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SHORT COMMUNICATION 
Phytochemical investigation from wood residues of 

Dalbergia spruceana Benth 
HELENA GARCIA RAMOS1, JENNIFER ARAÚJO DE OLIVEIRA LIMA1, HENRIQUE 

CATIVO DOS SANTOS1, CLAUDETE CATANHEDE DO NASCIMENTO2, 
LUIZ HENRIQUE KENG QUEIROZ-JUNIOR3 and MARIA DA PAZ LIMA2* 

1Instituto de Ciências Exatas, Universidade Federal do Amazonas, Manaus, CEP 69080-900, 
Amazonas, Brazil, 2Coordenação de Tecnologia e Inovação, Instituto Nacional de Pesquisas 

da Amazônia, Manaus, CEP 69067-375, Amazonas, Brazil and 3Instituto de Química, 
Universidade Federal de Goiás, Goiânia, CEP 74001970, Goiás, Brazil 

(Received 6 June, revised 21 July, accepted 21 September 2024) 

Abstract: Dalbergia spruceana Benth (Fabaceae: Papilionoideae), known in the 
Brazilian Amazon as ¨jacarandá-do-pará” recognized for the natural resistance 
of its wood has little scientific information about its secondary metabolism. In 
this paper, we report a phytochemical study of the wood residues of D. spru-
ceana using classical chromatographic techniques. Thus, the chromatographic 
fractionation of methanolic extract resulted in the isolation of phenylpropanoid, 
isoflavonoids of different types (pterocarpan, isoflavonol, isoflavan, isofla-
vone) in addition to a neoflavonoid. A new isoflavonoid with an oxygenation 
pattern not previously reported was elucidated as 8,4,2'-trihydroxy-7,4'-dimeth-
oxyisoflavonol. The structures of all the isolated compounds were determined 
by using 1D- and 2D-NMR techniques, mass spectrometry ESI-MS and by 
comparison with literature data. Most of the compounds that were identified 
are isoflavonoids, which are types of flavonoids that are especially recognized 
for their contribution to the natural resistance of the wood. 

Keywords: Fabaceae; flavonoid; pterocarpan; neoflavonoid; natural resistance. 

INTRODUCTION 
Dalbergia spruceana Benth (Miscolobium spruceanum Benth, Fabaceae: 

Papilionoideae) is a species that is native to northern South America, and is 
known in the Brazilian Amazon as “jacarandá-do-pará”. It has registered occur-
rence in the states of Amazonas, Amapá, Rondônia and Pará1,2 and has great 
economic potential because its wood can be used for special purposes such as the 
manufacture of luxury furniture, decorative objects and musical instruments. It 
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272 RAMOS et al. 

has medium to fast growth and easy propagation and is therefore recommended 
for reforestation and forest restoration programs.3 

There is little scientific information about the secondary metabolism of D. 
spruceana. The chemical composition of the genus Dalbergia is represented 
mainly by phenolic compounds, which are found in different vegetative parts.4 
The planting of this species is very promising because it has propagation pot-
ential, