added the maximum amounts of silica gel 1.5 g/l and 2.0 

g/l respectively. 

In the first group of models (M1.1 - M7.1), the M1.1 model has significant (p≤0.05) the greatest 

influence on the reduction of the content of total acids in wine (0.6575a±0.0173) compared to the 

model M0 (0.7325±0.0043). Model M6.1 has the least impact on lowering the value of total acid 

content (0.6950a±0.0043) compared to the M0 model (0.7325±0.0043). 

In models treated with 2.0 g silica gel (M1.4 - M7.4) model M7.4 has the greatest influence, the value 

of the total acids is significantly (p≤0.05) reduced to 0.5650c±0.0043 compared to the M0 model.  

Analogously with the increase in the amount of added silica gel, there was a decrease in the content 

of total acids in red wine. 
 

Table 2. Comparison of obtained values for determining the content of total acids 

Model 
Total acid content (g/l) 

�̅�±Sd 

M1.1 0.6575a±0.0173 

M2.1 0.6800b±0.0043 

M3.1 0.6875c±0.0043 

M4.1 0.6725c±0.0043 

M5.1 0.6750d±0.0075 

M6.1 0.6950d±0.0043 

M7.1 0.6700d±0.0189 

M1.2 0.6250a±0.0087 

M2.2 0.6550a±0.0043 

M3.2 0.6575b±0.0087 

M4.2 0.6425c±0.0043 

M5.2 0.6600c±0.0198 

M6.2 0.6675d±0.0075 

M7.2 0.6300d±0.0075 

M1.3 0.5950a±0.0156 

M2.3 0.6200b±0.0043 

M3.3 0.6275c±0.0156 

M4.3 0.6125c±0.0043 

M5.3 0.6200d±0.0115 

M6.3 0.6275d±0.0043 

M7.3 0.6075d±0.0075 

M1.4 0.5750a±0.0115 

M2.4 0.6000b±0.0075 

M3.4 0.5875c±0.0156 

M4.4 0.5800c±0.0087 

M5.4 0.5850c±0.0130 

M6.4 0.6100c±0.0156 

M7.4 0.5650d±0.0043 

M0 0.7325±0.0043 

Determination of the color by CIELab spectrophotometric 

Table 3 shows the comparison of models with the same concentrations of silicagels. The values shown 

in the table indicate their influence on the change in the coloring value of CIELab spectrophotomeric 
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(L*, a*, b*). Groups of red wine were treated with differentimages of amorphous silica gel in 

quantities from 0.5 to 2.0 g/l. By observing the L* value, it can be noted that in samples marked with 

(M2.1-M2.4) were significant increase of L* value (p≤0.05), (M2.1 32.2133a±0.0208; M2.2 

31.7900a±0.0436; M2.3 31.5533a±0.0306 and M2.4 31.0633a±0.0115) compared to model M0 

(21.3867±0.0058).  In all other cases, there was a significant decrease in the value of the L* compared 

to the reference model M0. By observing the a* component of red wines, the greatest reduction 

(p≤0.05) of the a* value of the wine was recorded on sample M1.4 (49.6933a±0.0252) compared to 

the M0, and the smallest on the sample M5.1 (51.6500a±0.0265).  
 

Table 3. Comperation of the obtained wine colour values by CIELab spectrophotometric 

Model Determination of the wine color by CIELab spectrophotometric �̅�±Sd 

 L* a* b* 

M1.1 19.3867a±0.0153 50.7300a±0.0200 32.2133a±0.0208 

M2.1 32.2133a±0.0208 51.1667a±0.0058 32.6233a±0.0451 

M3.1 20.0700a±0.0100 51.4933a±0.0208 32.9667a±0.0503 

M4.1 19.6200a±0.0100 50.9067a±0.0058 32.4933a±0.1159 

M5.1 20.2833a±0.0115 51.6500a±0.0265 33.1633a±0.0702 

M6.1 19.6167a±0.0058 51.0533a±0.0153 32.5433a±0.0351 

M7.1 19.9167a±0.0153 51.3667a±0.0503 32.8733a±0.0513 

M1.2 19.0700a±0.0100 50.3733a±0.0115 31.7900a±0.0436 

M2.2 31.7900a±0.0436 50.8900a±0.0173 32.4700a±0.0800 

M3.2 19.5300a±0.0000 50.9467a±0.0153 32.4333a±0.0462 

M4.2 19.4833a±0.0058 50.8667b±0.0252 32.2900b±0.0520 

M5.2 19.7467a±0.0058 51.0800b±0.0265 32.6167b±0.0404 

M6.2 19.3333a±0.0058 50.7067b±0.0321 32.2967c±0.0321 

M7.2 19.7767b±0.0153 51.1800c±0.0458 32.8267c±0.0058 

M1.3 18.8733a±0.0058 50.1367a±0.0153 31.5533a±0.0306 

M2.3 31.5533a±0.0306 50.3167a±0.0153 31.8133a±0.0058 

M3.3 19.3133a±0.0231 50.6967a±0.0416 32.0933a±0.0862 

M4.3 19.3100a±0.0000 50.6633b±0.0473 32.2167b±0.0945 

M5.3 19.1933a±0.0153 50.5267b±0.0503 31.9933b±0.0115 

M6.3 19.2100a±0.0000 50.5333b±0.0058 32.1800c±0.0819 

M7.3 19.7367b±0.0153 51.1133c±0.0351 32.6300d±0.0361 

M1.4 18.5067a±0.0153 49.6933a±0.0252 31.0633a±0.0115 

M2.4 31.0633a±0.0115 50.3033b±0.0208 31.7833b±0.0651 

M3.4 19.1933a±0.0058 50.4367b±0.0208 32.0367b±0.0929 

M4.4 19.2867a±0.0115 50.5967c±0.0404 32.1167c±0.0252 

M5.4 19.0267a±0.0208 50.2967c±0.0404 31.8633c±0.0681 

M6.4 19.0067a±0.0115 50.2900c±0.0173 31.8200c±0.0436 

M7.4 19.4800b±0.0173 50.8100d±0.0436 32.4367d±0.0208 

M0 21.3867±0.0058 52.9733±0.0153 34.2833±0.0503 

 

As in previous cases, the addition of silica gel resulted in a decrease in the b* value, compared to the 

reference model. The greatest (p≤0.05) impact on the reduction of b* value was recorded on the 

sample M1.4 (31.0633±0.0115) compared to model M0 (34.2833±0.0503). While in the M5.1 
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(33.1633a±0.0702), the least impact was recorded on the reduction of the intensity of b* value in the 

sample. 

Tartarate stability test (freezing, conductivity test) 

The least impact on reducing the content of tartarate has the model M6.1 (1612.5000c±3.5355) with 

a significant difference (p≤0.05) compared to model M0 (Table 4). Red wine treated in model M4.4 

(1326.0000b±1.4142) showed significant (p≤0.05) the largest decrease in the content of tartarate salts, 

compared to the untreated model M0. 
 

Table 4. Comparison of the obtained values in the tartarate stability test 

Model Tartarate stability test �̅�±Sd 

M1.1 1452.5000a±4.9497 

M2.1 1533.0000a±2.8284 

M3.1 1572.0000a±4.2426 

M4.1 1496.0000b±2.8284 

M5.1 1516.5000c±3.5355 

M6.1 1612.5000c±3.5355 

M7.1 1482.0000c±2.8284 

M1.2 1408.0000a±1.4142 

M2.2 1486.5000a±4.9497 

M3.2 1553.5000a±2.1213 

M4.2 1430.0000b±4.2426 

M5.2 1457.5000c±3.5355 

M6.2 1546.5000c±3.5355 

M7.2 1466.0000c±4.2426 

M1.3 1377.5000a±3.5355 

M2.3 1469.5000a±2.1213 

M3.3 1419.0000a±4.2426 

M4.3 1425.0000b±4.2426 

M5.3 1413.0000c±2.8284 

M6.3 1485.0000c±4.2426 

M7.3 1439.0000c±1.4142 

M1.4 1366.5000a±2.1213 

M2.4 1389.5000a±3.5355 

M3.4 1397.5000a±3.5355 

M4.4 1326.0000b±1.4142 

M5.4 1349.5000c±3.5355 

M6.4 1462.5000c±4.9497 

M7.4 1375.0000c±4.2426 

M0 1620.0000±1.4124 

 

The content of tartatrate salts decreases in wine with an increase in the concentration of amorphous 

silica gel in the tested models, compared to the model M0 (1620.0000±1.4124). By extracting 

tartarate salts in the form of precipitate, there is an increase in the stability of the tested samples. 

Models with added silica gel generally have a significant reduction in the content of tartarate salts 

compared to the M0 model, which indicates adsorption, coagulation and separation of tartarate salts 

in the form of precipitate, thereby contributing to the stability of the tested red wine models. 

 

Conclusion 

 

Red wine is prepared according to the standard technological procedure in such a way that 4 parts of 

Vranac, 2 parts of Kaberna and 1 part of the Merlo variety are mixed. Twenty-nine models of silica 

gel wine have been prepared, including the reference sample M0.  
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By increasing the content of silica gel in any type and relationship, there was a decrease in the content 

of total acids. The largest decrease was recorded in the M7.4 (0.5650c±0.0043). In contrast to this 

model, model M.6.1 had the least impact on reducing acid content (0.6950d±0.0043). From the 

presented it can be concluded that the M7.4 model has the greatest influence in the reduction of the 

content of total acids. 

By determining the color components in the red wine, there was a decrease in the intensity of L*, a* 

and b* components except for samples of M2.1 (32.2133a±0.0208); M2.2 (31.7900a±0.0436); M2.3 

(31.5533a±0.0306) and M2.4 (31.0633a±0.0115) that led to an increase in L* value compared to the 

M0 (21.3867±0.0058). This indicates an increase in the white-colored component in the wine. 

Generally studied in the studied models of aka, there was no significant decrease in the intensity of 

the red and yellow color component in the wine compared to the M0 model. 

The increase in the concentration of added silica gel generally has a positive effect on certain 

properties of red wine, all samples to which silica gel has been added have shown an increase in 

stability. The model 6.1 (1612.5000c±3.5355) showed the least impact on increasing the stability, 

while the M4.4 model (1326.0000b±1.4142) showed the greatest impact on increasing the stability of 

red wine compared to the model M0 (1620.0000±1.4124). 
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Abstract 

 

The yield and chemical composition of cow's milk, also, the quality of milk and dairy products vary 

seasonally throughout the year, depending on the diet, or season. The influence of the season, 

relatively winter and summer, on certain important biochemical components and physical properties 

of milk in Southern Serbia was studied in this paper. The obtained data were processed by standard 

variational-statistical methods. Based on the obtained results of the research, it can be concluded that 

all the obtained results are following the literature as well as the valid legal norms. It was noted that 

there is a significant difference in quality between winter and summer milk, while variations between 

quality at purchase points are inappreciable. Generally, the acidity of milk is higher in the summer, 

while the dry matter content, as well as the added water content, is higher in the winter. 

 

Keywords: cow’s milk, quality, seasonal variations. 

 

Introduction 

 

Milk is one of the oldest foods known to mankind and is a mixture of fats, proteins, carbohydrates, 

vitamins, minerals, and other ingredients dispersed in water (Ozrenk & Inci, 2008). The composition 

of raw milk has a very significant impact on the quality and yield of milk products (Nešić, 2010; 

Scaglioni et al., 2014; Becker-Algeri et al., 2020) and the quality of milk directly depends on its 

physicochemical and microbiological characteristics. In general, the composition of milk varies 

depending on the season, lactation period, cow health, milking, genetic factors, and other daily 

variations (Chen et al., 2014; Heck et al., 2009). The influence of seasonal variation on the 

composition of milk has been studied by many authors and it has been confirmed that the 

concentrations of most ingredients and physiochemical properties vary significantly throughout the 

year (Nešić, 2010; Heck et al., 2009; Becker-Algeri et al., 2020). 

 

Materials and Methods 

 

The research included samples of collected milk from the purchase area of the „Milk House“ diary in 

Niš at ten purchase points. These purchase points are Paraćin, Niš, Bela Palanka, Soko Banja, Gadžin 

Han, Aleksinac, Svrljig, Kruševac, Babušnica, and Prokuplje. The analysis of samples was performed 

in the internal laboratory of the dairy. Sampling was performed for 45 days in the period of January-

March and June-August 2021. The content of milk fat, proteins, and dry matter were determined 

spectrophotometrically in the infrared area on the Milkoscan S 50. The amount of dry matter without 

fat (DMWF) was calculated and expressed as a percentage. The titration acidity of milk was 

determined by the Soxhlet-Henkel method (Fabro et al., 2006). The amount of added water was 
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determined by the Cryoscope 4D3. Pearson’s correlation coefficient was calculated for all data related 

to winter and summer period samples, using Excel (Microsoft Office 365). 

 

Results and discussion 

 

By analyzing the milk samples from the ten purchasing areas of the “Milkhouse” diary in Niš, during 

the winter period (January –March) and during the summer period (June –August), the values of 

acidity, specific gravity, milk fat, dry matter, dry matter without fat and proteins were obtained. The 

average values of these parameters as well as their dependencies are shown in Table 1. Based on the 

obtained results, first of all, it can be concluded that all the obtained data are in agreement with the 

data from the literature (Nešić, 2010). Also, there is a significant difference in the quality of winter 

and summer milk. The main difference is in the higher acidity of summer milk, which is a direct 

consequence of the higher microbiological activity of lactic acid bacteria, but also in the higher 

concentration of dry matter, dry matter without fat, milk fat, and proteins in the milk of the winter 

period. Variations in milk composition between purchase stations were significantly lower compared 

to seasonal variations. Similar observations were made by other researchers who published research 

results from other countries with different climatic conditions (Becker-Algeri et al., 2020; Ozrenk & 

Inci, 2008; Heck et al., 2009). The average acidity for all purchased stations of sommer milk of 6,91 

ºSH was higher by 4.5% for winter milk samples. On the other hand, the average values of milk fat 

content (3.91%), dry matter (12.20%), and protein content (3.21%) were 2%, 1%, and 6% higher 

compared to sommer milk samples. By the analysis of the values of Pearson’s coefficient, it can be 

noticed that there is a positive and significant correlation between the parameters of winter and 

summer milk. Strong positive correlations were noticed between the variables of winter and summer 

milk of the data for milk fat and dry matter without fat, where the value of R were 0.8941 and 0.7951 

and coefficients of determination (R2) were 0.7994 and 0.6918. A moderate positive correlation with 

an R-value of 0.5872 and 0.6918 with coefficients of determination of 0.3448 and 0.4786 was noticed 

between the winter and summer data variables of the acidity and protein content results.  
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Table 1. Values of milk quality parameters in the period January-March and June-July 

Period 1 – January -March 

Period 2 – June - August 

 

Conclusion 

 

The season has a significant influence on the quality of milk, which was confirmed by this research 

with samples of the Souther Serbia territory. Due to the higher content of dry matter, proteins, and 

fat, milk during the winter period can be considered more suitable for industrial processing. 
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PURCHASE 

POINT 

ACIDITY 

(oSH) 

MILK FAT 

(%) 

DRY 

MATTER 
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DRY MATTER 

WITHOUT FAT 

(%) 

PROTEINS 

(%) 

Period 

1 

Period 

2 

Period 

1 

Period 

2 

Period 

1 

Period 

2 

Period 

1 

Period 

2 

Period 

1 

Period 

2 

PARAĆIN 
7.00 

0.27 

6.82 

0.21 

3.83 

0.13 

3.80 

0.12 

12.04 

0.21 

11.98 

0.18 

8.21 

0.09 

8.18 

0.15 

3.12 

0.07 

3.10 

0.08 

NIŠ 
6.92 

0.26 

8.08 

0.24 

3.97 

0.16 

3.85 

0.07 

12.41 

0.17 

12.30 

0.18 

8.44 

0.22 

8.18 

0.19 

3.25 

0.11 

2.36 

0.17 

BELA PALANKA 
6.58 

0.21 

6.68 

0.27 

3.99 

0.17 

3.84 

0.09 

12.47 

0.18 

12.21 

0.11 

8.48 

0.14 

8.37 

0.24 

3.30 

0.12 

3.13 

0.15 

SOKO BANJA 
6.68 

0.23 

681 

0.23 

3.94 

0.14 

3.89 

0.11 

12.25 

0.31 

12.21 

0.17 

8.31 

0.11 

8.32 

0.05 

3.22 

0.04 

3.13 

0.14 

GADžIN HAN 
6.53 

0.24 

6.82 

0.20 

3.96 

0.11 

3.84 

0.09 

12.30 

0.24 

12.08 

0.14 

8.34 

0.16 

8.24 

0.14 

3.25 

0.11 

3.12 

0.21 

ALEKSINAC 
6.66 

0.29 

6.78 

0.31 

3.85 

0.10 

3.77 

0.07 

12.07 

0.19 

12.00 

0.11 

8.22 

0.23 

8.23 

0.31 

3.15 

0.16 

3.08 

0.12 

SVRLJIG 
6.20 

0.25 

6.76 

0.19 

3.85 

0.22 

3.84 

0.11 

12.01 

0.21 

12.13 

0.17 

8.16 

0.19 

8.29 

0.12 

3.12 

0.03 

3.10 

0.16 

KRUŠEVAC 
6.40 

0.31 

6.80 

0.21 

4.00 

0.09 

3.84 

0.05 

12.28 

0.14 

12.10 

0.15 

8.28 

0.04 

8.26 

0.09 

3.19 

0.09 

3.11 

0.06 

BABUŠNICA 
6.60 

0.16 

6.81 

0.22 

3.88 

0.14 

3.84 

0.06 

12.07 

0.19 

12.08 

0.13 

8.19 

0.12 

8.24 

0.11 

3.26 

0.05 

3.10 

0.09 

PROKUPLJE 
6.81 

0.28 

6.79 

0.19 

3.90 

0.15 

3.81 

0.16 

12.15 

0.26 

11.93 

0.05 

8.25 

0.11 

8.12 

0.21 

3.23 

0.12 

3.05 

0.14 

AVG 
6.64 

0.24 

6.91 

0.41 

3.91 

0.06 

3.83 

0.03 

12.20 

0.16 

12.10 

0.11 

8.29 

0.10 

8.24 

0.07 

3.21 

0.06 

3.02 

0.23 
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Abstract 

 

The aim of this study was to determine the effect of addition of flaxseed to bread, the physical and 

sensory characteristics of the obtained bread and the possibility of application of this kind of bread 

as functional food. For preparing the bread, flaxseeds were added to the dough in concentration of 20 

and 40% calculated based on mass wheat flour. The quality of bread was assessed by determining the 

physico-chemical and sensory parameters 24 hours after baking, such as the height and volume of 

bread, mass of bread, as well as the fineness and elasticity of the bread pores. As a consequence, 

flaxseed can be successfully incorporated into bread formulations. The general acceptability was good 

with the addition of 20% of flaxseed. 

 

Keywords: bread, flaxseed. 

 

Introduction 

 

Bread, as a major source of economical dietary energy and nutrients worldwide, contains high amount 

of carbohydrates and protein, but it has low amounts of other nutritional components such as diet 

fiber, monounsaturated fatty acid, and phenolic components. That is the reason why many food 

ingredients (food additives or functional food additives) have been included in bread formulation 

(Fan et al., 2007). Flaxseed  as an addition can be used in bread and bakery products not only to 

provide nutty flavor but also to increase the nutritional and health benefit of the final product. 

Pohjanheimo et al. (2006) evaluated the effect of the partial supplementation of bread with flaxseed 

on their texture, chemical, and sensory properties. They concluded that flaxseed has a positive effect 

on the texture parameters during storage and nutritional composition, for example, the content of fiber 

and unsaturated fats. Based on the before mentioned, functional food and functional food additives 

have a role to provide the body with the necessary energy and nutrients, as well as to influence the 

preservation of health and the improvement of certain organism conditions, balancing and improving 

the standard of living (Milner, 2000; Roberfroid, 2002).  

Flax seed is considered one of the most powerful foods in the world. Heart disease, cancer, stroke 

and diabetes are diseases whose risk is drastically reduced by consuming this oilseed. Fiber, omega-

3 fatty acids, vitamin E, vitamin D, magnesium, selenium and zinc are important components of flax 

seed, but the most important for its effectiveness are lignins as its main ingredients. Lignins represent 

phytoestrogens that have antioxidant properties and show good effects in the treatment of hormone-

dependent tumors (Matsumoto et al., 2002). 

Flax seed contains both soluble and insoluble fibers, which are beneficial for digestion, intestinal 

health, maintenance of ideal body weight and cholesterol regulation (Cui, 2001). 

Omega-3 fatty acids are also very important components of flax seed because they prevent diseases 

of the heart and blood vessels. These acids and lignins reduce the inflammation that accompanies 
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Parkinson's disease, arthritis and asthma by blocking the secretion of certain anti-inflammatory agents 

(Randall, 2013). 

Regular consumption of flax seed is suitable for people who engage in sports activities, because its 

consumption reduces muscle inflammation. Thanks to the positive effect of fibers on the digestive 

tract, flax seed regulates the intestinal flora, which it also restores, eliminating toxins from the body 

and improving digestion. It acts on the stomach by lining its mucous membrane, and reduces problems 

with increased acidity. In addition, flax seeds are beneficial for hair and skin health, and can also 

relieve breast pain during menstruation. Doctors often recommend linseed as a cure for fibroids - in 

the form of additional therapy and prevention. These oils have a positive effect on the nervous and 

immune system (alleviating allergies and lupus symptoms), play an important role in calcium 

metabolism and have a mild diuretic effect (Shim et al., 2014). 

Flax seed can be purchased in many supermarkets and health food stores. They are, usually, available 

in whole grain form, which is ground before use to exert its health effects. Whole flax seeds can be 

ground in a coffee grinder and then stored in an airtight container for several months. However, for 

the best effects, it is recommended to use freshly ground seeds. 

 

Materials and Methods 

 

The following raw materials were used in the experimental work: 

• Flour for sourdough and homemade pasta T-500, manufactured by "Danubius doo" from 

Novi Sad, 

• Kitchen salt, commercial product, manufacturer "Solana", Tuzla, 

• Fresh baker's yeast, producer "Budafok", Hungary, 

• Tap water for drinking. 

• Furthermore, plant material used in the experiments was grounded flaxseeds. 

Bread making process 

The bread was prepared according to the procedure prescribed by the standard AACC method (AACC 

International, 2000). The raw material composition of the bread dough was as follows: flour, salt 2% 

(by weight of flour), yeast 2,5% (by weight of flour). Additional raw material was added according 

to the experimental plan (Table 1), whereby part of the flour (20 and 40%) was replaced with 

grounded flax seeds. 

Table 1. Experimental plan 

Sample Flour (g) Salt (g) Yeast (g) Flax seeds (g) Water (g) 

1 150 3 3.75 0 83.25 

2 120 3 3.75 30 79.58 

3 90 3 3.75 60 77.85 
 

According to the plan of the experiment, the dough was mixed in a kneader made by Silver Crest, 

Germany, for 5 minutes. It was then shaped into a ball and left on the work surface, at room 

temperature, to ferment in the mass for 60 minutes. The dough was then hand-shaped oblong and 

placed in greased bread moulds (15 cm long, 5 cm wide and 7 cm high). The final fermentation was 

performed at a temperature of 30 ºC, for 60 minutes. Bread samples were baked in a laboratory oven 

for 15 minutes at 250 ºC. After baking, the breads were cooled for 1 h at room temperature and then 

stored for 24 h under controlled humidity and temperature conditions. Changes in bread quality as a 

function of selected independent parameters were monitored based on the results of determining the 

physico-chemical and sensory characteristics of the finished product. 

Mass of bread: The mass of bread was measured 1 h after baking and cooling, and then after 24 h. 

Volume of bread: The volume of bread was estimated 24 h after baking, and was determined by the 

method of squeezing millet grains (Kaluđerski & Filipović, 1998). 
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Specific volume of bread: The specific volume of bread Vsp (cm3/g) was determined as the ratio of 

the volume and weight of bread. 

Moisture content: Moisture content was determined by the gravimetric method according to Ph. Jug. 

IV (1984). The obtained results are expressed as a percentage of moisture content (% m/m). 

Ash content: The ash content was determined by the gravimetric method according to Ph. Jug. IV 

(1984). The obtained results are expressed as a percentage of ash (% m/m). 

Determining bread quality 

The quality of the bread was graded organoleptically 24 hours after baking, whereby the fineness of 

the crumb pore structure and elasticity were evaluated by palpation technique. Sensory parameters of 

bread samples (color, smell and taste) were evaluated by descriptive sensory analysis. The 

participants were 30 students 20-22 years of age, non-smokers, male: female ratio of 50%. The 

panelists were required to rinse their mouth with water between each sample. The participants 

evaluated the taste and colour of bread as 5- like very much, 4- like slightly, 3- neither like nor dislike, 

2- dislike slightly, 1- dislike very much (Pandurang et al., 2014.) The sensory evaluation was done 

under white fluorescence light at room temperature of 25±2 ºC. Descriptive grades of the mentioned 

bread crumb quality indicators (elasticity of the medium and the fineness of the pore structure) are 

shown in total values and graded in table for grading the bread crumb value (Kaluđerski & Filipović, 

1998) and marked as Value for Bread Crumb – VBC (minimum 0.0 and maximum 7.0).  

 

Results and discussion 

 

As planned in the experimental work, samples of bread of appropriate composition were baked. From 

each composition, two samples were prepared, and average values are shown in the results, in Table 

2. 

Table 2. Bread samples making conditions 

Conditions Sample 1 Sample 2 Sample 3 

Flour temperature (°C) 22 22 22 

Mixing water temperature (°C) 30 30 30 

Mixing duration (min) 5 5 5 

Duration and rest (min) 60 60 60 

Duration of final fermentation (min) 60 60 60 

Baking time (min) 15 15 15 

Dough mass (g) 238.04 233.16 225.7 

 

Table 3. Sensory properties of bread samples 

Sensory properties Sample 1 Sample 2 Sample 3 

Bread weight (g) 228.31 221.68 212.08 

Bread volume (cm3) 440 340 330 

Specific volume (g/cm3) 6.31 6.04 6.27 

Bread height (mm) 72 61 58 

Moisture content (%) 41.92 41.72 39.2 

Ash content (%) 6.31 6.04 6.27 

Dough yield 158.69 194.30 250.83 

Bread yield 152.47 184.73 235.64 

Taste 5 4 3 

Colour 5 4 3 

Elasticity of the medium Very good - (3.8) Good - (3) Satisfies - (2) 

The fineness of the pore structure Almost fine / a little rough (1.2) Little rough (0.8) Rough (0.5) 

Value for Bread Crumb – VBC 5.0 3.8 2.5 
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Table 2 and 3 shows the results of the tested breads obtained from flour (sample 1), flour with 20% 

grounded flax seeds (sample 2) and bread from flour with 40% grounded flax seeds (sample 3). 

Considering that sample 1 was made solely out of wheat flour it is the bread that others samples were 

compared to. It can be concluded that the quality of bread is reduced by the addition of flax seeds. 

The volume of bread, as well as the height are decreasing, also values for the elasticity of the medium 

and the fineness of the pore structure were obtained. But a significant difference in bread quality was 

observed when 20% flaxseed was added compared to bread with 40% added, and that is, perhaps, the 

most valuable result of this research. A clear indicator is the Value for Bread Crumb – VBC, obtained 

by the sum of their values. 

Sample 1 was bread obtained from dough with 100% flour, without any addition. Obtained bread had 

a very good height and volume, as well. Bread volume is one of the key parameters that determine 

the quality of bread. It is especially important from the point of view of consumers themselves. Other 

physic-chemical properties had also high values. Also, the values of elasticity of the medium and the 

fineness of the pore structure was very high, and accordingly the Value for Bread Crumb – VBC, as 

well. 

When added to the base dough flaxseeds in percentages of 20% by mass of flour, obtained bread 

sample reduced quality. The height and volume of the bread had lower values, compared to sample 

1., as well as other physical and chemical properties. Also, the values for the elasticity of the medium 

and the fineness of the pore structure, respectively, were lower, and therefore the Value for Bread 

Crumb. The VBC was average (3.8). Furthermore, the sensory characteristics of obtained bread 

samples were rated a little bit lower. The color was reddish, the center was well developed, elastic 

and light brown in color. The product had a rounded, specific and pleasant aroma. The smell and taste 

of bread were harmonious, they gave a mild reaction to the palate. The results of sensory testing of 

the samples showed that this type of the obtained product is acceptable for participants. 

When it comes to bread samples to which a larger amount of flax seeds was added (40%) (sample 3), 

based on the obtained results, it was found that the quality of bread was not satisfactory.  Both the 

height and volume of the bread have decreased significantly. The Value for Bread Crumb was very 

low (2.5). The sensory characteristics of the bread were evaluated with a quite small grade. The color 

of the bread was dark, the middle was compressed and moist, dark brown in color. Also, the product 

has an unpleasant aroma. 
 

 

Figure 1. Sample of bread with 100% flour, with the addition of 20% flaxseeds 

and with the addition of 40% flaxseeds 
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Figure 2. Cross section of bread samples with 100% flour, with the addition of 20% flaxseeds with the addition of 40% 

flaxseeds 

By sensory analysis bread samples were graded from 1 to 5, where 5.0 represents the best grade. 

According to the participants all three bread samples were acceptable, but that the bread samples with 

the addition of larger amount of flax seeds have lower sensory analysis scores compared to the control 

sample, i.e. classic white bread. 

Due to the presence of lignins, fiber, omega-3 fatty acids, magnesium, selenium, zinc, as well as 

vitamins, flaxseeds are biologically valuable compounds, so working with them for the purpose of 

obtaining functional bread could be considered very justified. Every quantity of high-quality 

structures made from the flaxseeds which is found in breads made in this way, makes them foods 

with a significantly enriched composition. This clearly shows that these types of products, under the 

conditions tested, could be functional foods, and can form an essential part of our nutrition. 
 

Conclusion 

 

The present study on effect of flaxseed flour addition in different concentrations on physico-chemical 

and sensory properties of bread has established some new findings. Bread made from pure flour 

(sample 1) was the one to which all other samples were compared to. Physico-chemical characteristics 

(bread weight, height, volume and specific volume) of bread with 20% flaxseeds were increased. The 

color was reddish, the center was well developed, elastic and light brown in color. The product has a 

rounded, specific and pleasant aroma. 

When it comes to sensory properties, the specific smell and bitter taste limited the amount of flaxseeds 

added to the bread dough. The smell and taste of bread was pleasant and acceptable.  

Furthermore, the volume as well as other physical and chemical properties of bread with the addition 

of 40% of flaxseeds were increased. Also, the sensory properties were of lower value, because the 

smell and taste were bitter and moist according to the participants.The color of bread sample was 

dark, the middle was compressed and moist, dark brown in color. 

According to all above mentioned, bread with the addition of 20% flaxseed was acceptable based on 

physico-chemical and sensory characteristics, and that it´s use in the daily diet could be considered 

as well as the possibility of it being a functional food. 

 

 

 

 

https://www.sciencedirect.com/topics/food-science/sensory-properties
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Abstract 

 

Water is essential for life. It is the largest single constituent of the human body, acts as a solvent, 

regulates body temperature, aids in food digestion and helps regulate the acid-base balance. The aim 

of this study was to determine the students’ habits when it comes to fluid intake and assess their 

knowledge about the correlation of water intake and health. The research was carried out at the 

Academy of Professional Studies Sabac, Department of Medical and Business-Technological Studies, 

for a total of 95 students of the first year of studies (male 38.9%, female 61%) of average age 

20.54±1.95 years. The data was collected anonymously via questionnaire on food and fluid intake.  

The results show that female students consume on an average 1.31±0.25 L water, and that the average 

daily intake of male students is somewhat more 1.99 ±0.26 L. The biggest percentage of all students 

consumes tap water (66%), and the students that buy bottled water are mostly female 71.87%. 

Students have shown a good knowledge of the definition of dehydration and a higher level of 

knowledge was noticed with students who are physically active. In non-health related study programs 

knowledge was lacking for less common dehydration symptoms (headache, dizziness, lack of focus, 

and muscle weakness). A lack of knowledge was noticed with students regarding the needs for fluid 

intake and it is more notable in non-health related study programs. It is necessary to influence a 

change of dietary habits with students and raise awareness about the importance of water through 

education and promotional activities. 
 

Keywords: water, fluid intake, dehydration, students. 

 

Introduction 

 

Water is one of the fundamental requirements for survival and life of human on Earth (Okanović et 

al., 2014; WHO, 2004). Water is the largest single constituent of the human body and  is essential for 

cellular homeostasis. Total water intake includes drinking water, water in beverages, and water that 

is part of food. Low intake of total water has been associated with some chronic diseases (Leurs et 

al., 2010; Roncal-Jimenez et al., 2015; Šmuljić et al., 2016). Healthy individuals have considerable 

ability to excrete excess water and thereby maintain water balance, a Tolerable Upper Intake Level 

(UL) was not set for water. However, acute water toxicity has been reported due to rapid consumption 

of large quantities of fluids that greatly exceeded the kidney’s maximal excretion rate of 

approximately 0.7 to 1.0 L/hour (Institute of Medicine, 2005). 

Body water volume, as a percentage of fat-free mass, is highest in infants and declines in older 

children (Institute of Medicine, 2005) In healthy adults with a normal body mass index (BMI), water 

constitutes 60% of body weight (Shaheen et al., 2018). 

Body water balance depends on the net difference between water gain and water loss. Water loss 

consists mainly of excretion of water in urine, breath, faeces and sweat.   



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

129 

 

Water loss during breathing depends on environmental factors and physical activity (on an average 

about 250 to 350 mL/day for sedentary persons). Urine output varies inversely with body hydration 

status. Kidneys are responsible for regulating the volume and composition of extracellular fluid (The 

minimum urine output is approximately 500 mL/day). Water loss through the skin occurs via 

insensible diffusion and secreted sweat. For the average adult, loss of water by insensible diffusion is 

approximately 450 mL/day. In hot weather, sweat evaporation provides the primary avenue of heat 

loss to defend the body’s core temperature. Metabolic water is formed by oxidation of hydrogen-

containing substrates during metabolism or energy-yielding nutrients. Oxidation of carbohydrate, 

protein, and fat produces metabolic water of approximately 15, 10.5, and 11.1 g/100 kcal of 

metabolizable energy, respectively (Institute of Medicine, 2005).  

Recommendations for water intake vary. They depend on age, gender, pregnancy and lactation with 

women (EFSA, 2010). Adequate fluid intake is very important when the climate temperature is high 

and during times of intense physical activity, such as during sports or during physical activity. 

According to the European Food Safety Authority adult women a total daily intake of 2 L of water is 

necessary, and with men 2.5 L by consuming water, drinks and food (Kapsokefalou, 2013). According 

to the Institute of Medicine (IOM), water intake of ≥3.7 L daily was considered adequate for men, 

while ≥2.7 L daily hours water intake for women was considered as adequate (Institute of Medicine, 

2005).   

Dehydration is defined as decrease in total body water content due to fluid loss, diminished fluid 

intake, or both (Popkin et al., 2010). The common symptoms of mild to moderate dehydration are dry 

mouth/tongue, thirst, headache, lethargy, fatigue, dry skin, muscle weakness, light-headedness, 

dizziness and a lack of focus (Shaheen et al., 2018). 

The aim of this paper is to gain an insight into the habits of students when it comes to fluid intake 

and knowledge level on dehydration. 

 

Materials and Methods 

 

Students of the first year of studies at the Department of Medical and Business-Technological Studies 

in Šabac participated in the research, a total of 95 students. Respondents were informed about the aim 

of the research and it was carried out anonymously during the summer semester of 2020/2021. A 

questionnaire was used for gathering data. The respondents group was consisted of students from the 

study program Health care (HC) and Pharmacy (P) (health related study programs), and students from 

non-health related study programs Gastronomy (G), Environmental Protection (EP), Information 

Technologies (IT), Economics (E), Engineering Management (EM) and Food Technologies (FT). 

All obtained results were processed using descriptive statistics in Microsoft Office Excel.  

 

Results and discussion 

 

A total of 95 students participated in the survey. The mean age of students was 20.54±1.95 years. A 

third of the students (n=29, 30.53%) was from the study programs Pharmacy and Health care. Most 

students were from Šabac and Mačva district (n=68, 71.58%)  and did not have any illness (n=90, 

94.74%). 

Processing obtained data an insight into the dietary habits of the surveyed population was gained. The 

data on the average fluid intake was gained by a self-assessment of the daily respondents’ intake. The 

water intake results by study programs are presented in Figure 1.  

 



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

130 

 

 
Figure 1. Average water intake in L by study programs  

 

Females have an average intake of 1.31±0.25 L water, and the interval which was reported was from 

0.5 to 3.2 L. Males have a somewhat bigger average amount of 1.99 ±0.26 L of water daily (0.5-3.5 

L). Similar data was given by Banožić et al. (2015). An analysis was conducted to see whether there 

is a difference in the amount of water that students of health-related study programs consume 

compared to others (Figure 2) and the results show that the students from health-related study 

programs reported a bigger fluid intake. Still the total intake is somewhat lower than the 

recommended one for fluid intake which can be found in literature (EFSA, 2010; Institute of 

medicine, 2005). 
 

 
Figure 2. Average water intake in L at health and non-health related study programs  

 

Students responded which water they choose during intake and the highest percentage of students 

consumes water from the tap (66%) whereas students that buy bottled water, a higher percent are 

female 71.87%. Similar data was given by Šmuljić et al. (2016). 

Most respondents from health-related study programs showed a good knowledge of the definition of 

dehydration 62%, whereas such students from other study programs are 31.81%.  

Numerous data from literature point out that dehydration at just 2% decreases the performance in 

tasks which require attention, psycho-motorics and immediate memory, as well as the assessment of 

the subjective state (Adan, 2012; Benton et al., 2016; Magee et al., 2017;  Pross, 2017;). In order to 
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assess the knowledge of students and the familiarity with this fact, in the questionnaire they responded 

to the question Does the amount of fluids in the organism have an impact on headaches, thought 

process and paying attention in class. The results are shown in Figure 3. Most students from health-

related study programs replied affirmatively 65.52%, whereas the percentage of other students that 

replied with yes is very low 15.15%. Among this population there is not enough knowledge about the 

importance of hydration. 
 

 
Figure 3. Respondents’ answers to the question: Does the amount of fluids in the organism have an impact on 

headaches, thought process and paying attention in class? 

 

Practising sports, recreationally or professionally requires knowledge and habits related to it such as 

intake of water and sport and energy drinks, according to the achievement of desired goals thus 

adequate hydration and faster regeneration of the organism after exertion (Okanović et al., 2014). Out 

of the total number of students surveyed 46% declared that they do sports, recreationally, every day 

or professionally. This group answered the question Is it important to drink fluids before, during and 

after a physical activity (Figure 4). Results show that a high percentage of health-related study 

programs (78.26%) as well as students from non-health related study programs (71.43%) that are 

physically active have an awareness about the importance of regular fluid intake and preventing 

dehydration.  
 

 
Figure 4. Is it important to drink fluids before, during and after a physical activity 
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In the survey the students responded to the question Which are the most frequent dehydration 

symptoms (Figure 5).  
 

 
Figure 5. The most frequent dehydration symptoms 

 

All students (in health and non-health related study programs) were well informed about the most 

common dehydration symptoms (dry mouth, thirst, dry tongue and dry skin) (Figure 5). However, 

limited knowledge about less common symptoms (headache, dizziness, a lack of focus and weak 

muscles) was seen with most students especially from non-health related study programs. 

 

Conclusion 

 

In this research about students’ habits deviations can be seen from what is recommended. A lack of 

knowledge regarding the need for fluid intake was noted which is more pronounced with students 

which are not in health-related study programs. It is necessary to influence habit improvement in 

nutrition through training courses and promotional activities through which students should raise their 

awareness and acquire knowledge about appropriate hydration. 
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Abstract 

 

Urtica dioica L., commonly known as “stinging nettle”, is a wild, unique herbaceous flowering plant 

that has been of use as a food as well as a medicinal herb for a variety of diseases centuries ago. This 

paper presents determination of Fe content in samples Urtica dioica L. collected from five localities 

in Serbia. The sample preparation procedure involved dry digestion in triplicate and dissolution of 

the ash in 6M HCl and then in 0.1 M HNO3. The determinations of Fe content in the leaves have been 

performed by using spectrophotometry. Samples of nettle leaves showed the concentration of Fe in 

the range from 171.81 ± 9.75 mg/kg to 382.69 ± 20.25 mg/kg dry weight. The obtained values were 

compared with data available from literature. Finally, the content of Fe in samples were used to 

calculate the daily intake of Fe (EDI), and the target hazard quotients (THQ) values and contribution 

to daily intake of Fe for adult by consuming herbal tea of the tested stinging nettle. 

 

Keywords: Urtica dioica L., iron, spectrophotometry, daily intake. 

 

Introduction 

 

Stinging nettle (Urtica dioica L., Urticaceae) as a weed plant widespread in the world, that has been 

used for over 2,000 years as a natural remedy for its therapeutic properties. Because of the high 

content of nutriments and bioactive compounds like minerals, vitamins and poly phenols, nettle 

possesses a great nutritional value and a large number of pharmacological effects (Ait Haj Said et al., 

2015). In addition to elements such as zinc, magnesium, calcium, phosphorus and potassium, nettle 

is especially rich in iron.  

Iron is an essential element for growth and development of animals, plants and humans. Iron is a 

component of haemoglobin present in red blood cells in the human body, and conveys oxygen 

throughout the body (Narain et al., 2015). It facilitates the oxidation of carbohydrates, proteins and 

fats to control body weight, which is a very important factor is diabetes management. Deficiency of 

iron in the human body is very common. Low iron content causes gastrointestinal infection, 

nosebleeds and myocardial infection. The most important functional indicators of iron deficiency are 

reduced physical work capacity, delayed psychomotor development in infants, impaired cognitive 

function, and adverse effects for both the mother and the fetus (FDA, 2001). These adverse 

consequences of iron deficiency are associated with a degree of iron deficiency sufficient to cause 

measurable anemia (FDA, 2001). In developing country, anaemia was reported to be a serious 

problem in pregnant women and presschool children (WHO, 2003). Anemia also contributes to 20% 

of all maternal deaths (Shonte et al., 2020). A nettle leaf in both fresh and dried forms was found to 

be a good source of iron. Bukva et al. (2019) examined the iron content in 35 food samples from four 

groups: fruits, vegetables, herbs and spices, and they concluded that the food samples can be arranged 
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by iron concentration in the following descending order: herbs and tea > spices > vegetables > fruits. 

Among the eight types of plants and teas examined, nettle was singled out as the plant with the highest 

measured iron content.  

The Recommended Dietary Allowance (RDA) of iron for all age groups of men and postmenopausal 

women is 8 mg/day; the RDA for premenopausal women is 18 mg/day (FDA, 2001). The median 

dietary intake of iron is approximately 16 to 18 mg/day for men and 12 mg/day for women and  the 

Tolerable Upper Intake Level (UL) for adults is 45 mg/day of iron, a level based on gastrointestinal 

distress as an adverse effect (FDA, 2001). 

Nettle leaves can be used to make herbal tea, which is rich in minerals, vitamins, and other 

phytoconstituents (Paulauskiene et al., 2021). The results presented in one research report showed 

that U. Dioica retains significant amounts of minerals, vitamins, and other functional values after heat 

treatment (Rutto et al., 2013).  The use of herbal teas is widespread in Serbia as a complementary 

way to treat and prevent illnesses. A World Health Organization (WHO) survey indicated that about 

70–80% of the world population relies on non-conventional medicine, mainly from herbal sources, 

in their primary healthcare (WHO, 2002.; Kalny et al., 2007). 

Alterations in chemical composition and quantity of components of stinging nettle is related to 

environmental growth factors such as temperature, moisture, light, soil type and nutrients 

(Rafajlovska et al. 2013). Also, harvesting time,  development stage, form and type of organs, as well 

as the conditions of storage and drying are important (Grevsen et al., 2008; Biesiada et al., 2009; 

Krystofova et al., 2010; Kowol et al., 2011; Biesiada et al., 2010; Rafajlovska et al., 2013; Shonte et 

al., 2020; Paulauskiene et al., 2021). 

Determination of iron content in the leaves of stinging nettle collected from different localities of 

Serbia and calculation of contribution to daily intake of Fe for adult by consuming herbal tea of the 

tested stinging nettle was set as an objective of this research. 

 

Materials and Methods 

 

Sampling and sample preparation 

In this paper iron content in Urtica dioica L were analyzed. Samples of nettle leaves were collected 

in Serbia from five different localities (Figure 1): Fruška gora (mountain), Ljubovija, Požarevac 

(village Smoljinac), Šabac (village Sinošević and suburb Letnjikovac). The samples of Urtica dioica 

L were collected during September 2021. randomly in sufficient quantities (2 kg) to provide 

representative samples. Samples were  air-dried for two weeks, then powdered and sieved through a 

0.5 mm sieve (laboratory vibrating screen). The powdered samples were stored at ambient 

temperature and used for the analysis. 

Determination of the loss of drying/water were made according to the procedures given in the general 

chapters of the European Pharmacopoeia (The European Pharmacopoeia, 2019; The European 

Pharmacopoeia, 1996). 
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Figure 1. Location of the sampling points for leaves collection 

Spectrophotometric method 

The preparation of samples was carried out by dry digestion. The herbal samples were prepared with 

mass of about 3 g (exact mass measured to 4 decimal places), calcined gradually by raising the 

temperature by 50 °C/h, from room to 450 °C, at which the sample was kept for 8 h. After cooling, 

ashes were dissolved in 5 ml hydrochloric acid (c= 6 M), and the solution was evaporated in water 

bath to dryness. The residual precipitate was dissolved in ~10.0 ml nitric acid (c=0.1 mol/dm3), 

filtered in volumetric flask (50 ml), washed with deionized water and diluted to mark (AOAC 

International, 2000). Digestion of each samples were done in triplicate.  

The total iron was determined basing on the reaction with potassium-thiocyanate using the Thermo 

Scientific Evolution 60S UV-Visible Spectrophotometer (Mandal et al., 2017). Solutions of each 

samples were red to red pale color. The blank sample was prepared in the same way. Absorbance was 

measured at 480 nm for working and analyzed solutions. Observed calibration curve demonstrated 

adequate linearity, R2 = 0.99976.  

Calculation of health risk assessment  

The contents of iron in leaves were used to evaluate the estimated daily intake (EDI), target hazard 

quotients (THQ) and contribution to daily intake of Fe for adult by consuming herbal tea of the tested 

stinging nettle. 

Estimated daily intake 

The estimated daily intake (EDI) (mg/kg body weight/day) is a fundamental parameter for metal 

transfer from plant to human. It can be calculated using the following equation (Zhang et al., 2018): 

EDI= 
C∙FIR∙TR

WAB∙1000
                                                                                                                                            (1) 
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where C is the Fe content (mg/kg) in herbal tea, FIR is the herbal tea ingestion rate (g/person/day), TR 

is the transference rate of the heavy metal from herbal tea to herbal tea infusion, and WAB is the 

average body weight. 

Target hazard quotient (THQ) 

The targeted hazard quotient (THQ) was used to estimate the potential noncarcinogenic effects of Fe. 

The equation (2) was employed to calculate the THQ: 
 

THQ= 
EDI

RfD
                                                                                                                                                     (2) 

where the THQ is the target hazard quotient and is dimensionless, the EDI is the estimated daily 

intake (mg/kg body weight/day), and the RfD is the oral reference dose for the metal (mg/kg body 

weight/day) (Zhang et al., 2018, EPA US, 2007) which does not induce a lifetime harmful effect. The 

oral reference dose (RfD) for Fe= 0.7 mg/kg body weight/day (Chen et al., 2021; EPA US, 2000).  

 

Results and discussion 

 

The results of the determination of total iron in samples are given in Table 1. They are the average 

concentration Fe of three replicate analyses. In general, the range of concentration in which total iron 

was found in all samples varied from 171.81 ± 9.75 mg/kg of dry weight collected in Sinošević 

(sample 5), to 382.69 ± 20.25 mg/kg in nettle harvested in Ljubovija (sample 4). The samples were 

arranged by iron concentration in the following descending order: Ljubovija (sample 4) > Letnjikovac 

(Šabac, sample 2) > Fruška gora (sample 3) > Smoljinac (Požarevac, sample 1) > Sinošević (Šabac, 

sample 5). 

In the recent decades researchers have shown that nettles are rich in iron, but reported different 

amounts, ranging from 7.932 mg/kg (Jan et al., 2016) to 2765 mg/kg (Radman et al., 2015) in the 

plant leaves. In nettle, the concentration of mineral elements varies strongly because of the different 

absorption of mineral elements from the soil and the time of sample collection (Shonte et al., 2020; 

Radman et al., 2015), especially iron (Paulauskiene et al., 2021). The quality of the analyzed stinging 

nettle leaves  was evaluated by comparing with the literature data (Table 2) of the content of Fe in 

other countris. Large variations in Fe content have been noticed. The obtained results of contents Fe 

in samples from Serbia are in the literature range. 
 

Table 1. Determination of  loss on drying/water content (m/m%), iron content  (mg/kg dry weight), estimated daily intake 

(EDI) (mg/kg bw/day) of iron for adults, the mean average EDI (mg/kg body weight/day), the recommended daily intake 

(RDI) expressed for body weight (mg/kg body weight/day), target hazard quotient (THQ) of iron and calculated 

contribution to daily intakes of iron (%) by consuming analyzed herbal teas of nettle from Serbia for adults (men and 

women) 

Sample 

Location 

(month of 

sampling) 

Loss of drying/ 

water content 

[m/m %] 

Iron content 

[mg/ kg dry 

weight] 

EDI for 

adults 

[mg/kg body 

weight/day] 

THQ for 

adults 

Contribution to daily 

intakes of iron by 

consuming herbal tea 

of the stinging nettle 

[%] 

for men 
for 

women 

1. 

Smoljinac, 

village near 

Požarevac, 

meadow 

(September) 

8.14 ± 0.25 178.91 ± 14.20 3.04 ·10-3 4.34 ·10-3 2.67 1.18 

2. 
Letnjikovac, 

suburb of 
8.05 ± 0.05 283.19 ± 7.84 4.78 ·10-3 6.83 ·10-3 4.19 1.86 
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Šabac, 

courtyard 

(September) 

3. 

Fruška gora, 

mountain, 

forest 

(September) 

7.96 ± 0.07 209.84 ± 12.49 3.54 ·10-3 5.06 ·10-3 3.11 1.38 

4. 

Ljubovija, 

courtyard 

(September) 

9.11 ± 0.04 382.69 ± 20.25 6.46 ·10-3 9.23 ·10-3 5.67 2.51 

5. 

Sinošević, 

village near 

Šabac 

meadow 

(September) 

8.3 ± 0.18 171.81 ± 9.75 2.90 ·10-3 4.14 ·10-3 2.54 1.13 

Recommended daily intakes (RDI)* 

(mg/day/ person) for men (women) 

(Harmanescu et al., 2011, FDA, 2001) 

 

8 (18) 

The mean average of EDI (mg/kg body 

weight/day) 
4.14 ·10-3 

Recommended daily intakes expressed by 

body weight (mg/kg body weight/day) 

which calculated for men (women) 

weighing 70 kg 

 

1.14 ·10-1 (2.57 ·10-1) 

*The recommended daily intakes (RDI) is the average daily dietary intake level that is sufficient to meet the nutrient 

requirement of nearly all (97 to 98 percent) healthy individuals in a particular life stage and gender group (FDA, 2001).  

 

Paulauskiene et al. found the highest concentrations of iron in the leaves picked in April, at the 

beginning of vegetation, 526.20 ± 0.12 mg/kg, while the iron content in September was 223.60 ± 0.12 

mg/kg (Paulauskiene et al., 2021). The comparison of our results regarding iron content in the leavs 

of Urtica dioica L collected during autumn, with above mentioned results  showed good agreement. 
 

Table 2. Contents of Fe (mg/kg) in leavs of Urtica dioica L. from the literature 

Literature Content Fe (mg/kg) 

Konieczyński et al., 2007 30.76-235.37 

Jan et al., 2016 7.932 

Kara, 2009 999 

Djurović et al., 2017 150.97 

Shonte et al., 2020 167 

Radman et al., 2015 2765 

Bukva et al. 2019 962 

This work 171.81 -382.69 

 

Based on obtained iron content results, the iron risk to the health of that is introduced by consuming 

nettle tea hes been assessed. According to the equation (1), the estimated daily intakes (EDI) values 

of Fe were calculated and showed in Table 1. The values of the recommended daily intakes expressed 

by body weight (mg/kg body weight/day) i.e. the recommended daily intakes recalculated for adults 

weighing 70 kg, also were given in Table 1. The EDI values of the Fe in samples were in the range 

2.90·10-3-6.46·10-3 (mg/kg bw/day) (Table 1).  

The EDI for Fe in all samples is less than the recommended daily intakes expressed by body weight 

(Table 1). This indicates that the daily intake of this metal surveyed as a five cups of the herbal tea 

infusion are much lower than human body needed. Consuming herbal tea can supplement Fe needed 

by human body, but its content is much lower than human body needs (Daničić, 2012). The estimated 
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values EDI and their comparison with the recommended daily intakes expressed by body weight are 

shown in Figure 2. 

Research shows that a typical serving of fresh or dried nettle leaves provides approximately 5 to 30% 

of the recommended daily values of some mineral elements (Shonte et al., 2020). In this paper we 

obtained values contribution to daily intakes of Fe (%) by consuming herbal tea nettle in the interval 

is 2.54 -5.67 % for men and 1.13-2.51 % for women.  

 
Figure 2. Estimated daily Fe intake compared with recommended daily intakes for men (1.14·10-1 mg/kg body 

weight/day) and women (2.57·10-1 mg/kg body weight/day) 

 

The EDI values in the samples (range 2.90·10-3-6.46·10-3 mg/kg body weight/day) were all below the 

oral reference dose (RfD=0,7 mg/kg body weight/day) (Chen et al., 2021, EPA US, 2000), indicating 

that the drinking of the analyzed samples of stinging nettle did not appear to pose a health risk to 

consumers. 

More authors use successfully the THQ methodology to estimate the potential health risks associated 

with long term exposure to heavy metals from food, vegetables and teas. THQ parameter used in 

health risk assessment of heavy metals provides a better picture than using a simple parameter as 

content of metals from soils, vegetables and tea. The target hazard quotient (THQ) of samples varied 

from 4.14·10-3-9.23·10-3 for Fe, Table 1, and were less than one, which is regarded as secure for 

human use. 

 

Conclusion 

 

This paper determined levels of Fe in five samples Urtica dioica L. The samples were collected from 

five localities in Serbia. The Fe content was determined by spectrophotometry. Samples of nettle 

leaves showed the concentration of iron in the range from 171.81 ± 9.75 mg/kg for sample from 

Sinošević (village near Šabac) to 382.69 ± 20.25 mg/kg for sample from Ljubovija. Obtained results 

regarding iron content in the leavs of Urtica dioica L collected during autumn, compared with those 

of other authors showed good agreement. The analysed leaves of Urtica dioica L contain Fe and could 

contribute to the daily dietary requirements. The noncancer health risk assessment indicated that the 

analyzed leaves do not pose a danger to the health of consumers. 
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Abstract 

 

Phosphates and polyphosphates are the most commonly used functional additives in the food industry. 

The use of phosphates in the meat industry is under serious scrutiny due to the growing interest in 

healthier food and the association of synthetic phosphates by consumers with health risks. According 

to the Ordinance on food additives the maximum allowed amount of phosphoric acid and phosphate 

(E 338 - E 452), which can be added to meat products individually or in combination (expressed as 

P2O5), is 5 g/kg. The aim of the research is to determine the content of added phosphates expressed 

as phosphorus pentoxide (P2O5) in meat products from the market of the Republic of Srpska and 

compliance with regulatory requirements. To determine the amount of added phosphates, a 

mathematical conversion of phosphorus expressed as phosphorus pentoxide content (P2O5) was 

applied according to the Codex Alimentarius mathematical formula (Codex Stan 89-1981). In the 

period from May 2020 to August 2022, a total of 247 meat products were analyzed. Added phosphates 

were not quantified in 26% of products. The highest average value of the content of added phosphates 

was found in meat sausages in pieces (3.09±1.097 g/kg), and the lowest in pâtés (0.911±0.485 g/kg). 

Based on the obtained results, the determined amounts of added phosphates are below the allowed 

amounts that may be added to meat products. Given the determined amount, it is important that the 

use of phosphates in the meat industry is under constant supervision in order to protect the health of 

consumers. 

 

Keywords: additives, meat product, added phosphates, health. 

 

Introduction 

 

Phosphorus is an essential nutrient and an integral part of the human body. It is used in the form of 

phosphate and plays an important role in the metabolism of carbohydrates, fats and proteins. We 

consume a large part of phosphorus through food, and there is a difference between natural and added 

phosphorus, which do not have the same speed and efficiency of absorption in the human body. 

Bioavailability of phosphorus depends on food sources. Phosphorus in meat is usually found as 

intracellular organic compounds that can be easily hydrolyzed to release inorganic phosphate 

(Uribarri, 2007). 

Phosphates are one of the most commonly used food additives in poultry and meat products due to 

their multifunctional properties. Food safety is an imperative of modern society and this is the reason 

why most food additives, apart from other measures that are applied, and if used correctly, can 

significantly help in achieving the level of food safety (Prica et al., 2015). The use of the appropriate 

amount and mixture of phosphates can lead to the improvement of some properties of finished 

products, such as moisture retention, water retention, color protection, retardation of oxidation, 
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extension of shelf life, stabilization and improvement of the structure of the final product (Long et 

al., 2011,). 

Despite its technological advantages, it has been estimated that 50% of the daily intake of phosphorus 

(P) in the Western world comes from "hidden phosphorus" as a food additive (Calvo et al., 2019). 

The use of phosphates in meat is under serious scrutiny due to increasing interest (healthier food) and 

consumers' association of synthetic phosphates with health risks. These 'free industry' (inorganically 

bound) phosphates are efficiently absorbed in the gastrointestinal tract (Glorieux, 2017). Established 

is the association between high intake of phosphate additives and cardiovascular pain and mortality 

(Ritz et al., 2012). 

The rulebook on food additives in the Republic of Srpska and Bosnia and Herzegovina is harmonized 

with the requirements of European regulations, i.e. the same maximum permitted amounts of 

phosphoric acid and phosphate (E 338 - E 452) that can be added to meat products individually or in 

combination (expressed as P2O5) prescribed is 5 g/kg. In 2019, the Committee for Food Additives 

and Flavorings (FAF) issued a scientific opinion evaluating the safety of phosphates (E 338-341, E 

343, E 450-452) as food additives. The panel considered that phosphates are of low acute oral toxicity 

and there are no concerns regarding genotoxicity and carcinogenicity. No effects were reported in 

developmental toxicity studies (EFSA, 2019). 

As the amount of natural and added phosphates cannot be calculated by the laboratory method itself, 

there are several mathematical formulas (possibilities) for determining natural or added phosphates. 

The Food Safety Agency of Bosnia and Herzegovina adopted Guidelines/guide on phosphorus and 

phosphates, calculation of total phosphates and recalculation of permitted amounts in meat products 

in order to achieve a unique methodology, display and interpretation of results in all laboratories in 

Bosnia and Herzegovina that participated in official food controls (Đerić & Brenjo, 2018). 

Foods that contain a high amount of protein can contain a large amount of natural phosphorus. To 

use these formulas, it is necessary to know the amount of protein and the total amount of phosphate 

expressed as P2O5 in the sample. The added amount of phosphate can be calculated by subtracting 

the amount of natural phosphates from the total phosphates. 

The determination of natural and added phosphates is carried out with one of the following three 

mathematical formulas:  

1. Calculation formula according to the Codex Alimentarius Commission (Codex Stan 89-1981; 96-

1981) 

2. Determination of added phosphates by the Martin Dušek method (2004) (http://fsa.gov.ba/bs) 

3. Determination of added phosphates VTT Biotechnology Method VTT – 4202 – 91 (1991) 

To determine the amount of added phosphates in this study, the mathematical conversion of 

phosphorus expressed as the content of phosphorus pentoxide (P2O5) according to the Codex 

Alimentarius mathematical formula (Codex Stan 89-1981) was applied. 

The aim of this research is to determine the content of added phosphates expressed as phosphorus 

pentoxide (P2O5) in meat products on the market of Republika Srpska and compliance with legal 

requirements. 

 

Materials and Methods 

 

In the period from May 2020 to August 2022, a total of 247 meat products belonging to different 

categories and groups were analyzed. The samples, according to the systematization prescribed by 

the Ordinance on minced meat, semi-finished products and meat products Ordinance (15), belong to 

five categories: sausages (permanent dry sausages (n = 47), thermally processed sausages (n=114)), 

dried meat products (permanent products (n=11) and semi-permanent products (n=22)), canned goods 

(canned minced meat, breakfast cuts (n=32) and pates (n = 8)) and bacon (permanent (n = 7) and 

semi-permanent (n = 6)). After receiving the samples in the laboratory, they were homogenised with 
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appropriate equipment, kept in a seal-tight container at 4°C and analysed within 24 h of 

homogenization. The total phosphorus content in the samples was determined by the standard method 

BAS ISO 13730:200. 

To determine the amount of added phosphates in this study, the mathematical conversion of 

phosphorus expressed as the content of phosphorus pentoxide (P2O5) according to the Codex 

Alimentarius mathematical formula (Codex Stan 89-1981) was applied, which included the content 

of total phosphates and proteins, by the standard ISO method determined by standard methods BAS 

ISO 13730 and BAS ISO 937.  

Calculation formula according to the Codex Alimentarius Commission (Codex Stan 89-1981; 96-

1981): 

Natural phosphate (mg/kg P2O5) = 250 x Amount of protein (%)                                                    (1) 

Total phosphate (mg/kg P2O5) - natural phosphate (mg/kg P2O5) 

= added phosphates (mg/kg P2O5)                                                                                                          (2) 

 

Results and discussion 

 

In the period May 2020 to August 2022, a total of 247 meat products belonging to different categories 

and groups were analyzed. The samples, according to the systematization prescribed by the regulation 

(7) belong to four categories: sausages (dry fermented sausages (n=47), thermally processed sausages 

(n=114), dried meat products (permanent products (n=11), semi-permanent products (n=22)), canned 

goods (canned minced meat, breakfast cuts (n=32), pates (n=8)) and bacon, permanent (n=7) and 

semi-permanent (n=6)). The results of proteins (%), total phosphates (g/kg) and added phosphates 

(g/kg) are presented by product groups according to current regulations, as well as by types of meat 

products for individual product groups, which is shown in Table 1 and Table 2 and Figure 1 and 

Figure 2. 
 

Table 1. Results of testing protein (%), total phosphates (g/kg) and added phosphates (g/kg) in meat products presented 

by groups  

Group of 

Meat 

Products 

Proteins 

(%) 

Min 

(%) 

Мах 

(%) 

Total 

phosphates 

(g/kg) 

Min 

(g/kg) 

Mах 

(g/kg) 

Added 

phosphates 

(g/kg) 

Min 

(g/kg) 

Max 

(g/kg) 

Finely 

chopped 

sausages 

n -33 

10.99±1.052 9.14 13.72 4.73±0.379 4.08 5.47 1.99±0.238 1.50 2.39 

Coarsely 

chopped 

sausages 

n -62 

13.97±1.564 9.74 18.14 5.43±1.071 3.52 8.43 1.91±1.059 0.26 4.16 

Dry 

fermented 

sausages 

n -47 

24.60±2.92 18.26 35.8 5.70±0.825 3.94 8.39 <0.10 <0.10 <0.10 

Heat-treated 

meat sausages 

in pieces 

n -19 

13.29±1.022 10.62 14.40 6.41±1.263 4.26 8.29 3.09±1.097 1.61 4.69 

Semi- dried 

meat products 

n -22 

17.16±2.178 13.8 22.49 6.49±0.826 4.74 7.91 2.27±0.465 1.29 3.57 
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Permanent 

dried meat 

products 

n -11 

34.78±2.753 31.11 39.25 8.29±0.811 7.47 9.88 <0.10 <0.10 <0.10 

Canned meat 

- meat 

breakfast 

n -32 

12.42±1.232 10.62 14.04 5.60±0.938 4.23 7.66 2.49±0.959 1.16 3.20 

Pate 

n -8 
10.59±1.173 8.52 11.7 3.59±0.640 2.74 4.41 0.91±0.485 0.28 1.52 

Dry bacon n -

7 
19.97±3.905 16.76 26.61 4.37±1.182 3.29 6.70 <0.10 <0.10 <0.10 

Semi-dry 

bacon n -6 
15.45±1,217 13.62 17.30 6.30±1.484 4.67 8.51 2.43±1.447 0.64 4.52 

n- number of tested meat products 
 

Table 2. Results of testing protein (%), total phosphates (g/kg) and added phosphates (g/kg) in meat products presented 

by types of products belongs to the group of dry fermented sausages 

Group of Meat 

Products 

Proteins 

(%) 

Min 

(%) 

Мах 

(%) 

Total 

phosphates 

(g/kg) 

Min 

(g/kg) 

Mах 

(g/kg) 

Added 

phosphates 

(g/kg) 

Min 

(g/kg) 

Max 

(g/kg) 

Dry fermented 

sausages 

n -47 

24.60±2.92 18.26 35.8 5.70±0.825 3.94 8.39 <0.10 <0.10 ˂0.10 

Kulen sausage 

n -9 
24.72±4.274 22.04 35.80 6.03±0.980 5.00 8.39 ˂0.10 ˂0.10 ˂0.10 

Winter salamin -

3 
28.12±0.568 27.29 28.62 6.57±0.535 5.96 6.96 ˂0.10 ˂0.10 ˂0.10 

Srem sausage 

n -8 24.84±1.026 23.00 26.40 5.78±0.641 4.81 6.40 ˂0.10 ˂0.10 ˂0.10 

Tea sausage 

n -18 
23.68±2.166 19.99 28.23 5.31±0.513 4.47 6.26 ˂0.10 ˂0.10 ˂0.10 

Sujuk sausage 

n -2 
28.96±1.181 28.12 29.79 7.22±0.134 7.12 7.31 ˂0.10 ˂0.10 ˂0.10 

Related 

sausages 

n -7 

23.65±2.994 18.26 27.50 5.43±0.817 3.94 6.35 ˂0.10 ˂0.10 ˂0.10 

 

Figure 1. Results of average content of added phosphates (g/kg) in products belongs to the group 

of thermally processed sausages 

0 0.5 1 1.5 2 2.5 3 3.5

Parisian sausage 2,0 g/kg

hot dog 1,9 g/kg

special sausage 2,02 g/kg

related finely chopped sausages 2,02 g/kg

Tyrolean sausage 1,33 g/kg

Carniola sausage 1,97 g/kg

barbecue sausage 1,3 g/kg

ham sausage 2,41g/kg

related coarsely chopped sausages  1,9 g/kg

Heat-treated meat sausages in pieces 3,09 g/kg

Average content of added phosphates (g/kg) in products belongs to the group 

of thermally processed sausages
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Figure 2. Results of average content of added phosphates (g/kg) in products belongs to the group 

of Semi-permanent dried meat 

 

Added phosphates were not quantified in 26% of the products (˂ 0.10 g/kg), which belong to dry 

fermented sausages, dry bacon and permanent cured meat products. The results obtained in the 

mentioned products were also to be expected considering the technological justification of the use of 

phosphate in the technological production process. 

The highest average value of the content of added phosphates was found in meat sausages in pieces 

(3.09±1.097 g/kg), and the lowest average value in pâtés (0.911±0.485 g/kg).  

The highest amount of added phosphates was recorded in the meat sausage in pieces (4.69 g/kg), and 

the lowest in the Tyrolean sausage (0.26 g/kg).  

In permanent products that have not been thermally processed, a more significant content of proteins 

was determined, and thus the share of total phosphates originating from proteins. 

Thus, in 47 samples of fermented dry sausages, an average of 24.60±2.92% protein was found, and 

the values reached up to 35.80% protein, while the total phosphates were an average of 5.70±0.825 

g/kg. Also, in 11 cured meat products, the average proportion of proteins is 34.78±2.753%, and total 

phosphates is 8.29±0.811 g/kg, while in six samples of cured bacon, the average proportion of 

proteins is 19.97±3.905%, and total phosphates 4.37 ± 1.182 g/kg. Lower average values of protein 

content were found in Paris sausage (10.58±0.62%) and pate (10.59±1.173%), in which the lowest 

share of total phosphates was recorded. Depending on the content of total phosphates and proteins, 

we obtained the corresponding content of added phosphates. 

In finely chopped sausages average amount of added phosphates with standard deviation is 

1.99±0.238 g/kg, and the highest recorded amount is 2.39 g/kg. In coarsely chopped sausages, the 

average amount of added phosphates is 1.91±1.059 mg/kg, and the highest recorded amount is 4.16 

mg/kg. In dry meat semi-permanent products we find 2.27±0.465 g/kg of added phosphates, and a 

maximum of 3.57 mg/kg. A total of 6.41±1.263 g/kg of total phosphates was determined in sausages 

made of meat in pieces, and the highest amount determined was 8.29 g/kg. A total of 2.43±1.447 g/kg 

of total phosphates was determined in semi-permanent bacon, and the highest amount determined 

was 2.27 g/kg. 

Pleadin et al. (2009) in the conducted research on the amount of phosphate found polyphosphate 

levels that exceeded the highest permitted amount of 5 g/kg in the group of semi-permanent sausages 

in 13 samples, of which one sample of Tyrolean sausage (5.56 g/kg), four samples of ham and eight 

samples of other semi-permanent sausages. In our research we found 4.66±1.120 g/kg of total 

phosphates in Tyrolean sausage, but the added phosphates amounts were 1.33±1.07 g/kg. Even when 

0 0.5 1 1.5 2 2.5 3

smoked roast

2,42 g/kg

smoked neck

2,04 g/kg

Average content of added phosphates (g/kg) in products belongs to the group 

Semi-permanent dried meat
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taking into account the highest amount of total phosphates found in Tyrolean sausage of 6.82 g/kg, 

the amount of additional phosphate of 3.32 g/kg is less than the maximum allowed amount. Also, in 

our research, 6.49±0.826 g/kg of total phosphates, 17.16±2.178 % of protein were found in ham 

sausage, and based on the results obtained according to the mathematical formula, 2.27±0.465 g/kg 

of added phosphates were determined, which is less than the allowed amount. In the related products 

of semi-permanent sausages, higher amounts of total phosphates (5.62±1.043 g/kg) were found 

compared to the value determined by Pleadin et al (2009). Higher amounts of total phosphates were 

also found in dry fermented sausages than Pleadin et al (2009), but no added phosphates were found. 

In the meat industry, phosphates are used in quantities of 0.05 to 0.5%. It is important to emphasize 

that in permanent dried meat products with a high protein content, in the production of which 

polyphosphates are not even used, the analysis of total phosphorus also determined its high natural 

levels (Marušić, 2012). 

In the research of Milešević et al. (2022), highest average and highest phosphorus content were 

observed in smoked meat products (6.12 ± 1.33 g/kg, 10.64 g/kg, respectively), while the lowest 

average values were obtained for liver sausage and pate (2.71 ± 1.05 g/kg). Although the results of 

Milešević et al. (2022) expressed over total phosphates, which in meat products can be up to 8 g/kg, 

our results are in agreement with the minimum and maximum determined total phosphates. The 

lowest values of 2.74 g/kg (10.59±1.173 g/kg) were found in pâté, and the maximum amount of total 

phosphates was 9.88 g/kg (8.29±0.811 g/kg) found in permanent dried meat products (smoked meat 

products). The most common categories of products that use phosphates are cooked sausages, hams, 

and other whole-muscle products. This may be attributed to the fact that moisture retention is an 

important parameter of their quality. Phosphates increase the water-holding capacity and, 

consequently, reduce drip loss and cooking loss (Polak et al., 2017). 

Also, our results of total phosphates in cans (5.60±0.938 mg/kg) agree with the results of Milešević 

et al. (2022) whose average value of total phosphates is 5.79 ± 1.01 g/kg. 

Dimitrovska et al (2019) found that over 60% of beef/pork products and about 45% of poultry 

products exceed the legal limit of 5000 mg/kg of added phosphates expressed as P2O5. 

It is necessary before using any type of meat in meat preparation products, to know the amount of 

phosphorus in meat or meat mass, so that added synthetic phosphates and polyphosphates will not 

exceed the permissible limit (Prica et al., 2015). 

In regulations on the conditions of use of additives and other requirements for additives and their 

mixtures in the Republic of Serbia and in Montenegro, the permitted use of total phosphorus 

expressed as P2O5 content is defined differently (double) in the regulations on the quality of meat 

products whose the specified value in the finished product must be less than 8.0 g/kg for Serbia, that 

is, it must not be greater than 7.0 g/kg for Montenegro. 

 

Conclusion 

 

Based on the obtained results, the determined amounts of added phosphates are below the amounts 

allowed by the Ordinance on food additives that can be added to meat products individually or in 

combination (expressed as P2O5), which is 5 g/kg for meat products. Added phosphates were not 

quantified in 26% of the products (˂ 0.10 g/kg), which belong to dry fermented sausages, dry bacon 

and permanent cured meat products which was to be expected considering the technological 

justification of the use of phosphate in the technological production process.  

The highest average value of the content of added phosphates was found in meat sausages in pieces 

(3.09±1.097 g/kg), and the lowest average value in pâtés (0.911±0.485 g/kg). The highest amount of 

added phosphates was recorded in the meat sausage in pieces (4.69 g/kg), and the lowest in the 

Tyrolean sausage (0.26 g/kg). In finely chopped sausages average amount of added phosphates is 

1.99±0.238 g/kg, and the highest recorded amount is 2.39 g/kg. In coarsely chopped sausages, the 
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average amount of added phosphates is 1.91±1.059 mg/kg, and the highest recorded amount is 4.16 

mg/kg. In dry meat semi-permanent products we find 2.27±0.465 g/kg of added phosphates, and a 

maximum of 3.57 mg/kg. A total of 6.41±1.263 g/kg of total phosphates was determined in sausages 

made of meat in pieces, and the highest amount determined was 8.29 g/kg.A total of 2.43±1.447 g/kg 

of total phosphates was determined in semi-permanent bacon, and the highest amount determined 

was 2.27 g/kg. 

Since significant amounts of added phosphate have been found in certain groups of meat products, it 

is very important that the use of phosphate in the meat industry be under constant supervision in order 

to protect the health of consumers. 
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Abstract 

 

The optimization of the classical polyester knitting dyeing procedure by varying the parameters of 

importance for dyeing was described by this paper. Dispersants, pH regulators, equalizers, wetting 

agents, etc. facilitate and accelerate the diffusion of dye into the fiber. Laboratory tests conducted in 

this work are aimed at determining the influence of these parameters for polyester dyeing, the amount 

of dispersant, equalizer, pH of dyeing solution, temperature and dyeing time has been optimized. To 

quantify the dye of the knitwear, after dyeing, the Kubelka-Munk equation and parameters of the 

CIELab system were used, through which differences in the degree of dyeing can be characterized. 

The test results show that all the examined parameters have a corresponding influence on the degree 

of dye depletion and the degree of dyeing of the knitwear. The concentration of the dispersant, the 

pH of the solution and the temperature of the dye stand out. 

 

Keywords: disperse dye, polyester, dyeing, optimization. 

 

Introduction 

 

The growing demand for high-quality textile materials has triggered the development of high value-

added synthetic fibers that complement the benefits of synthetic and natural fibers (Wada, 1992; 

Sudha et al., 2009). 

Polyester (PES) fiber has a compact structure formed by multiple stretching and heat treatment, 

extremely hydrophobic character, high electronegative potential and a small number of functional 

groups capable of reacting with ions and dye molecules. All these characteristics limit the choice of 

dyes and complicate the dyeing process of this fiber (Demirel et al., 2011). 

Polyester belongs to a group of synthetic fibers that have active sites where dye molecules can be 

adsorbed. PES contains a large number of ester groups, as well as a number of carboxyl groups located 

at the ends of the chain, so the dyeing of this fiber will establish hydrogen bonds with the dye 

molecules. PES has a pronounced hydrophobic character and compact structure, so having in mind 

this behavior of fibers in the dyeing solution, it is necessary to modify the usual dyeing procedure, ie 

increase the rate of diffusion of dye into the fibers. In general, the dyeing rate could be increased by 

using suitable dyes, changing the fiber structure, changing the dyeing conditions, etc. (Burkinshaw, 

1995). 

The dyeing process or the reaction between the dye and the polyester takes place in accordance with 

the sorption process. As is known, PES belongs to the group of synthetic fibers that have active sites 

where dye molecules can be adsorbed.  

Optimization is done with the basic recipe provided by the manufacturer with the usual additions to 

standard recipes. The purpose is to successfully dye highly hydrophobic and crystalline fibers under 
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normal conditions of pressure and temperature. In recent years, many attempts have been made to 

improve various aspects of dyeing, new technologies have been developed to reduce fiber damage, 

reduce energy consumption and increase productivity (Shao et al., 2001). 

Dye dispersants play an important role in paint quality and the dyeing process. Dispersion stability 

also depends on the nature of the various components and their interactions. To ensure good quality 

of the finished product, the dispersed particles in the solvent should be optimized with an adequate 

spray aid, including the selection of its type and quantity. disperse dyeing of polyesters requires the 

use of dispersants as additives to increase dispersion stability, solubility, leveling properties and dye 

fastness (Dong et al., 2010). 

This paper is an attempt to optimize the classic process of dyeing PES knitwear, all with the aim of 

achieving adequate dyeing on textiles, saving energy and time, and ultimately money. 

 

Materials and Methods 

 

Raw and undyeed 100% polyester (polyethylene terephthalate) knitwear was used with the following 

basic characteristics: interlacing, yarn fineness 9.4 tex, yarn density horizontally 15 1/cm, vertically 

16 1/cm, surface mass 140 g/m2. 

PES knitwear from the dye manufacturer's recipe is dyed with disperse dye C.I. Disperse Red 60 

(Figure 1), molecular formula C20H13NO4 and molar mass M = 331.32 g/mol, with the addition of 1 

g/dm3 dispersant (Sarbid DLO conc), 1 g/dm3 equalizer (Alviron S), 0.5 g/dm3 formic acid, 1% dye, 

in the ratio of bath 1: 100, in the time of 60 min, at 100 oC, then rinsing with distilled water hot, cold 

and drying. The paper optimizes the recipe of the manufacturer in laboratory conditions, the following 

parameters were varied: the amount of dispersant, equalizer, pH of the dye solution, temperature and 

time of dyeing. 

 
Figure 1. Structure of disperse dye C.I. Disperse Red 60 

 

When it comes to the dye of textiles, ie. visual experience of the surface, the results of reflection 

spectroscopy can give certain interpretations and explanations based on the dependence of reflection 

and/or K/S parameter on the wave length in the visible light range for dyeed textiles. As a rule, the 

textile pattern that has the highest reflection values shows the lowest values for the K/S parameter, 

which indicates its lighter shade compared to the pattern that has lower reflection values and higher 

K/S values, for one and the same dye. 

The Kubelka and Munka formula gives the relationship between the reflection coefficient of the 

material and the dye content and contains a constant that depends on the dye itself and the wave 

length. 

K

S
=

(1-R)2

2R
=A∙c                                                                                                                                 (1) 

where: K - absorption constant for a certain wave length, S - scattering coefficient for a certain wave 

length, Re - measured remission value for a certain wave length, A - proportional constant (dye 

concentration, wave length, etc.) and C (%) - dye concentration (Miljković et al., 2012). 
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The dye of the knitwear was measured using a reflection spectrophotometer (HunterLab ColorQuest 

XE diffuse / 80), which is connected to a personal computer or appropriate software. The device 

determines the reflection, Gurevich-Kubelka-Munk function and the parameters of the CIELab 

system, which can be used to characterize differences in the degree of dye. 

 

Results and Discussion 

 

The optimization was done in laboratory conditions with the basic recipe provided by the 

manufacturer with the usual additions according to standard recipes. 

The stability of the suspension when dyeing polyester fibers can be appropriately modified by 

applying appropriate dispersants, bri dyeing used Sarabid DLO conc. The effect of different 

concentrations (0.5, 1.5, 2 g/dm3 ) of dispersant on the dye strength of polyester in the classical dyeing 

process was compared with the amount of dispersant of 1 g/dm3 (from the paint manufacturer's 

recipe). The influence of the amount of dispersant (Sarabid DLO conc) on the ability to dye polyester 

with disperse dyes is shown in the diagram in Figure 2. 

According to the diagram, the maximum dye strength was achieved when dyeing with the amount of 

dispersant 2 g/dm3, at a wave length of 510 nm and K/S value 6.34, which means that under these 

conditions most dye is bound to fiber, so this amount of dispersant is recommended when dyeing PES 

fibers with disperse dyes. This is more than the amount of dispersant provided by the standard recipe, 

1 g/dm3 and the classic dyeing process. When dyeing with a dispersant of 0.5 g/dm3, we obtained the 

lowest degree of staining at a wave length of 510 nm and a K/S value of 4.59. It was found that the 

amount of dispersant has an effect on the dye strength of polyester knitwear. 
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Figure 2. Influence of different dispersant concentration on polyester dyeing strength 

 

Then, the influence of different concentrations (0.5, 2 and 3 g/dm3) of the equalizer on the dye 

intensity of polyester dyed by the classical dyeing process was compared with the amount of equalizer 

of 1 g/dm3 (from the paint manufacturer's recipe). The influence of the amount of equalizer (Alviron 

S) on the ability to dye polyester with disperse dyes is shown in the diagram in Figure 3. It can be 

seen that the dye intensity increases with increasing amount of equalizer. The maximum dye strength 

was achieved when dyeing with the amount of equalizer 3 g/dm3, at a wave length of 510 nm and K/S 

value of 5.48, which means that under these conditions most dye is bound to fiber, so this amount of 

equalizer is recommended for dyeing PES fibers disperse paints. This is more than the amount of 

equalizer provided by the standard recipe, 1 g/dm3 in the classic dyeing process. When staining with 

an equalizer of 0.5 g/dm3, we obtained the lowest degree of staining at a wave length of 510 nm and 
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a K/S value of 4.39. It was determined that the amount of equalizer has an effect on the dye strength 

of polyester knitwear. 
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Figure 3. Influence of the amount of equalizer on polyester dyeing strength 

 

One of the important factors of PES disperse dyeing is the dyeing time. The influence of time or 

length of contact between adsorbate and adsorbent on adsorption - depletion of dye for dyeing PES 

knitwear with the manufacturer 's recipe was investigated. The influence of the time of staining with 

disperse dyes on the strength of staining was examined in the range of 20 to 80 min. The equilibrium 

time recommended by the manufacturer is 60 min. 

The influence of dyeing time on the ability to dye polyester with disperse dyes is shown in the diagram 

in Figure 4. It can be seen that the intensity of dyeing increases with increasing dyeing time. The 

maximum dyeing strength was achieved when dyeing at a time of 80 min, at a wave length of 510 

nm and a K/S value of 5.14, which means that under these conditions most dye is bound to fiber, so 

this time is recommended for dyeing PES fibers with disperse dyes. This is a longer time than the 

standard recipe, 60 minutes for the classic dyeing process. At a staining time of 20 min, we obtained 

the lowest degree of staining at a wave length of 510 nm and a K/S value of 4.13. It has been 

determined that the dyeing time has an effect on the dyeing strength of polyester knitwear. 
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Figure 4. Influence of dyeing time on polyester dyeing strength 
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The speed of staining significantly depends on the temperature and in all cases the speed increases 

with increasing temperature. Examining the influence of temperature on the dyeing speed of different 

dye-fiber systems, it was found that an increase in solution temperature reflects an increase in dyeing 

rate or diffusion rate, but also that an increase in equilibrium depletion decreases with increasing 

temperature. Dyeing is an exothermic process, so it is understandable that the equilibrium adsorption 

of dye must decrease with increasing temperature (Novaković, 1996). 

We compared the effect of temperature when dyeing polyester at 70, 80 and 90 oC with the classical 

dyeing procedure at a temperature of 100 oC (from the recipe of the paint manufacturer). 

As can be seen from the diagram, the maximum dyeing strength was achieved when dyeing at 100 
oC, at a wavelength of 510 nm, K/S value 6.67, so this temperature is recommended when dyeing PES 

fibers with disperse dyes, and this is the recommended temperature. manufacturer. At other lower 

temperatures, a lower staining intensity was obtained, and at a staining temperature of 70 oC, the 

lowest degree of staining was obtained at a wavelength of 510 nm, K/S value 4.77. The diagram 

clearly shows that the temperature has an effect on the dye strength of the polyester knitwear. 
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Figure 5. Influence of temperature on polyester dyeing strength 

 

Dyeing of textile material can be seen as a chemical process in which pH plays a significant role, as 

well as other variables. The influence of pH (4, 4.5 and 5.5) in polyester dyeing was compared with 

the classical dyeing procedure (pH 5) (from the dye manufacturer 's recipe). As can be seen from the 

diagram, the maximum dyeing strength was achieved when dyeing at pH 4.5, at a wave length of 510 

nm, K/S value 6.14, so this pH value is recommended when dyeing PES fibers with disperse dyes. In 

classical staining, we obtained the degree of staining at a wave length of 510 nm, K/S values of 5.11, 

while pH 4 and pH 5.5 values showed a lower degree of staining. The diagram clearly shows that the 

pH value has an effect on the dye strength of the polyester knitwear. 
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Figure 6. Influence of pH value on polyester dyeing strength 

 

Conclusion 

 

The results show that the optimization of the classical dyeing procedure of PES knitwear made in 

laboratory conditions gave better dyeing results in relation to the manufacturer 's recipe. The results 

also show that the used C.I. Disperse Red 60 dye can be successfully applied for dyeing PES knitwear 

in new conditions. 

The test results showed that the equalizer, dispersant, temperature and pH values have an impact on 

the dyeing process of PES knitwear and with increasing their concentrations better dyes were 

obtained. The greatest influence on the dye intensity was achieved when dyeing with the amount of 

dispersant 2 g/dm3, at a wave length of 510 nm and K/S value of 6.34, also a great influence was the 

change of pH value of 4.5 at a wave length of 510 nm and K/S with a value of 6.14 nm, which means 

that under these conditions most dyes are bound to the fiber, so this amount of dispersant and pH 

value of 4.5 is recommended when dyeing PES fibers with disperse dyes. 
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Abstract 

 

During sport activities active wear is exposed to moisture and strain which can influence the 

dimensional changes of garments. For that reason, an experimental work was introduced to examine 

influence of knit pattern on dimensional stability and moisture content of knitted fabrics intended for 

active wear. Modified FAST 4 method was used for determination of Relaxation Shrinkage and 

Hygral Expansion of nine knitted fabrics knitted in three knit pattern groups (interlock, pique and rib 

knit). It has been established that knit pattern has an impact on dimension stability parameters of 

knitted fabrics. For knitted fabrics knitted in interlock pattern, negative values of Relaxation 

Shrinkage were recorded both in the wale and course direction. The density of knitted fabrics had the 

greatest influence on Hygral Expansion values. For pique knitted fabrics, it was found that the yarn 

parameters had the significant influence on the dimensional stability parameters. For samples in pique 

knit pattern, positive Hygral Expansion values were recorded in the course direction, while in the 

wale direction there was no change with the exception of the sample K5-P where 0.4% was recorded. 

In the case of knitted fabrics in rib knit pattern, negative Relaxation Shrinkage values were recorded 

with the exception of the sample K9-R, while Hygral Expansion values were positive and inversely 

proportional to the density. Moisture content of knitted fabrics in interlock pattern range from 1.12% 

to 1.31%, in pique from 1.07% to 4.02% and rip knit from 0.91% to 3.37%. 

 

Keywords: Knit pattern, dimensional stability, Relaxation Shrinkage, Hygral Expansion, moisture 

content. 

 

Introduction 

 

Because of their good characteristic such as high elasticity, better stretch and recovery, low mass per 

unit area, smooth surface and comfort, porosity and air permeability knitted fabrics acquired higher 

popularity and wider use compared to the woven fabrics (Yesmin et al., 2014). 

Knitted fabrics intendent for clothing production must possess high quality. Dimensional stability is 

a significant impact on the construction of clothing and the quality of finished garments (Geršak, 

2014). In addition, dimensional stability is one of most important factor to maintain the aesthetic 

appearance of knitwear during its using (Munden, 1960). Various factors such as fiber properties, 

yarn parameters, machine parameters and knit pattern influence the dimensional and geometrical 

characteristics of knitted fabrics (Emirhanova & Kavusturan, 2008; Mikučionienė & Laureckienė, 

2009). Shrinkage of knitted fabric is a serious problem which occur from dimensional changes in the 

knitted fabrics specifically loop structure (Abu Nassif, 2019). It is known that sportswear is constantly 

subjected to wetting that occurs due to sweating of athletes during physical activity. It was reported 
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that an athlete in certain conditions can create even 2.5 liters of sweat (Shirreffs et al., 2005). In 

addition, shrinkage represents 20% of the total complain of clothing buyers (Munden, 1960). This 

problem become even more significant in recent years due to the increased popularity of different 

type of sportswear. When designing garments, major matter is prediction of the dimensional stability 

of knitted fabrics. During the exploitation of knitwear and their washing, these products are often 

subjected to notable dimensional changes which reduce their quality (Pešić et al., 2018). One more 

demand in relation to textile material intended for sportswear manufacturing is excellent moisture 

management properties (Senthilkumar et al., 2013). 

For these reasons, it is necessary to get acquainted with the effect of dimensional changes in knitted 

fabrics intended for the production of sportswear. Effect of three knit pattern on dimensional stability 

and moisture content (MC) was investigated. 

 

Materials and Methods 

 

In this study, dimensional stability of knitted fabrics intendent for sportswear production were 

experimentally presented. For the purpose of investigation knit pattern on dimensional stability, nine 

different knitted fabrics in three different pattern groups (interlock, pique and rip knit) and four 

different row material were knitted. Structural parameters of knitted fabrics are presented in Table 1.   
 

Table 1. Structural parameters of knitted fabrics 

Sample Knit pattern Raw material 
Yarn linear 

mass [tex] 

Total density 

[cm-2] 

Thickness 

[mm] 

Surface mass 

[g m-2] 

K1-I Interlock PES 7.4 344.0 0.312 131.62 

K2-I Interlock PES 7.4 171.1 0.382 127.49 

K3-I Interlock PES 
7.4 

3.6 
194.7 0.280 135.19 

K4-P Double pique 
50% PES 

/ 50% Co 

7.4 

17.4 
254.4 0.666 157.60 

K5-P Double pique 
50% Outlast / 

50% PES / 

9.4 

3.6 
287.5 0.539 144.71 

K6-P Pique PES 8.8 192.2 0.394 156.51 

K7-R 
Rib knit 

(honycomb) 
PES 7.4 211.3 0.500 124.90 

K8-R Rib knit PES 11.1 279.0 0.330 132.10 

K9-R Rib knit 
65% PES micro 

/ 35% Outlast 

11.7 

7.2 
165.0 0.499 151.00 

 

In Figure 1 visual appearance of analyzed knitted fabrics is presented. 
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Figure 1. Visual appearance of knitted fabrics 

 

FAST 4 method was used for determination of the dimensional stability of knitted fabrics. The results 

of this test method give valuable information to garment manufactures as how dimensions of textile 

material will change when exposed to moisture and heat. The method enables Dimensional stability 

to be split in to two important parameters: Relaxation Shrinkage (RS) and Hygral Expansion (HE) 

(Geršak, 2014). 

Relaxation Shrinkage is irreversible change in textile material dimensions (shrinkage or expansion) 

that occurs when fabrics is exposed to heat and moisture or steam. RS is caused by the release of 

cohesively set strains which are imposed on fabrics during the late stage of finishing. By the FAST-

4 method, RS is defined as percentage change expressed in the dimensions of textile material after 

wet and heat treatment.   

Hygral Expansion is reversible change in the dimensions of the textile material which occurs when 

the moisture content of the textile material is altered. Using FAST-4 method, HE is defined as the 

percentage change in the dimensions of textile material after wet treatment. 

 For measuring the moisture content in the analysed knitted fabrics Mettler Toledo moisture Analyzer 

HC103 was used. The mean values of moisture content of five measurements for each sample are 

presented in this paper. 

The knitted fabrics were conditioned in standard atmospheres specified according to the ISO 

139:2005 Standard. 
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Results and discussion 

 

Results of Hygral Expansion (HE) are presented in Figure 2. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Results of Hygral Expansion of knitted fabrics 

 

Relatively small HE values were recorded for knitted fabrics in interlock pattern. By analyzing the 

obtained results presented in Figure 2 for the samples K1-I and K2-I knitted using same yarn and in 

same knit pattern, it can be concluded that the density of knitted fabrics has a significant influence on 

the HE values. In sample K1-I, which has the highest total density, shrinkage occurred in both 

directions of knitted fabric. While in samples K2-I and K3-I, shrinkage in wale and stretching in the 

course direction were recorded after wet treatment. Higher HE values were recorded for sample K2-

I in the course direction. The knitted fabric K3-I was made using two yarns, which contributed to the 

greater stability of this knitted fabric after wet treatment. 

For knitted fabrics in double pique pattern K4-P and K5-P no changes in dimensions in wale direction 

occurred, while in course direction a slight expansion was recorded after wet treatment, which can be 

seen from obtained HE values. For knitted fabric K6-P expansion in course direction has been 

recorded. These results indicate that wet treatment on knitted fabrics in pique pattern has a greater 

influence on the change of dimensions in the wale direction, while it has insignificant influence in 

the course direction. In addition, the raw material composition of the samples had a smaller impact 

on the HE results, namely sample K4-P (50% cotton / 50% polyester) for which slightly higher values 

were recorded compared to other polyester (PES) samples in the pique knit pattern. All three knitted 

fabrics in the pique pattern have approximately equal thickness and surface mass, which indicates 

that the main factors contributing to the different results of HE is the total density and raw material 

composition. 

For all knitted fabrics in rib-knit pattern positive HE values were recorded, which indicates that 

expansion occurred after wet treatment. For knitted fabrics K8-R there is equal expansion in both 

directions (0.5%), while for sample K9-R significantly higher HE values were recorded in course in 

comparison to wale direction. 

By analyzing results of hygral expansion for all knitted fabrics samples it is evident that the highest 

values were recorded for samples in rib knit pattern (K8-R and K9-R) in comparison to samples in 

interlock and pique pattern. This means that rib knit pattern has a more unstable structure in contact 

with moisture and after wet processing in comparison to interlock and pique pattern. 

Results of Relaxation Shrinkage (RS) are presented in Figure 3. 
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Figure 3. Results of Relaxation Shrinkage of knitted fabrics 

 

For the knitted fabrics in interlock pattern, negative RS values were recorded both in wale and course 

directions. RH values in course direction range from -0.2% to -0.7% and from -0.2% to -0.6% in wale 

direction. When comparing K1-I and K2-I samples knitted using the same yarn, it is noticed that 

higher shrinkage was recorded for the K1-I knitted fabric. This knitted fabric has a higher total 

density, thickness and surface mass. For sample K3-I (which was made by using two yarns) slightly 

lower RS values were recorded in comparison to other two knitted fabrics from this group of samples, 

which indicates that the influence of the yarn parameters on the change of RS is not significant. Based 

on RH results, it can be concluded that knitted fabrics produced in interlock knit pattern have a stable 

structure, which can contribute to predicting the behavior of garments made from these knitted 

fabrics. 

Knitted fabrics in double pique pattern K4-P and K5-P showed increase in RH values in wale 

direction, while in course direction comes to a slight expansion for K4-P sample and shrinkage for 

K5-P sample. This results can be explained by raw material; sample K4-P was knitted using two yarns 

one of them was cotton yarn (17.35 tex) while sample K5-P was knitted using two polyester (PES) 

yarns (9.38 tex). When cotton (Co) fibres absorb moisture, they swell which lead to change of fibres 

cros section, extention of fibre and incerase of weight of knitted fabric. Swelling of fibres leads to 

dimensional changes i.e. incerase of fibre diameter leads to changes in yarn and knitted fabric. 

In the case of the knitted fabric K6-P, a different behavior was observed in relation to other knitted 

fabrics from the pique sample group. This knitted fabric shrinked in the wale direction (-2.64%) 

while, in the course direction stretched (0.67%) after wet and heat treatment. This sample has the 

lowest total density and highest thickness and surface mass which contributed to this results. 

All three knitted fabrics were in rib knit pattern were knitted of PES yarn of different yarn linear 

mass. For samples K8-R and K9-R, negative RS values were recorded, i.e. there was a shrinkage in 

both directions after wet and heat treatment. For this two knitted fabrics different percentage of 

shrinkage was recorded because of different structure of this knitted fabrics (rib knit and honeycomb 

rib knit). These two knitted fabrics have more stable structure in comparison to sample K9-R. Knitted 

fabrics K9-R is very elastic and unstable which, can be seen from RS and HE results. 

In Figure 4 results of moisture content of analyzed knitted fabrics are presented. 
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Figure 4. Results of moisture content of knitted fabrics 

 

Moisture content values for knitted fabrics from the interlock sample group range from 1.12% to 

1.31%. When comparing samples K1-I and K2-I which were knitted using same yarn, it is evident 

that higher moisture content value was recorded for K1-I. This sample has greater weight and total 

density. The lowest MC value was recorded for K3-I sample (which was knitted using two yarns) in 

comparison to other samples knitted in interlock pattern. This sample has the smallest thickness, 

which contributed to low MC results.  

For knitted fabrics in a pique pattern, MC values range from 1.07% to 4.02%. In the case of these 

samples, the raw material composition has the greatest influence on the MC values, so the highest 

value was recorded for the K4-P sample (4.02%), which row material composition is 50% Co and 

50% PES. It is well known that Co fibers are hydrophilic, and when absorb water swell and dry more 

slowly. When comparing samples K5-P and K6-P, it can be concluded that the total density is the 

decisive factor in determining the MC values. Regarding the knitted fabric sample with a more open 

construction (lower total density) K5-P, the recorded MC value is higher by 0.17% compared to the 

sample K6-P. 

In the group samples knitted in rib knit pattern, the properties of two samples made of conventional 

fibers (K7-R and K8-R) and one sample made of microfibers (K9-R) were tested. For samples in rib 

knit pattern made using conventional fibers, higher MC values were recorded for sample K8-R, this 

sample have a higher total density. High results of MC were recorded for sample made using 65% 

PES microfiber and 35% Outlast fibers. Microfiber fabrics are characterized by ability to transfer and 

bind moisture, i.e. absorb sweat, which is achieved thanks to the capillary mechanism and the function 

of absorption and migration of moisture. The quality of that mechanism does not depend on the 

hydrophilicity of the fiber surface, but rather on the size of the fiber surface available for absorption, 

that is, on the fineness of the fibers. Textile surface products made of microfibers allow greater 

wearing comfort due to the improved capillary transfer of sweat and through the fineness of the fibers 

(relatively speaking) higher absorption potential on the surface of the fibers. 

 

Conclusion 

 

Based on the obtained results, it can be concluded that knit pattern plays a significant role in 

determining the dimensional stability of knitted fabrics. Low HE values were recorded in the case of 

knitted fabrics in the interlock knit pattern. Which means that the reversible deformation in these 
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knitted fabrics was insignificant after wet treatment. However, when analysing the RH results which 

represent irreversible deformation, shrinkage of knitted fabrics in both directions was detected. The 

shrinkage was more pronounced in the wale direction.  

For knitted fabrics in the pique pattern, HE values equal to zero were recorded (except for sample 

K5-P, where the value of 0.4% was recorded), while in the course direction stretching (0.66% to 

0.9%) were recorded after wet treatment. However, after wet and heat treatment, different behaviour 

was noted in these samples, which is evident from the RH results. The main reason for this behaviour 

was complex pique pattern structure. 

For knitted fabrics in rib knit pattern, stretching was recorded in both directions, which can be seen 

from the HE results. The deformation is proportionally reversed with the reduction of the surface 

mass. While the RS values for these knitted fabrics are negative in both directions with the exception 

of sample K9-R. With these knitted fabrics, the biggest difference between HE and RS results is 

recorded. 

It can be concluded that the knit pattern does not have a great influence on the obtained moisture 

content results. The raw material composition of the knitted fabric as well as the structure of the fibres 

from which it is made had the greatest influence on MC results. The highest MC value was obtained 

for the K4-P sample (50%PES /50%Co) in pique knit pattern as much as 4.02%. In addition, a high 

value of MC was recorded for sample K9-R in rib knit pattern, which was produced from microfibers 

which have an exceptional ability to absorb moisture. 
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Abstract 

 

The Farnsworth-Munsell 100 Hue Test has been used for the past 60 years in various industries as a 

method for evaluating an individual's ability to discern color. The respondent gets a precise result in 

which part of the colored space has a weaker sense of color distinction. It can also be ranked according 

to the overall result. For a production manager or production technician, a satisfactory result from 

this test is ≤ 40 points, and for a strict color assessment, a designer or a person with a very strict color 

evaluation criterion must have a result of ≤ 16 points. The purpose of this paper is to propose a new 

method of ranking respondents according to sense of color differences. Respondent's ranking results 

for color difference are declared in ΔE and can be compared with instrumental measurements. 

Respondent’s rank results within the method represented in this work can be expressed by ΔE*ab, 

ΔE*CMC, ΔE*94 or ΔE*00 and can be compared directly with results obtained by instrumental 

measurement. 

 

Keywords: color, method, color distinction, color difference. 

 

Introduction 

 

In addition to instrumental color control, the evaluation of color differences should be performed by 

human observer in many industry branches where color accuracy is a critical quality parameter. To 

rank respondents in terms of their tolerance for color differences, an original method is developed 

earlier (Gazibarić et al., 2021), and used to determine the sensitivity threshold (ST), barely noticeable 

differences (BND), and unacceptable color differences (UCD) that particular respondent perceives.  

The method for characterization sense for color differences of the respondent, described in the 

preliminary paper is based on the originally developed software Color Changer (Gazibarić et al., 

2021). By establishing a quantitative indicator for each member of the test group, it is possible to rank 

the respondents in terms of tolerance for perceiving a color difference. The assumption is that a 

candidate with the narrowest tolerance for the perception of color differences is also the best candidate 

for evaluating color deviation in a given circulation. 

The Farnsworth-Munsell 100 Hue Test (www.xrite.com, n.d.) has been used over the past 60 years 

in various industries to assess an individual's sense of color differences. The respondent receives a 

precise result in which part of the colored space she or he has a weaker sense of color distinction. It 

can also be ranked according to the overall result. For a production manager or production technician, 

a satisfactory result from this test is ≤ 40 points and for a strict color assessment that must be 

performed by a designer or a person with very strict criteria for assessing colors, the result of the F-
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W test must be ≤ 16 points. The test can be repeated and by recording the results, the change in 

respondent's ability for color perception can be monitored. 

The method described in this work, using the method for characterizing human sense by color 

differences (Gazibarić et al., 2021), has a direct link to the color difference expressed through the 

equation ΔE00 (Luo et al., 2001) from instrumental color analysis. It is emphasized that any equation 

can be applied to the method described in this work, so data can be compared to data read from the 

instrument. The test can be repeated and by recording the results, the change in respondent’s ability 

for color differences can be monitored. 

 

Materials and Methods 

 

For this experiment, the CIELAB values of 24 test fields taken from the X-Rite ColorChecker Classic 

card based on the Color-Rendition Chart (McCamy et al., 1976) were selected. The Color-Rendition 

Chart has been developed to facilitate quantitative or visual assessments of color reproduced in 

photography, television, and print. A series of 24 colored fields includes spectral simulations of the 

bright and dark color of human skin, leaves, blue sky, and blue flower (chicory). Likewise, the 

primary colors of additive and subtractive synthesis as well as a scale of six neutral ones are included. 

Colored fields are the stimuli shown on the calibrated monitor (Sharma, 2002). There are a lot of 

research activities for evaluating color differences, that confirm the reliability of the usage of 

computer systems, monitors, developed software and a controlled environment. One is conducted by 

authors Salvadori and Goñi (Goñi & Salvadori, 2017). In their work, Szafir et al. presented color 

comparison fields via an Internet connection and respondents answered the test by viewing the colors 

on their monitors (Szafir, 2018; Szafir et al., 2014). Liang et al. conducted two separate but similar 

experiments at the University of Leeds (UK) and Zhejiang University (China). Both experiments to 

assess color differences were carried out using the Eizo screen using the ratio method (Liang et al., 

2017). 

For this experiment, it was not crucial to achieve absolutely accurate values on the screen as on the 

X-Rite ColorChecker tab, but to have the fields approximately in those parts of the color space as the 

fields from that card and to cover all parts of it. In addition, it is crucial for this experiment to 

accurately determine the difference in color, and not the absolute value of the color in the CIELAB 

coordinates. The table with CIELAB values of 24 test fields (Table 1) is taken from the 

www.babelcolor.com page (www.babelcolor.com, n.d.). 
 

Table 1. Reference color table 

No. Color name 
xyY (CIE D50) L*a*b* (CIE D50) 

x y Y L* a* b* 

1 dark skin 0.4325 0.3788 10.34 38.44 13.61 14.53 

2 light skin 0.4191 0.3748 35.25 65.95 17.91 17.87 

3 blue sky 0.2761 0.3004 18.47 50.06 -4.52 -22.25 

4 foliage 0.3700 0.4501 13.35 43.28 -13.21 21.94 

5 blue flower 0.3020 0.2877 23.24 55.31 8.82 -24.60 

6 bluish green 0.2856 0.3910 41.74 70.69 -33.03 -0.11 

7 orange 0.5291 0.4075 31.17 62.65 35.35 57.86 

8 purplish blue 0.2339 0.2155 11.40 40.24 9.74 -44.35 

9 moderate red 0.5008 0.3293 19.79 51.60 47.80 16.90 

10 purple 0.3326 0.2556 6.44 30.50 21.07 -20.02 

11 yellow green 0.3989 0.4998 44.35 72.46 -23.30 57.00 
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Before performing this experiment, each potential respondent was checked for color blindness, using 

the Ishihara color test (Ishihara, 1918). Only respondents with normal color vision should be included 

in this investigation. 

In this method, the two-coloured fields with known colorimetric values are presented to respondents 

on a screen (Figure 1). 

 
Figure 1. Colored fields on a monitor shown to respondent (translation of original signs: "Upute za testiranje" – Testing 

instructions; „Referentno polje“ - Referent field; „Pritisnuti taster „ENTER“ za spremanje podataka i prelazak na 

sljedeće polje za testiranje“ - Press the ENTER key to save the data and move to the next test field; „Povratak“- Return) 

 

The respondent interactively answers different questions, and a program collects data on how it 

responds to colour differences. There are two fields on the main screen: the referent field on the left 

and the changeable field on the right side. The colour of the left field does not change, while the 

colour of the right field does. The two types of classical psychophysical testing methods were 

performed: method of adjustment and method of limits (Sharma, 2002) 

In the test of the first type, the respondent manually changes the colour of the right field. The initial 

colours of the fields are different, and the respondent is supposed to adjust the colour of the 

changeable field on the right side to be equal to the colour of the referent field, on the left side. The 

No. Color name 
xyY (CIE D50) L*a*b* (CIE D50) 

x y Y L* a* b* 

12 orange yellow 0.4962 0.4428 43.58 71.95 19.46 68.12 

13 blue 0.2040 0.1696 5.79 28.87 14.81 -50.15 

14 green 0.3270 0.5033 23.07 55.15 -37.80 31.64 

15 red 0.5709 0.3298 12.68 42.28 54.12 28.67 

16 yellow 0.4694 0.4732 60.81 82.27 4.02 79.99 

17 magenta 0.4177 0.2704 20.07 51.91 49.80 -13.82 

18 cyan 0.2151 0.3037 19.03 50.72 -28.11 -27.95 

19 white 9.5 (.05 D) 0.3488 0.3628 91.29 96.53 -0.47 2.42 

20 neutral 8 (.23 D) 0.3451 0.3596 58.85 81.21 -0.64 0.27 

21 neutral 6.5 (.44 D) 0.3446 0.3590 35.95 66.48 -0.53 0.00 

22 neutral 5 (.70 D) 0.3438 0.3589 19.12 50.83 -0.64 -0.14 

23 neutral 3.5 (1.05 D) 0.3423 0.3576 8.93 35.85 -0.54 -0.49 

24 black 2 (1.5 D) 0.3439 0.3565 3.20 20.81 0.03 -0.39 
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number of colours and colorimetric values for each colour can be predefined. This first type of test 

repeats, until all predefined initial colours are checked. 

In the second test, the colour of the changeable field changes automatically. The colours of the fields 

are the same at the start and the respondent is supposed to signalize when he or she first notices the 

difference between the two fields and then again to signalize when the difference in color becomes 

too big and unacceptable for her or him. This test also repeats, until all predefined initial colours are 

checked. 

These tests would give the following information about respondent: 

- the respondent’s sensitivity threshold (ST) for colour difference. 

- the barely noticeable difference (BND). 

- the unacceptable colour difference (UCD). 

The hardware components of the device used for the experiment are: 

- Regular PC, for everyday use. 

- UHD hardware calibration monitor Eizo ColorEdge CG248-4K (diagonal: 60.45 cm; native 

resolution: 3840 x 2160 resolution; panel type: IPS; Dual Display Port; HDMI 185 ppi; built-in 

calibration sensor).  

- Calibration of the monitor is performed by a built-in spectrophotometer operating with 

ColorNavigator 6 color management software. The monitor is calibrated at D50 standard and hooded 

against ambient light. 

The software for the experiment was originally created "Color Changer", developed for a new method 

for evaluating a human observer's perception of color differences in a digital environment (Gazibarić 

et al., 2021). 

It has the following functions: 

- It allows the researcher to generate an initial set of reference-colored fields which will be shown to 

the subject during the experiment. 

- It allows the researcher to adjust the conditions of the experiment (the size, spacing and background 

color of the reference and variable fields, the step of changing colors, the extent to which colors 

change, the speed at which colors change, the number of changes per second, to show fields randomly 

...). 

- It allows the researcher to define a data set for the respondent, which can include personal data of 

respondent, which can be important for future research. The first three functions are accomplished by 

creating a configuration file. 

- It automatically registers the L * a * b * values when the respondent reacts to the variable color 

field. 

- It automatically calculates the color difference ΔE according to the selected equation (in this work 

the ΔE*00 was selected).  

- At the end of the test, the software automatically generates a table with L*a*b* and ΔE*00 of all 

fields, recorded when the respondent adjusts the color of the changeable field to be equal as the 

reference field or confirms the BND or UCD between reference and changeable fields. 

The differences in color were evaluated by 20 respondents in 24 color test fields. Descriptive 

statistical analysis was carried out on all results. Statistical analysis was performed in a statistical 

environment R 4.0.2 (R Core Team, 2020) and in JASP statistical software (JASP Team, 2020).  
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Results and discussion 

 

The result of the psychophysical visual experiment conducted in this study is the table with perceived 

CIELAB values of the reference and adjustable and variable hexagonal colored fields (Figure 1) 

shown to the subject.  

Descriptive statistical analysis also allowed correction of errors that occurred during testing. Values 

resulting from fatigue or some other influence on the subjects who participated in the experiment or 

illogical results were excluded. For instance, all data on the ST, BND and UCD in which the BND 

was greater than UCD or where ST was greater than BND, were excluded. There was a total of 144 

eliminated data (we consider the individual value of the ST, BND, or UCD), that is 5.14% of the total 

of 2880 data collected in this experiment (3 coordinates x 2 directions x 20 respondents x 24 color = 

2880). 

In this investigation, the BND was chosen to be respondents ranking criteria, and ST and UCD were 

used as a control result that confirmed the validity of the obtained results for BND. 

 

Distribution of the mean value of a BND for all 24 colors per respond 
 

Figure 2 shows the distribution of the results of determining the BND per subject. The rectangular 

part of the diagram shows the dispersion of the results. 
 

 
Figure 2. Distribution of the value of a BND per respondent for all 24 colors 

 

The median value is 2.57 (ΔE*00), and the data shows dispersion (larger interquartile range). A BND 

of less than 2.43 (ΔE*00) has 5 respondents, or in percentages, 25% of respondents, and also 5 

respondents or in percentages, 25% of respondents have higher values, with a barely noticeable 

difference of 3.04 (ΔE*00), with one respondent having a markedly high value, with a BND from the 

other respondents. 
 

Based on the presented dispersion of the results on the diagram of the distribution of the value of a 

BND, it can be found that about 3/4 of the subjects reacted to a BND of less than 3.04 (ΔE*00). 
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Dispersion of the results for BND for all respondents by individual colors and color tolerance 
 

Table 2 shows the mean values of BND for individual colors for all 20 subjects and standard 

deviations by color. The colors were ranked by the mean value of the BND in ascending order. 
 

Table 2.  Dispersion of tolerance test results in the BND of all respondents by individual colors and color tolerance 

  Color Mean 
Std. 

Deviation 
Median Min. Max. Q1 Q3 

Confidence 

interval 

percentage 

-95% 

Confidence 

interval 

percentage 

+95% 

BND 

yellow 

green 
2.18 1.21 2.09 0.39 5.19 1.38 2.83 1.65 2.71 

purple 2.35 1.36 2.17 0.39 5.71 1.50 2.94 1.76 2.95 

yellow 2.38 1.27 2.37 0.35 5.09 1.46 3.22 1.82 2.94 

green 2.39 1.28 2.33 0.35 5.58 1.51 3.02 1.83 2.95 

magenta 2.49 1.37 2.42 0.31 5.34 1.57 3.22 1.88 3.09 
bluish 

green 
2.49 1.33 2.47 0.47 5.31 1.57 3.16 1.91 3.08 

moderate 

red 
2.50 1.26 2.46 0.42 5.30 1.76 3.20 1.95 3.05 

purplish 

blue 
2.51 1.27 2.35 0.60 5.21 1.65 3.21 1.96 3.07 

orange 2.59 1.51 2.64 0.34 5.86 1.52 3.40 1.93 3.25 

foliage 2.60 1.47 2.26 0.47 6.32 1.74 3.29 1.96 3.24 
orange 

yellow 
2.61 1.29 2.48 0.56 6.08 1.88 3.08 2.05 3.18 

red 2.67 1.35 2.48 0.74 6.02 1.77 3.45 2.08 3.26 

light skin 2.71 1.35 2.64 0.63 6.28 1.81 3.24 2.12 3.30 

blue sky 2.74 1.50 2.47 0.46 6.01 1.73 3.63 2.08 3.40 

blue 2.75 1.49 2.62 0.46 6.26 1.80 3.48 2.10 3.40 
neutral 6.5 

(.44 D) 
2.78 1.28 2.74 0.68 6.08 2.04 3.31 2.22 3.34 

blue 

flower 
2.80 1.73 2.56 0.17 7.13 1.87 3.44 2.04 3.56 

cyan 2.87 1.51 2.90 0.35 5.61 1.84 4.02 2.20 3.53 

dark skin 3.08 1.48 2.93 0.50 6.56 2.26 3.85 2.44 3.73 
neutral 3.5 

(1.05 D) 
3.18 1.59 2.89 0.70 6.99 2.25 4.07 2.49 3.88 

neutral 5 

(.70 D) 
3.23 1.59 3.02 0.71 7.18 2.15 3.88 2.53 3.93 

white 9.5 

(.05 D) 
3.38 1.78 3.11 0.91 8.23 2.22 4.20 2.60 4.16 

neutral 8 

(.23 D) 
3.46 1.49 3.30 0.93 7.10 2.51 4.16 2.80 4.11 

black 2 

(1.5 D) 
3.63 1.44 3.47 1.35 6.51 2.75 4.30 3.00 4.26 

 

According to the dispersion of mean value of BND and standard deviation among the subjects, it can 

be concluded that the BND of every color is completely individual for each respondent. 
 

The lowest mean value (ΔE*00) of BND (2.18), and the standard deviation (1.21) was obtained for 

yellow-green color, which leads to the conclusion that for most subjects it was easiest to determine 

BND for this color. 

 

Ranking of the respondents by the BND value 

 

The subjects were evaluated and ranked according to the mean BND value for all the colors covered 

by the test and by the BND value for some individual colors (yellow, blue, red, and green). 
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Table 3. shows the ranking of subjects according to the mean BND value shown in the test, for all the 

colors covered by the test for each respondent: 

- mean of BND 

- the percentile ranking, which shows how much of the total number of respondents sees BND value 

and  

- Z score, which shows how BND among the respondents is higher or lower than the mean but 

expressed through standard deviation. 
 

Table 3. The assessment of the subjects by mean BND values for all the colors covered by the test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Height – expectation (mean) of a barely noticeable difference for all colors covered by the test. 

 

The ranking was carried out by calculating the percentile rank of the mean BND value between each 

subject for all colors. The value of the percentile threshold (0.952) indicates subject No. 8 as the 

worst-ranked by height of a BND. Z record for respondent number 8 is (3.360). 

The value of the percentile rank (0.047) indicates subject No. 19 as the top-ranked by height by a 

barely noticeable difference. Z record for respondent number 19 is (-1.492). It is obvious that 

respondent No. 7 is the second among the top ranked, and candidate 12 is penultimate, among the 

lowest ranked. The Z-record difference between the best and worst subjects expressed in standard 

deviations is (4.852). 
 

  

Respondent 

In total 

*Height Percentile rank z-score 

1 3.168 0.761 0.555 

2 3.339 0.857 0.796 

3 2.436 0.285 -0.474 

4 2.567 0.476 -0.290 

5 2.409 0.238 -0.513 

6 2.374 0.190 -0.562 

7 2.145 0.095 -0.885 

8 5.160 0.952 3.360 

9 2.577 0.523 -0.276 

10 3.000 0.714 0.319 

11 2.472 0.333 -0.424 

12 3.473 0.904 0.986 

13 2.559 0.428 -0.302 

14 2.620 0.571 -0.216 

15 2.523 0.380 -0.352 

16 2.779 0.666 0.009 

17 2.156 0.142 -0.868 

18 2.706 0.619 -0.094 

19 1.713 0.047 -1.492 

20 3.286 0.809 0.722 
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Table 4 presents the results of the ranking of respondents according to BND for individual colors 

(yellow, blue, red, and green). 
 

Table 4. Ranking the subjects by the value of a BND for yellow, red, green, and blue 

 

From the presented Table 4, it is shown that respondent No. 19 for all four colors is the best or among 

the top-ranked candidates. On the other hand, the candidate No. 8 is again at the bottom of the list for 

all four selected colors. When printing spot colors, evaluating an acceptable color difference is 

difficult. There is no proposition in ISO standards (www.iso.org/standard/, n.d.) for acceptance limit 

value for spot colors. With the method conducted in this and previous work (Gazibarić et al., 2021), 

the criteria can be established. 

 

Conclusion 

 

From the Box and Whisker Plot diagram (Figure 2), it can be concluded that there is a diversity in the 

perception of color differences among respondents. The assumption is confirmed that individual 

indicators of the perception of the difference in color should be determined for each observer that is 

included in evaluating color in any industrial production, either the manager, designer or production 

technicians staff. The results of the psychophysical visual experiment conducted in this study show 

three main types of results that determine the ability of respondents to distinguish color differences: 

ST, BND, and UCD. Two types of results (ST and UCD) can be used as a control result, and BND, 

as a main result, can be used as a ranking criterion for an observer's sense of color differences. 
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1 2.435 0.666 0.035 1.658 0.047 -

1.204 
2.858 0.761 0.758 4.400 0.904 1.990 

2 2.264 0.476 -

0.164 
3.246 0.857 0.720 3.046 0.857 1.062 3.461 0.857 0.873 

3 3.042 0.857 0.742 1.707 0.142 -

1.146 
3.158 0.904 1.243 2.838 0.571 0.131 

4 1.859 0.238 -

0.635 
2.275 0.428 -

0.457 
2.388 0.476 -

0.004 
1.733 0.142 -

1.183 5 1.727 0.190 -

0.790 
2.236 0.285 -

0.505 
1.696 0.190 -

1.125 
0.922 0.047 -

2.147 6 1.884 0.285 -

0.606 
2.290 0.476 -

0.439 
2.627 0.666 0.384 2.595 0.380 -

0.158 7 2.280 0.523 -

0.145 
2.123 0.238 -

0.641 
1.664 0.142 -

1.176 
1.722 0.095 -

1.197 8 4.888 0.952 2.891 5.230 0.952 3.124 3.789 0.952 2.265 4.488 0.952 2.094 

9 2.220 0.380 -

0.215 
2.240 0.333 -

0.500 
1.897 0.285 -

0.799 
3.053 0.714 0.388 

10 2.838 0.809 0.505 2.960 0.666 0.373 2.542 0.571 0.245 3.097 0.761 0.439 

11 1.726 0.142 -

0.790 
2.832 0.619 0.218 2.587 0.619 0.318 2.616 0.428 -

0.132 12 2.361 0.571 -

0.051 
2.556 0.523 -

0.117 
3.027 0.809 1.031 2.803 0.523 0.090 

13 2.236 0.428 -

0.196 
3.543 0.904 1.080 2.019 0.333 -

0.600 
2.268 0.285 -

0.547 14 2.619 0.714 0.249 3.239 0.809 0.711 1.837 0.238 -

0.896 
2.430 0.333 -

0.353 15 1.725 0.095 -

0.791 
2.695 0.571 0.052 1.323 0.047 -

1.728 
3.048 0.666 0.382 

16 2.374 0.619 -

0.036 
3.181 0.761 0.640 2.663 0.714 0.442 2.699 0.476 -

0.034 17 1.925 0.333 -

0.558 
2.063 0.190 -

0.714 
2.228 0.380 -

0.262 
2.223 0.238 -

0.600 18 4.003 0.904 1.861 2.270 0.380 -

0.463 
2.380 0.428 -

0.017 
2.925 0.619 0.235 

19 0.910 0.047 -

1.740 
1.668 0.095 -

1.192 
1.623 0.095 -

1.242 
2.013 0.190 -

0.849 20 2.777 0.761 0.433 3.032 0.714 0.460 2.452 0.523 0.099 3.213 0.809 0.578 
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The method presented in this paper is practical and available with relatively little investment and can 

be implemented in any company for which color matching is of great importance. 

The method enables a reliable ranking of the examinee in terms of sensitivity to color differences and 

a quantitative assessment of his ability. 
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Abstract 

 

This paper presents an overview of different technological possibilities for making flexographic 

printing plates using 3D printing techniques. Through the literature overview, the most promising 3D 

printing techniques for flexo platemaking process in the various fields of application were presented. 

It has been found that among others Inkjet technology, Stereolithography and even FDM (primarily 

for mould manufacturing) has potential in application to platemaking for flexographic printing in 

principle. The previous research has shown that the choice of materials used, in conjunction with the 

selected 3D printing parameters plays the significant role in the final characteristics of the 3D printed 

flexo plate: line, dot, and text reproduction, plate thickness stability, the ink transfer ability etc. Also, 

the applicability of the 3D printing techniques in the field of flexo platemaking process is dependable 

on the possibility to adjust existing 3D printing devices for large area printing. The benefits of using 

3D printing techniques in flexo platemaking that cannot be overseen are reflecting in simplification 

of the production process, reduction of the production costs and potentially less environmental 

pollution and materials waste in comparison to traditional flexographic plate making process. The 

findings presented in the paper showed that at this point of technological development, the 3D 

printing technique can at least provide the basis for the flexographic platemaking process.  

 

Keywords: flexography, plate making process, 3D printing. 

 

Flexography principles and flexo printing plates 

 

Flexography is a relief printing process whereas the image areas on the printing plate are raised above 

the non-image areas receiving the low viscosity printing ink which is transferred directly onto a 

various printing substrates (Novaković et al, 2010; Dedijer et al., 2017). Flexible printing plate and 

usage of various printing inks provide ability to print on coated and uncoated paper and board, non-

porous substrates including metallised and paper foils and polymer films, used especially in the 

packaging industry (Dedijer et al., 2012; Zołek-Tryznowska et al., 2015). Nowadays, more than 75% 

of packaging products are printed with this technique (Zołek-Tryznowska et al., 2020; Dedijer et al., 

2020). The versatility of this printing technique is mainly due to flexibility of the printing plates. At 

the same time, this benefit could be also considered as potential drawback if the improper plate 

production is performed since the flexographic printing plate is one of the most influental factors on 

the stability and quality of the printing process (Dedijer et al., 2017). This is becoming even more 

obivous if we know that in the plate production phases (plate imaging, plate exposure and plate 

washout) printing elements are formed as well as relief depth and final plate hardness (Dedijer et al., 

2012; Dedijer et al., 2017). In flexo plate production, the CtP technology is becoming standardised 

procedure since it has inevitable quality advantage allowing rapid, high-resolution imaging with 1:1 
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dot reproduction and sharp image details due to solutions which achieve stable flat top dot structure 

overcoming the oxygen inhibition negative effects (Dedijer et al., 2017). CtP flexo plate making 

process includes following sequential production phases: back exosure of the plate, computer 

controlled laser imaging of the black sensitive coating (ablation mask) on the plate surface, main 

exposure of the plate with UV light, subsequent removal of the unexposed polymer either by chemical 

or thermal processing method, drying (if chemical method is used) and final post-exposure (UVA and 

UVC) (Dedijer et al., 2012). Each of these phases can affect the final printing element reproduction 

in terms of proper tone value (TV) reproduction, single dot reproduction (dot area, shape and profile), 

line reproduction (line width and profile), as well as reproduction of text elements (clearly transferred 

and readable on printing substrate) (Dedijer et al., 2012; Dedijer et al., 2017).The simplification of 

the plate production process by introducing novel techniques such as 3D printing process, while still 

maintaining the optimal prinitng elements reproduction and plate mechanical properties, would be a 

great breakthrough in the flexo domain, especially if it could additionaly lower or even eliminate the 

unvanted inflences on the environment that are associated with the customary flexo plate making 

proceses.   

 

3D printing technologies 

 

3D printing, also known as aditive manufacturing, invented in the early 1980s (Mitsouras & 

Liacouras, 2017), is an emerging technology which has experienced enormus developement in the 

past couple of decades contributing to the various branches of production and manufacturing. It is 

more than justified to be considered as the technology which transforms traditional manufacturing to 

intelligent manufacturing; it is a process which, from digital files by joining materials layer by layer 

build three dimensional elements from micro to macro scale (Wang et al., 2020a). The main 

advantages of 3D printing can be listed as follows: the freedom in design, materials saving, 

customization, and the ability to manufacture complex geometry with high precision (Wang et al., 

2020a). Many advances have occurred in the basic 3D printing techniques enabeling researchers to 

print a variety of materials even those such as live cells, modulus changing polymers and spacecraft 

grade metals (Karakurt & Lin, 2020). Moreover,  3D printing technologies in their variability can be 

used for a broad spectrum of need starting from in-house 3D printing of car accessories to micro 

batteries printing, dentist material, houses or even components needed for reparation or service of the 

space shuttle station (Singh et al., 2015; Wang et al., 2020a). 3D printing is qualified as cost effective 

manufacturing of high-quality control since it is manufacturing practice with low labour involvement 

and high precision manufacturing processes (Singh et al., 2015). 3D printing techniques which can 

be considered as the most commonly used are Fused deposition modelling, Direct ink writing, 

Selective laser sintering, Inkjet printing, Stereolithography and Electron beam melting (Karakurt & 

Lin, 2020). 

 

Fused deposition modelling (FDM) 

Fused Deposition Modelling (FDM), developed by Stratasys in Eden Prairie, Minnesota (Ramya & 

Vanapalli, 2016) is the most common due to its price and simplicity (Kluska et al., 2018). Although 

it is relatively slow compared to other 3D processes (Chadha et al., 2022), the literature findings list 

it to be the second most widely used rapid prototyping technology, after Stereolithography (Ramya 

& Vanapalli, 2016). It is a process where melted filaments made of thermoplastic polymers (i.e. ABS 

- acrylonitrile butadiene styrene and PLA - polylactide) which run through a hot nozzle followed by 

natural cooling and solidification are used to build parts (Karakurt & Lin, 2020). The melted polymer 

is imposed layer by layer in heated chamber in order to eliminate material shrinkage and shape 

deformations (Kluska et al., 2018). A support material is provided from another printer head which 
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after the printing process is easily removed (Kluska et al., 2018). The drawbacks of this method are 

reflected in used materials, the limitations in printing resolution, surface finish, porosity and 

mechanical and chemical properties of the printed parts (Karakurt & Lin, 2020). In terms of 

resolution, the FDM process is inferior in comparison to Stereolithography, but on the other side it is  

easier to use and more readily available (Finnes, 2015). The printing resolution primarily depends on 

the nozzle size, viscosity and flow characteristics of the filament while surface finish and porosity 

depend on the Z-axis movement control and the adherence between layers (Karakurt & Lin, 2020). 

Beside ABS and PLA, materials used in FDM technology are polyamide, polycarbonate, 

polyethylene, polypropylene and investment casting wax (Ramya &  Vanapalli, 2016) finding its 

application in various fields, from robotics to microfluidics (Karakurt & Lin, 2020). 

 

Direct ink writing (DIW) 

Direct ink writing (DIW) is considered to be is similar to FDM due to the fact that in this process a 

viscoelastic fluid ‘ink’ flows through a nozzle under an external pressure source (Karakurt & Lin, 

2020). The ink is selectively deposited by using one or the combination of these methods: stress, 

phase change, solvent evaporation or polymerization (Karakurt & Lin, 2020). The direct ink writing 

technique has good flexibility for different fields and is a beneficial technique in medicine for 

manufacturing flexible and self-healing devices, drug encapsulations, in biomedical industry for 

manufacturing shape-changing stents or in the engineering for soft robotics and touch sensors but 

also for the ceramics for optics and cellular structure applications (Karakurt & Lin, 2020; Chadha et 

al., 2022).As the main drawback of this technology is considered to be the difficulty in making voids 

or overhanging structures (Karakurt & Lin, 2020). 

 

Selective laser sintering (SLS) 

Carl Deckard and Joe Beaman at the University of Texas at Austin invented Selective laser sintering 

(SLS). SLS also referred to as laser sintering, uses a laser beam as the power source to sinter powdered 

material (typically nylon or polyamide) to create 3D structure (Ramya & Vanapalli, 2016; Wang et 

al., 2020a; Wang et al., 2020b). This technology uses high power lasers (commonly CO2 lasers) at 

specific wavelengths to selectively irradiate (heat and sinter) a target powder bed such as metals, 

polymers, hybrids, ceramics, composites and cement whereas sintering process occurs either through 

chemical or mechanical effects (Karakurt & Lin, 2020; Wang et al., 2020a; Chadha et al., 2022). It is 

quick and accurate process allowing fast solidification compared to for example with FDM process 

(Karakurt & Lin, 2020; Chadha et al., 2022). The high temperature processes limit the material 

selection to metals with high thermal conductivity, whereas polymers for SLS processes are limited 

to thermoplastics, Polyamide 12 remains by far the most widely used laser sintering polymer (Wang 

et al., 2020a). Its high accuracy is reflected through the fact that if particle size of powder material is 

less than 0.1 mm, the accuracy can reach 1% (Wang et al., 2020a). Selective Laser Sintering is 

applicable in industries such as automobile, aerospace, medical, artware biological medicine, 

especially in tissue engineering and medical implantation (Wang et al., 2020a). One of the key 

drawbacks of this technology is the surface finishing roughness, which is related to the powder size 

and the porosity of fabricated structures (Karakurt & Lin, 2020). 

 

Inkjet printing or (multi) material jetting 

Inkjet printing or (multi) material jetting is a technology related to vat photopolymerization in that it 

relies on the same chemical principles but it does not use printers that hold the material in a vat; 

instead they are quite similar to inkjet printers (Mitsouras & Liacouras, 2017). This technology is 

printing photopolymerizable resins by selectively placing picoliter droplets on a build plate solidified 

using a UV light source (Karakurt & Lin, 2020). Multimaterial printers have multiple print heads, 
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enabling materials to be mixed during the printing, thus allowing seamless mixing of the different 

materials held in each head and ultimately achieving different hardness and mechanical properties of 

the printed parts, ranging from rubberlike to rigid (Mitsouras & Liacouras, 2017). This technology 

can achieve extremely fine resolution and surface finishes primarely thanks to micro droplets 

technology and used materials (Ramya &  Vanapalli, 2016; Karakurt & Lin, 2020). The most 

outstanding characteristic of the system is the ability to produce almost equivalent parts as ones 

produced with CNC machines, but the expensive commercial printers and proprietary resins as well 

as slow speed for large objects are key limitations of the technology (Ramya &  Vanapalli, 2016; 

Karakurt & Lin, 2020).  

 

Stereolithography (SLA) 

The first additive manufacturing technology, stereolithography (SLA), patented by Charles Hull in 

1984, is a process of photo-hardening a series of cross sections using a computer-controlled beam of 

ultraviolet (UV) light to solidify liquid resin and create models, prototypes etc. (Mitsouras & 

Liacouras, 2017; Wang et al., 2020b). This 3D printing process is also known as Digital Light 

Processing (DLP). It has three basic components: first, a high intensity light source (typically 

ultraviolet UV-A or UV-B); second, a vat or tray that holds an epoxy- or acrylic-based photocurable 

liquid resin which contains monomers and oligomers; and third, a controlling system that directs the 

light source to selectively illuminate the resin. In SLA the high resolution is afforded by a laser beam 

(Mitsouras & Liacouras, 2017). 

 

Electron beam melting (EBM) 

Electron beam melting (EBM) is technology which uses an electron beam to fuse small particles of 

material typically preheated to just below the material melting point (Mitsouras & Liacouras, 2017). 

It is a powder-bed based system, the same as selective laser sintering (SLS) whereas EBM uses an 

electron beam for irradiation to construct metal structures. The sintering process occurs either through 

chemical or mechanical effects, allowing for fast solidification. Structures such as turbine blades, 

engines, and implants have been printed using this tehnology. The high temperature processes limit 

the material selection as well as surface finishing roughness, which is related to the to the powder 

size and the porosity of fabricated structures (Karakurt & Lin, 2020). 

 

3D printing technologies and the reproduction of flexo plates 

 

The versatile experimental studies have shown that the technology of additive manufacturing, 

represented by 3D printing, can be applied to platemaking for flexographic printing in principle 

(Zheng et al., 2019). It was found to be benefitial in lowering the materials waste and production time 

in process of exposure, development, etc. in traditional flexographic plate making and greatly 

reducing environmental pollution (Changlong et al.; Huang et al., 2016). 

According to (Zheng, 2021) flexographic platemaking widely focuses on 3D printing technology 

based on inkjet technology and UV curing 3D printing technology based on stereoscopic light 

modelling. Still, there are studies showing that SLA technology can potentially be utilised in such a 

purpose since it could be beneficial in avoiding some occurring problems in inkjet such as nozzle 

clogging (Zheng, 2021; Zheng et al., 2019; Tsakos, 2018). 

The feasibility study of flexographic platemaking based on Stereolithography apparatus 3D printing 

technology was conveyed by the (Zheng et al., 2019). In their experiment,  they have detected the 

line width error and line edge straightness of the results of SLA printing technology in comparison 

with the results of traditional flexographic platemaking whereas the results confirmed that in general 

SLA 3D printing technology can be applied to platemaking for flexographic printing, and can provide 
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the basis for the flexographic platemaking using the technology of additive manufacturing. In terms 

of line width and line edge straightness, the results of SLA 3D printing showed to be roughly 

equivalent to those of conventional flexographic platemaking technology (Zheng et al., 2019). The 

drawback that was noted is that the laser spot diameter of existing SLA 3D printing equipment on the 

market cannot meet the needs of high precision flexographic platemaking (Zheng et al., 2019).  

Zheng in his late study (Zheng, 2021) went deeper in the analysis of the process of making 

flexographic plate with Stereolithography 3D printing technology, the factors affecting the process 

and quality of platemaking. This study has showed that in principle Stereolithography can be applied 

to flexographic platemaking, but it has its drawbacks (Zheng, 2021). The beneficial is that SLA 

technology is theoretically characterised with the optical system of high exposure resolution, accurate 

moulding results, and the edges of the convex graphic parts of the flexible plate which are neat 

ensuring the quality of the platemaking results (Zheng, 2021). The main drawback which was 

emphasised in this study (Zheng, 2021) was that the physical properties of existing materials are 

different from the requirements of flexography platemaking leaning towards the fact that the key of 

successful implementation of SLA technology in the flexographic platemaking process lies in the 

development of new materials. 

The experiment conducted by (Tsakos, 2018) showed that 3D printing technology can be 

implemented in flexographic packaging printing whereas the flexographic printing plates were 

printed using the FDM and SLA 3D printing method. The conducted comparison analysis with the 

CtP polymer flexo plates used for the same printing purpose showed that the 3D method is far more 

economically justified. The experiment also showed that the material selection, in terms of hardness 

and later surface properties, for the 3D printing process is of the most importance if we want to 

achieve as close as possible printing results as with dominating printing plate making techniques. The 

one of the emphasised drawbacks in this probe was the printing surface of the printing plate since 

FDM method could not provide a unified surface, which resulted in a printing with visible grids. The 

author has proposed the solution to this problem through spraying with appropriate coating or 

polishing to a smoother surface.  

The successful probe in replacing conventional flexo printing plates in microcontact printing with the 

3D printed ones was reported as well (Maksud et al., 2016). Flexographic printing has found 

important role in printed electronic, since it is allowing mass production at higher printing speed and 

low cost. However, CtP printing plates was found to be of insufficient fidelity in order to achieve 

microscale pattern size. Hence, in the experiment conducted by the (Maksud et al., 2016) a flexible 

rapid prototyping FDM 3D printer, allowing production of any shape of pattern, was used for 

developing a PDMS micro-scale printing plate which was used in reel to reel (R2R) flexographic 

printing process. The finest multiple solid line array with 1mm width and 2mm gap pattern of printing 

plate was successfully fabricated by 3D printer master mould due to size limitation of the FDM (Fused 

Deposition Modelling) 3D printer nozzle itself. It was found that this type of printing plate production 

method is valuable for micro-flexographic in printed electronic field or biomedical application since 

it is easy, fast and of low cost (Maksud et al., 2016). In the study of printing plate mould development 

by using 3D printers for micro-flexographic printing process conducted by (Hassan et al., 2020) the 

emphasis was on possibility to produce a master mould with solid fine lines that could be used for 

micro-flexographic printing for future development and application of printing in the electronic, 

graphic and bio-medical field. They have come up to the conclusion that micro-flexographic is a good 

candidate for printing micro to nano fine lines with printing plate mould property, printing plate, 

substrates and process parameters being the main role for a successful implementation (Hassan et al., 

2020). 

Huang et al. (2016), in their study gave the accent to the possibility of using hybrid light curable 

material for 3D printing of flexo plates. They put the focus on the hybrid UV curable material system 

having good adaptability, and they have studied the influence for prepolymer and monomer on the 
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plate forming and ink transfer ability of 3D printed flexographic plate, and determined the best 

material formula for the 3D printing process (Huang et al., 2016). The results showed that the 

materials studied has good forming effect and good ink transfer ability (Huang et al., 2016). 

In the research conducted in (Vićentić & Dedijer, 2022) the possibility of making the flexographic 

printing plates with DLP 3D printing technology was investigated. The emphasis was on finding the 

possibility of making flexographic printing plates of appropriate thicknesses, with satisfactory 

reproduction of printing elements in the form of lines and dots of appropriate widths and diameters. 

The authors have concluded that on all plates there are changes in the size of the diameter of the 

points as well as in the line widths, which cannot be considered negligible. Based on the 

measurements they made, the results obtained and their analysis, the final conclusion was that the 

DLP 3D printing technique could not produce flexo printing plates with a satisfactory reproduction 

of the printing elements in terms of precision and the absence of deformations of the printing 

elements, but also on the other hand there is still room for improving the results in terms of finding 

the more appropriate printing material of lower hardness, more appropriate model base, printer 

calibration, positioning the model on the printer platform and other parameters that can positively 

contribute to the more precise formation of the printing elements on the printing plate surface 

(Vićentić & Dedijer, 2022). 

 

Conclusion 

 

In this paper we have aimed to present an overview of different technological possibilities for making 

flexographic printing plates using 3D printing technologies. We have given the short introduction 

over flexo printing technology and flexo platemaking process emphasising the their important 

functional and exploitation properties. The paper also includes the short overview of the mostly 

known 3D printing technologies. In terms of the correlation between 3D printing and flexo plate 

making process, the literature overview has led to the conclusion that among others, Inkjet 

technology, Stereolithography and even FDM (primarily for mould manufacturing) has potential in 

application to platemaking for flexographic printing in principle. The previous research also pointed 

out the importance of the choice of materials used, in conjunction with the selected 3D printing 

parameters in the final characteristics of the 3D printed flexo plate. Also, the applicability of the 3D 

printing techniques in the field of flexo platemaking process is dependable on the possibility to adjust 

existing 3D printing devices for large area printing. The benefits of using 3D printing techniques in 

flexo platemaking that cannot be overseen are reflecting in simplification of the production process, 

reduction of the production costs and potentially less environmental pollution and materials waste in 

comparison to traditional flexographic plate making process. The findings presented in the paper 

indicated that at this technological point, the 3D printing technique can at least provide the basis for 

the flexographic platemaking process.  
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Abstract 

 

Moulded pulp also known as moulded fibre packaging is made of paper fibres, and or other fibres, 

moulded to a shape of the packaging able to hold and protect the product. Classic example of the 

moulded pulp packaging is egg carton, but there is a possibility of producing more refined and 

attractively designed packaging for higher-value goods. Good environmental characteristics and 

possibilities for usage of paper waste for its production adds additional value. Production moulds are 

made from aluminium, bronze, or plastic. Lately additive manufacturing technologies made 

significant changes in speed of packaging development and mould production. This paper aims to 

present possibilities for usage of moulded pulp packaging for ecological, high value packaging with 

minimal time and costs for development of new packaging shapes.  

 

Keywords: Pulp, moulding, packaging, recycling. 

 

Introduction 

 

Moulded pulp, also known as moulded fibre is a wood cellulose based material, well known and in 

use for over one century. Martin Keyes first developed it in 1903 (Twede, 2015). The most common 

and best-known usage of this material is production of egg packaging. Moulded pulp packaging is 

three-dimensional and this is the main difference from other paper based packaging materials. 

Moulded pulp packaging is favourable as it can be produced from recycled fibres such as recycled 

newspaper or other paper based products. This source of fibres for moulded pulp packaging has 

predominated over the years (Wever, 2007).  

Moulded pulp packaging characteristics: 

• Eco-friendly packaging - compostable, recyclable and biodegradable. 

• Renewable material - raw materials can be all from natural wood fibre renewable resources. 

• Customized colour - the most common colour natural light brown, although it can be white, 

black or customizable in any colour by adding a pigment to the pulp. 

• Diverse technology - can be made by different techniques to achieve different results. 

• Product protection - shaped according to the product it creates cushioning and protection, 

saving on storage and transport. 

• Design shape - great number of various custom sizes and shapes are possible. 

• Additional functionality - can be made waterproof, dust free, reinforced, insect and mould 

proof, etc. 

Expanded polystyrene (EPS) is often used to provide product cushioning, support, spacing, and other 

packaging functions, but at high environmental costs having in mind short life cycle of packaging 

products. Environmental benefits and packaging sustainability drives moulded pulp packaging rising 

popularity as it can also be shaped in various forms similar to the EPS packaging (Ma, 2004). As the 
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final moulded pulp material often suffers from nonuniformity and mechanical properties depend on 

the pulp mix as well as the geometry of the form final properties are difficult to predict, compared to 

the EPS packaging. Moulded pulp packaging is heavier than EPS and the design parameters are 

different from EPS.  

Having in mind these characteristics moulded pulp packaging found its applications as protective 

packaging for electronics, home appliances, and other manufactured goods. Paper plates and trays, 

fruit punnets, and egg packaging are typical food packaging applications. Biodegradability and 

compostability are two major environmental benefits of moulded pulp packaging. With advances in 

the production technology moulded pulp packaging is beginning to be used in packaging of liquids.  

 

Production methods 

 

Paper based materials for packaging usually enter the packaging production process as sheets of pre-

determined size, which causes waste during production or die cutting process to be exact. Paper sheets 

can be folded or pressed in to shallow trays or cups during formation of the final packaging shape. In 

contrast to paper sheets, moulded pulp packaging is shaped directly to its final three-dimensional 

shape in the moulds from a slurry of paper or and other fibres. This direct moulding process enables 

more creative and complex geometries to be applied to the packaging. Production process is similar 

to paper sheet making process, with the difference that final product is three-dimensional.  

Conventional mould is formed from a fine porous mesh screen. Excess water is pulled from the slurry 

by a vacuum or pressed out by the press. In the vacuum process the mold is submerged in the slurry 

where the fibres are sucked onto the surface of the screen, forming a layer of fibres. Moulds are 

traditionally made out of aluminium, bronze, plastics and lately are produced by various additive 

manufacturing processes. Most often used additive manufacturing are fused deposit manufacturing 

(FDM) and stereolithography (STL) or other Vat polymerization 3D printing technique depending on 

the size and desired precision of the mould.  

FDM 3D printing technique is most affordable and it found the wide adoption and application before 

other 3D  printing techniques based on that. It is based on extrusion of thermoplastic material in thin 

wire like form and depositing it in multiple layers in order to form 3D forms. This kind of material 

depositing forms relatively rough, stepped surfaces, which are transferred to the final moulded form. 

Thermoplastics used  can vary in material composition thus resulting in different final results. For 

production of the moulds for moulded pulp production material must be water resistant, and relatively 

thermo stabile to withstand conditions in pulp form production.  

Vat polymerization techniques (STL and DLP) offer much more precise models with fined surface. 

Process is based on light projection and hardening liquid polymer by polymerisation. As material is 

not thermoplastic, it can be engineered to be significantly more thermo stabile than those produced 

by FDM technique.  

Hewlett-Packar offers specialized 3D printed solutions for production of moulds providing 

competitive advantage by accelerating tooling fabrication and expediting delivery of the final product 

to customers. This technology for mould production offers possibilities to optimize cycle time for 

forming and dewatering, using engineered fluid pathways to address special design requirements such 

as uneven wall thicknesses, eliminate mould sectioning, which would be difficult or impossible by 

traditional tooling and conventional production technologies. Materials used in 3D printing HP 

process are corrosion resistant and renewable, made from vegetable castor oil (Hewlett-Packar, 2021).  

https://www.google.com/search?sxsrf=ALiCzsbH4-EN3FKkZYeEdpbig4k3HXisGw:1663789729192&q=stereolithography&spell=1&sa=X&ved=2ahUKEwi5gaje06b6AhUBjosKHYPnAooQkeECKAB6BAgCEDU
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a)                                                                        b) 

Figure 1. a) Metal mesh mould, b) 3D printed mould 

 

There are a great number of different moulding processes but they can be classified according to the 

International Molded Fiber Association (IMFA) as (imfa.org, 2022): 

• plain moulding,  

• transfer moulding,  

• precision moulding and  

• special treatments. 

In plain moulding, the screened mould is submerged into the hot, watery slurry of fibres, a vacuum 

is applied, and slurry is sucked onto the surface of the porous screened mould while most of the water 

passes thru the screen. Mould with deposited fibres is then lifted from slurry, than the formed shape 

is blown off from the mould and passed to the oven to be free-dried at 205 ºC for 6–12 minutes 

depending on the size and thickness (imfa.org, 2022). This process results in forms with one rough 

side and other with less rough surface, wall thickness can vary from 4 to12  mm, depending on the 

product. Packaging produced with this process, shown in Figure 2a. provides great protection 

capabilities for packaging of the heavy parts, furniture, bottles, etc. (imfa.org, 2022).  

Transfer moulding is multistage process where two wire moulds are used. The fibres, from the cold 

unheated slurry, are first vacuumed onto the forming mould, then the second mould couples with the 

forming mould. Second mould uses a vacuum to transfer the wet form onto a drying conveyor that 

takes the form through the oven. The typical forming cycle can vary from a few seconds to one 

minute. This process produces a relatively smooth form surface on both sides, with one side slightly 

rougher, wall thickness varies from 1.7 to 3.5 mm. Typical applications, shown in Figure 2b are 

packaging for small items such as egg cartons, fruit punnets, protective packaging for electronics 

(imfa.org, 2022).  

Precision moulding is a multi-stage process that uses a heated mould for the final drying. The form 

is produced by heated matched moulds, assisted by vacuum. Parts are fully dry when they leave the 

moulds without the need for oven dying. Forms produced are denser with smoother surfaces and more 

precise dimensions than those produced by plain and transfer moulding. Walls are usually form 0.8 

to 1.3 mm thick. This process is used for forms with fine details, precise inserts and small items, 

shown in Figure 2c. There are also hybrid precision/transfer moulding processes. 

Special treatments are production category for special fibre blends, additives, and items with 

secondary treatments like printing, embossing, die cutting, plastic coating, or lamination, shown in 

Figure 2d (imfa.org, 2022).  
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Figure 2. a) Plane moulding results, b) Transfer moulding results, c) Precision moulding results, d) Special treatment, 

embossing, of moulded pulp plate 

 

Fibres used for moulded pulp packaging 

 

Fibres can differ in processing and refinement, which result in different length, strength, colour and 

other characteristics. The fibre blend affects the drainage, internal bond strength, shrinkage, and 

biodegradability. There are two major types of fibres used in production of moulded pulp packaging. 

Recycled OCC fibres (Old Corrugated Container) are environmentally friendly usually used to 

produce stronger more robust packaging, with thicker walls for product protection, with plain 

moulding technology. Recycled ONP (Old newspaper) fibres are used to produce a softer thinner 

walled packaging, with transfer moulding technology. These materials can be combined to produce 

packaging for granular or liquid products. For example mixture 70 % OCC and 30 % ONP lined with 

plastic is used to produce liquid canisters (Mohan, 2013). Less often very smooth, sanitary forms in 

white colour are produced, in that case pulp from used office paper can be bleached and formed. For 

production of food packaging products virgin fibre or specially treated recycled papers are used to 

avoid contaminants. Depending on the worlds region different additional fibres can be added to the 

recycled paper pulp such as bagasse, bamboo, palm, or reeds giving the final product distinct 

characteristics (Ma, 2004). Additives also can be used to modify properties of the packaging. 

Waterproofing is achieved by adding colloidal rosin, while oil resistance is achieved with 

fluorocarbon chemicals. Some often used additives are dyes, bleach, flame-retardants, strength resins, 

thermosetting polymers for non-disposable items, etc. Biodegradability of the moulded pulp 

packaging can be improved by adding peat moss, seeds and fertilizer additives to the pulp slurry mix. 

Plant packaging produced in this way can be placed in the ground with the plant and support growth 

of the plant.  
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Design and application opportunities for moulded pulp packaging 

 

From the previous sections dealing with materials and production technology it is obvious that there 

are only small number of limitations concerning application field, shape or size of this type of 

packaging. Despite wide possibilities, moulded pulp still finds its use as protective inserts or rough 

packaging for agriculture products. Packaging designers are slowly adopting this packaging material 

as commercial packaging of the high-end products. This is most often done to emphasize ecological 

characteristics of the product. Considering moulded pulp packing as an alternative to plastic 

packaging is not only a possibility but rather it should become responsibility of the designers. Food 

packaging has one of the shortest life cycles, as it is discarded when using the product and that product 

can have really short shelf life due to spoilage. In this case using long lasting materials such as plastic 

is irresponsible and fully biodegradable packaging should be considered. Figure 3 shows example of 

plastic and paper candy packaging and already present alternative used in agriculture for flower seed 

packaging. This simple example illustrates possibilities which are even greater if special treatments 

are introduced in moulded pulp packaging design.  

 

Figure 3. Bomboniere candy plastic packagin and moulded pulp alternative used in agriculture 

 

There are examples of using moulded pulp packaging to promote ecological responsible and 

environmental consciousness of the company but in reality, these attempts can be judged as green 

washing attempts. Figure 4 shows moulded pulp packaging by Nike, but it is a packaging for the book 

about Nike sneakers rather than for their product. 

 

 

Figure 4. Nike book of rear and exquisite sneakers moulded pulp packaging 
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Conclusion 

 

Having in mind advantages of the moulded pulp packaging regarding its ease of production, 

ecological characteristics, possibilities of improved mechanical properties and other considered in 

this paper it should be considered as a more popular packaging material. Range from rough protective 

packaging to refined embossed, died or printed packaging surely offers enough possibilities for 

designers to express their creativity and promote the product in the best way, meanwhile approaching 

the design process in environmentally responsible manner. 
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Abstract 

 

One of the advantages of digital printing is the ability to transfer ink to different materials and 

substrates. However, most of these materials require a special type of ink that would be permanent. 

Colour fastness test against friction is a test to determine the long-term use quality of printed products. 

The purpose of this test is to determine the quantity of colour that can be transferred from the surface 

of a coloured substrate to a test cloth by rubbing. Also surface macro nonuniformity before and after 

colour fastness test was investigated. The results show significant surface change after colour fastness 

test on plastics, and a slightly improvement on other tested materials. 

   

Keywords: Colour fastness, digital printing, ink permanence, friction, macro nonuniformity. 

 

Introduction 

 

Digital printing is essentially an inkjet process. A series of print heads pass back and forth across the 

substrate, spraying dyestuff onto it (Briggs-Goode, 2011). Inkjet process has a major grow in use 

because of possibility to print on various materials as substrates. The global digital printing market is 

estimated to be USD 27.54 Bn in 2022 and is projected to reach USD 37.8 Bn by 2027, growing at a 

CAGR of 6.54% (Research & Markets, 2022). Presently, it is desirable that one type of ink be suitable 

for printing on various substrates with different properties. So, in this paper colour coordinates, 

macro-nonuniformity of the colour patch and colour fastness depending on the substrate will be 

compared. Printed colours are characterized by CIE Lab coordinates and colour differences are 

calculated in order to determine influence of printing substrate on colour reproduction. Numerous 

formulas are developed for the purpose of determining colour differences, such as basic ΔE76 

(Kašiković et al., 2013). All colour difference formulas make use of the Euclidean distance in a device 

independent colour space (ΔL*, Δa*, Δb*) (Kim & Nobbs, 1997). Newer colour  difference  formulas  

are  extended  in  order  to  address  perceptual  non-uniformities, while retaining the  L*a*b* colour  

space. The perceptual interpretation of the color difference ΔE is not straightforward. The just 

noticeable difference is about 1 ΔE (Hunt, 1995) but varies for different parts of CIELAB space. A 

"rule of thumb" for the interpretation of the ΔE color difference for printed products is proposed: ΔE 

< 3 hardly perceptible,  3>ΔE <6 perceptible but acceptable, ΔE > 6 not acceptable (Hardeberg, 2001). 

Histogram Mottle Macro is a method that measures the print mottle, or the amount of non uniformity 

in the grayscale image. The amount of non uniformity is calculated on the basis of the histogram of 

the image. It measures the difference between the upper Ux and lower Lx values of the image 

histogram (NU = Ux - Lx). Ux is calculated as the mean of the intensities between median and 

maximum values of the histogram. Lx is calculated as the mean of the intensities between minimum 

and median values of the histogram. The amount of the non uniformity is expressed as the non 

uniformity index (NU). The greater the NU index, the surface is non-uniform, i.e. there is more 

amount of mottle (Image, 2008). During the transportation or handling of the material (packaging), 
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prints are generally exposed to a certain degree of abrasion on their surface. Therefore, the material 

must have a certain resistance to friction, and the printing ink must be prepared in such a way that the 

resistance to friction increases. Friction is affected by the composition and characteristics of the 

printing ink. Friction is a problem that occurs very often with matte coated papers. Due to the 

characteristic rough structure, their surface is significantly more abrasive compared to the surface of 

smoothly coated papers. If the printed surfaces are in direct contact with each other and are rubbed 

under pressure, the paint may peel from the substrate. It would be desirable if a "standard color" could 

be used with all types of materials. In order for the prints to have good friction resistance, the paint 

must be completely dry. 

 

Materials and Methods 

 

In this work, the quality of UV Ink Jet printing will be investigated depending on the material on 

which it is printed. The colour reproduction and difference between same ink colour on different 

materials, macro non-uniformity and research of ink resistance to friction were analysed. Colour 

reproduction was analysed by spectrophotometric measurement. The evaluation of the secondary 

parameters of the print quality was done using the method of digital analysis of scanned images of 

the samples with ImageJ software, while the experiment to determine the resistance to friction was 

carried out using a device designed for that research. Materials used are 10 x 10 cm plates from paper, 

plastic, wood, metal and canvas. Printing test form was created in Adobe Illustrator and printed with 

APEX UV 6090 printing machine with Epson DKS5 nozzles. The samples were scanned after 

printing with all automatic image corrections turned off and the scanned images were analysed in 

ImageJ software. Spectrophotometric coordinates were obtained using Konica Minolta cm-2600d 

spectrophotometer and the friction resistance was done according the JUS F.S3.021 (JUS, 1980) 

standard for evaluation of colour fastness.  

 

Results and Discussion 

 

To begin with, the colour differences between the samples are presented in Table 1. 
 

Table 1. Colour difference between samples 

Sample Colour difference in regard to paper Colour difference before and after friction 

Paper - 0.08 

Plastic 7.34 - 

Canvas 13.15 0.66 

Metal 16.23 0.16 

Wood 25.22 6.22 

 

From Table 1 can be concluded that although the same ink was used with all the samples, results 

show completely not acceptable colour with massive change (>6) depending on the substrate 

underneath in regard to paper printed sample. This difference can be conducted also with visual 

method, as seen on Figure 1. Colour coordinates were measured again after resistance to friction test 

and in Table 1 are also shown the results of colour difference between samples before and after 

friction resistance test. Colour difference on plastic couldn’t be evaluated because all the ink fell off 

after friction resistance test, as seen on Figure 2. Metal and paper samples didn’t show colour 

difference after resistance to friction test, but it can be noticed slightly better result of macro 

nonuniformity index.  
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Figure 1. Visual representation of printed ink on different substrates (Paper – Plastic – Canvas – Metal – Wood) 

 

 

Figure 2. Visual representation of printed ink on different substrates after resistance to friction test (Paper – Plastic – 

Canvas – Metal – Wood) 

 

In Table 2 are presented results of macro nonuniformity index (NU) conducted with ImageJ software. 

Ideal NU value is 0.  
 

Table 2. Macro nonuniformity index of samples 

Sample Macro nonuniformity index after printing Macro nonuniformity index after friction 

Paper 3.97 3.88 

Plastic 4.68 - 

Canvas 7.20 7.36 

Metal 12.56 11.60 

Wood 13.26 12.78 

It can be concluded that paper has the most uniform patches of colour, plastic is similar to paper, then 

goes a substrate with patterns. NU index values are not large, so it is relatively low print mottle for 

all samples, and it becomes slightly lower after friction test, due to smudging of ink over the surface.  

As can be seen from the analysis of the results, the permanence of the ink on most of the samples 

remained the same, i.e., slight changes have occurred that do not visibly affect the appearance of the 

print. The print on the plastic was completely destroyed, the ink was mostly copied onto the cloth 

with which the experiment was performed. As a reason, it can be said that the surface itself is plastic, 

which is not resistant to this process. The difference in the measured masses of the samples before 

and after processing is negligible, there is none. Figure 3 show the appearance of the samples after 

processing. 
 

 

Figure 3. The appearance of the samples after resistance to friction test 

Every sample, except paper has a visible trace of ink transferred to the cloth used for friction.  
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Conclusion 

 

The analysis showed that the reproduction of the colour of the print on wood, metal, and even plastic 

and canvas have massive differences in colour compared to the reference value - paper. The colour 

differences can be seen with the naked eye.  

By analysing the macro non-uniformity of the samples, it can be concluded that the results are the 

highest on materials such as wood and metal because these materials have a visibly different surface 

patterns, and the results of macro non-uniformity are much higher than on other materials. It is 

recommended to use cover white ink before printing on these substrates. 

By researching the resistance of ink to friction, the results show that UV printing on plastic has low 

effect, because after applying the pressure, prints were completely destroyed. On other materials, 

after this experiment, there were no visible changes on the samples. 

By re-analysing colour reproduction and macro non-uniformity after the friction resistance evaluation 

experiment, different results were obtained, but the differences are not large. Which does not apply 

to plastic samples, because as already mentioned, the ink on those samples were scratched, so the 

differences in these measurements are high. 

For UV Ink Jet printing, there are many factors that should be paid attention to and well prepared for 

the best possible result. From this work, it was concluded that the substrate on which this type of 

printing is printed affects the very appearance of the final graphic product. Therefore, it would be 

desirable to prepare the printing surface well before printing. 
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Abstract 

 

Automation is an important topic in the graphic arts industry. Many terms are related to automation, 

such as process automation, workflow automation, metadata, job tickets, WMS, MIS/ERP, AI, IoT, 

Print 4.0 and smart factory. These terms are also commonly used by manufacturers as buzzwords for 

product marketing. In this paper we will discuss these terms and also the relationships between them. 

 

Keywords: automation, process, workflow, print production. 
 

Introduction 

 

Automation in production means the reduction of manual interventions, so-called human touch 

points. It usually implies an increase in efficiency and thus a reduction in costs. Efficiency can be 

increased and/or costs can be reduced without changing the degree of automation, of course. An 

example of this is a rise in the production speed of a machine. In everyday language, however, 

automation and efficiency are often mistakenly equated. 

The classic driving forces for automation in print production are well known: Run length reduction, 

increase in the number of print jobs per day, cost pressures and the demand for faster throughput. In 

recent times, two significant factors have been added: Increases in material/energy costs and the 

shortage of skilled operators. 

So perhaps it is no coincidence that so many buzzwords have become popular                                                                                                                                                                                                                                                                                                                

in recent years in connection with automation of print production: Process Automation, Workflow 

Automation, Metadata, WMS, MIS/ERP, Cloud Computing, Artificial Intelligence (AI), Internet of 

Things (IoT), Print 4.0, Smart Factory to name just the most important.  

But are some of these buzz words synonyms, do they complement, or do they denote certain subfields 

of others? We also like to explore the question of the extent to which the terms describe classical 

technologies, state-of-the-art technologies or visions for the future. 

In this paper, we therefore would like to clarify these terms and their interrelations. 

 

Process Automation, Workflow Automation 

 

Automation in print production can be roughly divided into two subcategories, both are often 

interdependent: process automation and workflow automation.  

A process in production is a singular work step with a specific and immediate goal that is carried out 

independently of other work steps. According to this definition, trapping in prepress, offset printing 

or folding in postpress are three different processes. The make-ready of a printing press, on the other 

hand, is not, because this production step only makes sense in connection with the associated 

production run. Make-ready is only a so-called process phase; it is too specific, too directly linked to 

the next work step and represents a too narrow interval in the production chain. Conversely, a very 
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general term such as "prepress" is not a process because the tasks that occur there have very different 

immediate goals. 

Process automation therefore always means automating a specific process. For example, the printing 

process on a classic offset press can be automated to a greater extent by automatic register control or 

by automatic color control. A trapping process in prepress can be automated by automatically 

generating suitable traps. Recently, the automated generation of sheet layouts has gained importance. 

The examples show that processes can be executed on machines or by software on computers. 

Workflow automation, on the other hand, is the process of transferring documents/ information from 

one work step (process) to the next or to some dedicated workflow management software, often called 

“controller”. 

Automated workflow steps can be triggered by metadata. Metadata in the print area are descriptions 

of print products, instructions for production control, and operational data collected from the print 

shop floor. Metadata is to be understood in contrast to print data describing graphical content (e.g., 

deploying PDF). Typically, metadata is described by the Job Definition Format (JDF) and its 

associated Job Messaging Format (JMF) (CIP4, 2020a), by Exchange JDF (XJDF) (CIP4, 2020b), or 

by PrintTalk (CIP4, 2020c). This type of data is often also called "job tickets". In addition to these 

data standards, private XML/JSON data is also used for metadata. A relatively new possibility is the 

storage of job ticket data in PDF files (ISO, 2019). 

Workflow and process automation are often strongly interwoven. For this reason, these two 

subcategories are often not properly distinguished. For example, an automatic presetting of a machine 

(process automation) mainly becomes powerful through the provision of certain metadata from 

outside (workflow automation). Therefore, the terms process automation, workflow automation and 

production automation are often used synonymously. 

Process automation is not a new concept; a Linotype typesetting press, for example, represents a 

significant level of automation compared to traditional manual typesetting. Process automation has 

probably always been sought in human civilization. However, computer-based workflow automation 

in the graphic arts industry probably did not begin until the introduction of the Print Production 

Format (PPF) in 1995 (CIP4, 1998). Since then, this format has been used primarily to send data from 

the RIP to the offset presses for setting ink zone presetting values automatically. JDF has significantly 

advanced workflow automation since 2000. 

 

WMS and MIS 

 

A controller manages processes that run on devices or applications. Two special controller types play 

a prominent role: Workflow Management Systems (WMS), or workflow systems for short, and 

Management Information Systems (MIS). Both are particularly important for automation in the 

graphic arts industry. 

A WMS usually manages several print productions processes. It consists of a core and usually several 

engines. The WMS core contains the workflow logic and the interfaces to the outside (for example 

to other controllers and also to the GUI for the operators). Each engine receives appropriate 

instructions (job tickets) from the core, executes one (or more) process(es), and often returns resulting 

data along with operational data back to the core. For example, a WMS in prepress manages the 

preflight, color management, trapping, imposition, RIPing, and plate setting processes. All 

communication to and from the engines, therefore (almost) always runs via the WMS core. 

An MIS, on the other hand, primarily manages the commercial aspects of customer orders. In the 

early days, the most important module was cost estimation for individual print job. In recent years, 

however, the MIS has increasingly taken over the control of production and thus developed more and 

more into an Enterprise Resource Planning (ERP) system. With this development, even the original 

cost calculation has sometimes been abandoned altogether, as with Internet print shops (web-to-print). 
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These printing companies simply have to produce too many jobs per day to be able to calculate them 

individually in advance. 

The MIS is sometimes called the "brain" of a print shop. It normally is the topmost controller in the 

hierarchy of all other controllers and devices. It usually creates new jobs in a database, initiates the 

associated job tickets and passes them on to production. The other way round it collects operational 

data from devices and other controllers on the shop floor and condenses it into useful information for 

the management. In many cases, however, the MIS todayhas interfaces not only to production, but 

also with purchasing, shipping, the customer portal, and so on. 

WMS and MIS have been widely used in the graphic arts industry for about 20 years. Both are 

essential pillars of automation in current print shops. 

 

Cloud Computing 

 

The term “Cloud Computing” often refers to the delivery of IT services, software apps, and resources 

over the internet. Sai Vennam (Vennam, 2020) defines cloud computing to be as „on-demand access, 

via the internet, to computing resources—applications, servers (physical servers and virtual servers), 

data storage, development tools, networking capabilities, and more—hosted at a remote data center 

managed by a cloud services provider (or CSP) “. 

This is a valid characterization for a public cloud, however, not necessarily for a private cloud. So, 

what is the difference between the two? In a public cloud computing services and infrastructure are 

managed by a third-party CSP. It is shared with multiple organizations.  

In a private cloud (also called internal cloud or corporate cloud) the infrastructure is not shared with 

others. The management of the services and infrastructure might still be done by some third party 

(the private cloud provider) or by the organization itself. The latter means that the organization is 

responsible for the hardware and software, just as before with its own data center on premises. 

Furthermore, there are hybrid architectures that have both private and public cloud characteristics. 

Although the IT hardware of a private cloud may be identical to that of the organization's traditional 

data center, the software architecture differs significantly. The traditional client-server architecture is 

replaced by a cloud architecture, even if it does not use the Internet, but the intranet instead. 

Strictly speaking, cloud storage is not yet cloud computing. For cloud computing, dedicated software 

processes must run over the Internet/intranet (e.g., remote applications). 

However, cloud computing has actually (almost) nothing to do with automation, but rather with 

scalability, flexibility and new financial models. Cloud computing, however, might be deployed as 

an IT architecture for advanced production automation, of course. Print 4.0, the future concept for 

production automation, will certainly be based heavily on cloud computing. 

Cloud computing is state-of-the-art. In the graphics industry, cloud computing solutions have so far 

been offered mainly in the MIS/ERP area. Due to the large volume of data generated, cloud computing 

is currently not practical everywhere in print production. For example, the RIPing process is unlikely 

to be moved to the cloud in the foreseeable future (at best, the control of the local RIP) because the 

large volumes of data generated by this process are subsequently required on-site at the print shop. 

Cloud storage, on the other hand, has been used heavily for years. 

 

Artificial Intelligence (AI) 

 

AI could play an important role in the graphic arts industry in the future, especially in production 

decisions based on incomplete or uncertain information, from which no compelling instructions for 

action can be derived. Examples include determining an appropriate job schedule, job ganging, and 

sheet layout. AI will be a new possibility to enhance and automate these production processes. 
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A different area of AI in print shops is predictive maintenance, where many different machine data 

are analyzed to trigger a potential service call. 

Yet another area for AI can be in content creation. For example, content for mailings, personalized 

catalogues or advertising brochures can be selected in a more targeted and automated way using data 

about the recipients. 

It is currently difficult to assess whether some software is already using true AI methods such as 

neural networks and machine learning algorithm. Even if manufacturers claim this when marketing 

their products, it is difficult to verify from the outside. A job schedular could be based on AI, but also 

on classical algorithms with many if-then-else queries. 

 

Internet of Things (IoT), Print 4.0, Smart Factory 

 

The term “Print 4.0” is derived from the term “Industry 4.0”; a name first proposed in 2011 at the 

Hanover Fair in Germany. It can be characterized as follows. 

• Mass customization 

• Highly flexible and nearly autonomous production, 

• Extensive integration of manufacturers, customers, and business partners 

• Linking of production with high-quality services 

With Print 4.0, the focus of this concept is on the printing industry. The vision is that print buyers 

send their customized orders to a print provider, where they define production workflow 

automatically, that is, devices are booked, material/services are purchased and the products are 

shipped – everything without or hardly any human touch points. 

With workflow and process automation, job tickets, web-to-print, and cloud computing, the printing 

industry is pretty well prepared for exactly this scenario. Some manufacturers already using this term 

in their marketing statements. But there is still a long way to go before Print Shop 4.0, also known as 

the smart factory, is a reality. 

With web-to-print, there is still a limited number of products to choose from. For each type of product, 

a production path is defined and tested in advance, so it is largely predetermined. Thus, the products 

are not really individual, only the print content, and manufacturing is not negotiated between devices 

for each job. Apart from that, the processes are not fully automated even at the large Internet printers. 

The (industrial) Internet-of-Things (IoT) is the mass linking of sensors, devices and electronic 

components with software systems, either directly or via the cloud. This makes the IoT an important 

element of Industry 4.0 respectively Print 4.0; however, it should not be equated. 

 

Discussion and Conclusion 

 

If we refer to a technology as "classic" or "state-of-the-art" in this paper, this does not of course mean 

that the majority of companies are already using it. In industry, automation of production is far less 

advanced , as the study by KP Infotrends shows (Zwang, 2021), see Figure 1.  
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Chart 1. Current level of workflow automation Source: NA Software Investment outlook, KP-InfoTrends 2019 

 

In this paper, we have shown that certain terms associated with automation in print production 

sometimes have little to do with it (e.g., cloud computing), others are complementary (e.g., process 

automation and workflow automation), still others represent subsets (e.g., process/workflow 

automation and production automation), and finally can be used interchangeably (Print 4.0 and smart 

factory). 

Further information about workflow automation can be found, for example, in the textbook 

(Hoffmann-Walbeck, 2022).  
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Abstract 

 

Current demand on adsorbent materials is in constant growth, hence scientific society is in ceaseless 

research subjecting cheap and optimal adsorbent. Abundant raw materials which may be utilized as 

adsorbent of cation species are mica minerals, and vermiculite as one of them is widely examined. 

Since wastewater may contain anion or/ and non-ionic pollutants it is needed to functionalize 

adsorbent so it may attract those species as well. Goethite and ferrihydrite are potential candidates 

for such modification since they: have large specific surface area (SSA), possess hydroxide group 

and they are not toxic to the environment. Goethite/ expanded vermiculite (Goe/EV) and ferrihydrite/ 

expanded vermiculite (Fer/EV) are successfully prepared and those composites have showed better 

adsorption related chemical properties than expanded vermiculite (EV) itself. Utilizing BET 

methodology, it is determined that Fer/EV possess five-time larger SSA than EV, while Goe/EV is 

two times larger. Measuring cation exchange capacity (CEC) it is determined that modified samples 

have only ~10% smaller values of CEC. Summary, both composites have shown higher affinity 

toward cationic dye, malachite green and also showed their adsorbent potential toward anionic dye, 

tartrazine. Thanks to facile preparation of such materials and its cost, it may be concluded that they 

are prospective choice as adsorbents, in first order of heavy metals and dyes. 

 

Keywords: expanded vermiculite, adsorbent functionalization, goethite, ferrihydrite, wastewater 

treatment. 

 

Introduction 

 

Mica minerals are among the most abundant group of minerals that readily exist in Earth’s crust 

(Ralph, 2017), and also they possess quite interesting properties. Vermiculite, as well as other 

smectites is expandable mica mineral. Vermiculite expanded form, expanded vermiculite (EV) can 

be facile produced via thermal process during intensive heating of vermiculite particles from ambient 

conditions up to 300 0C (Suvorov & Skurikhin, 2003). Thus obtained, EV is already used as heat 

insulator (Suvorov & Skurikhin, 2003), radiation shield (Kaur et al., 2014) as germination medium 

(Wisdom et al., 2017) as a matrix for phase change materials (Gencel et al., 2021; Yang et al., 2020). 

Beside all mentioned usability, this material may be used as adsorbent as well (Brião et al., 2021; 

Bugarčić et al., 2021). Thanks to its simplicity, applicability and low cost, adsorption is one of the 

most promising methods that can be used in wastewater management. Adsorption properties of EV 

towards cation species come from its moderate cation exchange capacity (CEC) from 25 to 250 

cmoleq/kg (Weiss et al., 1955). However, negative surface of T-O-T layers repels anions, therefore 
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EV couldn’t be utilized as and adsorbent of anions. Such defect of material could be exceeded 

enriching the surface T-O-T sheets of EV with minerals with hydroxide functionality. Thanks to 

possibility to form hydrogen bonds hydroxide group could bind both cations and anions, that way 

those composites would be even superior adsorbent than EV itself. Goethite (Goe) and ferrihydrite 

(Fer) quite fit the requirements of the mineral with hydroxide functional group, they also possess 

huge surface area and they are quite stable and harmless to the environment (Baragaño et al., 2020; 

Malakar et al., 2022). In this study, deposition of Goe and Fer on EV surface was done by co-

precipitation in thin layer of nonsolvent. Thus, prepared composite was characterized in the manner 

of its adsorption (towards malachite green (MG) and tartrazine (TAR)) and physicochemical 

properties (Cation Exchange Capacity (CEC) and BET specific surface area). 

 

Materials and Methods 

 

Samples of EV used for preparation of composites are provided from Vatra ltd, Beograd. All the 

chemicals mentioned in subsection below were of analytical grade, while dialysis bags used are 

obtained from Spectra/Por® Biotech made from Regenerated Cellulose (RC), MWCO 3500. 
 

Deposition of the Goe has been performed in three identical consecutive steps. Total mass of the 

reagents used for goethite synthesis was calculated in the way that total mass of produced goethite in 

those 3 steps is 10 mas% of the EV mass. Prior to deposition EV sample is etched in two steps: 

• I step using solution of peroxysulfuric acid (ω=1.5 mas%) m:m=50 g kg-1 for 15 minutes of 

gentle stirring (up to 50 rpm) the dispersion in a glass 

• II step using solution of hydrofluoric acid (ω=3.0 mas%) m:V=50 g dm-3 for 30 minutes of 

gentle stirring (up to 50 rpm) the dispersion in a polyethylene glass 

After etching, the sample was thoroughly rinsed with deionized water (DW) until negative reaction 

on fluoride ions, and dried on 80 0C for 2.5 hours. 

Concept for preparation of goethite can be found in work of Schwertman and Cornell (Schwertman 

& Cornell, 2000) procedure that may be found in cited book is modified in a few details. In order to 

obtain Goe/EV sample 5.0000 g of EV is placed into three-necked balloon (V=100 cm3) together with 

10.0 cm3 of xylene, 2.00 cm3 of nitrogen aerated water and 0.3300 g of FeSO4·7H2O and vacuumed 

(using water jet pump) for 15 minutes and sonicated (ultrasound (US) bath, Bandelin Sonorex RK 

100) another 15 minutes. After this 0.2000 g of NaHCO3 (n(FeSO4·7H2O):n(NaHCO3)=1:2) is 

dissolved into 2.00 cm3 of nitrogen aerated water and this solution is droplet added in balloon in 

nitrogen atmosphere. When evolution of CO2 is finished, gas inlet is switched on synthetic air. This 

reaction is left for 24 h, after it obtained composite is filtered and rinsed with ethanol and DW until 

negative reaction on sulfate ions. Wet sample Goe/EV is dried on 40 0C for 6 hours. This deposition 

of goethite is repeated three times and thus obtained composite is stored in plastic containers. 

Reactions that occur during synthesis of goethite can be presented with chemisms (1,2). 

 

( ) ( ) ( )
( ) ( ) ( )24 3 4 22

2
aq aq aq gs

FeSO NaHCO Fe OH Na SO CO+ → + +¨̈                       (1) 

( )
( ) ( ) ( )

( ) ( )222
4 4 2

g ls s
Fe OH O FeO OH H O+ → +¨                   (2) 

 

Procedure for preparation of 6-line ferrihydrite can be found in the book Iron Oxides in the Laboratory 

by Schwertman and Cornell (Schwertman & Cornell, 2000) however found procedure is changed in 

a few details so preparation of composite Fer/EV is done in procedure described below: 

At first, it is measured 5.0000 g of EV and placed into a tube together with 1.00 cm3 of DW in order 

to wet the base material. Wetting of the sample is done the same as in previous case, in assistance of 
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US bath (US bath, Bandelin Sonorex RK 100) and applying the vacuum (water jet pump). In another 

glass it as added 10.0 cm3 of xylene and 4.00 cm3 of water and put into a furnace and preheated on 

75 oC when the reaction mixture reached this temperature it is added 2.0000 g of unhydrolyzed 

Fe(NO3)3·9H2O together with already wet EV sample and rapid stirred for 1 minute. Glass together 

with reagents is moved in oven again for 10 minutes and after the polymerization of iron (III) 

hydroxides is done, the glass is cooled rapidly plunging it into ice water, and after cooling the sample 

is centrifuged (3000 rpm for 3 minutes), the liquid phase is decanted and solid raw sample is placed 

into dialysis bag where the sample is dialyzed for 5 days (water is changed 3 times a day). When the 

dialysis is done, solid sample is rinsed with DW and ethanol and dried on 60 0C for 6 hours. 

In order to determine cation exchange capacity (CEC) mass concentrations of sodium, potassium, 

magnesium, calcium and iron were done for all samples, methodology used for CEC determination 

was done according to work of Daković et al (Daković et al., 2005). 

Determination of samples specific surface area (SSA) was done by Brunauer–Emmett–Teller (BET) 

methodology on Micrometrics ASAP 2020 in linear part of nitrogen BET adsorption isotherm on the 

temperature of nitrogen boiling (p = patm). Before nitrogen adsorption all the samples were degassed 

on vacuum for a 10 h at 150 0C. Adsorption was done using nitrogen 99.9 vol.% purity. 

Adsorption of malachite green and tartrazine (ci=10 mg dm-3) were done on 298 K in a batch system 

(m:V=8:60 g dm-3) Concentration of the dyes during adsorption was measured using UV/Vis 

spectrophotometer Shimadzu 1800 measuring absorption of the light in the wavelength range from 

200 to 800 nm on the pre-filtered aliquot sample. Concentration is calculated via Beer-Lambert law 

equation (3). 

A
c

l
=


                               (3) 

In the expression (3) A is the absorbance on the wavelength of strongest peak, while ε·l value was 

obtained via calibration (determined as a slope of linear part of the function A vs c for standardized 

solutions of used dyes). 

 

Results and discussion 

 

Determined values of CEC together with contribution of each cation in summary CEC value are given 

within Table 1. As it can be seen from Table 1 the largest contribution of CEC value in raw sample 

is provided by presence of magnesium ions in interlayer. On the other hand, composite Goe/EV was 

obtained via co-precipitation method using sodium salt as a reagent, for that reason sodium ions gave 

larger contribution to CEC than others present. In the case of Fer/EV composite there were no other 

reagents used than iron (III) salt and water, so the CEC value is similar as for the start material (EV) 

with slightly higher contribution of iron (III) ions when compared with EV sample (see Table 1). 
 

Table 1. Cation exchange capacity of EV and its composite and their SSA measured utilizing BET methodology 

Cation Exchange Capacity/cmolckg-1 SBET/ 

m2g-1  Ca2+ Mg2+ Na+ K+ Fe3+  

EV 6.1 32.1 0.8 0.9 0.1 40.0 3.28 

Goe/EV 3.2 4.8 27.8 0.5 0.2 36.5 6.61 

Fer/EV 3.0 30.6 0.7 0.8 1.1 36.2 15.1 

 

Results of SSA determined via BET methodology are placed in Table 1, and as it can be seen both 

modifications (Goe/EV and Fer/EV) possess higher SSA than bas material EV. And this is expected 

since Goe and Fer prepared utilizing routes described by Scwertman and Cornell have SSA of 80 and 

200 m2 g-1 respectively (Schwertman & Cornell, 2000). However, since the yield of the oxides are 
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not the same (6-line ferrihydrite is much less yielded than goethite) SSA of Fer/EV is only about 150 

% higher than Goe/EV. 

Measuring absorbance of standardized solutions of MG and TAR were utilized to determine values 

of ε·l slope and their respectively values are xx and zz dm3 g-1. 

With determined values of ε·l absorbance results (A) from adsorption experiments are simple 

recalculated into c using equation (3) and adsorption capacity is calculated using expression (4). 

i t
t

ads

c c
q V

m

−
=                          (4) 

Where qt (mg g-1)is adsorption capacity after amount of time, ct and ci (mg dm-3)are measured and 

inital concentration of the dyes in a solutions, mads (g) is of used adsorbent and V (dm3) is volume of 

the solution in the batch. The results of adsorption experiments are presented at Figures 1 and 2 as 

function of achieved adsorption capacity versus contact time of adsorbent with adsorbate solution. 

 

 
Figure 1. Tartrazine adsorption trend on EV and its modifications 

 

 
Figure 2. Malachite green adsorption trend on EV and its modifications 
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As it can be seen from Figure 1, prepared composites possess much higher adsorption capacities 

towards tartrazine than EV itself. This is expected as a results since EV itself possess negative surface 

(T-O-T layer) and thanks to this property EV can’t attract negatively charged molecule such is 

tartrazine and adsorption capacity towards anion species is limited. In the presence of Goe and Fer 

negatively charged molecule of tartrazine anion could be attracted on support surface and adsorption 

capacity is better. From the same figure can be seen that adsorption trend of this dye on Goe/EV is 

slower however at certain point Goe/EV overcomes Fer/EV composite. Most likely this is due to 

limiting mass transfer through inner pores of Fer which possess significantly larger SSA than Goe, 

however inner pores during the adsorption become more and more unavailable and adsorption reach 

equilibrium state. 

Adsorption capacity of cationic dye, MG on both composites surpassed the base material (EV) 

adsorption capacity towards same dye as it can be seen from Figure 2. Composite Fer/EV possess 

better adsorption properties towards MG than Goe/EV composite, thanks to bigger SSA, as it can be 

seen from Table 1. Molecular structures of TAR and MG can also help in understanding such results, 

at Figures 3 are given structures of TAR and MG. 

 

 
 

Figure 3. Molecular structures of MG (left) and TAR (right) 

 

As it can be seen from structures MG compound is a salt where positive charge is carried by nitrogen 

atom and this charge is dispersed through all the benzene rings thanks to complete aromatic behavior 

of this cation. This cation easily bonds on T-O-T structure of EV matrix all followed by ion exchange 

with cations in interlayer and adsorption on particles of oxides present on the surface of EV in the 

case of composites. Structure of TAR shows another salt where negative charge is carried by two 

sulfonate anion and carboxylate anion so total charge of the anion is -3. This anion is repulsed by the 

EV surface of T-O-T layer, however presence of Goe and Fer supports the bonding of anion thanks 

to ion-dipole interaction in the smaller intensity and hydrogen bond in higher intensity. 

 

Conclusion 

 

Deposition of both Goe and Fer on the surface of EV alters the adsorption properties of EV towards 

the dyes. Presence of these two iron oxides enable the adsorption of anionic dyes and in the same 

time improve the adsorption capacity of cationic dyes. Thanks to higher CEC and improved SSA 

obtained composites are prospective choice for adsorption of cationic species in the first place and 

anionic species in decent amount for such materials in a second place. 
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Abstract 

 

Conventional wastewater treatment processes are increasingly difficult to fulfill strict standards of 

achieving the required quality. Therefore, it is necessary to apply processes that in an efficient and 

economically justified way reach the necessary limits in order to discharge wastewater into the 

recipient. The process of photolysis represents the degradation of the starting pollutant practically to 

water and carbon dioxide. The whole process takes place under the action of a UV lamp that imitated 

solar irradiation. The process is environmentally justified since, unlike some other advanced 

oxidation processes - AOPs, there is no use of additional, hazardous, chemicals which possibly results 

in the precipitates formation that are leading to further treatment. In this paper, photolytic degradation 

of pesticide thiophanate methyl was performed in doubled wall quartz reactor equipped with a 

thermoregulation system. Reaction was forced under Osram ULTRA VITALUX UV lamp (300W). 

Kinetics of photodecomposition process was followed by pseudo-first order. In certain time periods, 

specimens were sampled, filtered and monitored by UV spectrophotometer Shimadzu 1800 with an 

aim to determine the concentration of xenobiotic. Complete degradation of present xenobiotics was 

obtained after 240 min. With an aim to enhance the degradation process, hydrogen peroxide was 

added as a boosting agent which cause a shortening in demanded time (150 min) for complete 

degradation. Verification of the success of decomposition was confirmed by the obtained values of 

chemical oxygen demand (COD), which reveal that the established system has a basis for real 

application in industrial or municipal wastewater. 

 

Keywords: wastewater treatment, pesticide degradation, photolysis, AOPs, COD. 

 

Introduction 

 

Due to the excessive or improper use of pesticides, the rising demand for food production worldwide 

has not only produced a major decline in food quality and severe environmental effects (Abhilash & 

Singh, 2009). Various pesticides used in agricultural techniques to assure crop quality and food safety 

might cause the release of these compounds into non-target environmental matrices, such as 

freshwater bodies (Bustos et al, 2019). This is a serious issue because pesticides are typically 

recognized to have harmful qualities that can make exposure to these chemicals potentially lethal. In 

terms of human health, pesticide exposure has been linked to an increase in the occurrence of some 

forms of cancer and birth abnormalities, among other disorders (Kaur & Kaur, 2018). Furthermore, 

it is generally understood that these substances might pose a health danger to other living species 

(Damalas & Eleftherohorinos, 2011). A fungicide called thiophanate methyl was frequently applied 
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to crops to prevent fungal infections (Correia et al., 2016). It is not particularly persistent in soil or 

water systems, has a low aqueous solubility, and is not particularly volatile. Although it is not 

poisonous to mammals, it can irritate, cause skin sensitivity, and even be mutagenic (Jia et al., 2020). 

Most aquatic species and earthworms are poisonous to it, while birds and bees are less susceptible. 

Due to high water pollution with different organic compounds, many researchers are trying their best 

to develop techniques for the removal and degradation of them. Wastewaters from industrial factories 

and agricultural fields present a tremendous problem for modern society, in the area of health care 

and sustainability (Ungureanu et al., 2020). Therefore, oxidative process like photolysis is 

increasingly used in smaller wastewater treatment plants (Liu et al., 2011; Anisuzzaman et al., 2022). 

This process provides the degradation of many classes of organic compounds and biological 

pollutants. Photolysis is a process of degradation of various pollutants under the action of UV 

irradiation, where the parent molecule is converted into smaller ones. 

The goal of this study was to thoroughly investigate the degradation of thiophanate methyl (TPM) 

under simulated sunlight in order to develop an appropriate technique for its removal from water. 

Measurement of chemical oxygen demand (COD) will help in further explanations of process 

efficiency. The effects of hydrogen peroxide addition and the distance of the UV lamp on degradation 

were examined. The reaction kinetics was further investigated using UV-VIS. 

 

Materials and Methods 

 

All used chemicals are analytically pure and without the need for further purification. Pesticide 

thiophanate methyl was obtained from Sigma Aldrich (European Commission, 2022). Hydrogen 

peroxide was also acquired from Sigma Aldrich. Photolytic experiments were performed in a 

doubled-wall quartz glass reactor (Figure 1). For irradiation of pesticide solutions, Osram Ultra 

Vitalux UV lamp nominal wattage of 300 W (UVA : UVB = 13.6 : 3) was used. During irradiation, 

the reactor is consistently cooled down by coolant water in the reactor jacket to avoid uncontrolled 

heating of the treated solutions. Photolytic tests in this study were carried out with starting TPM 

concentrations of 5 and 10 mg dm-3. For initial experiments, in the reactor 150 dm-3 of the 

abovementioned fungicide solutions were added. In certain periods, 3.0 dm-3 of the solution was taken 

and recorded via UV spectrophotometry. All measurements were taken in triplicate. In photolytic 

experiments, the concentration of TPM was measured using UV-VIS Spectrophotometer 1800, 

Shimadzu, Japan. COD was measured by EPA 410.4: 1993 standard.  
 

 
Figure 1. The reactor used for photolytic experiments 
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Results and discussion 

 

At low concentrations of the organic pollutant, a pseudo-first order equation can be used to estimate 

the kinetics of photolytic reactions (Yusuff et al., 2020). In the Figure 2 are shown obtained curves 

with different symbols for all tests. They are representing the degradation of the present pollutant by 

sun-imitated irradiation and by sun-imitated irradiation with an addition 5% solution of H2O2.  

 

 

Figure 2. Degradation of TPM under different conditions 

 

Photolytic tests reveal the relatively average degradation of TPM, which indicates the stability of this 

pesticide (which is in agreement with literature from Introduction). Results show that for both TPM 

concentrations, 5 and 10 mg dm-3, the needed time for complete decomposition was 240 min. 

This is the reason for advancing photolytic reaction with the addition of H2O2 in order to fasten 

degradation of presented organic. The formation of peroxide radicals reduces the duration of the 

process due to accelerated oxidation of the pollution, which drives the degradation reaction and justify 

the necessity for an advanced process. Therefore, acquired results prove usage of this combination - 

150 min as the required time for total decomposition of TPM (Figure 2). 

By varying the distance of the lamp from reactor (from 100 to 400 mm), it was concluded that a 

distance of 200 mm has the best impact on degradation reactions. When the distance was the higher 

then 200 nm, photolytic degradation was lower by approximately 15% for 300 mm and approximately 

25% for 400 mm. This can be explained by dissipation of emitted light. Contrastingly, when the gap 

between the rector and UV lamp was smaller, solution of TPM started to evaporate because of 

inability of the system to cool the working solution. 
 

Measurement of COD values are shown in Figure 3.  
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Figure 3. Monitoring of COD values prior and after the degradation of TPM 

 

Determined initial value of COD for TPM solution was 1255 mg dm-3. Following the 240 min of 

photolytic reactions, obtained values were 510 and 420 for 10 and 5 mg dm-3, respectively. After the 

addition of 5% solution of H2O2, values of COD were decreased, 120 and 80 for 10 and 5 mg dm-3, 

respectively. This shows that the used system showed significant improvements.  

 

Conclusion 

 

Typical wastewater treatment systems are becoming increasingly difficult to meet stringent quality 

standards. As a result, in order to discharge wastewater into the recipient, processes that are efficient 

and economically justified must be used. Therefore, entire procedure is carried out under the influence 

of a UV light that simulates sun irradiation. The kinetics of the photodecomposition process was 

followed by pseudo-first order. Complete degradation of the present TPM was obtained after 240 

min. With an aim to enhance the degradation process, hydrogen peroxide was added as a boosting 

agent which cause a shortening in demanded time (150 min) for complete degradation. Also, it was 

concluded that the optimal reactor-to-lamp distance was 200 mm. The estimated chemical oxygen 

demand (COD) values were used to evaluate the decomposition's success: 80 mg dm-3 for the 

concentration of TPM of 5 mg dm-3, which reveal that the established system has a basis for real 

application in industrial or municipal wastewater. 
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Abstract 

 

Pesticides are chemicals that are widely used in agriculture. They have several benefits, such as 

controlling harmful organisms and weeds that destroy crops and threaten people's lives. They also 

help farmers increase crop yields to provide enough food resources for a growing population, decrease 

food costs, and prevent sickness caused by moldy food. But there is a thin line between positive and 

negative effects of pesticide use. Therefore, after the treatment of plants with pesticides, it is 

necessary to monitor their stability in the environment. If the plants do not absorb pesticide, it reaches 

the surface and groundwater. This research aimed to assess the positive effects and solar stability of 

commercial pesticides Ormoroc and Globaryll used to treat grapevine and fruits. Ormoroc and 

Globaryll increased fruit weight, diameter and fruit firmness of sour (cv. Erdi botermo) and sweet 

(cv. Regina) cherries. The stability of Ormoroc and Globaryll was monitored at room temperature in 

the dark. Under these conditions, they were highly stable. The more significant investigation for the 

environment is the solar stability of these pesticides. Our results indicate the decomposition of the 

mentioned compounds under UV radiation. As UV light is a part of solar radiation, these results 

suggest that applying investigated formulations and their degradation using solar radiation is one of 

the foundations of sustainable agriculture. 

 

Keywords: Ormoroc, Globaryll, Direct photolysis, UV radiation. 

 

Introduction 

 

With increasing food demand, agriculture modernization, and pesticide marketing, pesticide use has 

increased. The widespread use of pesticides is inevitable in agriculture. The average amount of 

pesticides used per hectare increased from 0.32 kg/ha in 1990 to 0.39 kg/ha in 2019 (Faostat, 2021). 

However, pesticide use for agriculture rose from 338 tons of active ingredients in the 1960s to 82,560 

tons in 2019. The increase in pesticide use results from increased demand for food attributed to 

population increases from 16.7 million in 1991 to 43.0 million in 2021 (Ssemugabo et al., 2022). 

The question is whether these chemicals have toxic and hazardous environmental effects which arise 

from their continuous use in agriculture. This topic has attracted humankind's attention and has 

become a global ecological inquiry. Various studies have revealed that the exposure of humans to 

high concentrations of residual pesticides in food and water leads to serious chronic effects, including 

effects on reproduction, carcinogenesis, and neurotoxicity. However, when these chemicals are 

properly used according to regulations, they positively impact fruit quality, thereby ensuring higher 
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fruit yields in a world where the lack of food is an increasing problem (Da Silva et al., 2013; Hileman, 

1994). 
A commercial pesticide Ormoroc (active component 1-naphtylacetic acid) is a plant growth regulator 

with a similar structure to the auxin indole-3-acetic acid, a natural plant growth hormone important 

for seed and root development. It has been widely used in agriculture for over 60 years as a component 

in many commercial plant rooting and horticultural formulations (Kocaman & Güven, 2016). It is 

used for root cuttings, to prevent fruit drop shortly before harvest, and as a fruit thinning agent for 

fruits such as apple, pear, peach, and grape (Link, 2000). Its action mainly involves inducing the 

abscission of flower buds. Due to its application on various crops, trace amounts of 1-naphtylacetic 

acid are found in fruits and vegetables. It may also be expected to be present in surface and ground 

waters due to its incomplete plant adsorption. In literature, 1-naphtylacetic acid is considered harmful 

to aquatic organisms with a LC50 of 4 mg/dm3 for fish and a half-lifetime of 38 days in water (Da 

Silva et al., 2013). 

A commercial formulation of the pesticide Globaryll (active component 6-benzyladenine, also called 

6-benzylaminopurine) is a synthetic cytokinin that stimulates cell division in plants. Among other 

actions, it spurs plant growth, sets blossoms, and improves fruit quality (Zhang et al., 2010). Since it 

is widely used, it was found in the environment in low concentrations. Therefore, 6-benzyladenine 

toxicity was assessed through various studies. In mammals, 6-benzyladenine is shown to be harmful 

if swallowed. This substance is of low acute toxicity after dermal and inhalation exposure, it is neither 

a skin or eye irritant nor a skin sensitizer. The risk to birds and mammals from consumption of 

contaminated drinking water with 6-benzyladenine was assessed as low. The risk to bees, 

earthworms, non-target soil micro-organisms, non-target plants, and the function of wastewater 

treatment plants was assessed as low (European Food Safety, 2010; Wu et al., 2014). 

This study observed the positive effects of Ormoroc and Globaryll on increased fruit weight, 

diameter, and fruit firmness of sour (cv. Erdi botermo) and sweet (cv. Regina) cherries. To our 

knowledge, stability studies of commercial formulations Ormoroc and Globaryll in aqueous solutions 

have not been conducted. Therefore, a kinetic study on its hydrolysis and photolysis was undertaken. 

Ormoroc and Globaryll stability were monitored at 25 °C in the dark. The solar stability of these 

pesticides was assessed under the influence of UV irradiation. 

 

Materials and Methods 

 

The experiment was conducated during the season 2022 on the sour (cv. Erdi botermo) and sweet (cv. 

Regina) cherry trees. The threes of both cultivars were planted in 2019, with planting distance 5 x 3 

m (sour cherry), and 4 x 1.5 m (sweet cherry). Standard agrotechnical procedures including pruning, 

irigation, fertirigation, remowing grass cover between rows, the control of weeds, pests and diseases 

were performed during the growing season. 

The trial was set up in a completely randomized block design with three replications and three trees 

per replication (9 trees per treatment). The trees were sprayed with backpack sprayer (STIHL SR-

420) with run-off (800 l per hectare). The chemical used were Ormoroc (containing 7.5% active 

ingredient (a.i) 1-naphtylacetic acid) and Globaryll (containing 9.5% a.i. 6-benzyladenine). The 

following bioregulator treatments were applied after full bloom: 20 mg/dm3 1-naphtylacetic acid, 100 

mg/dm3 6-benzyladenine and untreated control.  

At harvest, 30 fruits were randomly chosen for the analyses of the fruit size (weight, diameter, height 

and width) and fruit firmness. Fruit firmness was measured with Fruit Texture Analyser, FTA-25 

(Güss System, RSA) penetrometer fitted with 5 mm diameter prob and measured values were 

expressed in kg/cm2. 

For observing bioregulators stability in water, commercial formulations of Ormoroc (Rocca frutta, 

Italy) and Globaryll (Globachem, Belgium) were used as obtained. The stock solutions of 0.05 
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mmol/dm3 of Ormoroc and Globaryll were made using ultrapure water (UPW). The solutions were 

protected from light and stored in a dark place at 25 °C. 

Hydrolysis of Ormoroc and Globaryll solution was carried out in the dark in a volumetric flask 

(Duran®). Experiments were performed at 25 ± 1 °C. Hydrolysis of Ormoroc and Globaryll dissolved 

in UPW was monitored for one month. Ormoroc and Globaryll hydrolysis monitoring samples were 

taken in the chosen time intervals. 

Direct photolysis was carried out in a cell made of Pyrex glass (total volume of ca. 40 cm3, liquid 

layer thickness 35 mm), with a plain window where the light beam was focused. Experiments were 

performed using 20 cm3 of 0.05 mmol/dm3 Ormoroc or Globaryll solutions. The cell was equipped 

with a magnetic stirring bar and water circulating jacket. Before irradiation, the photochemical cell 

was placed on a magnetic stirrer and thermostated at 25 ± 1 °C with mixing in a stream of O2. The O2 

flow was 3.0 cm3/min in all degradation experiments. A high-pressure mercury lamp (125 W, Philips, 

HPL-N, emission bands at 290, 293, 296, 304, 314, 335, and 366 nm, with maximum emission at 366 

nm) was used as the UV irradiation source. 

Kinetics of Ormoroc and Globaryll removal from the water was measured spectrophotometrically. 

The absorption maximums of Ormoroc and Globaryll were 222 nm and 269 nm, respectively. 

Absorption spectra were recorded on a double-beam T80+ UV/Vis Spectrometer (UK) at a fixed slit 

width (2 nm), using quartz cell (1 cm optical length) and computer-loaded UV Win 5 data software. 

Absorption spectra were recorded between 200 nm to 400 nm. 

The data was processed by factorial ANOVA using Software Statistica version 14.0 (StatSoft Inc., 

Tulsa, USA). Duncan post hoc test was used to test the significance of differences (P≤0.05) among 

the mean values. 

 

Results and discussion 

 

Globaryll increased fruit weight and fruit diameter of Erdi botermo, while Ormoroc had no effect 

(Table 1). Booth, Ormoroc and Globaryll increased Regina fruit weight compared to control (15.9 

and 11.4%, respectively). These treatments also increased Regina fruit firmness, while the fruit 

diameter was increased only by Globaryll treatment. Our results are in agreement with Zeman et al. 

(2013) who observed increasement of the Regina fruit weight up to 11.9% in 1-naphtylacetic acid 

treatment. 
 

Table 1. Fruit size and fruit firmness of sour (cv. Erdi botermo) and sweet (cv. Regina) cherry fruits treated with 

bioregulators 

Treatment Sour cherry Sweet cherry 

Fruit 

weight 

Fruit 

height 

Fruit 

diameter 

Fruit 

width 

Fruit 

firmness 

Fruit 

weight 

Fruit 

height 

Fruit 

diameter 

Fruit 

width 

Fruit 

firmness 

Contol 5.6b 19.1a 21.5b 19.3a 5.1a 8.8b 25.1a 25.4b 22.2a 15.3b 

Ormoroc 5.8b 19.4a 21.7b 19.6a 5.5a 9.8a 26.2a 26.3ab 23.1a 17.0a 

Globaryll 6.4a 19.9a 22.4a 19.9a 5.3a 10.2a 26.2a 27.1a 23.3a 18.4a 

Statistical 

significance 
* ns * ns ns * ns * ns * 

The means in columns with the different lowercase letter do significantly differ according to the Duncan post hoc test 

(P≤0.05). 

 

The results indicate the benefits of applying bioregulators to the examined plant species. However, 

since pesticides reach the surface and underground water after treating plants, this study analyzed 

hydrolysis and direct photolysis in water to test the stability of commercial formulations of the 

investigated compounds. 

Hydrolysis is an important degradation pathway for substances in the environment, besides photolysis 

or redox reactions (de Melo Plese et al., 2005). Studies by many authors suggest that abiotic 



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

214 

 

transformations, such as hydrolysis and photolysis, could be significant for the environmental outlay 

of substances occurring in nature (Alexandrino et al., 2017; Armaković et al., 2018). As a starting 

point, we have monitored the Ormoroc and Globaryll hydrolysis in UPW at 25 ± 1 °C (Figure 1). 

After 28 days, 22.3% of Ormoroc hydrolyzed under these conditions (Figure 1a). Therefore, since 

Ormoroc and its active component 1-naphtylacetic acid did not show toxic and hazardous effects on 

the environment, hydrolysis proved to be an effective way for the degradation of Ormoroc residues 

in the environment. On the other hand, as can be seen (Figure 1b), Globaryll did not hydrolyze after 

28 days. It was reported that the active component of Globaryll, 6-benzyladenine showed stable 

hydrolysis (pH 5, 7, and 9). Photolysis may contribute to the degradation of 6-benzyladenine in water 

(European Food Safety, 2010). With that in mind, as well as the absorption spectra of Ormoroc and 

Globaryll, our further studies were directed to direct UV photolysis. 

 
Figure 1. Absorption spectra after hydrolysis of Ormoroc (0.05 mmol/dm3) (a) and Globaryll (0.05 mmol/dm3) (b) in 

observed intervals of time 

 

The efficiency of direct photolysis depends on the target compounds' ability to absorb the emitted 

light and on the relevant quantum yields. The efficiency of direct photolysis of Ormoroc was 

performed at natural pH (8.0) under the influence of UV irradiation (Figure 2a). It was found that 

43.9% of Ormoroc was degraded by direct photolysis after 240 min of irradiation. In the case of 

Globaryll (Figure 2b), degradation efficiency was 18.9% under UV irradiation at natural pH (8.0). 

Since UV light is a part of solar radiation, these results suggest that investigated formulations could 

be degraded in the environment using solar radiation. Figures 2c and 2d show absorption spectra of 

Ormoroc and Globaryll direct photolysis. 
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Figure 2. Kinetics of direct photolysis of Ormoroc (0.05 mmol/dm3) (a) and Globaryll (0.05 mmol/dm3) (b), and 

absorption spectra obtained during direct photolysis of Ormoroc (c) and Globaryll (d) in observed intervals of time 

 

Conclusion 

 

With the increasing food demand, pesticide use has increased globally. These chemicals are used 

widely in agriculture because of their benefits, such as controlling harmful organisms and weeds that 

destroy crops and threaten people's lives. They help farmers to provide better growth of crops which 

increases agricultural productivity. However, a line is thin between the positive and negative effects 

of pesticide use. Therefore, it is necessary to monitor their stability in the environment. Hydrolysis 

and photolysis are suggested as effective and economical ways of removing these substances from 

the environment. 

This paper assesses the positive effects and solar stability of commercial pesticides Ormoroc and 

Globaryll used to treat grapevine and fruits. They have increased fruit weight, diameter and fruit 

firmness of sour (cv. Erdi botermo) and sweet (cv. Regina) cherries. Hydrolysis was an important 

degradation pathway for Ormoroc. After 28 days of Ormoroc hydrolysis at 25 ± 1°C, 22.3% of 

Ormoroc was hydrolyzed. An effective way for degradation of both, Ormoroc and Globaryll was 

direct UV photolysis. After 240 min of direct hydrolysis, 43.9% and 18.9% of Ormoroc and Globaryll 

were degraded, respectively. Since sunlight contains UV light, these results suggested that 

investigated formulations could be degraded in the environment by using solar radiation. 
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Abstract 

 

Mining, combustion of coal and waste, and steel processing are the main industrial activities that 

trigger the emission of large amounts of Zn, which reach the soil and pose a risk to its services, 

functions, and groundwater quality. A frequently associated process is soil acidification, reducing 

soil's ability to retain incoming toxic metals. The soil treatments with reactive, low-cost, and locally 

available materials might be a straightforward approach to decreasing the mobility of toxic metals 

and alleviating the environmental risks. This study aimed to compare Zn ions sorption and retention 

by several unconventional soil additives (seashell waste, bone char, and red mud) against the 

performance of acidic soil. Batch experiments of Zn ions sorption were initially performed using 

solutions with different Zn concentrations, followed by the determination of sorbed Zn stability in an 

acidic medium. The waste materials exhibited higher pH values and superior Zn sorption capacities 

with respect to the soil. The desorption experiment exposed different mechanisms of Zn ions fixation 

by studied materials. While the substantial amounts of Zn sorbed by seashells, red mud, as well as 

soil were released in the scope of the ion exchange and carbonate fraction, sensitive to pH decrease, 

the bone char preserved Zn in more stable fractions. The investigated waste materials can potentially 

prevent Zn leaching through the soil profile, with the bone char demonstrating the most significant 

capability for long-term retention performance.  

 

Keywords: soil additives, zinc, sorption, retention, soil remediation. 

 

Introduction 

 

The overall mean zinc (Zn) concentration in soil is 50–55 mg/kg and typically does not exceed 300 

mg/kg (Noulas et al., 2018). Zinc ions are essential in numerous plant metabolic processes, thus, their 

deficiency causes reduced growth, tolerance to stress, and chlorophyll synthesis (Sharma et al., 2013). 

It is also essential for animals' and humans' health, affecting gastrointestinal, central nervous, 

immune, skeletal, and reproductive systems (Roohani et al., 2013). While the scarcity of available 

soil Zn represents an important soil quality issue and a cause of malnutrition problems in some parts 

of the world, Zn concentrations in the soil are rising in many other areas worldwide due to 

anthropogenic additions.  

Characteristic industrial activities that generate and emit the most of Zn are mining, steel processing, 

and coal and waste combustion (Wuana & Okieimen, 2011). Like other heavy metals, Zn becomes a 

contaminant in the soil if its total concentrations are elevated compared to natural background levels 

and its distribution in the soil shifts towards chemical forms with greater mobility and bioavailability. 

The pollution in croplands results in soil–plant–food transfer of Zn and exposure of numerous living 

organisms through this chain.  
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Soil contamination and surface runoff infiltration to the groundwater aquifers result in groundwater 

contamination with Zn and other toxic metals. Given that groundwater is the most significant source 

of drinking water in the European Union and the resource for agriculture and industry (EC, 2008), 

the safety of its quality in part refers to the prevention of metals leaching from the contaminated soil.  

Numerous techniques for on-site or off-site treatment of the soil contaminated with Zn are developed. 

Methods based on the physical separation of Zn from soil matrix include chemical leaching using a 

variety of agents such as carboxyalkylthiosuccinic acid (CETSA), copolymer of maleic and acrylic 

acid (MA/AA), ethylenediamine tetra acetic acid (EDTA) (Xia et al., 2019), citric acid (Gu et al., 

2018; Hu et al., 2021), tartaric acid (Alman-Abad et al., 2020), but also inorganic acids (HCl, H2SO4, 

and H3PO4) (Ko et al., 2006). Phytoremediation (Yan et al., 2020), electro-kinetic remediation 

(Rezaee et al., 2017) and microbial-induced remediation of Zn pollution (Zhan & Qian, 2016) are also 

proposed. Furthermore, stabilization/solidification of soil Zn can be achieved using appropriate 

agents. Recently, cost-effective materials, like limestone calcined clay cement, a low-carbon/cost 

cementitious material (Reddy et al., 2020), or cement–soda residue (Zha et al., 2021), were found 

applicable for Zn solidification. The perspective approach is in situ stabilization of Zn in soil not by 

targeting encapsulation but by using amendments (Kumpiene et al., 2008). The role of amendments 

is to change the chemical forms of Zn in the soil, making it less mobile and less available to plants. 

Zinc can be chemically stabilized by mixing the soil with liming materials (Martin & Ruby, 2004), 

phosphate salts (Wuana & Okieimen, 2011), bentonite (Chaves et al., 2017), zeolite, sepiolite, and 

palygorskite (Ye et al., 2022).  

The useful amendment for reducing Zn environmental availability should be effective, inexpensive, 

available, easy to apply, and non-toxic to the plants. The aim of this study was to evaluate the 

prospects of several low-cost materials as additives for Zn stabilization in the soil. The sorption and 

retention of Zn ions by waste-derived materials (seashell waste, bone char, and red mud) were tested 

in the range of Zn concentrations, and their performance was compared with the Zn sorption/retention 

ability of a model acidic soil. 

 

Materials and Methods 

 

Waste-derived materials with different compositions were selected, i.e., calcium carbonate-based 

seashell powders, calcium phosphate-based animal bones, and Fe-oxide-rich bauxite residue. A 

composite sample of seashells from the shores of the Aegean Sea in Greece (SW), as well as the 

samples of Mytilus galloprovincialis (MG) shells collected from the mussel farms in the Boka 

Kotorska bay (Montenegro). The material denoted BC was obtained by the treatment of animal 

(bovine) bones at 400 °C in an air atmosphere (Dimović et al., 2009). Both the seashells and BC were 

ground to pass the 0.2 mm sieve. The bauxite residue (red mud, RM) was collected from the Zvornik 

Alumina Refinery, Republic of Srpska, BiH, and used as a fine powder after rinsing with water and 

drying at room temperature (Egerić et al., 2019). For comparison, the acidic soil sampled near the 

mining and metallurgical complex in Bor, Serbia, was used (Egerić et al., 2019). 

The sorption of Zn ions was first examined in a series of batch experiments by mixing the investigated 

solid samples and Zn solutions at a solid-to-solution ratio 1g/10 mL. The solutions with Zn ions 

concentrations in the range 10-4 – 5×10-3 mol/L were prepared from Zn(NO3)2 salt in the inert 

background electrolyte (10-2 mol/L NaNO3). The initial pH of all solutions was set to pH 5.0±0.2. 

The suspensions were agitated at room temperature using an end-over-end shaker (10 rpm) for 48 h. 

Subsequently, the solid and liquid phases were separated by centrifugation (10 min, 9000 rpm) and 

filtration. The residual Zn concentrations in the supernatants were measured by Inductively Coupled 

Plasma Optical Emission Spectroscopy (ICP-OES, Perkin Elmer Avio 200), and the quantities of Zn 

sorbed were calculated from the difference between initial and final concentrations. Final pH values 
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in liquid phases were measured as well, and the concentrations of Ca ions released into the solution 

following the Zn ions sorption. 

For the Zn desorption experiments, residues from sorption experiments were resuspended in 

0.11 mol/L acetic acid at the solid-to-solution ratio of 1g/40mL and agitated at room temperature 

(21±2 °C) for 16 h. These conditions correspond to the first step of the sequential extraction scheme 

recommended by the European Community Bureau of Reference (BCR) (Ure et al., 1993), which 

separates the most mobile metal fraction. After centrifugation (10 min, 9000 rpm) and filtration, the 

extracted Zn concentrations were measured using ICP-OES.  

 

Results and discussion 

 

Two biological materials were used in the experiments. By their composition, mussel shells are a very 

rich source of biogenic calcium carbonate (>95%) regardless of the shellfish (Egerić et al., 2018), 

while (BC) obtained from animal bones is a calcium-phosphate product with the structure of non-

stoichiometric hydroxyapatite (Dimović et al., 2009). The RM was composed of oxide compounds 

and desilication products that result from the Bayer process, with the largest share of hematite (Egerić 

et al., 2019). The soil was characterized as clay loam, non‑carbonate, with an acidic reaction with 

water (pH 4.93) (Egerić et al., 2019).  

As shown in Figure 1a., investigated additives have sorbed Zn ions with very high efficiency viewing 

the entire range of initial Zn concentrations, specifically SW 98.2-99.7%, MG 96.6-98.7%, B 98.7-

99.7%, and RM 99.5-99.9%. Quite the contrary, the soil exhibited a sharp decline in Zn removal 

efficiency from 93.3% to 62.3%, with a rise in Zn addition.  

The experiment outlined the finite capacity of the acidic soil for Zn, which inevitably leads to the 

leaching of Zn into deeper soil layers or watercourses at higher loads. Amendments, on the other 

hand, provide sorption sites with a higher affinity for Zn ions with respect to the soil and the pH 

conditions favorable for limiting the water-soluble fraction of the metal (Figure 1b). 

At a given solid-to-solution ratio (1:10), the highest pH values in solution are detected after reaction 

with RM (10.1-9.1), followed by SW (9.2-7.6), MG (8.6-7.5), BC (7.8-7.4), and finally the soil (5.4-

4.8). Processing Bauxite ore via the Bayer process requires the use of a strong base (NaOH), so the 

residue is strongly alkaline (typically with pH>12). By washing the red mud with water, the free base 

was removed but the product still exhibits alkaline properties due to the presence of desilication 

products (DSP) with high pH and buffering capacity (Gräfe et al., 2011). Seashells and BC as well 

provide H+ neutralization through reaction with bio-carbonate and bio-apatite phases. Since pH is one 

of the most significant soil quality indicators (Bünemann et al., 2018), adding investigated material 

could benefit the acidic soil through an increase in pH. However, the materials' mechanisms and 

capacities for pH regulation differ significantly.  
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Figure 1. The influence of initial Zn concentration in the solution on the a) Zn sorption efficiency (%) by the 

investigated unconventional additives and the model soil, and b) final pH values of the solution. Initial pH =5.0, solid-

to-solution ratio 1:10, contact time 48 h 

 

After the Zn sorption by all tested materials, the final pH values decreased with the increasing 

concentration of sorbate (Figure 1b). Over the examined range of Zn concentrations, the final pH 

values declined by about 1 pH unit using RM and seashell powders, by 0.7 pH units using soil, and 

by 0.5 pH units using BC. These pH changes may indicate the specific sorption of Zn ions by active 

protonated surface groups and the release of H+ ions into the solution.  

Relationships between the amounts of Zn ions sorbed and Ca ions released by the additives and the 

soil are shown in Figure 2. It is noticeable that the application of seashell powders leads to the greatest 

increase in aqueous Ca concentration (molar ratio Ca:Zn>1:1) due to a partial dissolution of the 

samples and Zn binding by displacement of Ca in carbonates or precipitation of Zn-carbonate phase. 

The ratio of sorbed and released ions was linear for the BC and the soil, indicating the ion exchange 

process and/or dissolution/precipitation mechanism in the case of BC. For the same amount of sorbed 
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Zn, the RM released the smallest amounts of Ca (Figure 2). RM provides numerous active centers for 

Zn ion sorption as a composite material with a high hematite content. The addition of different forms 

of iron, such as hydrous oxides, steel shot, steel sludge, furnace slag, and zero-valent iron, has 

previously been shown to reduce the leachability and bioaccessibility of soil zinc (Martin & Ruby, 

2004). Metal oxides can strongly bind metals through specific sorption and co-precipitation 

(Derakhshan Nejad et al., 2018).  

 

 
 

Figure 2. Relationship between the sorbed amounts of Zn and amounts of Ca ions released into the solution by 

investigated samples 

 
The BCR method proved to be applicable for the assessment of Zn mobility in the soil, showing 

correlations with the soil constituents and the plant contents (Fernández-Ondoño et al., 2017). The 

fraction of Zn in the most mobile phase of the BCR extraction protocol was determined to assess the 

long-term stability of Zn sorbed by different samples. The results of exposure of the residues obtained 

following Zn sorption to the acetic acid solution are summarized in Figure 3. It can be concluded that 

Zn extraction in the scope of the ion exchange and carbonate fraction generally increases with the 

increase in the Zn load, but absolute amounts differ markedly between studied materials.  

For soil, maximally, 58% of the sorbed Zn was found in the most mobile fraction. Seashell powders 

SW and MG accumulated the highest share of Zn in the acid-soluble fraction (up to 86%), whereas 

the percentage in RM reached 64%, at the highest Zn load. Previously, the positive correlation 

between Zn concentration extracted within BCR1 soil fraction was established with the content of 

CaCO3 in the soil, as well as with the percentages of  Feox in some soils (Fernández-Ondoño et al., 

2017).  In practice, this indicates the potential re-mobilization of Zn ions if the pH of the medium 

drops sufficiently, which would require periodic repetition of the treatment. On the other hand, with 

less than 1 % extracted with acetic acid, additive BC proves to accumulate Zn in more stable fractions. 

Results implied that Zn was immobilized as metal-phosphate precipitates resistant to soil 

acidification, in accordance with the previous research conducted using various phosphate-based 

amendments (Kumpiene et al., 2008). 
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Figure 3. Relationship between the sorbed amounts of Zn and amounts of Zn extracted in the scope of the acid-soluble 

(BCR1) fraction 

 

Generally, alkaline materials, Fe-oxides, phosphorus materials, and clays were found to be the most 

efficient amendments for Zn immobilization in the soil (Kumpiene et al., 2008). Identifying and 

applying waste materials and by-products of various industries, which according to their composition, 

correspond to one of these classes and do not pose a risk to the living world, is a step toward 

sustainable soil management. After screening out the efficiency of the potential additives, 

experiments should be conducted with the specific soil to determine the best soil/additive ratio for 

the field-fixing treatment.  

 

Conclusion 

 

The materials studied in this work are available, cheap, easy to handle and apply, and show higher 

capacity at binding Zn compared to model acidic soi. Consequently, they may be an effective 

alternative to frequently used soil remediation agents, like limestone, lime, or natural minerals. 

Application in the soil also has positive effects on reducing the accumulated amounts of these waste 

materials. Considering their alkaline nature, treatments with selected materials would affect the 

increase in the soil pH, thus improving soil capacity for natural attenuation of mobility and leaching 

of toxic metals. Comprehensive research is needed to optimize the addition rates of such 

unconventional additives, considering not only toxic metals' mobility but other essential properties of 

the soil and its future use.  
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Abstract 

 

The objective of this study was to evaluate the adsorption efficiency of a cationic functionalized wheat 

starch, obtained with betaine hydrochloride and glycidyl trimethylammonium chloride by an 

environmentally friendly process without the use of organic solvents. Surface functional groups of 

samples were characterized by Fourier transform infrared spectroscopy, the morphology of the 

materials was examined using scanning electron microscopy, the nitrogen content was determined by 

elemental analysis, while UV-VIS spectroscopy and liquid chromatography-tandem mass 

spectrometry were used for adsorption investigation. The efficiency of obtained cationic starches to 

adsorb the anionic and cationic dyes, as well as selected pharmaceuticals and pesticides was 

investigated. Adsorption experiments were performed in a batch system to determine the effect of 

contact time, initial concentration, and pH of the solution on the removal efficiency of crystal violet 

dye, which was chosen as the model for the detailed study of adsorption. Pseudo-first and pseudo-

second order models were used to examine the adsorption kinetic, while Langmuir and Freundlich 

isotherm models were applied to equilibrium adsorption data. The results showed that 

environmentally and economically acceptable adsorbents prepared in this study could be effective in 

removing the examined organic pollutants. 

 

Keywords: eco-friendly process, modification, starch, adsorption, organic pollutants. 

 

Introduction 

 

The production and consumption of chemical products by consumers are associated with growing 

environmental pollution and negative impacts on the health of the population. This growing 

environmental pollution that has attracted significant global scientific attention, in addition to the 

activities of the chemical and pharmaceutical industries, can be attributed to other anthropogenic 

activities such as urbanization, mining, agriculture, and domestic activities that also largely contribute 

to the higher pollution index (Wen et al., 2017). Global water pollution with organic pollutants is one 

of the biggest challenges of the 21st century. Most of these organics are only partially removed in 

conventional wastewater treatment plants, and many of these pollutants are released into the 

environment and can be found in their various parts. Due to the ecotoxicological effects, 

bioaccumulation, and carcinogenic effects of organic pollutants or their degradation products on the 

environment and humans, the wastewater must be properly treated before being discharged into the 

environment (Ge et al., 2016). The adsorption technique has proven to be one of the most attractive 

methods for wastewater treatment due to its simplicity, speed, efficiency, and availability of cheap 

adsorbents based on polysaccharides, such as starch, cellulose, chitin, chitosan, and lignin 

(Lawchoochaisakul et al., 2020). 
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The aim of this work was to evaluate the possibility of using cationic starches obtained by an 

environmentally friendly process as adsorbents to remove selected organic pollutants from aqueous 

solutions. Two starch derivatives were used, starch modified with betaine hydrochloride (CSt-B) and 

glycidyl trimethylammonium chloride (CSt-G). The adsorption efficiency of anionic (methyl orange, 

MO, and alizarin red S, ARS) and cationic (crystal violet, CV, and methylene blue, MB) dyes, as well 

as selected pesticides (imidacloprid, acetamiprid, dimethoate, carbamazepine, atrazine, propazine, 

malathion, tebufenozide) and pharmaceuticals (metabolites of metamizole 4AAA and 4FAA, 

lorazepam, diazepam, and clopidogrel) was also investigated. Based on the obtained results for the 

efficiency of absorption, as well as due to the smaller number of works dealing with its removal from 

wastewater, crystal violet dye was chosen as a model for a detailed study of adsorption. In order to 

determine the optimal reaction conditions, the kinetics of adsorption, adsorption isotherms, as well 

as the influence of the initial pH values were examined. 

 

Materials and Methods 

 

Wheat starch was purchased from Žito Promet, Serbia (moisture content ≤15.0%, ash content 0.46–

0.55%, carbon content - 39.96%, and hydrogen content - 21.3%).  

The modification of wheat starch was performed by a dry process of mixing starch with a cationic 

reagent in the presence of plasticizer and reaction catalysts according to the procedure described 

earlier  (Karić et al. 2021). 

Surface structure and morphology were studied by scanning electron microscopy (FE-SEM, TES-

CAN Mira3 XMU), while Fourier-transform infrared spectroscopy was used for the structural 

characterization of the materials (Nicolet iS10 spectrometer, Thermo Scientific).  

The efficiency of dye adsorption was investigated at a constant adsorbent mass (0.1 g), initial 

concentration (50.0 mg dm-3) and solution volume (50.0 mL) for 180 min. The concentration of the 

dye in the solution was analyzed using a UV-VIS spectrophotometer. The adsorption efficiency of 

pesticides and pharmaceuticals was tested at a constant adsorbent mass (0.05 g), initial concentration 

(500.0 mg dm-3) and solution volume (50.0 mL) for 180 min. The concentration of tested pesticides 

and pharmaceuticals in the solution was analyzed by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). The influence of different initial concentrations (25.0 to 500.0 mg dm-3) 

and initial pH of the CV dye solution (25.0 mg dm-3, pH adjusted to 2-9) on the adsorption efficiency 

was determined at a constant mass of adsorbent (0.05 g) and the volume of the solution (25.0 mL) 

during 180 min. The kinetics of CV adsorption of the dye was investigated in the interval from 5 to 

180 min at constant adsorbent mass (0.2 g), solution volume (100.0 mL) and initial concentration 

(50.0 mg dm-3). 

The adsorption capacity, q (mg g-1) and the removal efficiency, R (%) of selected pollutants from 

aqueous solutions can be calculated according to the equations (1) and (2) (Lin et al., 2017), 

respectively: 

q = (
C0 -  Ct

m
) · V                                                                                                                                              (1) 

 

% R = (
C0 - Ct

C0

) · 100                                                                                                                                      (2) 

where C0 and Ct (mg dm-3) are the concentration of an organic pollutant at the initial time and after 

time t (min), V is the volume of solution (cm3), and m is the amount of the adsorbent (g). 

The nonlinear form of Langmuir model (Langmuir, 1918) and Freundlich model (Freundlich, 1906) 

are expressed by the equations (3) and (4), respectively: 
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q
e
 = 

q
max 

· K · Ce

1 + K · Ce

                                                                                                                                              (3) 

q
e
 = Kf · C e

 1/n                                                                                                                                                       (4) 

 

where qe is the equilibrium adsorption capacity of the adsorbent (mg g-1), qmax is the maximum 

adsorptive capacity of the adsorbent (mg g-1), and Ce is the equilibrium concentration after adsorption 

(mg dm-3), K is the Langmuir isotherm constant which describes the affinity between pollutants and 

adsorbents, KF is Freundlich adsorption equilibrium constant which positively related to the 

adsorption capacity (dm3 g-1) and 1/n is the constant of adsorption intensity and describes surface 

heterogeneity. 

The pseudo-first order model (Lagergren, 1898) and the pseudo-second order model (Ho & Mckay 

1999) were expressed by the equations (5) and (6), respectively:  

q
t 
= q

e
· (1 - e-k1∙ t)                                                                                                                                         (5) 

 

q
t
 = q

e
‒ (

1

q
e

- k2∙t)

-1

                                                                                                                                         (6) 

where qt is the amount of pollutant adsorbed at the time t (mg g−1), qe is the adsorption quantity at 

equilibrium (mg g−1), k1 is the pseudo-first-order kinetic rate constant (min−1), and k2 is the pseudo-

second-order kinetic rate constant (mg g−1 min−1). 

 

Results and discussion 

 

The FTIR spectra of unmodified starch and cationic starch are shown in Fig. 1.  

 

Figure 1. FTIR spectra of a) CSt-B, b) CSt-G, and c) unmodified starch 

 

All the spectra showed a typical peak of starch backbone: wide hydroxyl bands at 3330, 3326, and 

3278 cm-1, the peaks at about 2929 and 2937 cm-1 which belong to C–H stretching vibrations, the 

peaks at 1653, 1618, and 1639 cm-1 for H–O–H bending vibration, the signal at 1146 cm-1 of the C–

O stretching vibrations of the glucose unit, the peaks at 1021 and 999 cm-1 attributed to the C–O–C 

stretching vibrations of the anhydroglucose unit (AGU) (Lawchoochaisakul et al., 2021). The 
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absorption peak at 1727 cm− 1 at the FTIR spectra of CSt-B (Fig. 1a) was assigned to the stretching 

vibration of C=O of the ester carbonyl group, indicating the formation of ester bonds between starch 

and BHC. In addition to the characteristic peaks for starch structure (Fig. 1a) the presence of 

additional bands at 1403 and 1411 cm-1 on cationic starches spectra (Fig. 1a and 1b) are attributed to 

the stretching vibration of C–N bonds from quaternary ammonium cationic group (Nasir et al., 2020). 

The SEM micrographs of the unmodified starch and starch materials after cationization are shown in 

Fig. 2. 

 

Figure 2. SEM micrographs of a) unmodified starch, b) CSt-B, and c) CSt-G 

Fig. 2a shows that the surface of unmodified starch granules is smooth and the granules are spherical 

or oval. Micrographs of cationic starches (Fig. 2b and 2c) show that the surface of the granules 

became uneven, with protrusions and holes. Granules partially (Fig. 2b) or completely (Fig. 2c) lose 

their clear shape, due to partial or complete gelatinization and agglomeration of granules after 

cationization (Liu et al., 2017).  The results of the efficiency of removing MO, CV, ARS, and MB 

dyes from individual solutions are shown in Fig. 3a, while the results of the efficiency of removing 

selected pharmaceuticals and pesticides from the multicomponent solution are shown in Fig. 3b. 

 
Figure 3. Adsorption efficiency of examined materials toward a) anionic and cationic dyes and b) pharmaceuticals and 

pesticides 

 

Fig. 3a shows the comparative results of the efficiency of CSt-G and CSt-B in removing different 

dyes. The tested materials proved to be the most effective adsorbents for the removal of cationic dye, 

CV. Both materials showed similar efficiency in removing MB dye, while the removal efficiency of 

MO, CV, and ARS was slightly better for the CSt-G material. The lowest efficiency was obtained for 

the removal of ARS dye, especially in the case of adsorption with CSt-B. Fig. 3b shows that CSt-B 

material was more effective in removing most of the tested pharmaceuticals, while CSt-G material 

was more effective in removing lorazepam, diazepam, and clopidogrel. Also, CSt-G material proved 

to be more effective in removing all tested pesticides compared to CSt-B material. Considering that 

polarity of selected pesticides and pharmaceuticals decreases along the X-axis (from the most polar 
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4-AAA to the less polar tebufenozide), it was noticed that CSt-B showed higher efficiency for the 

removal of polar compounds, while CSt-G was more efficient in the removal of nonpolar compounds. 

The influence of the initial pH value of the solution, as well as adsorption time, on the removal 

efficiency of CV, is given in Fig. 4a. Removal efficiency increases with pH, and the highest removal 

efficiency for both materials was achieved at pH 9. The adsorption capacity of both types of 

adsorbents increases significantly in the first 60 minutes of adsorption (Fig. 4b), almost reaching the 

equilibrium, after which increases slightly up to 180 min. The fast adsorption in the first 15 min can 

be explained in terms of the high concentration gradient and the availability of a large number of 

active sites for the adsorption. The pseudo-second order model has a greater ability to describe the 

kinetic behavior of the adsorption process, indicating that adsorption occurs through the 

chemisorption reaction (Baloo et. al., 2021). 

 
Figure 4. Effect of pH solution (a), time (b), and initial concentration (c) on the removal efficiency of CV dyes 

Fig. 4c shows that equilibrium adsorption capacity increases with an initial concentration on CV 

solution, although the characteristic plateau was not reached in the examined concentration range. 

Also, both Langmuir and Freundlich adsorption isotherms equally well describe the adsorption of CV 

on both types of materials.  

 

Conclusion 

 

Modified starch derivates, prepared with betaine hydrochloride (CSt-B) and 

glycidyltrimethylammonium chloride (CSt-G), were used as adsorbents for the removal of different 

organic pollutants from water. An increase in the removal efficiency of selected organic pollutants 

indicated that applied modification has a positive effect on starch adsorption properties. For the 

adsorption of pesticides and pharmaceuticals, CSt-B showed higher affinity to adsorb more polar, and 

CSt-G less polar compounds. On the other hand, similar behavior in the adsorption of dyes was 

observed for both  CSt-G and CSt-B samples, with sample CSt-G being slightly more efficient. 

Adsorption of crystal violet onto both modified starch was highly dependent on solution pH, reaching 

its maximum at pH 9. For both cationic starches, adsorption equilibrium was attained very rapidly, 

after 60 minutes. The kinetic data were well described by the pseudo-second order model, while the 

data obtained from the isotherm study fit well with both Langmuir and Freundlich models. The results 

of this study indicate that the cationization of wheat starch by the process without the use of expensive 

and toxic chemicals can be successfully used for the preparation of effective and eco-friendly 

adsorbents to remove organic pollutants from aqueous solutions. 
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Abstract 

 

As coal combustion in thermal power plants generates huge amounts of waste such as bottom ash and 

fly ash, there is a need to find new applications for these materials. One of the ways of its reuse is 

chemical or thermal modification of the ash in order to obtain new materials, which can be further 

used as adsorbents of various pollutants from water. The subject of this research was the alkali 

modification and alkali activation of fly ash in purpose to increase the adsorption capacity towards 

heavy metal ions. The success of modification process and characterization of the obtained materials 

was monitored by Fourier transform infrared spectroscopy, X-ray fluorescence spectroscopy and 

scanning electron microscopy. The concentration of zinc and cadmium ions after adsorption was 

determinated by atomic absorption spectroscopy. The kinetics of the adsorption process on the most 

efficient adsorbent were examined and the experimental data were compared with pseudo-first and 

pseudo-second order models. The achieved results show a positive effect of alkaline modification of 

fly ash on adsorption efficiency of both metals, while alkaline activation gives an exceptionally 

effective adsorbent in the case of zinc. 

 

Keywords: fly ash, environment, modification, heavy metal, waste reuse. 

 

Introduction 

 

Burning coal in thermal power plants produces huge amounts of ash. Fly ash (FA) is deposited in 

several large-scale landfills and has a negative impact on the environment and human health. Fly ash 

is considered a pollutant because it contains acidic, toxic and sometimes radioactive substances. Fly 

ash particles have a direct harmful effect on human health and the environment (Vilakazi et al., 2022). 

Due to size of fly ash particles, the wind easily blows them to greater distances from the thermal 

power plant and they can remain in the air for a long time, which increases the possibility of their 

inhalation. Fly ash landfills also cause degradation of agricultural land, which requires some control 

and monitoring. As a way to reduce the amount of waste, the possibility of using ash in construction 

as an additive to cement and concrete, and in road construction, has been observed (Krithika & Kumar, 

2020). Application for soil stabilization and photocatalyst production were also investigated 

(Indiramma & Sudharani, 2018; Jala & Goyal, 2006). Likewise, great interest is focused on the 

development of efficient adsorbents for the removal of dyes and heavy metals from water (Hussain 

et al., 2022; Banerjee et al., 2003; Sahoo et al., 2013). The advantage of using fly ash is its availability 

and low cost. Through different modification processes, it is possible to improve the adsorption and 

selective characteristics of the obtained adsorbents (Zhuang et al., 2016; Kato et al., 2019; 

Pengthamkeerati et al., 2008). Modification can be mechanical, thermal and chemical. Mineral acids 

(nitric and hydrochloric), sodium and calcium hydroxide, alkaline silicate solution can be used as 

modification agents (Sočo et al., 2016; Wang et al., 2005; Gollakota et al., 2019). 
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Materials and Methods 

 

Fly ash containing SiO2 (58.40%), Al2O3 (21.80%), Fe2O3 (4.21%), CaO (2.83%) from power plant 

in Serbia was used. The material was sieved, then washed with deionized water and dried at 

temperature of 105 oC in oven (sample FA0). Two different modification procedure of fly ash, based 

on literature with slight difference, were performed. In first, washed and dried fly ash was mixed with 

2M NaOH in a cuvette (1:3) and put on a shaker (120 rpm) to mix for 7 days. After that, obtained 

material was washed with about 1.5 l of distilled water and dried in the oven for 24 hours at a 

temperature of 60 °C (sample labelled FA1). During second modification, FA was mixed well with 

diatomaceous earth in a plastic mold and sodium silicate was added (2:1:2). For better mixing, a few 

drops of 16M NaOH were added. The sample was placed in the oven for 2 h at 105 °C to dry, and 

then left in a closed mold at room temperature to age for 15 (sample marked as FA2), and 30 days 

(sample marked as FA3).  

The morphological characteristics of the surface of unmodified and modified materials were 

examined by scanning electron microscopy - SEM (SEM JEOL JSM-6610LV). The content of 

functional groups on the surface of the material was determined by Fourier transform infrared 

spectroscopy - FTIR (Nicolet iS10, Thermo Scientific). The efficiency of unmodified and modified 

fly ash to adsorb Cd and Zn ions from aqueous solution was tested in batch system at room 

temperature. Concentration of metal ions after adsorption were determined by atomic absorption 

spectroscopy. The adsorption efficiency (%E) of the prepared adsorbents in the removal of metal ions 

was calculated using the following equation (1): 

% E =
(C0-Ce)

C0

 x 100                                                                                                                                         (1) 

where Ce is the equilibrium and C0 is the initial concentration of metal ions in solution (mg dm-3). 

The two kinetic models, the pseudo-first order model (equation (2)) and the pseudo-second order 

model (equation (3)) were used to calculate the adsorption rate: 

q
t
 = q

e
· (1‒ e-k1∙ t)                                                                                                                                                (2) 

q
t
 = q

e
‒ (

1

q
e

‒ k2∙t)

-1

                                                                                                                                  (3) 

where qt is the amount of metal ions adsorbed at the time t (mg g−1), qe is the amount of metal ions 

adsorbed at equilibrium (mg g−1), k1 is the pseudo-first-order kinetic rate constant (min−1), and k2 is 

the pseudo-second-order kinetic rate constant (mg g−1 min−1). 

 

Results and discussion 

 

The SEM micrographs of the unmodified and modified fly ash are shown in Fig. 1. Both treatments, 

alkali modification and alkali activation, changed the surface of starting material. With the addition 

of NaOH (Fig. 1b), the surface of the material becomes rougher and more porous in comparison to 

unmodified fly ash (Fig. 1a). Surface of alkali activated fly ash (Fig. 1c and 1d) contains cracks and 

a heterogeneous matrix containing unreacted fly ash particles.  
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Figure 1. SEM micrographs of a) unmodified fly ash, b) FA1, c) FA2, and d) FA3 samples 

FTIR spectra of unmodified and modified materials before and after adsorption are shown in Fig. 2a. 

Sharp peaks at around 1000 and 780 cm-1, can be ascribed to the stretching of asymmetric Si - O -Si 

and symmetric Si - O -Si bond, respectively. The small shifts to lower values in the range around 

1000 cm-1 and absence of peak at 797 cm-1 in FA2 and FA3 spectra confirms formation of alkali 

activated materials. The band at 1450-1500 cm-1 originated from atmospheric carbonation of 

materials surface. After adsorption, changes in the intensity of bands around 1000 cm-1 are visible, 

indicating the interaction of these groups with metal ions. 

 
 

Figure 2. FTIR spectra (a) and adsorption efficiency (b) of unmodified and modified materials 

The adsorption efficiency of the prepared adsorbents towards Zn and Cd ions is shown in Fig. 2b. An 

improvement in the efficiency of modified materials compared to the unmodified fly ash is evident. 

This increase is more pronounced in the case of zinc ions adsorption. Alkali-activated samples (FA2 

and FA3) have proven to be the most effective in Zn and Cd adsorption. This is the consequence of 

introducing the polymeric Si-O-Al-O- bonds into the structure of materials during alkali activation, 

which increase the number of active sites for metal ion binding. These conclusions are consistent with 

the FTIR results. 
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Figure 3. XRF spectra of adsorbents a) before and b) after adsorption of cadmium 

Adsorption of cadmium, in the range of 5-50 keV can be confirmed by XRF spectrum. The peaks 

corresponding to the Kα1 and Kβ1 lines of cadmium, at values 23.17 and 26.09, respectively, confirm 

that cadmium ions are adsorbed on the surface of examined materials (Fig. 3b), since there is no 

confirmation of their presence on the samples surface before the adsorption (Fig. 3a). Also, the most 

intense peaks of cadmium are observed for adsorbent FA2, which confirms the previously obtained 

results. 
 

To evaluate the adsorption kinetic data and investigate the adsorption mechanism, the pseudo-first 

order and pseudo-second order equations were used. Graphical comparison of experimental data and 

applied models is shown in Fig. 4. Calculated kinetic constants and correlation coefficients for Zn 

and Cd adsorption are shown in Table 1.  

 
Figure 4. Kinetic adsorption models of metals a) Zn and b) Cd on unmodified fly ash (FA0) and modified samples FA1, 

FA2, and FA3 

 

Based on the results of kinetic models, it can be seen that the process of metal adsorption on all 

investigated materials was relatively fast and that equilibrium was reached at about 30 min for both 

metals. The alkali activated materials showed higher adsorption capacity especially towards Zn ions 
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(Fig. 4a). The calculated value of the correlation coefficient (R2) is used as a criterion for explaining 

the kinetics of the adsorption process. According to Table 1, it can be concluded that in the examined 

process there is a better agreement with the pseudo second-order model, and that chemisorption takes 

place. 

Table 1. Kinetic parameters for Cd and Zn adsorption onto examined samples 

 Sample Pseudo-first order Pseudo-second order  

  qe,cal k1 R2 qe,cal k2 R2 qe,exp 

Cd 

FA0 1.917 0.27029 0.25466 2.062 0.18004 0.53397 2.465 

FA1 3.643 0.05356 0.81858 4.093 0.01744 0.9047 4.117 

FA2 28.82 0.17861 0.57461 31.25 0.00757 0.77737 34.53 

FA3 21.50 0.17193 0.30742 23.80 0.00845 0.55253 28.33 

Zn 

FA0 4.170 0.69652 0.12527 4.408 0.23180 0.5331 4.861 

FA1 5.108 0.84559 0.13628 5.338 0.26688 0.57163 5.716 

FA2 36.53 0.21267 0.89327 38.63 0.00847 0.95737 38.70 

FA3 32.93 0.13842 0.8745 35.90 0.00497 0.95992 36.89 

 

Conclusion 

 

In this study, influence of alkali modification and alkali activation of fly ash on its ability to remove 

the polluting substances from aqueous solutions was analyzed. During the modification process, 

changes occurred both on the surface and in the structure of the material, which was confirmed by 

the applied instrumental methods. The adsorption efficiency increases after both type of modification 

of fly ash. By alkali activation of fly ash, more effective adsorbent towards heavy metal ions was 

obtained. Alkali-activated materials are more effective due to polymeric Si-O-Al-O- bonds 

introduced into the structure of materials thus increasing the number of active sites for metal ion 

binding.  

The positive impact that applied alkali modification and alkali activation had on the adsorption 

characteristics of fly ash requires continued investigation of the possibility of using adsorbents 

obtained in this way for the removal of other inorganic and organic pollutants. 
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Abstract 

 

Global trends are moving towards a circular economy to replace the deeply grounded linear 

economics and waste management. Circular economy implies and the protection of human rights 

through sustainable development, global security natural resources, combating climate change, 

energy security, insurance sufficient amounts of food, reducing inequalities, preservation of health 

and a cleaner environment and the rights of future generations to resources, etc. The policy of 

procurement of raw materials in the circular economy is focused on the use of secondary raw 

materials. A big challenge for modern production is to use different types of waste to obtain new 

products without the use of raw materials. This kind of production requires new knowledge, 

adaptation of existing technologies or new technologies, new jobs, etc. Large amounts of vegetative 

residues are produced annually by agriculture. Agricultural waste is very often incinerated or disposed 

of on land and is still not used.  Most of the agricultural waste ashes consist of silicon dioxide along 

with other oxides which may vary according to region and atmosphere of the local conditions.  This 

paper gives an overview of the possibilities of using agricultural waste for obtaining glass and glass 

ceramics.   Previous research has shown that various types of glass and glass-ceramics can be 

successfully obtained from agricultural waste, which can be used in construction, medicine, various 

composites, etc. 

 

Keywords: glass, agricultural waste, recycling. 

 

Introduction 

 

Minerals in organic waste have been used for a long time in the concrete industry, production of 

carbides, nitrides and others. This type of waste is not widely used primarily because it is less known 

which minerals are present in plants. What is more, plants have a significant content of water and 

organic components that must be removed before use. 

Glass and glass ceramics are most often (traditionally) produced from high purity proportions of pure 

chemicals. They can also be prepared from cheaper raw materials such as wastes because the glass-

ceramic process has been established as a suitable way to valorise mining and industrial wastes (Giro-

Paloma et al., 2019). Most of the elements from the periodic table necessary for obtaining different 

types of glass are found in various plants, except for B, Li, Ge and Sn (for example, B is important 

element for display glasses).  The amount of certain minerals that are undesirable in glass, Fe2O3, for 

example, is not significant in plants. On the other hand, S and Cl are present in some plant, that are 

desirable as fining agents for glass production (Cornejo et al., 2014). In recent times, a few researchers 

have reported that the food waste could be used as the resource material to obtaining the glasses and 
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glass-ceramics for numerous applications. In this paper, a brief overview of previous research is 

given. 

 

Materials and Methods 

 

In order to obtain glass from food waste, it is necessary to first dry the waste and then heat it at a 

certain temperature to remove unwanted components (such as H2O, COx and NOx). Typically, a 

second heat treatment produces the mineral desired for glass batching. Certain food wastes, such as 

eggshells, which are primarily CaCO3, do not need this heat treatment and may be used directly as a 

raw material.  

 

Results and discussion 

 

The mineral content of organic waste varies widely depending on the type of plant, thereby providing 

the ability to batch a variety of glass and glass-ceramic compositions. This diversity allows significant 

flexibility in production these engineered materials. In Table 1 present the chemical compositions of 

three common glasses and the ash of various food wastes. 
 

Table 1. Oxide content in three common glasses and present in ash of various food waste (Cornejo et al., 2014) 

 SiO2 CaO K2O Na2O MgO Al2O3 P2O5 Fe2O3 SO3 B2O3 

GLASS 

Containers 65-75 10 0 14 3 1 0 0 1 0 

Display 50-60 0-4 0-5 0-5 0-3 10-17 0 0 0 8-15 

Bioactive 0-55 22-27 0-9 6-24 0-8 0-28 1-3 - 0 0-51 

FOOD WASTE 

Rice husk 97.8 0.6 1.3 - 0.24 trace - trace - - 

Corn husk 35.7 5.8 20.2 5.1 9.9 0.4 22.5 0.3 - - 

Egg shell 0.1 98.6 0.1 0.1 0.8 - - - - - 

 

Naghizadeh et al. (2015) have fabricated a 3 D scaffold using polycaprolactone and silicate based 

bioactive glass-ceramic. Bioactive glass (50SiO2–25Na2O–25CaO (mol %)) was obtained by the sol-

gel process, and rice slag was used as a source of Si. In vitro test showed the formation of HA after 

both 7 and 14 days, on the surface of the scaffold. The toxicity rate of the glass powder demonstrated 

that it was not directly toxic to the hMSCs and cell proliferation in culture after 3 days. For a series 

of bioactive glasses, Kaur et al. (2021) used rice husk and eggshells to obtain bioactive glasses (basic 

composition SiO2-P2O5-MgO-CaO) that can be employed in bone implants and drug delivery 

applications. Using the sol-gel process, Essien et al. (2016) obtained bioactive glass of ternary system 

of CaO-MgO-SiO2, as raw materials they also used rice slag and eggshells. Their results show that 

there was absence of agglomeration of glass particles. Consequently, a good surface area is achieved, 

which is important for the reaction of glass in the body fluid. In the study of Chen et al. (2017), they 

used rice husk, to develop a novel mesoporous bioactive glass and found that the glass a well-ordered 

hexagonal mesoscopic structure, high surface area, high pore volume and the capacity to support the 

formation of hydroxyapatite layer that can be attached to the bone.  

The study of Sharma & Singh (2019) demonstrated that wheat straw ash and mineral oxides based 

glass-ceramic can be promising sealant materials for solid oxide fuel cells application. Wheat straw 

ash  exhibits good thermal stability with insulating nature even at 700 C. The same authors (2020) 

prepared four samples with varying (wt%) of rice husk (RHA) and eggshells (ESP), composition 

(100-x)RHA*(x)ESP, where x=30, 40, 50 and 60  (only 70RHA*30ESP did not have glassy nature). 

The as-quenched samples are transparent with a blue tint. They assumed that the blue color may arise 

due to the presence of some transition trace elements like Ti as observed in EDS and XPS analysis. 
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Two different crystalline forms of SiO2, cristoballite and tridymite, were formed. The calculated 

density of the present glasses is lower, while the hardness is slightly higher than the similar type of 

glass-ceramics synthetized from commercially available oxides. The hardness of the samples is 590-

630 HV. Optical band gap is in wide semiconductor range, 3.2-3.5 eV. Low/moderate dielectric 

constant with low dielecric loss is observed in the present glasses and glass-ceramics, which can be 

exploited to use them in microelectronic applications. 

Optical properties of soda-lime-silica glasses doped with peanut shell powder investigate by Aktas et 

al. (2016). They are different amounts of the peanut shell powders (0.5, 1, 3 and 5 wt.%) mixed with 

the soda-lime-silica glass powder and the melt-quench technique prepared glasses. The density of the 

glasses decreased with increasing peanut shell powder content. The pure soda-lime-silica glass was 

colourless and transparent, wheras it became dark green after adding the peanut shell powder. 

Andreola et al. (2013) described the fabrication of glass-ceramic tiles by using rice husk ash. The 

RHA glass frit was prepared from a composition (wt.%) of 46.52RHA, 13.84Al2O3, 13.16MgO, 

22.17Na2CO3 and 4.33B2O3 by melting at 1450 C followed by quenching in water. These glass-

ceramics were found to produce nepheline (Na2O·Al2O3·2SiO2) and forsterite 2MgO·SiO2) crystal 

phases. Their bending strength, Youngs modulus, shear modulus, Poissons ratio and Mohs hardness 

were found to vary in the ranges of 24-39 MPa, 43-61 GPa, 17-23 GPa, 0.14-0.30 and 6-9, 

respectively. Regarding technological features, the sintered materials showed bending strength values 

and Mohs hardness higher with respect to commercial glass-ceramics. Bottom ash from biomass 

combustion, coming from a thermoelectric power plant in Faenza (Italy), was exploited as an 

alternative raw material in porcelain stoneware bodies (Conte et al., 2022). No significant variations 

with respect to technological parameters, such as particle size distribution, springback, green and dry 

bulk density were identified, indicating that the introduction of ash, within certain limits, guarantees 

the maintenance of the required properties of the semi-finished products along the production line. 

Farias et al. (2022) used coffee husk ash, highly attractive raw material with potential as a low cost 

K2O source to produce glass-ceramics for solid oxide cell applications. They determined that this 

glass-ceramic consists of two distinct crystalline phases, diopside and nepheline, embedded into the 

glassy matrix. Thermal expansion coefficients were found between 9 and 10x10-6 C-1, suggesting 

excellent mechanical compatibility with other cell components operating at intermediate 

temperatures. 

The research of Iwaszko et al. (2020) showed that vitrified material is characterized by very low ion 

leachibility, comparable to the ion leachibility of glass, therefore its potential use e.g. in the building 

materials industry does not require additional protective or adaptation activities. They research has 

shown the possibility of vitrifying wastes (The Virginia mallow) generated during biomass 

torrefaction. 

A group of researchers from Spain (Jordan et al., 2018) examined the possibilities of obtaining glass 

and glass-ceramics from different types of waste. They concluded that vitrification of waste (palm 

wood, natural peat and earthworm humus) occurs at lower melting temperatures (from 1200 to 1300 

°C). The straw and palm leaf could be located in the K2O-CaO-SiO2 ternary system, far from the 

eutectic points. The high K2O content in these wastes will facilitate the vitrification process and could 

give rise to controlled soluble glasses. The peat and humus biomass wastes can be located in the CaO-

Al2O3-SiO2 system, which is a very common ternary composition diagram for waste such as slags, 

fly ash, etc. The composition are close to the eutectic triple point formed by wollastonite, anorthite 

and gehlenite. 

 

Conclusion 

 

This paper presents some of the research into the possibility of using food waste to obtain different 

glasses and glass ceramics. Most food wastes contain valuable minerals that could serve as raw 
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materials for the production of glass, ceramics and glass-ceramics. Previous research has shown that 

glass, ceramics and glass-ceramics obtained from food waste can be successfully used as biomaterials 

or sealing materials at high temperatures. Additionally, they can be used in the production of ceramic 

tiles, as well as construction material in the building industry, etc. The goal of our research is to show 

the possibilities of using materials that we consider waste. Also, our goal is to show what treasures 

are hidden in food waste.  
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Abstract 

 

Due to the rapid development of industry and growth of population, water consumption is increased. 

Beside this, releasing of xenobiotics, which represent significant pollutants into watercourse, like 

heavy metal ions, pesticides, paints, and solvents, made this problem much bigger. Therefore, they 

can enter into aquatic organisms directly from industrial plants or into human bodies indirectly 

through agricultural products. New technologies, including photocatalytic decomposition, are 

necessary for wastewater treatment as a highly efficient and low-cost process. Photocatalysis implies 

the degradation of various types of harmful organic substances to simple molecules such as CO2, SO2, 

ions, and water. The applied process has no detrimental effect on the environment and does not require 

additional chemicals for precipitation of the products. In this work, photodegradation of the pesticide 

difenoconazole (DFC) using a TiO2-based photocatalyst was examined using doubled wall 

thermoregulated quartz reactor. As a replacement for UVC radiation, solar imitated Ultra Vitalux 

(UV) lamp (300W) was used. Determination of DFC concentration was performed using a UV 

method. Degradation kinetics follows pseudo-first order. After 120 minutes, the DFC was completely 

degraded. Chemical oxygen demand (COD) also confirmed that successfully indicating that this 

process can be used in treating of industrial wastewater. 

 

Keywords: photodegradation, xenobiotics, environmental, DFC, wastewater. 

 

Introduction 

 

Pesticides are products of biological or chemical origin intended for the protection of plants and 

animals from harmful insects, diseases. The use of pesticides has a negative impact on the ecosystem 

in which they are applied. In order to maintain agricultural production, reducing the use of pesticides 

is of great importance. They are used in agriculture for more than fifty years. About five hundred 

different pesticides have been registered (Sakkas et al., 2011). The classification is made depending 

on the purpose, chemical structure, mechanism of action (Sakkas et al., 2011). They can be divided 

into herbicides, insecticides, fungicides, bactericides, physiotropes, hemosterilants (Marican & 

Durán-Lara, 2018). In the Republic of Serbia, usage of pesticides in agricultural production is still in 

small quantities. In recent decades, pesticides are increasingly present in underground, surface and 

drinking water (Moore et al., 2007; Palma et al., 2009; Šunjka, 2012). Together with other pollutants, 

which are present in wastewater, they can have a very severe impact on human health due to high 

toxicity, carcinogenicity, bioaccumulation (Eriksson et al., 2007). Less than 0.1% of the applied 

amount reaches the target organisms and about 99.9% is lost to the environment (Pimentel, 1995). 

They get into water and soil through direct use, washing off crops, and runoff from the soil surface 
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(Jing et al., 2011). In order to improve the protection of the environment, the management of pesticide 

residues represents a special challenge. 

Pesticides-polluted waters is a major problem for the environment and requires systematic 

monitoring. The need for the development of new technologies that could be used in the treatment of 

wastewater contaminated with pesticides arose due to their long-term degradation by photolysis and 

high stability in the environment (Bavcon Kralj et al., 2007). Photodegradation and biological 

treatment are the widely used techniques in wastewater treatment (Oller et al., 2011). Biological 

treatment (BT) is the degradation of pollutants in the soil and natural waters by fungi and bacteria. 

However, due to the low efficiency and long duration of the purification process, BT is not widely 

used in industry (Hincapié et al., 2005). Also, due to the high toxicity of pesticides towards 

microorganisms, wastewater can not be treated by biological methods and its biodegradation is not 

possible (Chiron et al., 2000). The most suitable technique for removing pesticides from wastewater 

is photodegradation. During the photodegradation process, oxidation-degradation reactions take place 

during which organic radicals are generated. The intermediate radicals that were formed during the 

degradation process are captured by dissolved molecular oxygen and are further guided through 

peroxyl radicals, thus increasing the efficiency of the degradation process (Tomašević et al., 2009). 

The advantage of this process compared to other processes is that it results in a complete 

transformation of harmful substances (Tomašević et al., 2009).  

The aim of this work is to investigate the possibility of removing DFC from wastewater using the 

photocatalytic degradation process utilizing TiO2 as a photocatalyst. 

 

Materials and Methods 

 

Degradation of DFC by means of heterogeneous photocatalysis was carried out with the help of TiO2 

P25 (Degussa) photocatalyst. For the purposes of the experiment, a cylindrical glass thermostated 

reactor with a volume of 100 cm3 was used. The double walls in which the thermostatic water 

circulates in the reactor made it possible to maintain the reaction temperature. 

The initial concentration of DFC solution was 15 ppm, while the mass of TiO2 was 10 mg. The 

suspension is mixed during the irradiation process on a magnetic stirrer (500 rpm). In this way, an 

even distribution of TiO2 particles was achieved. The apparatus was placed in a digester, in which 

protection from daylight was provided. In certain time intervals, sampling was carried out for the 

purposes of analytical testing. After sampling from the reactor, filtration was performed through a 

nylon filter (Cronus, 13 mm, 0.22 µm).  

The change in pesticide concentration was monitored on a UV/Vis spectrophotometer (Shimadzu 

1800) in the range from 200 to 400 nm, in quartz cuvettes with an optical path of 1 cm. Residual 

concentrations were sampled at certain time intervals (0, 10, 20, 30, 60, 90 and 120 min). Degradation 

kinetics were determined at 235 nm. 

The degree of removal of DFC and the reaction rate constant (k) were used as a measure of the 

catalytic activity of TiO2 in photocatalytic degradation processes. With the help of the Langmuir-

Hinshelwood (Li et al., 2021) kinetic model, the pseudo-first-order degradation rate constant was 

determined. 

ln c c0= -k∙t⁄                                                                                                                                                         (1) 

where k is the reaction constant, pseudo first order. 

 

Results and discussion 

 

Absorption spectra of adsorbate medium given as a series are provided in the Figure 1. As it can be 

seen from the Figure 1, absorption maximums lowers as the contact time increases. The changes in 
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the adsorption spectra during the degradation of DFC during 2h of irradiation are presented. The rate 

of photocatalytic degradation of DFC is influenced by its initial concentration. Research has shown 

that the speed of the process decreases with increasing pesticide concentration. In Figure 2, it can be 

seen how the initial concentration of DFC affects the photocatalytic degradation, in the presence of 

the optimal concentration of TiO2. An increase in the initial concentration of the substrate leads to an 

increasing number of DFC molecules adsorbed on the surface of the catalyst, which leads to a 

decrease in the efficiency of the photocatalytic process (Nezamzadeh-Ejhieh & Moeinirad, 2011). 

Also, organic molecules have the ability to absorb light, as well as catalyst particles, and this leads to 

a decrease in the photoactivity of semiconductors (Nezamzadeh-Ejhieh & Moeinirad, 2011). 

 
Figure 1. UV adsorption spectrum of DFC in the presence of 10 mg/L TiO2 

 
Figure 2. Effect of DFC concentration on the rate of photocatalytic degradation in wastewater 
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Conclusion 

 

The subject of this work was the removal of DFC from wastewater by photocatalytic degradation. 

Photocatalytic degradation was studied with the help of nanogranulometric photocatalyst TiO2 P25 

(Degussa), in a thermostated quartz reactor. The change in DFC concentration was monitored on a 

UV/Vis spectrophotometer. The degradation kinetics is pseudo-first order. After 120 minutes, DFC 

was fully degraded. Based on the presented results, it can be concluded that DFC was successfully 

degraded from wastewater with the help of TiO2 photocatalyst, which implies that applied system has 

a viable path in future investigation and optimization. 
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Abstract 

 

Wastewater management covers various techniques developed to provide purified water that would 

do minimum harm to the environment. Applying adsorption leaves a saturated adsorbent that should 

be regenerated or stabilized so it can’t release pollutants into the environment. Lead, one of the most 

toxic pollutants, can be efficiently removed utilizing the adsorption process. After the consecutive 

adsorption and desorption processes, the lead must be processed to significantly reduce and prevent 

the risk to human health and environmental pollution. As one of the most efficient technologies for 

treating this toxic pollutant, stabilization has been tested by converting a desorbed lead to its salt lead-

phthalate (LP). Obtained LP is used as a component in the production of construction materials and 

composites with unsaturated polyester resins (UPR). A standard leaching test (Toxicity Characteristic 

Leaching Procedure - TCLP) was performed to determine the toxicity of the waste material used as 

an additive. The concentration of leached lead from the construction material with the addition of 

Ca(OH)2 can be as high as 54 mg/L, which significantly exceeds the permitted limits. After adding 

cement, lead concentration is lower - 13 mg/L. The acquired results from the sample with UPR show 

that the concentration of released lead is as low as 0.01 mg/L. Such results indicate complete 

crosslinking of the UPR and strong binding of the lead ions. Applying the S/S technique together with 

the utilization of UPR would be an environmentally friendly operation and easily applicable 

procedure for stabilizing Pb2+. 

 

Keywords: lead, construction materials, (re)valorization of waste material, TCLP, resin composites. 

 

Introduction 

 

The removal of pollutants from wastewater, such as heavy metals, is attracting a lot of attention from 

scientists because of their negative impact on the environment and human health (Schwarzenbach et 

al., 2010). The most frequently present heavy metals and metalloids in wastewater are mercury, 

cadmium, lead, chromium, zinc, copper, nickel, cobalt, arsenic, antimony, etc. Their toxicity, 

persistence, high prevalence, and mobility are some of the obstacles that can be overcome by 

stabilization/solidification (S/S) technology (Yaashikaa et al., 2021). The stabilization process is used 

as the final step in the treatment of hazardous waste before it is landfilled. This chemically stabilizes 

and physically modifies the waste, in this case, desorbed lead, into a low-permeability solid matrix. 

In addition to waste disposal, the quality of the obtained composites is easier to handle and transport 

(Wiles, 1987). 
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The subject of this study is the stabilization of desorbed lead metal in the form of a very stable lead-

phthalate salt (C8H4O4Pb) (Stewart et al., 1947; Liming He et al., 2019) by adding calcium hydroxide 

(Ca(OH)2), cement, and unsaturated polyester resins synthesized from the products of catalytic 

depolymerization of PET more than bifunctional alcohols (diol component) and maleic anhydride 

(MA) (Rusmirovic, 2016; Knežević et al., 2022). The possibility of applying the desorbed pollutant 

as an addition to construction material and polymer matrixes was tested by the standard toxicity 

characteristic leaching procedure (TCLP) (USEPA, 1990). 

The aim of the research is the simultaneous disposal of waste material (desorbed lead) (Moon, 2022) 

which acquires a useful value, first in saving natural resources for the production of building materials 

and as a filler when using the newly created UPR composites for the production of floors in vehicles. 

As a novelty, the TCLP results obtained indicate an environmentally acceptable and health-safe 

disposal of desorbed metals by a composite UPR stabilization process. 

 

Materials and Methods 

 

1. Materials 

Construction material samples were made in the form of a cube with dimensions of 25x65x135 mm 

by mixing Ca(OH)2 (Carmeuse, "Jelen Do" a.d., Serbia) and portland cement ("Lafarge", Beocin, 

Serbia) with the addition of sand ( "Tr Gravel", Serbia), distilled water and synthesized lead-phthalate 

salts (as a substitute for TOCell with bound lead ions). The resin-based composites were homogenized 

by mixing UPR, methyl ethyl ketone peroxide (MEKP, ″Sigma-Aldrich″, Germany) as the initiator 

and cobalt octoate (Co-oct, ″Sigma-Aldrich″, Germany,) as the accelerator with the addition of the 

recycling component, salt lead-phthalate. 

Leaching fluids were prepared using glacial acetic acid (CH3COOH, ″Fluka AG″, Switzerland) and 

1N sodium hydroxide (NaOH, ″Lachema ″, Czech,) with the addition of deionized water. 

2. Methods 

By mixing Ca(OH)2/cement, lead-phthalate, sand, and water in a ratio of 2:1:8:2, building material 

samples were made and thermostated for 7 days at a temperature of 24 °C. UPR-based composites 

were prepared by the emulsion mixing method by dispersing lead-phthalate in the UPR matrix. The 

created molds were cross-linked using MEKP (3 wt.%) as an initiator and Co-oct (3 wt.%) as the 

accelerator in standard polytetrafluoroethylene molds for uniaxial tensile tests (ASTM D882 test 

standard dimension 60x10x4 mm with narrowed neck area – 15x4x4 mm) and flammability 

measurements.  

The leaching experiment (Leaching experiment - Toxicity Characteristic (TCLP)) was performed in 

order to confirm the disposal of the desorbed lead after adsorption-desorption cycles (Moon, 2022). 

One of the reasons for applying the solidification/stabilization method is to reduce the amount of 

hazardous waste that is disposed of in landfills, as it converts potentially hazardous waste into non-

hazardous waste and recycles it while meeting the maximum allowable concentration after the 

leaching test. It is a standard batch leaching test developed by the US EPA (Method 1311) for waste 

classification (USEPA, 1990). 

The solution used for the toxicity test was made up of 0.300 mL CH3COOH and 3.500 mL 1N NaOH 

with the addition of deionized water to a normal beaker volume of 50 mL. The pH value of the 

obtained solution was 4.75. 25 g of the sample was placed in the extraction vessel and 50 mL of the 

prepared solution was added. The suspension was mixed on a rotary extractor for 1 day (24 h). After 

extraction, the solutions were filtered and the resulting filtrate was used to determine the metal 

concentration (As, Se, Pb, Cr, Cd, Ba) using the ICP-OES technique. As pH values affect the content 

of heavy metals and their leaching, increased metal leaching is expected in an acidic environment 

(Brunauer et al., 1938). 
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Material characterization 

Fourier transforms infrared (FTIR) spectra were recorded in absorbance mode with a Nicolet™ iS™ 

10 FT-IR  Spectrometer  (ThermoFisher  SCIENTIFIC)  equipped with Smart iTR™ Attenuated Total 

Reflectance (ATR) Sampling accessories.  

 

Results and discussion 

 

1. FTIR analysis 

Fourier transform infrared spectra (FTIR) was used to identify the functional groups present in the 

newly formed building material and their changes after the extraction of heavy metals. Figure 1 shows 

the FTIR spectrum of the cement/lead-phthalate composite before and after the leaching experiment. 

 
Figure 1. FTIR spectrum of cement/lead-phthalate sample 

 

When examining the FTIR spectra of complexes –OH absorption bands of aqua ligands present at 

3360 cm–1 correspond to the asymmetric and symmetric stretching vibration of water molecules. 

Small peaks at 2920 cm-1 and 2800 cm−1 originate from C-H stretching vibrations in the aromatic 

methoxy groups and the methyl and methylene groups of the side chain. The presence of lead in the 

sample before TCLP indicates a peak at 2340 cm-1 whose intensity decreased after the removal of 

heavy metals. The band at 1402 cm-1 can be attributed to the C–H bending of the methylene group. 

The intensity change was recorded at 1088 cm-1, a characteristic peak for valence vibrations of C-O 

groups in carboxyl groups. The reduced intensity of the band at the wavelength of 780 cm- 1 indicates 

the release of heavy metals after the completion of the leaching test (Dursun et al., 2009). 

2. Production and testing of construction materials 

The concentration of leached heavy metal ions was determined by optical emission spectrometry with 

inductively coupled plasma - ICP-OES (Thermo ScientificTM iCAP 7200 system). 

By using glacial acetic acid as an agent in the leaching experiment, it was determined that 

significantly higher concentrations of lead ions are released from the analyzed samples with Ca(OH)2, 

which is considered a health-unsafe method of lead-phthalate stabilization. Low metal concentrations 

after treating the sample with cement can be attributed to better stability of the crystal structure and 

lower solubility of cement in the prepared TCLP solution. Of all the results of the TCLP test as the 

main criterion for the manipulation of the generated waste, the cross-linking of heavy metal with a 

polymer matrix (UPR), indicate that lead can be safely disposed of as an environmentally acceptable 
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material and the obtained composites can be further used for industrial purposes. The results of the 

leaching test of the samples (Figure 2) are shown in Table 1. 
 

 
 

Figure 2. Laboratory samples for testing the release of heavy metals: a) with Ca(OH)2, b) with cement, c) with UPR 

 

Table 1. Concentrations of released metals from formed composites 

Element 

The concentration of elements after leaching, mg L-1 
Limit 

Ca(OH)2 Cement UPR 

Pb 54 13 0.1 5.0 

As < 0.02 < 0.02 Not Detected* 5.0 

Se < 0.02 < 0.02 Not Detected 1.0 

Cr < 0.01 < 0.01 Not Detected 5.0 

Cd < 0.005 < 0.005 Not Detected 1.0 

Ba 0.19 0.22 0.002 100 

*Not Detected (< 0.001 mg L-1) 

 

The results of the TCLP test show that the leaching of Pb2+ ions (54 mg L-1) with the addition of 

Ca(OH)2 is far greater than the maximum allowed value, which is close to 5 mg L-1, according to 

national regulations (U. S. EPA, 1992). A drastically lower degree of leaching of desorbed metal (13 

mg L-1) was recorded in materials with the addition of cement as a stronger binding agent. The lowest 

level of leaching of lead ions occurs in the composite made with unsaturated polyester resin and lead-

phthalate (0.1 mg L-1). The results obtained by the leaching of UPR composites give the possibility 

of using a stabilized pollutant for the construction of trains, floors in warehouses, buildings, etc., with 

improved non-combustible properties and proof of eco-safety. In this way, a process has been 

developed to remove polluting substances without any additional pollution. 

 

Conclusion 

 

This study presents the results of the immobilization procedure of previously desorbed lead using 

building materials and resins made from waste PET. The results of the stabilization test showed that 

the most effective use of unsaturated polyester resins as a matrix for the stabilization of lead-phthalate 

salts, which meets the regulations on hazardous waste disposal and environmental protection. While 

the stabilizer Ca(OH)2 was the least effective. 

FTIR spectroscopy used to characterize the produced modules with Ca(OH)2 and cement before and 

after the leaching test shows the changes occurring in the structure of the synthesized composites. 

The presence of lead in the sample before TCLP indicates a peak at 2340 cm-1, the intensity of which 

decreased after the removal of heavy metals, which further confirms the effectiveness of the applied 

stabilization method. 

The presented study is part of the contemporary trend related to polemics about energy or other 

methods of exploitation of waste material, i.e. hazardous waste, to achieve economic benefits, i.e. 
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marketable products, while satisfying the current legislation. The proposed technology must be a 

good achievement in the treatment of hazardous waste that produces non-hazardous stabilized 

materials. The developed methodology fulfills the principles of waste management, material 

recycling, resource conservation, and environmental protection. 
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Abstract 

 

Food production generates significant amounts of waste, especially in fruits and vegetables 

processing industries (FVPI), where biodegradable lignocellulosic waste (LCW) represents approx. 

25-30% of processed raw materials. In most cases, this type of waste is landfilled, representing 

unsustainable practices with significant environmental hazards. Biochar, a highly carbonaceous 

organic material obtained from thermochemical conversion of LCW biomass, pose significant 

positive characteristics with multifunctional purpose. Biochar application might remove emerging 

contaminants from wastewater, and its application on soils improves soil properties such as fertility 

leading to improved crop productivity, soil pH regulation and soil CEC improvement, as well as 

microbial activities enhancement. In this paper, the characterization of biochar obtained via slow 

pyrolysis of peach stone (PS) is done along with its possible application as a soil amendment. This 

preliminary investigation revealed that the properties of the biochar produced from PS are in line with 

those necessary to act as a suitable agent for soil amendment. 

 

Keywords: lignocellulosic waste, peach stone, biochar, soil amendment, circular economy. 

 

Introduction 

 

In the European Thematic Strategy for Soil Protection, the EC has recognized the main threats to the 

soil in the EU. These hazards are marked as loss of soil organic matter, soil compaction, erosion, 

desertification, salinization, soil acidification, loss of biodiversity, landslides and soil contamination 

(European Commission, 2020). Soil contamination can be a trigger for other degradation processes 

because it affects the ecosystem and causes toxicity to organisms, reducing biodiversity, which is 

associated with the loss of organic matter in the soil, imbalance of nutrients and consequent soil 

erosion. Regardless of the technology that pollutes the environment, improper disposal of waste or 

an accident, the land becomes first which is affected by contamination. Pollution spreads quickly 

through all mediums of the environment, into groundwater or surface water and ultimately affects the 

health population (SEPA, 2018). Accordingly, the only way to solve existing environmental 

problems, as well as related health problems, represents remediation of contaminated soil, 

maintaining and improving soil quality and preventing further contamination. Therefore, in order to 

sustain soil productivity, the crucial challenge is to maintain adequate levels of organic matter in the 

soil to preserve its physical, chemical and biological integrity.  

Biochar is the product of biomass pyrolysis, a process whereby organic substances are broken down 

at temperatures ranging from 350 °C to 700 °C in a reduced oxygen thermal process. According to 

Lehmann and Stephen (2009), biochar applications have an effect on soil improvement, waste 

management, climate change mitigation and energy, and consequently might have social and 

economic benefits. Biochar improves soil physiology and increases productivity, assisting with crop 
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residue management. It also reduces soil acidity, while the essential mineral uptake increases. The 

significant quantities of K and phosphorus and lower amounts of Mg, Ca, Cu, Zn and Fe, which are 

presented in biochar, reflects its potential to be applied as fertilizer, too (Mwampamba et al., 2013). 

Globally, biochar has been considered a soil amendment tool, due to its suitable cation exchange 

capacity (CEC), which improves the soil pH, water-holding capacity and affinity for plant nutrients 

(Nsamba et al., 2015). In addition, biochar plays an important role in improving soil health by 

increasing crop yield and absorbing atmospheric carbon dioxide (Srinivasarao et al., 2013). 

Demand for food has drastically increased in the last decades. This has consequently increased the 

amounts of organic waste, which goes to landfills every day, but also raised the application of 

chemical fertilizers in the soil to support increased food production. The fruits and vegetables 

processing industries (where biodegradable waste represents 25-30% of processed raw materials), 

generates significant amounts of waste which are in most cases, landfilled, representing 

unsustainable practice with environmental hazards. Recently the interest of many researchers have 

been raised in producing biochar from such bio-residues and using the obtained product as a soil 

amendment, due to the urgent need to find an alternative to chemical fertilizers. Fertilizers made of 

waste biomass available in abundant amounts, might promote global food production, enhance CO2 

capture, and reduce waste generated improving soil health and the overall environment.   

Since the peaches (Prunus persica L.) have an important role in Serbia’s fruit production with an 

average of five years of production approx. 45,000 t, which generates approx. 9,000 t peach stones 

waste (Statistical office of the Republic of Serbia, 2022), have been chosen as lignocellulosic biomass 

for biochar preparation. The specific aim of the present work was to investigate the characteristics of 

the waste peach stones biochar from the corner of its possible agriculture application in an 

environmentally sustainable manner. 

 

Materials and Methods 

 

Material: Peach stones were obtained from the Juice Factory Vino Župa Aleksandrovac, Serbia, 

where they have been classified as waste. They were washed, dried at room temperature, grinded by 

the vibrating disk mill Siebtechnik – TS250 (Siebtechnik GmbH, Germany), and sieved into a fraction 

between 0.1 to 0.5 mm (PS). Further, PS was pyrolysed at 500 °C under oxygen-limited conditions 

in a Nabertherm 1300 muffle furnace (Nabertherm, Germany) at the heating rate of 10 oC min−1, for 

1 h. The obtained biochar (PS-B) was stored in containers with polypropylene caps in a dark place. 

Methods: Scanning Electron Microscopy (SEM) analysis was performed under a vacuum, where 

samples were coated with gold and observed using a JEOL JSM-6610 LV model (JEOL Ltd., Japan). 

Mass yield (%) of PS-B was expressed as the unit weight of biochar to the unit weight of dry PS times 

100. For elemental analysis (C, H, N and S) Vario-EL III; CHNS-O Elementar Analyzer (Hanau, 

Germany) has been used. Analysis of moisture, volatile matter (VM) and ash were performed 

according to the ASTM D1762-84 (2007) standard. Fixed carbon (FC) was calculated by subtracting 

the ash, moisture and VM content from 100. The determination of the mineral content was performed 

by using atomic adsorption spectrometers (Perkyn Elmer AAS Analyst 300). The value of the 

suspension pH (pHsus) was determined according to ASTM D6851-02 standard: 0.2 g of samples were 

suspended in 30 cm3 of distilled water, and left for 72 h with occasional stirring, after which 

suspension pH value was measured by using a pH meter SensION3 (Hach, USA). The point of zero 

charge (pHpzc) values were determined by using a method described by Milonjić et al. (1975). 

 

Results and discussion 

 

The SEM micrographs of PS and PS-B (Fig. 1) revealed the changes after pyrolysis. It can be seen 

that the PS-B sample has a significantly higher surface area and porosity. It is evident also that PS-B 
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contains larger (20-30 μm) and smaller (1-3 μm) diameter pores. The porosity is increased by forming 

the pores located inside the larger ones, compared to the raw sample. The formation of secondary 

pores indicates the release of volatile matter during this treatment (Peiris et al., 2019). Previously 

done BET analysis, (Lopičić et al., 2021) confirmed SEM analysis results: specific surface area (SSA) 

increased from 0.545 m2g-1 (PS) to 159.1 m2g-1 (PS-B) where PS-B has a highly developed micro- 

and meso- pore structures in comparison to PS. Increased surface area and biochar porosity are highly 

beneficial to soil water retention capacity.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. SEM micrographs of raw (PS) – left, and biochar sample (PS-B) - right 

 

Such a larger surface area with a highly porous structure is suitable for absorbing soluble organic and 

inorganic nutrients and for providing a favourable environment for the growth of useful soil microbes. 

The advantages of biochar as a soil amendment are multiple. The presence of the microbes on biochar 

surface significantly increases microbial biomass carbon in soil compared with chemical fertilizers 

(Panwar et al., 2019). Another advantage of biochar as a soil amendment agent is carbon 

sequestration, which arises from the fact that biochar, is capable to absorb atmospheric carbon 

dioxide. According to Ahmad et al. (2014), the sorption of organic contaminants present in the soil 

depends mainly on surface area and pore size, thus biochar, in general, shows greater sorption 

capacity for organic than inorganic contaminants. However, ion exchange, electrostatic attraction and 

precipitation are dominant mechanisms for the remediation of inorganic pollutants by biochar.  

Table 1 summarizes key parameters collected from the literature concerning biochar characteristics 

produced from different feedstock at pyrolysis temperature of 500 oC. In this table, the main 

physicochemical characteristics of biochar PS-B are also given. As can be seen, poultry manure and 

sewage sludge generate a higher biochar yield in comparison to agro residues and woody biomasses. 

This is related to the presence of inorganic components in feedstock, which is in accordance with 

relatively high ash content. However, high biochar yield can be achieved from agro waste too, if it 

has a high level of minerals and lignin (Sohi et al., 2010).  
 

Table 1. Characteristics of biochars produced from different feedstock at pyrolysis temperature 500 oC 

Feedstock Yield* VM* FC* Ash* pH C* H* O* N* Ref 

Corn cobs 18.9 - - 13.3 7.8 77.60 3.05 5.11 0.85 
Mullen et al., 2010 

Corn stover 17.0 - - 32.8 7.2 57.29 2.86 5.45 1.47 

Orange peel 26.9 - - 4.3  71.40 2.25 20.30 1.83 Chen & Chen, 2009 

Pine needles 26.1 - - 2.8 - 81.67 2.26 14.96 1.11 Chen et al., 2008 

Rapeseed plant 35.6 17.5 69.6 12.9 - 75.03 2.62 7.79 1.41 Karaosmanoǧlu et al. 

2000 

Poultry manure 72.0 7.3 68.6 24.0 11.0 51.56 1.87 40.32 5.50 Ahmad et al., 2014 

Peach stone 28.14 25.20 71.89 0.73 5.76 69.37 2.74 27.49 0.30 This paper 

*data reported in (Lopičić Z. et al., 2021) 
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Elemental composition and their calculated molar ratios are often used to reveal the temperature 

effects on the functional chemistry of biochars: an increase in pyrolysis temperature results in lower 

molar H/C and O/C ratios, thereby indicating dehydration and deoxygenation of the biomass (Ahmad 

et al., 2014). From Table 1 is evident that PS-B characteristics are in accordance with characteristics 

of biochar from a similar feedstock. The share of H and O decreased over C, leading to products with 

higher C concentration, due to the loss of biomass’s volatile compounds during the process of 

pyrolysis. This can be seen by the high content of FC and low VM content. In addition, the value of 

H/C (0.04) and O/C (0.4) molar ratios indicate the stronger aromatic and stable structure of biochar, 

and the lower number of polar functional groups on the surface of PS-B (Lopičić et al., 2021). The 

values of these parameters are significant because they determine the stability of biochar in soil. 

According to Spokas (2014), who investigated the stability of biochar in soil, a lower O/C ratio results 

in more stable biochar. Accordingly, when the O/C molar ratio is > 0.6, biochar will possess a half-

life of < 100 years; if the range is 0.2–0.6, the half-life range is 100 - 1000 years, and if the molar 

O/C ratio is less than 0.2, the half-life will be more than 1000 years (Spokas, 2014). Therefore, biochar 

remains in soil longer if the molar ratio of O/C in biochar is lower. Obtained results for PS-B indicate 

that its half-range in the soil will be more than 500 years.  

The low ash content of 0.73% for the PS-B indicates that most of the biochar is made from the 

combustible phase. Nevertheless, the value of pHsus of PS-B is higher (5.76) in comparison to raw PS 

(4.10). The reason for that can be found in feedstock composition (PS) and the number of present 

minerals in it, like potassium, magnesium and calcium ions. According to Lopičić (2017), the content 

of essential elements in the ash of PS are: calcium (4.2%), magnesium (6.99%) and potassium 

(25.4%), as well as phosphorus (26.88%). The analysis of major components of mineral matter in 

ashes of PS-B revealed that the K, Ca and Mg are major components of the ashes. The content of K 

was 19.9%, Mg was 9%, while the Ca content was also significant. The amount of Fe was 

approximately 2% for both samples, while the number of other components analysed was. This 

mineral composition is beneficial for promoting plant growth, suggesting that PS-B can be used in 

soil enrichment and approves that this material can be used as a supplement in agricultural practice.  

The pHpzc was also determined because it describes the acid-base sorbent behaviour at which the net 

surface charge of the sorbent becomes electrically neutral. The biochar surface charge has been 

significantly changed after pyrolysis by increasing the pH value of the point zero charge pHpzc from 

4.8 (PS) to 6.0 (PS-B). These results show the basic character of the PS-B. These results agree with 

the overall literature about biochars that typically indicate basic properties.  

 

Conclusion 

 

In this paper, peach stones, renewable, waste material, which is reutilized from landfills, were 

pyrolysed to obtain biochar (PS-B). In order to determine PS-B’s potential as a soil amendment, its 

characterization has been performed. The pyrolysed sample contains a large multi-porous surface 

area, with increased aromaticity compared to the native sample. Biochar PS-B has the potential to 

remain in soil longer since the molar ratio of O/C in biochar is low (0.4). Mineral content and value 

of pHsus also approve that can be used as a supplement in agricultural practice, while the value of 

pHpzc shows a basic character of biochar PS-B indicating its potential to reduce the soil acidity. The 

results clearly indicate that PS-B has potential for soil improvement, which at the same time reduces 

the number of landfill wastes and decreases greenhouse gas emissions by carbon sequestering and 

reduction of methane emissions from landfills.  
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Abstract 

 

Climate change is one of the most significant environmental problems and is affecting the entire 

global population. Renewable sources of energy (RES) are vital to deal with this problem. Solar 

energy, especially photovoltaic (PV) technologies, is one of the most promising renewable energy 

sources and is, therefore, one of the fastest-growing industries in this field. Thus, this paper focuses 

on the performance analyses of rooftop on-grid PV system in real climatic conditions in Niš (Serbia) 

in 2019 and its environmental benefits. Besides, the life cycle assessment (LCA) for the PV system, 

based on a case study in Niš, is also given in this paper. Based on this study, energy from PV systems 

could potentially be a part of the solution for Serbia’s future energy demands, as well as for the 

preservation of the environment and the establishment of sustainable development in Serbia. 

 

Keywords: PV system, PV system Efficiency, Performance Ratio, LCA, EPBT. 

 

Introduction 

 

Mankind has lately been faced with climate change and now it is becoming an increasing concern. 

The sudden increase in population, with a manifold increase in global industrial and other human 

activities, has led to the increased use of fossil fuels and the uncontrolled global degradation of the 

environment. In order to restore the ecological balance and sustainable development of mankind, it 

is necessary to make greater use of renewable sources of energy (RES). The renewable energy 

applications contribute to GHG emissions reduction with a concomitant reduction of fossil fuel use. 

Among the available alternative energies, photovoltaic (PV) energy is one of the most promising 

renewable energies. PV energy is clean, simple in design, and requires very little maintenance. Many 

studies show that PV systems will have an important share in the electricity of the immediate future. 

This applies both to developed and developing countries (Bhubaneswari, 2011). 

The developments in PV systems are mainly driven by the agenda to reduce carbon emissions of 

energy systems. Over the last thirty years, hundreds of life cycle assessments (LCAs) have been 

conducted and published for a variety of residential and utility-scale solar photovoltaic (PV) systems. 

Life cycle assessment (LCA) is a valuable tool for providing a comprehensive view of technology's 

environmental burdens and for analyzing renewable energy alternatives to conventional energy 

systems, especially for estimating greenhouse gas (GHG) emissions (Georgitsioti et al, 2019; 

Gerbinet et al, 2014; Muteri et al, 2020).  

In this paper, the impact of PV system application on sustainable development in Serbia is reflected 

in estimating life cycle greenhouse gas (GHG) emissions of rooftop grid-connected (on-grid) PV 

systems based on a case study in Niš. The aim of this work was to focus on environmental hotspots, 

key parameters, and methodological insights through the LCA analysis of the PV system in a specific 
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location. Based on experimental measurements the CO2 emission rate and the embodied energy 

payback time for solar PVs in Niš, in 2019 are presented in this paper. 

 

Materials and Methods 

 

This paper is focused on GHG emissions estimations of the PV systems during their lifecycle. To 

evaluate this the index g-CO2, eq/kWh, which refers to the amount of GHG emissions released from 

each kilowatt-hour produced, will be used. The other index that will be accounted for in this study is 

the energy payback time (EPBT), which refers to the time it takes for a PV system to produce the 

same amount of energy that was used during production. The GHG emission estimates for solar PVs 

is based on Eq. [1]: 
 

GHG=
W

Gopt x η x PR x LT x A
                                                                                                        (1) 

 

where GHG is the mass emissions of GHGs weighted by their global warming potential (GWP) per 

unit of electricity generated (g CO2-eq/kWh), W=1·Eout - is the GWP-weighted mass of GHGs emitted 

over the lifetime of the PV system (g CO2-eq), Gopt is the POA irradiation (solar irradiation on the 

optimally-inclined plane) (kWh/m2/yr), η is the lifetime average PV system efficiency (%), PR is the 

performance ratio, LT is the system lifetime (yr), and A is the total module surface (PV array area) 

(m2).  

Generally, the operation period of a PV system (the PV system lifetime) is assumed to be 25 years 

since the PV module warranties provided by the PV manufacturers are usually around 30 years and 

the performance of a system decreases over time due to various degradation mechanisms (Alsema, 

2012; Georgitsioti et al, 2019; Gerbinet et al, 2014; Muteri et al, 2020; Sherwani et al, 2010). 

PV system Efficiency 

The PV system Efficiency (η) is defined as the ratio of energy output from the PV system to input 

energy from the sun and is defined as (Milosavljević et al, 2015): 
 

η =
∑ Eouti

 A x ∑ Gopt i

                                                                                                                                (2) 

 

where n  –  is a number of days in a year and Eout – is a total amount of electrical energy generated 

by PV system and transmitted to the power grid (Wh). 

Performance Ratio 

Performance Ratio of PV system is the ratio between the specific yield factor Yf  and the reference 

yield factor Yr, where reference yield Yr is defined as the ratio between the total POA irradiation and 

the reference irradiation of 1 kW/m2 and specific yield factor Yf (kWh/kW) is the ratio of the PV 

system electricity generated and the total PV system installed power (Milosavljević et al, 2015; 

Milosavljević, 2018; Milosavljević et al, 2022). PV system PR is given by Eq [3]: 
 

PR=
Yf

Yr

=

Eout(kWh)
Pmax(kW)

Gopt (kWh/m2)

1 (kW/m2)

                                                                                                                                 (3) 
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The reference yield factor Yr presents the solar irradiation resource for the PV system and is a function 

of the geographical location and PV array orientation, while the Yf  is a parameter used to normalize 

the energy produced with respect to the size of the PV system. Therefore, the PR presents the rate of 

effective energy generated with the energy that the system would produce if it continuously operated 

on its STC efficiency. So, the PR includes all PV system losses (optical and electric losses), gives the 

correlation of the PV system quality between installations in different locations and PV array 

orientations and does not directly depend on input parameters like the meteo inputs, module 

efficiency, and PV array orientation (Milosavljević et al, 2015; Milosavljević, 2018; Milosavljević et 

al, 2022). 

Embodied energy payback time EPBT 

The embodied energy payback time EPBT (year) is the ratio of the embodied energy Eem (kWh/m2), 

which is the amout of energy required to produce the material in its product form, to the amount of 

energy obtained per year from the product Eout (kWh/m2/year). Embodied energy Eem for a PV system 

can be expressed as follows: 
 

Eem=Ep+Es+Ef+Et+EBOS                                                                                                                                (4) 
 

where Ep is the embodied energy required for the purification and processing of silicon (kWh); Es is 

the embodied energy of silicon ingot slicing; Ef is the embodied energy for PV module fabrication 

(kWh); Et is the energy to transport PV modules from factory to installation site (kWh); EBOS is the 

embodied energy for components such as support structure, inverter, electrical wirings (kWh) (Li et 

al, 2013; Nawaz et al, 2006; Pantić et al, 2014). The typical values for the silicon monocrystalline PV 

module as given in (Li et al. 2013; Nawaz et al, 2006) are Ep = 666 kWh/m2, Es = 120 kWh/m2, Ef = 

190 kWh/m2, and EBOS = 358 kWh/m2. 

Based on experimental measurements in real climatic conditions in 2019, POA irradiation on the PV 

array area, the PV system Efficiency and Performance Ratio, and GHG emission estimates are 

calculated. On other hand, the calculated EPBT shows how long it takes before energy investments 

are compensated by energy yield.  

PV system in Niš, Serbia 

For the experimental examination of PV system operation, a fixed on-grid 2 kWp PV system was 

installed on the roof of the Faculty of Sciences and Mathematics in Niš (Latitude: 43°19'28.99"N,  

Longitude: 21°54'11.99"E), Serbia (Fig.1). The PV system consists of 10 monocrystalline silicon (c-

Si) solar modules (Shenzhen Sunco Solar Technology Co.), serially interconnected in a string; DC 

and AC distribution boxes; single phase inverter (Sunny Boy 2000HF), monitoring devices (Sunny 

SensorBox and Sunny WEBBox), and accompanying elements (conductors, cables, etc.). Solar 

modules and Sunny SensorBox were fixed on the building roof with an inclination angle of 32° to the 

South and are free from any shading effect, while other devices were set up inside the building. By 

adequate conductors and cables solar modules are connected to DC box, inverter, AC box (RO-AC) 

and the city power grid. At the output of AC distribution box there is alternating (AC) voltage 230V, 

50Hz (Milosavljević et al, 2015; Milosavljević, 2018; Milosavljević et al, 2022).  
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Figure 1. Fixed on-grid 2 kWp PV system in Niš, Serbia 

 

For the PV systems monitoring, remote diagnostics, and data acquisition, Sunny WEBBox is used as 

the central communication interface. It is connected to the inverter and Sunny SensorBox by 

Bluetooth. This device enables continuous recording of the PV system electrical parameters into the 

internal memory of 12.5 MB. Sensor unit Sunny SensorBox measures global solar irradiation and 

ambient temperature. The Sunny SensorBox is connected with the Sunny WEBBox through an SMA 

Power Injector with Bluetooth. Thus, all measurement values (DC current and voltage, AC currency 

and voltage, power at the output from the solar modules, PV system power, solar irradiation and 

ambient temperature) are each 5 minutes directly recorded on SD memory card or by FTP server 

(Milosavljević et al, 2015; Milosavljević, 2018; Milosavljević et al, 2022). 

 

Results and discussion 

 

The experimental values of solar irradiation on an optimally inclined (32°) and South oriented plane 

(POA irradiation) in Niš, as well as, amount of PV electricity produced by 2 kWp fixed on-grid PV 

system with c-Si solar modules oriented to the South at an optimal angle of 32°, in 2019 in Niš, are 

given in this section. Besides, the PV system performance parameters, GHG emission estimates, and 

EPBT, described in Section 2, are also given and discussed.  

Graphics of the changes in the experimental values of the electrical energy (Eout) generated by given 

PV system in Niš, depending on the POA irradiation (Gopt) in 2019 is given in Figure 2. 
 

 
Figure 2. Graphics of the changes in the experimental values of the electrical energy (Eout) generated by given PV 

system, and the POA irradiation (Gopt) in 2019, in Niš 
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Statistical processing and analysis of measurements show that the experimental monthly average 

daily solar irradiation on optimally-inclined surface ranged between 1.42 (January) and 8.82 

kWh/m2/day (August), while the monthly values of electricity generation from the PV system in Niš 

range between 66.89 kWh (January) and 303.05 kWh (August). It should be noted that experimental 

values of PV system electricity generation are values that the PV system, with a total surface of PV 

area of 16.59 m2, transmits to the electricity distribution network. 

Graphics of the experimental values of the monthly energy efficiency (η) of 2 kWp PV system in 

2019, in Niš is given in Figure 3. 
 

 
Figure 3. Graphics of the experimental values of the monthly energy efficiency (η) of 2 kWp PV system in 2019, in Niš 

 

Figure 3 shows that the experimental monthly energy efficiency (η) of 2 kWp PV system in 2019, in 

Niš ranged from 6.68% (in August) to 10.34% (in February). The energy efficiency is the lowest in 

the summer months, which is explained by the increase in the ambient temperature that causes solar 

modules heating which leads to a decrease in the energy efficiency of the PV system. With the 

increase in solar modules temperature, there is an increase in the thermal vibration of cristal lattice 

atom of materials used to produce solar cells, which in turn impedes directed movement of free 

carriers of charging resulting in open circuit voltage decrease and solar cells power degradation. 

Besides, it should be noted that the PV system performances are usually specified under standard test 

conditions, but the performance of the PV system under real conditions differs from the expectations 

derived from the results under standard test conditions due to a variety of continuously changing 

conditions. The experimental monthly values of PR of the given PV system in 2019 are given in 

Figure 4. 

 
Figure 4. The experimental monthly values of PR of the given PV system in 2019 
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As PR is a quantitative characteristic of all losses in the PV system, due to losses that occur in summer 

due to the increase in PV module temperature, PR values are smaller in the summer than in the winter 

and, in the general case, are in the range between 0.6 and 0.8. The experimental monthly values of 

PR range from 0.55 (August) to 0.86 (February), as shown in Figure 3, while the annual mean 

experimental value of PR is 0.67. 

GHG emission estimates and EPBT for solar PVs 

Based on experimental measurements values, the GHG emission estimates and EPBT for rooftop on-

grid 2 kWp PV system with c-Si solar modules are 56.5 g CO2-eq/kWh and 9.01 years, respectively. 

It shoud be noted that the energy to transport PV modules from factory to installation site (Et) is not 

taken into account. If Et were taken into a calculation, the EPBT would be less.  

 

Conclusion 

 

This research provides the basic environmental hotspots, key parameters, and methodological insights 

through the LCA analysis of the PV system in a specific location. Based on experimental obtained 

results in 2019, in Niš, presented in this paper, it could be concluded that: 

- Total annual value of the global solar irradiation on the surface oriented southward, at the 

optimal angle of 32° in relation to the horizontal surface in Niš, was 1929.51 kWh/m2; 

- Rooftop on-grid 2 kWp PV system in Nis generated 2455.621 kWh of electrical energy; 

- The annual energy efficiency of 2 kWp PV system in Niš was 8.1% and the annual mean value 

of the PV system PR in Nis was 67%; 

- The annual value of the CO2 emission rate and EPBT for rooftop on-grid 2 kWp PV system, 

with c-Si solar modules, are 56.5 g CO2-eq/kWh and 9.01 years, respectively. 

Total lifecycle emissions associated with PV energy production are lower than those of fossil fuel 

energy production. During their 20-30 year lifetimes, solar modules generate more electricity than 

was consumed during their production. The energy payback time quantifies the minimum useful life 

required for a solar module to generate the energy that was used to produce the module, and the 

average energy payback time is around 9 years. Thus, silicon PV modules have a low life cycle 

environmental impact compared to most conventional forms of energy such as coal and natural gas. 

The greatest carbon emissions caused by the use of PV modules are those associated with module 

production. Energy Pay Back Times (EPBT) vary between 2 and 10 years for various solar climates 

around the world. Overall, silicon PV panels payback the required upfront energy costs of production 

well before their useful lifetime and are a net energy generators for the majority of their useful life. 

It should also be taken into account that the obtained results would probably slightly modify 

depending on which measurement year was used.  
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Abstract 

 

According to the latest European Commission Report "Status of Environment and Climate in the 

Western Balkans" the mortality rate that can be linked to air pollution in the Western Balkans is more 

than twice as high as the EU 27 average. The same report states that the dominant impact on mortality 

has PM2.5. Valjevo is one of the cities in Serbia in which air quality has belonged to the third category 

(excessively polluted air) for many years due to exceeding the limit values for PM10 and PM2.5. In 

this paper, average concentrations and time and seasonal variations of particulate matter (PM10 and 

PM2.5) as well as gaseous pollutants (SO2, NO2, NO, NOx, CO) measured at the automatic air quality 

monitoring station Valjevo in the period from December 2020 till May 2022 were analyzed. The daily 

mean concentrations of PM10 and PM2.5 were 56.5 and  40.9 μg m−3, with maximum daily mean values 

of 318.8 and 246.4 μg m-3, respectively. The highest mean concentration of PM10 and PM2.5 was 

measured during the winter period (78.3 and 64.2 μg m–3), followed by autumn, spring and summer 

with the lowest measured mean concentration (29.6 and 13.4 μg m–3). During the winter period, the 

major part of the PM10 mass was in fine mode (PM2.5) (82.9%) rather than coarse mode (PM10-2.5) 

(17.1%), which can be attributed to the intensive combustion of biomass and fossil fuels for heating 

in households, industry and the public sector during this period.  

 

Keywords: air pollution, PM2.5, PM10, Valjevo. 

 

Introduction 

 

Exposure to air pollution is the main environmental risk of early death and in 2019 is estimated to 

have contributed to 5.9–7.5 million premature deaths globally (Health Effects Institute HEI, 2020). 

Heart disease and stroke are the most common reasons for premature death attributable to air 

pollution, followed by lung diseases and lung cancer (WHO, 2018). Air pollution affects the whole 

population, certain groups are more vulnerable to its effects on health, such as children, elderly 

people, pregnant women and those with pre-existing health problems (EEA, 2019).  Although air 

pollution has considerable economic impacts, cutting lives short, increasing medical costs and 

reducing productivity through working days lost across the economy (EEA, 2019).  

Europe's most serious pollutants, in terms of harm to human health, are PM, NO2 and ground-level 

O3. The European Environment Agency (EEA) reports that in 2016, fine particles (PM2.5) caused 

around 412,000 premature deaths of European citizens, NO2 caused 71,000 and O3 15,000 (EEA, 

2019). The same agency warns that high concentrations of pollution have the most visible effect, but 
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long-term exposure to lower doses poses a greater danger to human health. According to the latest 

report of the European Commission "Status of Environment and Climate in the Western Balkans" 

(Belis et al., 2022) in 2019, the annual mortality rate (premature deaths per 100,000 inhabitants) 

attributable to air pollution (mainly PM2.5) in the Western Balkans (WB) was considerably higher 

than the EU27 average and in certain cases more than doubled it. The same report states that Serbia, 

Bosnia and Herzegovina and Albania contributed to nearly 90% of the total PM2.5 emissions in the 

WB region. In particular, the three-year PM2.5 average (2016–2018) is above the exposure 

concentration obligation (20 μg/m3) in most of the region and the main contributors of this pollutant 

are coal fuelled power plants and biomass burning for domestic heating (Belis et al., 2019). Air 

pollution in the WB contributes between 4% and 19% of total premature mortality in 18 selected WB 

cities and reduces life expectancy by between 0.4 and 1.3 years (UNEP, 2019). 

The main sources of outdoor air pollution in Serbia include the energy sector (thermal power plants, 

district heating plants and individual household heating), the transport sector (an old vehicle fleet), 

waste dump sites and industrial activities (oil refineries, the chemical industry, mining and metal 

processing and the construction industry) (WHO, 2019). Air pollution significantly contributes the 

overall burden of disease and premature death in Serbia, having higher estimates of premature death 

due to air pollution than most countries in the European Union (WHO, 2019). According to the report 

of the WHO Regional Office for Europe (WHO, 2019) that included an extensive analysis of air 

quality and its impacts on health in Serbia for 11 Serbian cities the overall health impact of air 

pollution for the whole of the urban areas in Serbia (not just the 11 cities studied in detail) was 

estimated at 6 394 attributable deaths. According to the same report in Serbia for 11 Serbian cities 

exposure to PM2.5 accounts for 3585 premature deaths per year, including 1796 in Belgrade, where 

air pollution has by far the highest impact in absolute terms. But when estimates per 100 000 of the 

population at risk the mortality rates for the 11 cities the existing concentration of PM2.5 appears to 

be associated with the highest relative health impacts of air pollution in Valjevo (18.8%) (WHO, 

2019). Valjevo is one of the cities in Serbia in which air quality has belonged to the third category 

(excessively polluted air) for many years due to exceeding the limit values for PM10 and PM2.5. In 

this paper, average concentrations and time and seasonal variations of particulate matter (PM10 and 

PM2.5) as well as gaseous pollutants (SO2, NO2, NO, NOx, CO) measured at the automatic air quality 

monitoring station Valjevo in the period from December 2020 till May 2022 were analyzed. The air 

pollution level in the Valjevo during the observed period was assessed concerning the corresponding 

limit/ recommended values defined by national and other legislation dealing with air quality 

standards. 

 

Materials and Methods 

 

Study area 

The city of Valjevo is located in the northwestern part of central Serbia. According to the data of the 

2011 population census, a total of 90,312 inhabitants live in the Valjevo area, of which 69,223 live 

in the city center and suburbs, and 21,089 live in rural areas (Air quality plan for the period from 

2016 to 2021, 2016). Valjevo covers an area of 2,256 ha and was formed in a basin surrounded by a 

mountain range, on the banks of the Kolubara River. The borders of the city are geographically clearly 

defined by the eastern slopes of the Vlašić mountain and the upper reaches of the Ub river, in the 

north, the peaks of the Valjevski mountains, in the west and south, and the Kolubara basin in the 

central part. The climate of this area can be characterized as moderate-continental, with certain 

specificities that manifest as elements of subhumid and microthermal climate. This type of climate 

conditions cold winters and warm to subtropical summers. The minimum annual temperature ranges 

up to -26.4 °C, and the maximum up to +42.4 °C. The area is such that there are great temperature 

extremes and very cold winters, with frequent severe frosts, and the snow cover, regardless of its 
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thickness, lasts from mid-December to the beginning of March (Air quality plan for the period from 

2016 to 2021, 2016).The sources of air pollutant emissions in the city during the winter months 

basically include home heating and road traffic, while industry is an additional source. Coal and wood 

are predominantly used for domestic heating. 

Automatic air quality monitoring station 

Automatic air quality monitoring stations in Valjevo is managed by the Serbian Environmental 

Protection Agency (SEPA). Daily mean  concentrations of air pollutants and meteorological data for 

Valjevo station was downloaded from the website of the Serbian Environmental Protection Agency 

(http://www.amskv.sepa.gov.rs/pregledpodatakazbirni.php). Concentrations of air pollutants from 

this station in the period from December 2020 till May 2022 were analyzed. Valjevo automatic air 

quality monitoring station monitors air pollutants (PM10, PM2.5, SO2, NO2, NO, Nox and CO) and 

meteorological parameters (wind speed, wind direction, surface pressure, temperature and relative 

humidity). The air sampling takes place hourly, using Teledyne API Model 100E for SO2, Teledyne 

API Model 200A for NO/NO2/NOx, Teledyne API Model 300A for CO, TCR TECORA Skypost HV 

for PM10 and GRIMM EDM 180 for PM2.5. Measuring station Valjevo is an urban background station 

located at latitude 19° 53' 56'' N and longitude 44° 16' 22'' N. The automatic measuring station Valjevo 

is located within the city zone, which is characterized as residential and commercial. The locations 

of the station Valjevo are shown on the map in Fig. 1. 

 

Figure 1. Map of the Valjevo with locations of the automatic air quality monitoring station VA (Source of the city map: 

https://www.google.com/maps/@44.2725575,19.8936586,2245m/data=!3m1!1e3 
 

Results and discussion 

 

Mass concentrations of PM10 and PM2.5 fractions and gaseous air pollutants for entire period and for 

seasons 

Summary statistics of daily mean concentrations (μg m–3) of different fractions of particulate matter 

observed at automatic air quality monitoring station Valjevo for entire period (December 2019 to 

May 2022) and for heating and non-heating seasons are shown in Tab. 1. The mass concentrations of 

PM10 at the VA measuring station in the observed period were in the range from 9.9  to 318.8 μg m– 

3 (with a mean value of 56.5 μg m– 3). The mass concentrations of fine mode PM2.5 (particles with a 

diameter of less than 2.5 μm) ranged from 4.9 to 246.4 μg m–3 (with a mean value of 40.9 μg m–3) 

(Tab. 1). The WHO estimate of the annual mean PM2.5 concentration in Serbia is 19.4 μg/m3, with a 

slightly higher mean in urban than in rural areas: 21.0 μg/m3 and 19.4 μg/m3, respectively (WHO, 

http://www.amskv.sepa.gov.rs/pregledpodatakazbirni.php
https://www.google.com/maps/@44.2725575,19.8936586,2245m/data=!3m1!1e3
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2016), and  the average annual mean PM2.5 concentration calculated by WHO for the European 

Region as a whole is 14.0 μg/m3 (WHO, 2019). Therefore, the mean value of the PM2.5 concentration 

measured for the observed period for Valjevo was two times higher than the average annual value of 

PM2.5 in Serbia and 2.8 times higher than the mean annual PM2.5 concentration calculated by WHO 

for the European Region as a whole.  

In this study PM2.5/PM10 ratios ranged from 0.04 to 0.99 with a mean value of 0.70 (Tab. 1). This is 

in agreement with results of Jeričević et al. (2016). During the colder part of the year PM2.5/PM10 was 

higher than 0.9 at almost all examined stations and lower during the warmer part of the year. The 

value of PM2.5/PM10 ratios of 0.04 observed during the non-heating season is due to the occurrence 

of an extremely high concentration of mean daily PM10 concentration of 318.8 μg m–3 which was 

measured during June 15, 2021. If this value were excluded, the minimum value of PM2.5/PM10 ratios 

would be 0.22. Unusually for June, extremely high concentration of mean daily PM10 concentration 

caused a short-term bad state of air quality in many places in Serbia, and the dominant reason for this 

phenomenon was the transfer of Saharan dust. 
 

Table 1. Statistical summary of daily mean concentrations of different fractions of particulate matter and gaseous air 

pollutants observed at automatic air quality monitoring station Valjevo for entire period (December 2019 to May 2022) 

and for heating and non-heating seasons 

During the transition from a warm to a cold period, an increase in the mean value of the mass 

concentration of particulate matter was observed. During the non-heating season, the mean daily 

  Total       Heating seasona Non - heating season 

  (n = 500) (n = 309) (n = 191) 

  Mean ± SD Mean ± SD Mean ± SD 

  Min. – Max. Min. – Max. Min. – Max. 

  Range Range Range 

PM10 (μg/m3) 

56.5 ± 36.4 73.4b ± 32.4 29.2b ± 23.9 

9.9 - 318.8 19.4 - 262.4 9.9 - 318.8 

308.9 243.0 308.9 

PM2.5 (μg/m3) 

40.9 ± 29.6 56.5b ± 27.2 15.7b ± 7.9 

4.9 - 246.4 10.2 - 246.4 4.9 - 52.4 

241.5 236. 2 47.4 

PM10-2.5 (μg/m3) 

15.6 ± 17.6 16.9 ± 13.8 13.5 ± 22.2 

0.3 - 305.6 0.3 - 114.0 1.4 - 305.6 

305.3 113.7 304.2 

PM2.5/PM10 

0.70 ± 0.18 0.78 ± 0.15 0.56 ± 0.14 

0.04 - 0.99 0.37 - 0.99 0.04 - 0.93 

0.95 0.62 0.89 

SO2 (μg/m3) 

19.9 ± 8.3 19.4 ± 8.3 20.8 ± 8.3 

2.5 – 59.4 2.5 - 59.4 3.9 - 39.9 

56.9 56.9 36.0 

NO2 (μg/m3)  

26.4 ± 10.4 30.9b ± 9.8 18.8b ± 6.4 

7.0 – 96.2 7.0 - 96.2 9.9 - 41.1 

89.2 89.2 31.2 

NO (μg/m3)  

24.2 ± 21.4 32.3b ± 23.1 10.9b ± 7.4 

3.0 – 174.5 3.0 - 174.5 3.3 - 44.1 

171.5 171.5 40.8 

NОx (μg/m3) 

63.4 ± 41.6 80.3b ± 43.0 35.4b ± 17.2 

16.6 -309.9 18.5 - 309.9 16.5 - 100.5 

293.2 291.4 84.0 

CO (mg/m3)  

1.0 ± 0.5 1.2b ± 0.6 0.7b ± 0.2 

0.2 – 5.8 0.2 - 5.8 0.2 - 1.3 

4.6 5.6 1.1 
a15 October–15 April 
bSeasonal variation (p < 0.05) 
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value of PM10 concentration ranged from 9.9 to 318.8 μg m-3 with a mean value of 29.2 μg m-3, while 

the values during the heating season (15. October – 15. April) ranged from 19.4 to 262.4 μg m-3 with 

a mean value of 73.4 μg m-3. The mean daily value of PM10 and PM2.5 concentrations was statistically 

significantly higher during the heating season compared to the non-heating season (Tab. 1). The mean 

value of PM10 concentration measured during the heating season is about two and a half times higher 

compared to the non-heating season. The mean daily PM2.5 concentration during the heating season 

was 56.5 μg m-3, which was more than three times higher than the mean PM2.5 concentration measured 

during the non-heating season (Tab. 1). The same trend of increasing concentrations during the 

transition from a warm to a cold period is also observed for gaseous pollutants NO2, NO, NOx and 

CO. The mean daily value concentrations of these gaseous pollutants was statistically significantly 

higher during the heating season compared to the non-heating season (Tab. 1). 
 

Table 2. Descriptive statistics of concentrations of different fractions of particlate matter (PM10, PM2.5 and PM10-2.5) and 

gaseous pollutants by seasons 

  

Winter  

(n =170)  

Spring  

(n=148) 

Summer  

(n=91) 

Autumn  

(n= 91) 

 Mean ± SD Mean ± SD Mean ± SD Mean ± SD 

 Min. – Max. Min. – Max. Min. – Max. Min. – Max. 

 Range Range Range Range 

PM10 (μg/m3) 

78.3 ± 35.6 50.6 ± 26.2 29.6 ± 32.7 52.4 ± 32.5 

19.4 - 262.4 11.8 - 180.7 9.9 - 318.8 14.6 - 166.4 

243.0 168.9 308.9 151.8 

PM2.5 (μg/m3) 

64.2 ± 30.2 32.9 ± 18.0 13.4 ± 4.7 38.0 ± 26.0 

11.6 - 246.4 5.0 - 118.6 4.9 - 28.5 7.8 - 129.3 

234.9 113.6 23.5 121.5 

PM10-2.5 (μg/m3) 

14.2 ± 12.8 17.7 ± 13.8 16.0 ± 31.7 14.4 ± 8.6 

0.3 - 55.1 0.3 - 114.0 1.4 - 305.6 1.1 - 50.9 

54.8 113.7 304.2 49.9 

SO2 (μg/m3) 

21.11 ± 8.60 16.57 ± 7.69 25.20 ± 5.31 17.87 ± 8.20 

2.48 - 59.36 2.54 - 39.77 14.38 - 39.89 4.60 - 37.88 

56.88 37.23 25.51 33.28 

NO2 (μg/m3)  

32.87 ± 11.39 24.10 ± 6.69 15.82 ± 3.02 27.99 ± 8.79 

7.04 - 96.19 10.53 - 45.34 9.88 - 24.55 11.17 - 45.99 

89.15 34.81 14.67 34.82 

NO (μg/m3)  

37.22 ± 24.67 14.72 ± 7.,3 7.55 ± 2.63 31.54 ± 22.49 

3.01 - 174.50 3.48 - 56.02 3.33 - 15.86 4.22 - 133.48 

171.49 52.54 12.53 129.26 

NОx (μg/m3) 

89.74 ± 46.86 46.68 ± 16.65 27.36 ± 6.27 76.30 ± 41.66 

18.50 - 309.89 16.53 - 131.07 16.65 - 47.08 17.74 - 245.39 

291.39 114.54 30.43 227.65 

CO (mg/m3)  

1.37 ± 0.68 0.85 ± 0.33 0.79 ± 0.05 0.91 ± 0.42 

0.24 - 5.76 0.21 - 2.68 0.72 - 0.93 0.38 - 3.34 

5.52 2.47 0.21 2.96 

 

The highest mean concentration of PM10 and PM2.5 was measured during the winter period (78.3 and 

64.2 μg m–3), followed by autumn, spring and summer with the lowest measured mean concentration 

(29.6 and 13.4 μg m–3). The same trend can be observed for NO2, NO, NOx and CO (Tab. 2). During 

the winter, the mean value of the PM2.5 concentration was about five times higher than the mean value 

of the PM2.5 concentration measured during the summer (Tab. 2). This can be explained by increased 

emissions of fine particles due to the use of wood, biomass, and fossil fuels in domestic heating during 

the colder part of the year (Sarigiannis et al., 2014). However, air quality does not depend only on 

pollutant emissions. In addition to emissions, meteorology and terrain topography also have a 

significant impact on air quality. Valjevo has an unfavorable geographical position, it is located in a 

basin surrounded by a mountain range, which additionally negatively affects air quality. High 
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concentrations of pollutants in the air during the colder part of the year can occur due to frequent 

occurrences of temperature inversion, which are characteristic of valleys surrounded by mountain 

ranges, preventing the vertical mixing of air masses, which leads to the accumulation of pollutants in 

the lower layers of the atmosphere. During the winter period, the major part of the PM10 mass was in 

fine mode (PM2.5) (82.9%) rather than coarse mode (PM10-2.5) (17.1%), which can be attributed to the 

intensive combustion of biomass and fossil fuels for heating in households, industry and the public 

sector during this period. The summer period was characterized by the distribution of 47.3% coarse 

mode, while fine mode accounts for 52.7% of the total PM10 mass. 

Comparison of mean daily concentrations of air pollutants with the values prescribed by EU 

legislation and WHO recommendations 

According to European Regulation (EU Directive 2008/50/EC) the daily limit value for PM10 is 50 

μg m-3, and that value should not be exceeded more than 35 days per year (EU, 2008). National 

legislation (Regulation on conditions for monitoring and air quality requirements (Official Gazette of 

RS No. 11/2010, 75/2010 and 63/2013) prescribes a daily limit value of PM10 concentration equal to 

the value prescribed in Directive 2008/50/EC (EU, 2008). EU legislation, as well as national 

legislation, does not prescribe a daily concentration limit of PM2.5 (Tab. 3). According to the new 

guidelines for global air quality of the World Health Organization (WHO, 2021), the  

recommendation  for  daily mean concentration for PM10 is 45 μg m-3 and the daily mean 

concentration for PM2.5 is 15 μg m-3, defined as the 99th percentile (equivalent to 3 - 4 exceedance 

days per year) of the annual distribution of  24-hour average concentrations (Tab. 3).  

During the observed period from December 2019 to May 2022, the measured daily mean 

concentrations of PM10 at the Valjevo station were above 50 μg m-3 (EU, 2008)                                                                           

for 204 days (40.8% of the time). When the mean daily concentrations for PM10 are compared with 

WHO recommendations, the number of days with exceedances of the recommended value of 45 μg 

m-3 was 232 days (46.4% of the time). Measured daily mean concentrations of PM2.5 were above the 

values recommended by the WHO Air Quality Guidelines (AQG) (15 μg m− 3) for 413 days (82.6 % 

of the time). In Serbia, the state-managed system for monitoring air quality showed that the 

concentrations of air pollutants, particularly PM, in cities regularly exceeds the levels recommended 

in the WHO AQG (WHO, 2019). WHO indicates that most epimedemiological studies performed on 

the large population have been unable to determine a threshold concentration below which ambient 

particulate matter has no health effect (WHO, 2006b). Long-term PM exposure has been described 

as more significant, regarding the influence on human health, compared to the short-term exposure 

(Liu et al., 2015). 
 

Table 3. Comparison of the European limits values and the WHO recommendations 2005 AQG and 2021 AQG for the 

protection of human health 

    EU Limit Values 1 WHO Recommendations 

  Averaging time Limits 2005 AQG2 2021 AQG3 

PM10      

(µg/m3) 

annual 40 20 15 

24 hour 50 (35 exceedances permitted) 504 454 

PM2.5     

(µg/m3) 

annual 25 (stage 1)5, 20 (stage 2)6 10 5 

24 hour - 254 154 

NO2     

(µg/m3) 

annual 40 40 10 

24 hour - - 254 

1 hour 200 (18 exceedances permitted) 200 200 

SO2        

(µg/m3) 

24 hour 125 (3 exceedances permitted) 204 404 

1 hour 350 (24 exceedances permitted) - - 



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

271 

 

CO      

(mg/m3) 

24 hour - - 44 

1 hour - 35 35 
1 EU limit values for the protection of human health according to the EU Directive 2008/50/EC                                                                                  
2 WHO air quality guidelines for particulate matter, ozone, nitrogen dioxide and sulfur dioxide - Global update. 2005.  
3 WHO global air quality guidelines. Particulate matter, ozone,  nitrogen dioxide, sulfur dioxide and carbon monoxide. 2021. 
4 99th percentile (i.e. 3-4 exceedance days per year). 
5 Date by which limit value is to be  met  1.1.2015.  6 Date by which limit value is to be  met  1.1.2020. 

EU legislation (Directive 2008/50/EC) (EU, 2008) and domestic legislation (Regulation on conditions 

for monitoring and air quality requirements (Official Gazette of RS No. 11/2010, 75/2010 and 

63/2013)) prescribes a daily limit value for SO2 concentration of 125 μg m-3, which should not be 

exceeded more than 3 times a calendar year. During observed period daily mean concentrations of 

SO2 was under 125 μg m-3. WHO AQG recommend a daily mean SO2 concentration of 40 μg m-3 

(WHO, 2021). During the observed period the measured daily mean concentrations of SO2 at Valjevo 

station were above the recommended value by the WHO AQG for four days (0,8% of the time). 

For mean daily NO2 concentrations, the comparison with EU legislation was not possible, because 

for the concentration of NO2 in ambient air EU directive prescribe only mean hourly values and mean 

annual value, but not the mean daily value. WHO AQG recommend a daily mean NO2 concentration 

of 25 μg m-3 (WHO, 2021). During the observed period the measured daily mean concentrations of 

NO2 at the Valjevo station were above 25 μg m-3 for 251days (50.2  % of the time). The measured 

daily mean concentrations of CO at the Valjevo station were above 4 mg m-3 (WHO, 2021) for only 

one day. From Tab. 4, it can be seen that exceeding the limit/recommended values for PM10, PM2.5 

and NO2 predominantly occur during the heating season for PM10 62.78% of time (according to EU 

regulation) and 69.26% of time (according to WHO recommendations), for PM2.5 92.56% of time 

(according to WHO recommendations) and for NO2 72.17% of time (according to WHO 

recommendations). An important source of particulate matter emissions during the heating season is 

residential heating with coal and wood. Coal combustion is an important source of suspended particles 

and gases (Tsitouridou & Anatolaki, 2007), while combustion of biomass for residential heating can 

be singled out as one of the largest sources of fine particles in the global troposphere (Vicente & 

Alves, 2018). In addition to the sources of emissions, the location 
 

Table 4. The number of days and % the time  with exceedances of the limit/recommended value for PM10, PM2.5 and NO2 

during heating and non-heating seasons observed at automatic air quality monitoring station Valjevo in the period from 

December 2019 to May 2022 
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PM10 
EU1 50 194 62.78  10 5.24 

WHO AQG2 45 214 69.26  18 9.42 

PM2.5 WHO AQG2 15 286 92.56  127 66.49 

NO2 WHO AQG2 25 223 72.17  28 14.66 
1EU limit values for the protection of human health according to the EU Directive 2008/50/EC 
2 WHO global air quality guidelines. Particulate matter, ozone,  nitrogen dioxide, sulfur dioxide and carbon monoxide. 2021.  
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of the city core, which is located in the basin, contributes significantly to the high concentrations of 

suspended particles at the investigated measurement site during the heating season. Meteorological 

factors are often an additional cause of high concentrations of suspended particles during the heating 

season. 

 

Conclusion 

 

In this paper, average concentrations and time and seasonal variations of particulate matter (PM10 and 

PM2.5) as well as gaseous pollutants (SO2, NO2, NO, NOx, CO) measured at the automatic air quality 

monitoring station Valjevo in the period from December 2020 till May 2022 were analyzed. The 

assessment of air quality was carried out taking into account the limit values defined by Serbian and 

European legislation and also WHO AQG. 

The mass concentrations of PM10 at the VA measuring station in the observed period were in the 

range from 9.9 to 318.8 μg m–3 (with a mean value of 56.5 μg m– 3), while the mass concentrations of 

fine mode PM2.5 particles ranged from 4.9 to 246.4 μg m–3 (with a mean value of 40.9 μg m–3). The 

mean value of the PM2.5 concentration measured for the observed period for Valjevo was two times 

higher than the average annual value of PM2.5 in Serbia and 2.8 times higher than the mean annual 

PM2.5 concentration calculated by WHO for the European Region as a whole.  

During the transition from a warm to a cold period of year, an increase in the mean value of the mass 

concentrations of particulate matter and for gaseous pollutants NO2, NO, NOx and CO was observed. 

The mean daily value of PM10, PM2.5, NO2, NO, NOx and CO concentrations was statistically 

significantly higher during the heating season compared to the non-heating season. 

The highest mean concentrations of PM10, PM2.5, NO2, NO, NOx and CO was measured during the 

winter period followed by autumn, spring and summer. During the winter, the mean value of the 

PM2.5 concentration was about five times higher than the mean value of the PM2.5 concentration 

measured during the summer. This can be explained by increased emissions of fine particles due to 

the use of wood, biomass, and fossil fuels in domestic heating during the colder part of the year, but 

also the meteorological conditions during the winter months and unfavorable geographical location 

of Valjevo which additionally negatively affect the air quality. 

When the mean daily concentrations for PM10 are compared with WHO recommendations, the 

number of days with exceedances of the recommended value of 45 μg m-3 was 232 days (46.4% of 

the time), while measured daily mean concentrations of PM2.5 were above the values recommended 

by the WHO AQG (15 μg m− 3) for 413 days (82.6% of the time). During the observed period the 

measured daily mean concentrations of NO2 at the Valjevo station were above WHO AQG (25 μg m-

3) for 251days (50.2% of the time), while daily mean concentrations of SO2 and CO at Valjevo station 

were above the recommended value by the WHO AQG for four days and only one day, respectively. 

It was observed that exceeding the WHO AQG recommended values for PM10, PM2.5 and NO2 

predominantly occur during the heating season for PM10 69.26% of time, for PM2.5 92.56% of time 

and for NO2 72.17% of time.  

The results of this analysis can form the basis of a policy to improve the quality of air in Valjevo. 

Effective action to reduce air pollution and its impacts requires a good understanding of its causes 

and how pollutants affect humans, society and the economy. Decreasing the use of solid fuels for 

household heating, improving planning to increase the energy efficiency of houses and buildings, 

increasing the use of low-emission fuels, improving communication and awareness of risks are some 

of the actions that could directly reduce pollution air and protect people's health and improve the 

quality of life. 
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Abstract 

 

Within this work, a research was conducted on the quantities of generated organic, bio-degradable 

waste generated in fruit production, primarily waste generated by pruning fruit at a specific location, 

a pear plantation. The amount of pruned material per tree was measured, and research on growing 

technology, impact on the living world and the environment was conducted. The exact amounts of 

organic biomass, flows and the way in which agricultural fruit waste is treated and how it is managed 

have been determined. It was concluded that this type of waste represents a serious potential resource, 

which can be used in different ways (as an energy source and as a raw material for 

compost). However, the situation on the ground shows that this type of agricultural waste is managed 

in an unsustainable and irresponsible way. In this studies is present a model of sustainable 

management application, managing waste in a responsible way without negative impact and pressure 

on the environment. 

 

Key words: organic bio-degradable  waste, agricultural production, waste management. 

 

Introduction 

 

Waste is any material that is not desirable by human standards, which is discarded in various ways 

and needs to be disposed of. Agricultural residues is generated as a result of the work of agricultural 

production, food and wood industry, and in general, it is present in significant quantities. Agricultural 

residues include all the organic materials which are produced as by-products from arable farming, 

fruit growing, viticulture, animal husbandry, gardening and other types of agricultural production 

(Plećević, 2018; Dyjakon, 2019). Globally, 140 billion metric tons of biomass is generated every year 

from agriculture (UNEP 2009). 

The task of fruit production is to provide sufficient quantities of fruit as a food source, for human 

consumption or further processing (Šoškić, 2016). However, in intensive fruit production, there is the 

formation of large amounts of waste resulting from pruning. Fruit production in the world is 

constantly growing. From 392 million tons in 1993, production increased to 504 million tons in 2003, 

and after 10 years, ie in 2013, it reached 638 million tons. The leading country in the world in terms 

of production volume in the world is China with almost 85 million tons, followed by India, Brazil, 

The United States of America and Italy.  In Europe, the average annual production is 72.48 million 

tons (average between 1993 and 2013) according to FAOSTAT data. The largest production volumes 

are in Italy, Spain and France (Keserović, 2016 ). The most represented cultivated fruit species in the 

leading countries in terms of production are the species from the group of subtropical and tropical 

(southern) fruits, and the most common fruit species from the temperate climate zone is the apple. 

With a production of about 16 million tons pear ranks sixth among fruit trees in the world (after citrus 

fruits, bananas, apples, mangoes and olives). Pear ranks second, among continental fruit trees after 
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apple (Mratinić,  2000). With the increase in the area on which fruit is grown, the amount of waste 

generated by pruning also increases. Many countries in the world are developing programs for the 

sustainable management of pruning waste (Spinelli & Picchi, 2010; Spinelli et al., 2011; Najibeh et 

al., 2020). In fact, pruning residues could replace traditional wood assortments for bioenergy and 

industrial use (Ntalos & Grigoriou, 2002; Bernetti et al., 2004). 

In the total agricultural production of the Republic of Serbia, fruit growing and viticulture occupies a 

very high place, in terms of volume, importance, economic profitability and tradition. The growth 

trend in the last 20 years is evident, and it has been extremely pronounced in the last 10 years. New 

plantings are constantly sprouting, new cultures and new varieties of existing ones are being 

introduced, new planting and cultivation technologies, modern mechanization.  

The largest areas under orchards are located in Western Serbia (the city of Čačak), Šumadija (Topola 

municipality), the Danube region (the city of Smederevo and the municipality of Grocka) and parts 

of Southern Serbia. Although there are significant areas under fruit in Vojvodina, they are still 

significantly smaller than in these parts of Serbia. Also, Eastern and South-Eastern Serbia are areas 

with much less orchards. 

According to the official data of FAOSTAT for the period from 1993 to 2013, the average annual 

fruit production in the Republic of Serbia is 1.453 million tons, with an upward trend in production. 

Plums are mostly produced, followed by apples, raspberries and cherries. 

The total area under pears in Serbia is 7.343 hectares, which places us in 10th place in Europe. By far 

the largest areas are in the municipality of Leskovac (362 hectares), followed by Čačak (287 hectares), 

Šid (215 hectares), Kraljevo (202 hectares) and Grocka (196 hectares) (Republican Institute of 

Statistics, Belgrade, 2017). Large areas under pear orchards are also located in the municipality of 

Leskovac, and this is contributed by very favorable climatic conditions, but also the orientation of 

producers towards the processing of this fruit species into quality fruit brandy. Apart from these 

municipalities, the pear is significantly present in other parts of Srem, in Mačva, parts of western 

Serbia and Šumadija. 

On the territory of the municipality of Arandjelovac, fruit growing has a long tradition. In this paper, 

the municipality of Arandjelovac will be the focus of research, and in the experimental part of the 

paper where field research and measuring the amount of generated bio-degradable waste in fruit 

production will be presented, this focus will be narrowed to the village of Darosava. On the territory 

of the village of Darosava, there is a location where measurements were made, ie a pear 

plantation. But many other factors related to the work were observed within this, relatively smaller 

space, in order to be able to investigate as closely as possible the factors related to the topic of the 

work. Observing the area of the municipality of Arandjelovac and the narrower village of Darosava, 

it is possible to see a broader picture of the situation in the entire Republic of Serbia because the 

situation is quite the same in other parts of the country. The method of production, cultivated varieties, 

size of holdings, population structure and many other factors are very similar, and all the problems 

related to fruit production, product placement and waste management are almost identical. 

Pruning of fruit trees is performed in order to form a growing form, regulate fertility and rejuvenate 

fruit trees. Depending on the time of pruning, pruning can be summer (green) and winter (mature).  It 

is a very professional job for which you need to have a certain level of knowledge and experience. The 

intensity of pruning itself depends on the following factors: fruit species, fruit age, fruit variety, 

number and fertility of fruiting buds. Younger trees are generally more lush and such trees are pruned 

a little less, that is, fruit trees that do not bear fruit should be pruned minimally because pruning 

encourages new growth (Keserović, 2016; Mratinić, 2000). The most common pear varieties grown 

in Serbia are: June Beauty(Bella di Giugno), Butirre Precoce Morettini, Carmen, Santa Maria, 

Williams, Abbate Fetel and Cure(Le Cure). Current cultivars and cultivation forms require intensive 

pruning (Mratinić, 2000).Winter pruning is one of the most important jobs done in an orchard. Fruits 

are pruned in the period when they are in the phase of biological dormancy, from the period of leaf 
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fall to bud movement. When pruning is later, during late winter and early spring, it adversely affects 

the development of fruit trees. It can be justified in excessively lush and barren fruit trees, which 

systematically reduces lushness. In fruit species that bloom earlier and can be damaged by late spring 

frosts, later pruning, after assessing possible damage, may also be justified (Keserović, 2016). 

Since only winter pruning has been practiced at the location (plantation) where the research was 

conducted, since its formation, ie planting, the paper will focus only on it (Figure 1). 
 

 

Figure 1. Winter pruning at the research site 

 

Materials and Methods 

 

The research was conducted at the location of a pear plantation in the area of the village of Darosava. 

The plantation is located in the area of the village of Darosava, on the north-western side of the hill 

Orlovica, at an altitude of about 300 meters (Figure 2). 
 

 

Figure 2. Pear plantation 
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It covers an area of slightly more than 4.5 ha and has 4.500 seedlings or fruit trees. So far, it consists 

of four different varieties of pear, namely: Williams, June Beauty, Santa Maria and Butirre Precoce 

Morettini. The main cultivated variety is Williams, other varieties are less represented. It has been 

formed so far in 2013, is privately owned and is in the full-fledged phase. At the time of the research, 

the plantation was six years old and that is an important fact because the fruit trees will still develop 

and grow, and thus the amount of waste generated by pruning will increase. In conversation with 

experts and technical persons responsible for the maintenance of the plantations, it was learned that 

this increase will amount to between 30 to 40% more pruned material compared to the current 

situation. The tree is expected to reach its full growth by 15 years of planting. The measurement of 

the amount of pruned organic matter lasted for almost two months, during the winter pruning, in 

November and the beginning of December 2018. The quantities that are pruned from each tree 

individually were measured (Figure 3). 
 

 

Figure 3. Quantity of pruned material from one pear tree 
 

In order to make the data as accurate as possible in the final sum, the measurement was performed on 

two different parts of the plantation, in two different sectors. One measurement was performed in the 

upper sector and the other in the lower sector of the plantation, and the results obtained in these two 

sectors differ. 

 

Results and discussion 

 

During pruning and as part of the research, the exact number of pruned branches was counted and the 

thickness of the cut branches was measured. The number of cut branches and their total weight are 

given in the following tables (Tables 1, 2, 3 and 4), the thickness of the pruned branches is from 0.5 

cm to a maximum of 5 cm in diameter. 

As for the thickness of pruned branches, i.e. their volume, it amounts to from 0.5 cm to a maximum 

of 5 cm in diameter, and expressed as a percentage of pruned substances seems to be: 

- Over 50% of the pruned material consists of the thinnest branches, 0.5 cm thick in diameter; 

- About 40% are branches of the axis 1 to 1.5 cm in diameter; 

- Approximately 5% are branches that are 2 to 3 cm in diameter; 

- Only one or at most two pruned branches have between 3 and 5 cm in diameter, and it is 

mostly the highest, frontal branch on the tree or less often a branch that grows in the wrong 

way. 
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Table 1. Quantities of pruned bio-degradable waste in the upper sector of the plantation 

Tree 1 2 3 4 5 6 7 8 9 10 

Quantity (kg) 3 3.5 3.5 4.5 3 3.7 3.9 3.3 4 3.5 

 

Table 2. Number of pruned branches in the upper sector of the plantation 

Tree 1 2 3 4 5 6 7 8 9 10 

Number of branches 172 174 168 190 173 179 182 174 185 175 

 

Table 3. Quantities of pruned bio-degradable waste in the lower sector of the plantation 

Tree 1 2 3 4 5 6 7 8 9 10 

Quantity (kg) 4 4.4 4 4.5 4.1 4.2 3.6 4.1 4.6 3.9 

 

Table 4. Number of pruned branches per tree in the lower sector of the plantation 

Tree 1 2 3 4 5 6 7 8 9 10 

Number of branches 181 189 182 195 184 185 171 182 197 175 

 

The tables show the results, that the measured quantities of pruned material and the number of pruned 

individual branches are very similar, approximate in number and weight. This is a direct consequence 

of the technology of growing and pruning fruit trees, because fruit trees are formed into a uniform, 

almost completely identical shape of the canopy and the entire tree (Figure 4). 
 

 
Figure 4. Uniform shape of pruned pear trees 

 

The thickness of the pruned branches provides data on the character of agricultural waste generated 

by fruit pruning. It is clear that the largest part of this type of bio-degradable agricultural waste 

consists of very thin branches and twigs, which in fruit production are undesirable material. They are 

always removed first in order to form fruit of the best possible quality on thicker, perennial, fruit-

bearing branches. These quantitative data are important parameters within this paper, as they provide 

a picture of what can be done further within the framework of sustainable management of agricultural 

bio-degradable waste generated in fruit growing. It is necessary to have a clear picture of what and 

how much quantities are available in fruit growing, in order to plan sustainable management of this 
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type of non-hazardous waste. If all the parameters are known exactly, it is much easier to optimally 

use all the potentials of this resource, and instead of putting new pressure on the environment, it can 

be used to improve the quality of the environment and reduce the consumption of various other 

resources. 

If we start from the analysis of the obtained results of measuring the amount of pruned material from 

Table 5 and Table 7, the following data are obtained: 

- The average amount of pruned material in the process of pear fruit production during one year 

is 3.865 kg per tree; 

- There are 4500 trees on the plantation; 

- At the annual level, the total amount of pruned material is 17392.5 kg. 
 

The amount of over 17 t represents a serious potential of bio-degradable material. If we take into 

account that the trees will continue to grow in volume and develop in the next 5 to 7 years, the amount 

of pruned material will also increase, according to experts who are in charge of maintaining the 

plantation by about 30 to 40%. This means that in the phase of its full growth, after 15 years from 

planting, between 20 and 25 tons of pruned biomass will be generated annually on the site. It must be 

acknowledged that this is a very serious potential, if it is managed sustainably and 

responsibly. Otherwise, if managed as before, irresponsibly and unsustainably, that amount 

represents a huge pressure on the environment. 

If we look at the number of pruned branches and their volume and share, we come to the following 

conclusions given in Table 5. 
 

Table 5. Relationship between the number and volume of pruned branches in percent 

Number of pruned branches per tree Between 170 and 190 

Branches 0.5 cm thick in diameter Over 50% of the total pruned material 

Branches from 1cm - 1.5cm in diameter About 40% of the total pruned material 

Branches of 2cm - 3cm in diameter Only about 5% 

Branches between 3cm - 5cm in diameter Only one or at most two pruned branches, mostly apical or bearing 

 

This data is important because of the consideration of the possibility of using this bio-degradable 

waste in further processing. Namely, it is clear that this cut material is very small, and that determines 

the further technological course of processing. Also, due to the technology of fruit growing, it 

contains traces of agro-chemical preparations that are used in the production process. All these factors 

determine the possibilities of using this biomass. One of the simplest uses is as an energy 

source. Pruned material can be used as a household energy source or distributed for sale. The 

technological procedure is relatively simple and consists of the following phases (Table 6). 
 

Table 6. Technological procedure of processing of cut organic material into energy source 

Technological process of processing 

• Collection of cut material • In the field (plantation, orchard) 

• Transport • To the processing plant (if required) 

• Storage • At the processing plant or in the field 

• Drying • At the processing plant (but also in the field)  

• Processing into a product (pellet, wood 

chips, etc.) 

• At the processing plant, but it is also possible in the field 

with the help of specialized machinery 

• Storage of the finished product • In a warehouse or household, depending on the purpose 

• Sell or use • Depending on the purpose 
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This type of use is very simple, but also very efficient. Pruned fruit waste has a very high energy 

value and can be used as a very good energy source. Since most fruit producers are in rural areas and 

live in houses, a minimal investment in the modification of the household heating system and a 

slightly larger investment in processing equipment is sufficient. It is very interesting that agricultural 

producers have lately been very interested in this type of management of agricultural, fruit, forest and 

similar organic waste. During the field research, it was found out that some equipment for processing 

such organic matter is already being procured, which was completely unused until only a few years 

ago. All that is still in its infancy, but it is a positive hint. Simply put, modern society puts economic 

conditions first, and producers of fruits and other agricultural crops see here the possibility of making 

additional funds and profits. The aggravating circumstance is certainly, and the fact that there are no 

incentives from the state, local self-government and similar organizations for the procurement of 

equipment. With such incentives, a large part of agricultural producers, not only fruit growers, would 

certainly think of waste as an energy source. 

Another type of use of biodegradable waste generated in the fruit production process could be the 

production of compost, which could further have dual use, as an inert material needed for a sanitary 

landfill or as organic matter needed for reclamation and revitalization of exploited mining land. 

Since the cut bio-degradable material is homogeneous, it is relatively bad for the composting process, 

and since it also contains certain amounts of agro-chemical preparations, its quality would not be top 

quality. But it is quite the right quality for a certain use. One of the possibilities that could be applied 

is the use of the obtained compost at the city sanitary landfill as an inert material. 

In this way, multiple environmental and economic benefits would be achieved: 

- land degradation due to land exploitation as an inert material would be reduced; 

- less bio-degradable waste would end up in the landfill and thus automatically increase its 

working and operational life; 

- less agricultural waste would end up incinerated or disposed of in the environment; 

- reduced waste disposal costs; 

- direct environmental benefit. 

As far as use in the reconstruction of exploited mining land is concerned, little inter-local cooperation 

between the two neighboring municipalities is needed, little systemic investment and education, and 

the result could be excellent. The exploited areas are huge, a large human and financial investment is 

needed in their revitalization and reclamation, and the application of compost obtained in this way 

could play a big role in the initial phase. Rudarski Kombinat Kolubara is located very close to the 

municipality of Arandjelovac, funds and investment in equipment and transport could be provided by 

the state, the Ministry of Mining and Energy, and the result could be mutually beneficial, both 

environmentally and economically, for both municipalities but also for citizens. 

These are just two types of sustainable management of bio-degradable agricultural waste from fruit 

production, and it is certain that in addition to investing in the education of production entities and 

the procurement of equipment, there may be more. It is quite clear that the current way of managing 

this type of waste is unsustainable and irresponsible, and that a different, sustainable and responsible 

management is possible. Not only is it possible, but it is also necessary. 

Based on the above, it can be concluded that there is an ecological and economic justification for the 

processing and use of organic waste generated in fruit production. There are sufficient quantities on 

an annual basis that it would be economically justified to invest in processing and use it as an energy 

source or as a raw material for compost. 

 

Conclusions 

 

The municipality of Arandjelovac is climatically and geographically very favorable for the 

development of fruit production, and has a long tradition of this production, and in the development 
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plans of the municipality, fruit production has a place. There is a lot of bio-degradable waste generated 

in fruit production, primarily with pruned fruit material, and there is a trend of increase, due to the 

increase of areas under fruit crops. 

At the moment, this cut material is being managed completely unsustainably and irresponsibly. Most 

of it ends up burned or disposed of directly in the environment, left to rot and decay. A small part, 

mostly from large holdings, ends up deposited in the sanitary city landfill, and negatively affects the 

capacity and lifespan of the landfill. And instead of using this organic material as an environmentally 

friendly energy source, raw material for obtaining compost and the like, it additionally negatively 

affects the quality of the environment. 

With the active involvement of all entities, fruit producers, local self-government organizations, 

citizens, it is possible to use this type of organic waste as a potential. It is necessary to actively work 

on education and raising the level of awareness, but above all, economic incentives and organization 

are needed, because currently, the economic effect dictates all flows. The individual farmer simply 

looks primarily at the economic side of the problem. There is an obligation of the state and local 

authorities to combine environmental, social and societal benefits, with economic viability. It is clear 

that the potential for exploitation exists, it is necessary to improve the current situation. 
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Abstract 

 

For more than a century, railway rails have been joined using the aluminothermic welding process. 

The flexibility, compactness of the weld, and ease of execution are all advantages of this process. It 

is not necessary to use external energy to finish the operation. It is provided by the exothermic effect 

of the chemical reactions of the elements of the aluminothermic combination. The design of the mold 

with the pouring system, which should ensure even pouring of thermal steel, without turbulence, then 

even heat dissipation or cooling in order to obtain an appropriate micro and macro structure of steel, 

free of internal and external defects, is an important factor in producing a welded joint of the required 

quality. As a result, the design of the mold was continually developing, necessitating the adoption of 

expensive experimental approaches in industrial settings. To eliminate costly and time-consuming 

industrial experiments, software applications are being employed to imitate traditional casting 

methods that can be used in the casting of thermite steel during the fabrication of welded railway 

connections. This study presents a simulation of casting thermite steel in the mold cavity, i.e., in the 

weld joint, for the 49E1 rail using the NovaFlow & Solid CV software package 

 

Keywords: aluminothermic welding, simulation modeling, Novacast, welded joint, preheating 

influence. 

 

Introduction 

 

Using Casting simulations for classic casting technologies is an innovative approach that basically 

simulates the filling of a mold with metal, as well as its hardening, and gives the possibility of 

simulating the production of castings. The simulation approach, in any event, saves manufacturing 

costs and optimizes the technical casting process (Delić et al., 2022). Most commercial casting 

procedures, as well as the termite steel casting method for aluminothermic rail welding (NovaCast, 

2015), may be simulated. The simulation depicts the effects of various inflow routes and feeding 

systems. Defects in castings such as macro and micro inclusions owing to excessive turbulence, cold 

joints, shrinkage, and porosity may be prevented by improving the design of the input system and gas 

vents (Ravi, 2008; Ravi, 2010; Delić et al., 2018; Delić et al., 2019). 

The simulation program's primary input data is a 3D CAD model for creating molds. The fundamental 

parameters of the aluminothermic process, such as thermite steel and mold properties, as well as heat 

transmission characteristics of the metal, sand mold, pouring temperature, and so on, are then entered 

into the software. Output data includes animated visualizations of mold filling, thermite steel 

solidification, and further cooling to room temperature. Total filling time, mold erosion, partial filling, 

and gas entrapment may all be predicted using mold filling simulation. The temperature and cooling 
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rate in the casting solidification simulation are used to forecast the location of shrinkage porosity 

based on Niyama and other criteria. It is also possible to model further cooling to room temperature, 

which is important for forecasting microstructure, mechanical characteristics, residual stresses, and 

curl. 

This study shows how to utilize casting simulation in aluminothermic welding to bypass the way of 

practical trial and error, particularly how different preheating times and temperature distribution 

influence casting. By optimizing the design of the ingate system, feeders, and ventilation, casting 

problems such as oxide inclusions caused by excessive turbulence, undercooling, shrinkage, and slag 

inclusions may be prevented. 

 

Materials and Methods 

 

The steel used for simulation is commercial railway steel R260 or EN 1.0623 and the type of rails are 

49E1. The chemical composition is presented in Table 1, while some other thermal characteristics are 

presented in Table 2.  
 

Table 1. Chemical composition of steel that is used as an input into NovaCast database 

Element mass% 

C Si Mn P S Cu Sn V Al 

0.54 0.35 1.07 0.025 0.20 0.11 0.001 0.11 0.31 

 
Table 2. Thermal casting characteristics of the steel used according to the NovaCast database 

Liquidus Temperature, 
oC 

1478.6 
Solidus Temperature, 

oC 
1401.5 

Eutectic Temperature, 
oC 

1139.9 

CLF up % 70.0 CLF down % 45.0 CLF press% 35.1 

Qcr kJ/kg 172.6 Qet kJ/kg7 235.7   

Simulation set up.  

The simulation is carried out using the software program NovaFlow& Solid CV (Novacast business, 

Sweden) (NovaCast, 2015). The finite volume method was utilized instead of the finite element 

method. The model is divided into small hexagons (cubes) and edge cells by altering the network 

parameters, resulting in a mathematical approximation that fully conforms to the original model. In 

such instance, the size of the cells is no longer as important, hence larger cells could be used (total 

number of cells 495261). The four perspectives of the model are presented in Figure 1. 

 
Figure 1. Casting model from the front, side, top, and angle perspective 
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The model shown in Figure 1 consists of six elements: the rail canting (bright yellow), ingate system, 

and feeders (red, dark yellow, blue, and teal). The one and only gating point was placed at the center 

of the uppermost part of the ingate system. The molten metal flow was injected in a circle of 10 mm 

in diameter. Gravity casting was chosen for the filling parameters with a pressure height of 300 mm, 

making the flow 1.149 kg/s. The overall casting mass was calculated to be 5.370 kg and the casting 

temperature was set at 2200 oC. The shrinkage model was set at a high gravity influence, with a 

standard 83% gravity influence coefficient. In the solver setting option, conversion, gas at filling, 

bubble formation, and turbulence were all taken into account for quasi-equilibrium model calculation 

without segregation. In all simulations, the surface heat transfer model was taken into account. 

Simulations were conducted with the preheating option turned on. Here the mold material (silica 

sand) is set to the room temperature of 25 oC while the cavity medium (air) is heated with a burner 

(1000 oC) from the right side of the flow divider for 4 different times (300 s, 420 s, 510 s, and 600 s). 

The shape of the burner area is circular, 30mm in diameter, and the flow was set at 0.1 L/s, while the 

initial temperature of the cavity medium was 20 oC and its flow was set at 0 L/s. These conditions 

were chosen in an attempt to more accurately represent realistic conditions and temperature 

distribution since the flow divider is not present during preheating. 

In the future, in order for the model to be closer to real conditions, two sets of solid steel rails will be 

added on each side of the casting mold. This way, the colling and heating temperature distribution 

will be improved. Furthermore, because the burner is typically located about 40 cm above ground, 

the temperature, diameter, and gas flow would be adjusted to accurately recreate these conditions. 

 

Results and discussion 

 

As it can be seen from Figure 2, the starting temperature distribution at the start of casting is heavily 

influenced by preheating time. This difference is still present at the end of casting (Figure 3), while 

it is negligible at the end of solidification (Figure 6). 

 

  
(a) (b) 
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(c) (d) 

Figure 2. Temperature distribution at the start of casing for diferent preheating times: 

(a) 500 s; (b) 420 s; (c) 510 s ;(d) 600 s 
 

The biggest differences in preheating times are evident in the sand mold heating that is between the 

rail canting and feeders. Clearly, at the lowest preheating time, the middle of that area is around 500 
oC and it rises with the increase of preheating time to 750 oC. This same temperature distribution is 

maintained till the end of the casting shown in figure 3, with a maximum difference of a couple of 

degrees Celsius. It's also worth noting that the bottom edge of the rail has a cold spot. 

  
(a) (b) 

  
(c) (d) 

Figure 3. Temperature distribution at the end of casing for different preheating times: 

(a) 500 s; (b) 420 s; (c) 510 s ;(d) 600 s 
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Both Figures 2 and 3 show a cross-section of the casting model right in the middle of the x axis. 

However, in order to adequately show shrinkage (Figures 4) and local solidification time (Figure 5), 

the cross-section that divides the two feeders right in the middle is shown. The top arrows in figures 

3 and 4 represent the gating point, while the bottom arrow represents the burner point, both of which 

are located in the center of the model. Since both figures 4 and 5 represent the end of solidification 

when the liquid phase reaches 0%, the same view point is kept for the temperature distribution at the 

end (Figure 6). 

  
(a) (b) 

  
(c) (d) 

Figure 4. Shrinkage fields at the end of solidification for different preheating times: 

(a) 500 s; (b) 420 s; (c) 510 s ;(d) 600 s 

Shrinkage is considered one of the most important results from this simulation in regards to 

solidification. Most of the shrinkage is concentrated in the feeder that is also used as an ingate system. 

From figure 4 (a), it is clear that the preheating time of 5 min is inadequate since it causes shrinkage 

at the neck of the rail. This effect is absent from other preheating times, but at the bottom of the 

feeders it becomes more prevalent. The preheating time of 600 s is shown to be sufficient since it 

moves the feeder shrinkage away from the rail casting and the shrinkage in the ingate feeder above 

the rail head is minimized (Figure 4 (b)). 
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(a) (b) 

  
(c) (d) 

Figure 5. Local solidification times at the end of solidification for different preheating times: 

(a) 500 s; (b) 420 s; (c) 510 s ;(d) 600 s 

 

If we observe the temperature distribution at the end of casting before solidification starts, we can see 

a direct correlation between figures 3 and 5. Local solidification time increases as preheating time 

increases. However, at the end of solidification, there is little difference in temperature distribution 

between preheating times as it can be observed in Figure 6. There is clear evidence of gas entrapment 

below the flow divider in both Figures 5 and 6, but this doesn't affect the quality of the rail casting 

since the ingate feeder will be removed. 

  
(a) (b) 
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(c) (d) 

Figure 6. Temperature distribution at the end of solidification for different preheating times: 

(a) 500 s; (b) 420 s; (c) 510 s ; (d) 600 s 

 

Conclusion 

 

It was shown in this study that the software NovaFlow and Solid CV effectively simulate the 

aluminothermic process of railway rail welding and may considerably contribute to the optimization 

of the process's techno-economic parameters. The simulation showed that there is a considerable 

difference in shrinkage due to preheating temperature distribution. Preheating for 600 s showed the 

best results, which is similar to practical experience. It may also help to improve welded connection 

quality by anticipating defects in the seam and at the contact point of the extra and base material. Its 

suitability was shown by the manufacture of test welded joints that met the quality parameters defined 

by simulation in the program, in the particular example of welding the type 49E1 260 rails, avoiding 

the significant investment of producing a large number of test welded joints. 

 

References 

 

Delić, A. (2018). Investigation of the relationship between the microstructure and properties of 

refractory austenitic steel HK30 modified with niobium in order to improve the properties at 

high temperatures (Unpublished doctoral dissertation). University of Zenica, Faculty of 

Metallurgy and Technology, Zenica. 

Delić, A., Oruč, M., Rimac, M., Gigović-Gekić, A. & Sunulahpašić, R. (2019). The influence of 

solution annealing on microstructure and mechanical properties heat-resistant cast Steel HK30 

modified by Niobium. Metallurgical and Materials Engineering, 25(3), 237–245. 

https://doi.org/10.30544/430 

Delić, A., Manojlović, V., Sokić, M. & Gavrilovski, M. (2022). Optimization of mold design for 

aluminothermic welding of railway tracks by software simulation. Tehnika, 77(3), 311–317. 

https://doi.org/10.5937/tehnika2203311D 

Nova Cast Systems AB (2015). Nova Flow & Solid (6.0) [Computer software]. Nova Cast Systems 

AB. 

Ravi, B. (2008). Casting simulation and optimization: benefits, bottlenecks and best practices. Indian 

Foundry Journal, 54(1), 47. 

http://efoundry.iitb.ac.in/Academy/TechnicalPapers/2008/2008IFJ_CastingSimulation.pdf 

Ravi, B. (2010). Casting simulation–best practices. Transactions of 58th IFC, Ahmedabad, 19–29. 

http://efoundry.iitb.ac.in/Academy/TechnicalPapers/2010/58thIFC-Ravi.pdf 

 

http://dx.doi.org/10.30544/430


 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

291 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OTHERS 
  



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

292 

 

Original scientific article 
 

STUDY OF ISOTHERMAL, KINETIC, AND THERMODYNAMIC 

PARAMETERS FOR SORPTION OF VANADIUM 

 
Tamara T. Tadić1, Bojana M. Marković1, Aleksandra B. Nastasović1, Ljiljana T. Suručić2, Zvjezdana P. Sandić 3, 

Antonije E. Onjia4 

 
1University of Belgrade - Institute of Chemistry, Technology and Metallurgy, Njegoševa 12, 11000 Belgrade, Serbia 

2Faculty of Medicine, University of Banja Luka, Save Mrkalja 14, 78000 Banja Luka, Republic of Srpska, B&H 
3University of Banja Luka, Faculty of Natural Science and Mathematics, Mladena Stojanovića 2, 78000 Banja Luka, 

Republic of Srpska, B&H 
4Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11000 Belgrade, Serbia 

 

 

Abstract 

 

This study evaluated the equilibrium, kinetics, and thermodynamics of vanadium sorption from 

aqueous solution onto nanocomposite functionalized with diethylene triamine in batch conditions. 

The effects of temperature, solution pH, and initial concentration of vanadium were examined. The 

maximum sorption capacity of vanadium on the tested sorbent was achieved at pH 6. The sorption 

capacity increased with increasing temperature and initial concentration. The equilibrium adsorption 

data were analyzed using Langmuir, Freundlich, Temkin, Jovanovic, Toth, Sips, Khan, and Redlich-

Peterson isotherm models. The kinetics data were studied using pseudo-first-order, pseudo-second-

order, the fractional power, Elovich, and Avrami models. A non-linear fitting method was used to 

compare the best fitting of the equilibrium and kinetic data. The sorption equilibrium data were best 

represented by the Langmuir, Khan, Toth, and Redlich–Peterson isotherms. The adsorption kinetics 

was estimated to follow the pseudo-second-order kinetic model. The mechanism of vanadium 

sorption was analyzed with intra-particle, Bangham, Boyd, and liquid film diffusion models. It was 

observed that the sorption process was controlled by the film-diffusion as well as the pore-diffusion. 

Thermodynamic parameters (change of standard enthalpy (ΔH°), standard entropy (ΔS°), and 

standard free energy (ΔG°)) suggested that the sorption of vanadium onto functionalized 

nanocomposite was a spontaneous and endothermic process.  

 

Keywords: sorption, vanadium, kinetics, isotherms, thermodynamics. 

 

Introduction 

 

Vanadium (V) is a transition element that exists in several oxidation states in the range from +2 to 

+5, while tetravalent and pentavalent vanadium are the most commonly used forms (Ścibior et al., 

2020). Due to its good physicochemical properties, vanadium is widely used in many industries such 

as petrochemical, electrochemical, and metallurgical industries (Luo et al., 2017). It plays an 

important role in contemporary science thanks to its application in producing ceramics, alloys, 

glasses, and redox batteries (Dakroury et al., 2022; Peng, 2019). An important source of vanadium is 

represented by minerals, such as vanadinite, patronite and carnotite (Luo et al., 2017). Also, it is used 

in steel production to improve strength, malleability, and resistance (Ścibior et al., 2020). The rapid 

growth of the industry has resulted in environmental pollution by vanadium. At the trace level, V has 

positive effects on plants and algae. On the other hand, huge amounts of V could be released into the 

environment through industry, contaminating wastewater, groundwater, and soils (Rivas et al., 2019; 

Ścibior et al., 2020). Vanadium compounds toxicity increase with increasing valence. Through the 
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food chain, vanadium could reach the human body and cause various health diseases and disorders 

(Barceloux & Barceloux, 1999). During the production of heat and electricity, exposure to vanadium 

occurs. Much attention has been focused on the removal of vanadium pollution. Various methods 

have been employed for removing vanadium from aqueous solutions, such as solvent extraction, 

sorption, chemical precipitation, and ion exchange (Li et al., 2011; Mthombeni et al., 2015). Among 

the mentioned methods, sorption is the most economical and effective method due to its flexibility, 

low cost, simple operation, and high efficiency. Various natural and synthetic materials have been 

used as sorbents for the removal of vanadium from aqueous solutions, such as natural soil colloids 

(Luo et al., 2017), di-2-ethylhexyl phosphoric acid (Li et al., 2011), amine extracts (Yang et al., 2016), 

polymers (Rivas et al., 2019), etc.  

In this work, nanocomposite functionalized with diethylene triamine was used as a sorbent for the 

removal of vanadium. The effects of initial pH value, operative temperature, and initial concentration 

of vanadium in solution onto sorption capacity were investigated. In addition, the isotherms, kinetics, 

and thermodynamics of the sorption process were discussed.   

 

Materials and Methods 

 

In the present study, all the chemicals were analytical reagent grade. A stock solution of vanadium 

(100 mg/dm3) was prepared by dissolving a NH4VO3 (Merck, Germany) in deionized water (Milli-Q 

Millipore, conductivity 18 MΩ/cm). The batch sorption experiments were performed in 100 ml 

erlenmeyer flasks by contacting 10 g/L of sorbent with a certain concentration of vanadium solution. 

The effects of process parameters on sorption capacity were investigated by varying initial pH values 

(3 - 8), initial concentration of the metal solution (1 - 100 mg/dm3), and temperature (298 - 343 K). 

The residual vanadium concentration in the aqueous solution was determined by ICP-OES (Thermo 

Scientific iCAP 6500, USA). All experiments were repeated in duplicate. Based on obtained results, 

the kinetic, isotherm, and thermodynamic parameters were determined. The sorption capacity at a 

given time (Qt, mg/g) and at equilibrium (Qe, mg/g) were calculated using equations 1 and 2, 

respectively: 
 

0( )t
t

C C V
Q

m

−
=  (1) 

0( )e
e

C C V
Q

m

−
=  (2) 

 

where C0 (mg/dm3) is the initial concentration of vanadium solution, Ct (mg/dm3) and Ce (mg/dm3) 

are the concentrations of vanadium solutions at time t, and at equilibrium, respectively, V (dm3) is the 

volume of the aqueous phase, and m (g) is the mass of the sorbent.  

 

Results and discussion 

 

The pH value of vanadium solution is a very important parameter of the sorption process because it 

affects the surface chemistry of the sorbent and vanadium ions specification. The effect of pH values 

of vanadium solution on sorption capacity was investigated in an initial pH range between 3 and 8 at 

T = 298 K using 10 g/dm3 sorbent dose for 60 min. It was observed from Figure 1a that as the initial 

pH value was increased, the capacity of vanadium sorption increased and the maximum sorption 

capacity was reached at pH 6. With a further increase in the initial pH value, the sorption capacity 

decreased. It is known that the dominant form of vanadium at pH lower than 4 is VO2+, while neutral 

and anionic forms exist at pH above 4 (Guzmán et al., 2002). At pH around 6, amino groups on 

nanocomposite were protonated, thus, the interaction between anionic forms of vanadium and active 
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sites of sorbent was more efficient. The influence of initial metal concentration was examined at pH 

= 6, T = 298 K for 60 min. The increase of initial vanadium concentration from 1 to 100 mg/dm3 

resulted in an increase in sorption capacity from 0.07 mg/g to 4.97 mg/g (Figure 1b). This can be 

accounted to the increase in the number of vanadium ions to the constant amount of active sites on 

the sorbent. To investigate the effect of temperature, the sorption capacity was determined at 298, 

310, 329, and 343 K -at pH value 6, with a sorbent dose of 10 g/dm3 for 60 min. The results are 

presented in Figure 1c. As can be seen, the sorption capacity slightly increases with increasing the 

temperature. The observed behavior can be attributed to the increase in the rate of diffusion of 

vanadium ions to the active sites on the sorbent (Atsar et al., 2021).   
 

 
Figure 1. Effect of (a) initial pH, (b) initial concentration and (c) temperature on the sorption capacity of vanadium 

 

To examine the binding interaction between sorbent and vanadium ions, experimental data at 

equilibrium were analyzed using two-parameters models, namely Langmuir, Freundlich, Temkin, and 

Jovanovic as well as three-parameters isotherms, namely Redlich-Peterson, Sips, Toth and Khan 

(Marković et al., 2014; Nastasović et al., 2022). The non-linear regression was used for fitting the 

curves by applying the Microsoft Excel Solver function. The isotherm models were analyzed using 

three statistical error functions, namely coefficient of determination (R2), the sum of square error 

(SSE), and Chi-square (χ2) (Kuete et al., 2020). The obtained parameters for two-parameters and 

three-parameters isotherm models are presented in Tables 1 and 2, while isotherm fitting curves are 

portrayed in Figure 2. 

With maximal R2 and minimal SSE and χ2, the Langmuir model better described the experimental 

data compared to other two-parameters isotherm models, indicating monolayer sorption and the 

homogenous nature of sorbent. All three-parameters isotherm models showed good agreement with 

experimental data since their R2 values were high (≥ 0.993). The obtained results indicate that three-

parameters isotherms better describe the sorption process than two-parameters models. Also, it can 

be seen that the Redlich-Peterson and Khan isotherm models have the same and maximal R2  value 

(0.994) and minimal values of SSE and χ2 (0.097 and 0.035, respectively), indicating that sorption of 

vanadium was a hybrid process and does not follow ideal monolayer adsorption. 
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Table 1. Parameters of two-parameters isotherm models for the sorption of vanadium onto amino-functionalized 

nanocomposite 

Isotherm model Parameter Value R2 SSE χ2 

Langmuir 
KL, L/mg 0.02 

0.992 0.066 0.094 
Qmax,L, mg/g 8.63 

Freundlich 
KF, Ln mg1-n/g 0.27 

0.988 0.093 0.042 
n 1.37 

Temkin 
bT, kJ/mol 1.45 

0.943 1.053 3.451 
KT, L/mg 0.27 

Jovanovic 
KJ, L/g 0.02 

0.991 0.104 0.152 
Qmax,J, mg/g 7.63 

 

 

Figure 2. Predicted curve non-linear fits for the (a) two-parameter and (b) three-parameter isotherms of vanadium 

sorption by amino-functionalized nanocomposit 

 

Table 2. Parameters of three-parameters isotherm models for the sorption of vanadium onto amino-functionalized 

nanocomposite 

Isotherm model Parameter Value R2 SSE χ2 

Redlich-Peterson 

A, L/g 0.32 

0.994 0.097 0.035 B, L/mg 0.50 

g 0.40 

Sips 

Qm, S , mg/g 28.86 

0.993 0.100 0.036 KS · 103, L/mg 2.76 

β 0.83 

Toth 

Qm, T , mg/g 70.19 

0.994 0.103 0.040 KT · 103, L/g 3.29 

t 0.42 

Khan 

Qm,K, mg/g 0.76 

0.994 0.097 0.035 KK 0.28 

nK 0.30 

 

To investigate the kinetics of the vanadium sorption onto nanocomposite functionalized with 

diethylene triamine five models were used, namely pseudo-first-order, pseudo-second-order, Elovich, 

Avrami, and Fractional power kinetic models (Nastasović et al., 2022). The non-linear regression 

method was used to determine the kinetic parameters. The three statistical error functions (R2, SSE, 

and χ2) were applied to test the best fitting kinetic models. The estimated kinetic parameters are 

presented in Table 3, while kinetics fitting curves are shown in Figure 3. 
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Table 3. Kinetic parameters for sorption of vanadium onto amino-functionalized nanocomposite 

Kinetic model Parameter Value R2 SSE χ2 

Pseudo-first-order 
k1, 1/min 0.14 

0.787 0.267 0.395 
Qe

cal, mg/g 1.42 

Pseudo-second-order 
k2, 1/min 0.18 

0.998 0.001 0.001 
Qe

cal, mg/g 1.48 

Elovich 
α, mg/g min 4.91 

0.992 0.004 0.003 
β, g/mg 5.35 

Avrami 

kAV, 1/min 0.07 

0.997 0.002 0.002 Qe
cal, mg/g 10.49 

n 0.17 

Fractional power 
kFP, mg/g min 0.71 

0.888 0.076 0.084 
ν, 1/min 0.16 

 

 

Figure 3. Non-linear kinetic models fitting for sorption of vanadium by nanocomposite functionalized with diethylene 

triamine 

 

Based on statistical error functions presented in Table 3, the non-linear model of pseudo-second order 

is best suited to describe the sorption of vanadium. The Qe
calc value (1.48 mg/g) from the pseudo-

second-order was close to the Qe
exp value (1.52 mg/g), meaning that chemisorption plays an important 

role in the vanadium sorption onto amino-functionalized nanocomposite.  

The liquid film diffusion, intra-particle diffusion, Bangham, and Boyd models (Nastasović et al., 

2022) were used to understand the sorption mechanism. The results are presented in Figure 4 and 

Table 4. As can be seen from obtained results, the high values for R2 for liquid film diffusion, intra-

particle diffusion, Bangham, and Boyd models, as well as multilinear intra-particle diffusion plot, 

suggest the simultaneous influence of film and pore diffusion onto vanadium sorption by the 

investigated sorbent.  
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Figure 4. Linearized plots of (a) liquid film diffusion, (b) intra-particle diffusion, (c) Bangham and (d) Boyd models for 

the sorption of vanadium onto nanocomposite functionalized with diethylene triamine 

 
Table 4. Parameters for sorption mechanism of vanadium onto amino-functionalized nanocomposite 

Parameters Values Parameters Values 

Intra-particle diffusion Liquid film diffuison 

kid,1, mg/g min0.5 0.13 kLFD · 102, 

1/min 

2.86 

Cid,1 0.63 CLFD -0.79 

R1
2 0.990 R2 0.990 

kid,2, mg/g min0.5 0.07 Bangham model 

Cid,2 0.81 kB · 103
 , 1/g 0.68 

R2
2 0.992 α 0.23 

kid,3, mg/g min0.5 0.04 R2 0.996 

Cid,3 1.06 Boyd model 

R3
2 0.987 R2 0.991 

 

The standard Gibb's free energy change (ΔG°), the standard enthalpy change (ΔH°) and the standard 

entropy change (ΔS°) were calculated from Van’t Hoff equation (Marković et al., 2017). The 

thermodynamic parameters are given in Table 5. The positive values of  ΔS° (0.31 kJ/K mol) typify 

a high degree of randomness and reversible process. The positive ΔH° value (69.5 kJ/mol) suggests 

that the sorption is endothermic and chemisorption in nature (Dada et al., 2020). The negative ΔG° 
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values at all studied temperatures indicate that sorption of vanadium is thermodynamically favourable 

and spontaneous.  

 
Table 5. Thermodynamic parameters for vanadium sorption by amino-functionalized nanocomposite 

T, K ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/Kmol) TΔS° (kJ/mol) 

298 -22.98 

69.5 0.31 

92.55 

313 -26.71 96.28 

328 -31.61 102.18 

343 -36.95 106.53 

 

Conclusion 

 

This study has investigated the possible application of amino-functionalized nanocomposite as 

sorbent for the removal of vanadium from aqueous solutions. The sorption capacity was dependent 

on the initial pH value of vanadium solution, temperature as well as initial metal concentration. 

Isotherms models confirmed that sorption of vanadium was a hybrid process and did not follow ideal 

monolayer adsorption. The sorption followed the pseudo-second-order kinetics model, as confirmed 

by statistical error functions. The mechanism investigation has shown that intra-particle diffusion was 

not the only rate-limiting step. Thermodynamic parameters suggested that the sorption of vanadium 

onto functionalized nanocomposite was a spontaneous, thermodynamically favourable, and 

endothermic process. 
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Abstract 

 

Lindane belongs to the persistent organic pollutants (POPs) group, which can cause carcinogenic, 

endocrine, and neurological problems in an organism. The widespread presence of lindane in the 

environment demands efficient methods of its removal. In the present work, we investigated the 

removal of lindane from an aqueous solution using a synthesized macroporous copolymer surface 

modified with different functional groups through two-step post-functionalization. The modified 

copolymer was characterized by Fourier transform infrared spectroscopy (FTIR-ATR), scanning 

electron microscopy (SEM), and mercury intrusion porosimetry. For the kinetics of lindane sorption, 

pseudo-first-order, pseudo-second-order, Elovich, Avrami, and fractional power models were used 

via linear and non-linear regression analyses. The quality of the fitting of each model to experimental 

data was assessed based on seven error functions: coefficient of determination (R2), Marquardt’s 

percent standard deviation (MPSD), Chi-square statistic test (χ2), hybrid fractional error function 

(HYBRID), the sum of the errors squared (SSE), sum of the absolute errors (EABS), and average 

relative error (ARE). The investigation of error estimation methods showed that the pseudo-second-

order model best fits the experimental kinetics data for both regression analyses. The mechanism of 

lindane sorption was investigated by subjecting the data to the liquid film diffusion model, 

intraparticle diffusion model, Bangham, and Boyd models. The results showed that intraparticle 

diffusion was not the sole rate-controlling step; film-diffusion also affected the sorption process. 

 

Keywords: chelating polymer, glycidyl methacrylate, lindane, kinetics, mechanism. 

 

Introduction 

 

Lindane (γ-hexachlorocyclohexane, γ-HCH) is an organochlorine pesticide. It is commonly used in 

agriculture as an insecticide and in pharmaceutical products as an ingredient in lotions and shampoos 

to control scabies and lice (Zhang et al., 2020). Due to its chemical stability, high lipid solubility, and 

migration over long distances, lindane can persist in the environment and cause widespread and long-

term contamination (Benimeli et al., 2008). According to US EPA, lindane has been classified as 

mutagenic, genotoxic, and teratogenic (Khan et al., 2021). During the production of 

hexachlorocyclohexane (HCH) four isomers (, , , ) are formed, but only the γ-HCH isomer has 

insecticidal activity. During the creation of lindane, a large amount of other waste isomers (- and - 

hexachlorocyclohexane) is created, so the production of γ-HCH isomer is non-effective (Vijgen et 

al., 2011). In 2009, the Stockholm Convention listed lindane and its  and  isomers as persistent 

organic pollutants (POP). After that, lindane, along with its  and  isomers, was banned or restricted 

in many countries (Zhang et al., 2020). Broad lindane applications represent severe threats to the 

environment and human health. Due to its slow degradation, high lipid solubility, and chemical 
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stability, lindane residues have been leaching underground for years and contaminating surface and 

groundwater (Kumar & Pannu, 2018). However, in some developing countries (India), lindane is still 

used due to its versatility in controlling pests and low cost (Jain et al., 2022). 

Lindane can affect the endocrine system and central nervous system. In addition, due to lipophilicity, 

lindane can accumulate in human breast milk and in organs that are rich in fat. Many studies reported 

that exposure to lindane could be associated with various types of cancer (prostate, lung, breast, etc.) 

(Jayaraj et al., 2016; Mortazavi et al., 2019). 

Since lindane contaminates water through household and agriculture, its removal is important. 

Modification in various ways allows porous polymer materials to be applied for the sorption of 

different types of materials. Macroporous copolymer based on glycidyl methacrylate and ethylene 

glycol dimethacrylate (PGME) is considered as an excellent starting point for surface modification 

and post-functionalization via reaction of the epoxy ring with nucleophilic groups. PGMA is one of 

the most adaptable reactive polymers with excellent adsorption properties and the ability to reuse and 

regenerate, which makes it a promising adsorbent. 

 

Materials and Methods 

 

Starting material, PGME was modified in two-step post-functionalization. In the first step, the 

reaction with diethylene triamine (PGME-deta) was performed (Malović et al., 2007),  and in the 

second step, with chelating agent (ethylenediaminetetraacetic dianhydride) according to the 

procedure described in the literature (Su et al., 2017). PGME-deta and chelating agent (1:1) were 

added to the flask with N,N-dimethylformamide (DMF) and the mixture was kneaded for 4 hours at 

80 ± 0.2 °C. The obtained chelating copolymer was subsequently washed, dried, and characterized 

by Fourier transform infrared spectroscopy (FTIR-ATR), scanning electron microscopy (SEM), and 

mercury intrusion porosimetry. 

The mechanism and kinetics of lindane sorption were determined in a non-competitive batch process 

at unadjusted pH (pH=6.3) and room temperature (25 ± 0.2 °C). The sorbent (0.90 g) was contacted 

with 90 cm3 of lindane aqueous solution with a concentration of 150 µg/dm3 and shaken on an orbital 

shaker for 180 min, at a speed of 450 °/min. At appropriate time intervals, 5 cm3 of the solution was 

sampled with a micropipette and prepared for measurement by GC-ECD. All measurements were 

performed in duplicate, and the results were expressed as the mean value. 

Sorption capacity (Qt, µg/g) was calculated from: 
 

0( )t
t

C C V
Q

m

−
=  (1) 

 

where: C0 (µg/dm3) and Ct (µg/dm3) stand for the initial and final lindane concentration at time t, 

respectively, V (dm3) is the solution volume, and m is the mass of the chelating copolymer. 
 

FTIR spectra were taken in ATR mode in the range 4000–400 cm−1 using a Nicolet SUMMIT FT-IR 

Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). SEM micrographs were obtained on 

JEOL JSM-6610LV instrument (JEOL Ltd., Tokyo, Japan). Pore size distributions were determined 

by a high-pressure mercury intrusion porosimeter Carlo Erba Porosimeter 2000 (Washington, DC, 

USA, software Milestone 200). The specific surface area, SHg was calculated from the cumulative 

pore volume distribution curve as described in the literature (Nastasović et al., 2022). Lindane 

detection was determined on a gas chromatograph, Agilent 7890A GC coupled with an electron 

capture detector (ECD). TG-5MT capillary column (30 m × 0.25 mm × 0.25 µm) was used. The 

injection mode was splitless, while the temperature regime was set in the following way: 50 °C for 3 

min, then increased at a rate of 30 °C/min to 210 °C and held at this temperature for 20 min. Hydrogen 

was used as the carrier gas with a 60 mL/min flow rate. 
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Results and discussion 

 

Characterization of the sorbent 

The introduction of reactive groups improves adsorption capacities, selectivity, and the pH range for 

sorption (Galhoum, 2019). Adsorption ability of GME-based polymer can be enhanced by two-step 

post-functionalization, firstly by ring-opening of the epoxy ring with diethylene triamine (deta), and 

secondly, by the introduction of a chelating agent through reaction with amine groups of deta. The 

post-functionalization of the chelating polymer was confirmed using FTIR-ATR spectrometry 

(Figure 1). 

 

Figure 1. FTIR-ATR spectrum of the chelating copolymer 

 

A  broad band at 3800–2200 cm-1 in the FTIR-ATR spectrum of chelating copolymer originates from 

the presence of -NH2 and -OH groups (overlapping bands for O-H and N-H amine stretching) (Peng 

et al., 2008; Tadić et al., 2022). A band at 1620 cm-1 corresponding to -NH bending mode (Galhoum 

et al., 2019), while C-N stretching vibrations of the tertiary aliphatic amine were observed at 1160 

cm-1 (Hwang et al., 2013). The peak at 1440 cm-1 was attributed to the vibration of the double covalent 

bond in –COOH (Wang et al., 2013). 

As seen from SEM micrographs in Figure 2a, the particles were smooth spheres, while the 

micrographs of particle surface and cross-section (Figure 2b and 2c) clearly show a three-dimensional 

globular porous structure. The SHg value of the chelating copolymer calculated from the cumulative 

pore volume distribution curve was 35 m2/g.  
 

 

Figure 2. SEM micrographs of (a) particle beads (magnification 300×), (b) particle surface (magnification 5000×) and 

(c) cross-section (magnification 5000×) for chelating copolymer 
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Lindane sorption kinetics 

The kinetic mechanism of lindane sorption on chelating copolymer was determined by linear and 

non-linear forms of pseudo-first-order, pseudo-second-order kinetic model, Elovich, Avrami and 

fractional-power model (Nastasović et al., 2022). Non-linear regression was used to fit the 

experimentally obtained data in the program Origin 9.0©, OriginLab Corporation. The following error 

functions were used to match the applied kinetic models with the experimental data: determination 

coefficient (R2), sum squared error (SSE), squared angular errors (SAE), average relative error 

(ARE), hybrid fractional error function (HYBRID), Marquardt’s percent standard deviation (MPSD), 

and chi-square test (χ2) (Marković et al., 2014; Sivarajasekar & Baskar, 2019). Figure 3 shows the 

comparison of the fits for different linear and non-linear kinetic models, while Tables 1 and 2 

summarize calculated kinetic parameters and the relevant correlation coefficients for linear and non-

linear kinetic models, respectively.  

 

Figure 3. Kinetics model (A) linear and (B) non-linear plots for sorption of lindane onto chelating copolymer 
 

For both linear and non-linear models, the higher R2 values and the lowest values of other error 

functions suggest a better fit. According to values presented in Table 1, pseudo-second-order was the 

best suitable to describe the kinetic data of lindane sorption. Also, the error values indicated that the 

non-linear method is a better way to obtain the kinetic parameters describing the lindane sorption 

onto a chelating copolymer. 
 

Table 1. Linear regression analysis for sorption kinetics of lindane onto chelating copolymer 

Model Parameter Value R2 SSE SAE ARE HYBRID MPSD χ2 

Pseudo-first-

order 

k1 · 102, 1/min 7.44 
0.951 2.483 4.004 9.654 8.751 15.956 0.814 

Qe
cal, µg/g 8.70 

Pseudo-

second-order 

k2  · 103, g/ µg min 8.43 
0.986 0.653 2.115 4.388 1.693 5.900 0.120 

Qe
cal, mg/g 10.80 

Elovich 
α, µg/g min 2.17 

0.592 58.928 19.352 28.807 102.069 35.740 11.739 
β, g/mg  0.43 

Avrami 

kAV · 102, 1/min 8.32 

0.965 1.700 2.801 7.947 6.892 14.607 0.634 Qe
cal, µg/g 9.19 

n 0.87 

Fractional-

power 

kFP, µg/g min 0.43 
0.956 2.160 3.757 6.790 4.285 8.691 0.286 

ν, 1/min 1.76 

 

Table 2. Non-linear regression analysis for sorption kinetics of lindane onto chelating copolymer 

Model Parameter Value R2 SSE SAE ARE HYBRID MPSD χ2 

Pseudo-first-

order 

k1 · 102, 1/min 8.04 
0.969 1.501 2.800 7.178 5.336 1.521 0.443 

Qe
cal, µg/g 8.94 



 

 

"XIV CONFERENCE OF CHEMISTS, TECHNOLOGISTS AND ENVIRONMENTALISTS OF REPUBLIC OF SRPSKA" 

 

304 

 

Pseudo-

second-order 

k2  · 103, g/ µg min 7.25 
0.993 0.373 1.603 3.070 0.837 3.975 0.059 

Qe
cal, mg/g 11.11 

Elovich 
α, µg/g min 1.51 

0.987 0.602 2.018 3.639 1.214 4.619 0.086 
β, g/mg  0.38 

Avrami 

kAV · 102, 1/min 8.87 

0.969 1.501 2.800 7.178 5.336 12.331 0.443 Qe
cal, µg/g 8.94 

n 0.91 

Fractional-

power 

kFP, µg/g min 2.06 
0.967 1.578 3.004 6.251 4.449 11.195 0.277 

ν, 1/min 0.38 

 

The mechanism of lindane sorption was investigated by linear analysis with the liquid film diffusion 

model, intraparticle diffusion model, as well as Bangham, and Boyd models. The results given in 

Table 3 and Figure 5 showed that intraparticle diffusion was not the sole rate-controlling step; film-

diffusion also affected the sorption process. 
 

Table 3. Parameters for sorption mechanism of lindane onto chelating copolymer 

Model Parameter Value R2 

Intra-particle diffusion 

kid,1, µg/g min 1.37 
0.990 

Cid,1, µg/g 0.43 

kid,2, µg/g min 0.20 
0.989 

Cid,2, µg/g 7.49 

Bangham 
kB · 104, µg/g min 9.90 

0.982 
α 0.55 

Liquid film diffusion 
kLFD · 102, 1/ min 7.44 

0.972 
CLFD -0.05 

 

 
Figure 4. Linear plots for the (A) intra-particle diffusion, (B) Bangham, (C) liquid film diffusion and (D) Boyd models 

for the sorption of lindane onto chelating copolymer 
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Conclusion 

 

In this study, PGME was chemically modified in two-step post-functionalization with diethylene 

triamine and chelating agent and tested as lindane sorbent. The characterization results confirmed 

post-functionalization and spherical porous structure of copolymer with a specific surface area of 35 

m2/g. The linear and non-linear forms of pseudo-first-order, pseudo-second-order, Elovich, Avrami, 

and fractional power models were used to analyze the kinetics of lindane sorption. The fitting of each 

model to experimental data, assessed based on seven error functions, showed that the pseudo-second-

order model best fit for the experimental kinetics data for both regression analyses. Also, the error 

values indicated that the non-linear method is a better way to obtain the kinetic parameters of lindane 

sorption onto chelating copolymer. The mechanism of lindane sorption was investigated with the 

liquid film diffusion model, intraparticle diffusion model, Bangham, and Boyd models. It was shown 

that intraparticle diffusion and film-diffusion affected the lindane sorption process. 
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Abstract 

 

The development of pediatric formulations showed to be an exceptionally complex process and 

therefore the use of soft food as a vehicle may be the only option for delivering the drug to the 

pediatric population. The aim of this study was to evaluate the effect of co-administration with peach 

puree and vanilla pudding on the dissolution performance of oral powder of propranolol under 

pediatric simulating conditions. Propranolol is a beta-blocker used to treat hypertension and infantile 

hemangioma in pediatric patients. Significant effect on dissolution of propranolol from the oral 

powder co-administrated with food was shown in comparison to the administration with water. Drug 

dissolution was the highest when the oral powder was mixed with pudding (95.73%) and the lowest 

when the powder was mixed with peach puree (67.15%), while administration with water resulted in 

80,64% of drug released. These differences may be a result of different pH and composition of the 

vehicles, which impact drug solubility and consequently drug dissolution performance. The 

alterations in drug solubility and dissolution performance could also affect its bioavailability, which 

could ultimately compromise the safety and therapeutic effect of the drug. Thus, peach puree and 

pudding may not be acceptable vehicle for administration of propranolol in pediatric patients, which 

emphasizes the importance of considering the effect of the co-administration with food on drug 

performance during pediatric formulation development. 

 

Keywords: soft food, vehicle, propranolol, dissolution, bioavailability. 

 

Introduction 

 
It is well known that children are not small adults due to the identified complex physiological 

differences (Johnson & Ke, 2021). Thus, it is important to ensure that children have access to 

medications that are approved and manufactured exclusively for them. New pediatric formulation 

could improve medication adherence and safety, reduce dosing errors and ease drug administration 

(Juárez‐Hernández & Carleton, 2022). In order to encourage the development of pediatric drug 

formulation the European Medicines Agency (EMA) and United States Food and Drug 

Administration (FDA) made significant regulatory changes (EMA, 2012; FDA, 2018a). However, 

the development of pediatric formulations showed to be an exceptionally complex process and only 

221 new pediatric drugs and indications became available in Europe since 2007 (EMA, 2017;  Khan 

et al., 2022). Furthermore, currently available pediatric drug formulations cover only a small 

proportion of the full therapeutic requirement for effective treatment of pediatric patients (Khan et 

al., 2022). If the appropriate drug formulation for the pediatric patient is not available, small volumes 

of liquids (5 or 15 ml) such as breast milk or infant formula and/or soft foods may be the only option 

https://www.wordhippo.com/what-is/another-word-for/exceptionally.html
https://www.wordhippo.com/what-is/another-word-for/exceptionally.html
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for delivering the specific drug to the patient (FDA, 2018). Since in small children both gastric 

capacity and the amount of fasted gastric fluid are considerably smaller from those of adolescents, 

even a small volume of vehicle may alter the gastric environment and intraluminal conditions in the 

small intestine, which might cause changes in the in vivo performance of the drug formulation 

(Freerks et al., 2022). According to the draft guidance “Use of Liquids and/or Soft Foods as Vehicles 

for Drug Administration: General Considerations for Selection and In Vitro Methods for Product 

Quality Assessments” published in 2018 by the FDA (FDA, 2018), it must be shown that liquids 
and/or soft foods, which are intended to be used as vehicles for specific drug formulation, do not alter 

the performance of the drug formulation and could be considered well tolerated and suitable for 

administration in the targeted patient populations. One of the most important parameters, which must 

be considered when choosing a vehicle for the administration of oral dosage forms to pediatric 

patients is the pH value. It is well known that the pH value of fluids and soft foods can influence drug 

solubility and dissolution rate, but also its stability and in vivo performance of drug formulation. 

However, Freerks et al. (2022) stated that although the pH value of the vehicle is important, it is not 

the only parameter that should be considered during the compatibility evaluation of liquids and soft 

foods as potential vehicles for drug administration to pediatric patients. Namely, authors examined 
the composition and physicochemical properties of one of each of the vehicles listed in the FDA draft 

guidance document “Use of Liquids and/or Soft Foods as Vehicles for Drug Administration” and 

observed that despite similar pH, vehicles can have very different compostion and other 

physicochemical properties that could impact drug product quality. 

The aim of this study was to evaluate the effect of co-administration with peach puree and vanilla 

pudding on the dissolution performance of oral powder of propranolol under pediatric simulating 

conditions. Propranolol is a non-cardioselective beta blocker used as the hydrochloride to treat 

hypertension, arrhythmias, phaeochromocytoma, hyperthyroidism, haemangiomas and tetralogy of 

Fallot, as well as prophylaxis of migraine in children (Brayfield, 2014). Propranolol hydrochloride 

(Figure 1) is a weak base (pKa 9.23) with pH-dependent solubility: solubility at pH 1.2 is 225 mg/mL, 

while at pH 6.8 it is 130 mg/mL (Jovanović et al., 2021). According to the biopharmaceutics 

classification system (BCS) propranolol hydrochloride has been reported to be a class I (high 

permeability and high solubility) compound (Jovanović et al., 2021). It should be noted that this BCS 

refers to adult administration since age-specific pediatric BCS is not yet established (Guimarães et 

al., 2022). Currently, a commercial preparation of propranolol for children is authorized in United 

States (Hemangeol® 4.28 mg/mL oral solution, Pierre Fabre Pharmaceuticals, Inc., Parsippany, NJ) 

and Europe (Hemangiol® 3.75 mg/mL oral solution, Pierre Fabre Medicament Production, Gien, 

France) and can be prescribed by the physician. If the commercial formulation is not available or if 

the price of authorized drug product is unacceptable for health care system, a required dose can be 

administered by manipulating commercially available propranolol tablets or using a compounded 

preparation (Smithson et al., 2017). 

 

Figure 1. Chemical structure of propranolol hydrochloride  

(IUPAC name: 1-naphthalen-1-yloxy-3-(propan-2-ylamino)propan-2-ol;hydrochloride) 
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Materials and Methods 

 

Materials  

Propranolol hydrochloride was purchased from TCI EUROPE N.V. (Belgium). Lactose 

monohydrate, sodium hydroxide, concentrated hydrochloric acid and potassium dihydrogen 

phosphate were obtained from Lach-Ner (Czech Republic). All chemicals were of analytical grade. 

The food products investigated in the study are shown in Table 1. 
 

Table 1.The investigated food products  

Soft food Brand name Manufacturer 

Vanilla pudding Pudding Zott Zottis Dessert Vanilla 0,8% 
Zott SE&Co. KG, Dr. Steichele-Str.4, 86690 

Mertingen, Germany 

Peach puree Lino® breskva 
For Podravka dd: Hamé s.r.o.,Na Drahách 814, 

686 04 Kunovice, Chez Republic 

 

Media preparation 

0.1 M hydrochloric acid pH 1.2 and phosphate buffer pH 6.8 were prepared according to the USP 41 

(2018) procedure. 

Composition of the investigated food products  

The specific information about the composition of investigated soft food products was acquired from 

the product labels and analysed. 

pH value measurement  

The pH value of investigated food products was measured with a digital pH-meter (Cyberscan pH 11, 

Eutech, Malaysia) at 25 °C. The pH-meter was first calibrated with the standard buffer solutions of 

pH 4.0, 7.0, and 10.0. pH measurements were conducted immediately after opening the soft food 

container. 

Oral powder preparation  

The oral powders containing 10 mg of propranolol hydrochloride and lactose monohydrate as 

excipient were prepared manually by mixing the pharmaceutical ingredients with porcelain mortar 

and pestle. 

Sample preparation 

The oral powders were added to 10 ml of purified water or 10 mL (approximately 10 g) of peach 

puree and vanilla pudding, at room temperature. The samples were then manually mixed with a glass 

stirring rod, for 30 s.  

Dissolution study  

Dissolution studies were conducted with a mini-paddle apparatus (Erweka DT 720 apparatus 

configured with 400 mL mini glass vessels and rotating mini paddles; Erweka, Germany). 

Experiments were performed at constant temperature of 37 ± 0.5 °C in a two-stage method: in pH 1.2 

(volume 100 mL), for 1 h, followed by pH 6.8 (volume 200 mL), for 3 h (Martir et al., 2020). The 

agitation speed of the mini-paddle was set to 100 rpm. Two-milliliter samples were withdrawn at 5, 

15, 30, 45, 60, 75, 90, 120, 180 and 240 min. After each sampling the collected volume was 

substituted with the corresponding media. The samples were firstly vortexed (VELP Scientifica, Italy) 

for 1 min and then centrifuged (8000 rpm, 15 min, 4 °C) (Eppendorf 5424R centrifuge, Eppendorf 

AG, Hamburg, Germany). The supernatant was filtered through 0.22 µm membrane filters (Chromafil 

X-tra PTFE-20/25, Macherey-Nagel, Germany). The filtrates were analyzed by UV 
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spectrophotometry (UV-1800 spectrophotometer, Shimadzu, Japan) at previously measured 

absorbance maximum (λmax) of propranolol in corresponding media.  

Data analysis  

Comparison of the obtained dissolution profiles was performed using a model-independent approach, 

which includes the determination of a similarity factor (f2), according to the equation (1) as follows: 

 

 

(1) 
 

where n is the number of time points, Rt is the dissolution value of the reference product at time t, and 

Tt is the dissolution value of the test product at time t. Dissolution profiles are considered similar if f2 

values are greater than 50 (i.e. 50-100) (FDA, 2017).  

 

Results and discussion 

 

The dissolution profiles of propranolol hydrochloride from oral powder after administration with 

water and selected soft food are presented in Figure 2. 
 

 

Figure 2. Percentage of propranolol hydrochloride dissolved from oral powder after administration with water and 

selected soft food products 

 

The results of model-independent analysis indicate that the co-administration of propranolol 

hydrochloride oral powder with selected soft food products has significant effect on drug dissolution 

in comparison to the administration with water. Namely, the similarity factor f2 between dissolution 

curves of propranolol hydrochloride obtained when the oral powder was administered with water and 

peach puree or with water and vanilla pudding was 49.96 and 48.53, respectively. These differences 

may be a result of different pH and composition of the vehicles, which impact drug solubility and 

consequently drug dissolution performance. As already mentioned, propranolol hydrochloride is a 

weak base (pKa 9.23) with pH-dependent solubility i.e., its solubility decreases with the increase of 

pH due to a decrease in the drug ionisation percentage. This practically means that drug solubilisation 

and dissolution are higher when the oral powder is mixed with a more acidic vehicle. The pH values 

of peach puree and vanilla pudding were 3.75 and 6.62, respectively. Therefore, it would be expected 

that drug dissolution is higher when the powder was mixed with peach puree in comparison to the 

administration with vanilla pudding as less acidic vehicle, which is not the case. Drug dissolution was 
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the highest when the oral powder was mixed with pudding (95.73%) and the lowest when the powder 

was mixed with peach puree (67.15%), while administration with water resulted in 80.64% of drug 

released (Figure 2). These unexpected results could be explained with the difference in the 

composition of the vehicles (Table 2).  
 

Table 2.The composition of investigated food products  

Soft food Composition 

Vanilla pudding Whey, pasteurized milk, sugar, modified starch, starch, 

skimmed milk powder, carrageenan, carob bean gum, 

color, vanilla flavoring 

Peach puree Peach 75%, apple 10%, fructose, water, rice flour, citric 

acid, vitamin C (L-ascorbic acid) 

 

The lower drug dissolution observed when the oral powder was mixed with peach puree, in 

comparison with when mixed with vanilla pudding, is probably due to the presence of starch in its 

composition (rice flour containes approximately 78% starch), which forms a net gel around the 

formulation and negatively impacts drug dissolution (Martir et al., 2020). Although vanilla pudding 

also contains starch (Table 2), its effect on drug dissolution is not so expressed like in the case of 

peach puree, because peach puree also containes fruit pieces (Table 2), which further strengthen a net 

gel formed around the formulation (Martir et al., 2020). These results confirm that although the pH 

value of the vehicle is important, it could be misleading if considered separately from other 

parameters during the compatibility evaluation of liquids and soft foods as potential vehicles for drug 

administration to pediatric patients (Freerks et al., 2022; Martir et al., 2020). In the case of propranolol 

hydrochloride, peach puree and vanilla pudding may not be acceptable vehicle for administration of 

propranolol in pediatric patients since the alterations in drug solubility and dissolution performance 

could also affect its bioavailability, which could ultimately compromise the safety and therapeutic 

effect of the drug. 

 

Conclusion 

 

In some cases, the use of soft food as a vehicle may be the only option for delivering the drug to the 

pediatric population. This study aimed to assess the impact of practices of drug co-administration 

with soft food on the dissolution behavior of propranolol hydrochloride. Results show that drug 

dissolution was significantly affected by the different vehicles. The alterations in drug solubility and 

dissolution performance could also affect its bioavailability, which could ultimately compromise the 

safety and therapeutic effect of the drug. Thus, peach puree and pudding may not be acceptable 

vehicle for administration of propranolol in pediatric patients, which emphasizes the importance of 

considering the effect of the co-administration with food on drug performance during pediatric 

formulation development.  
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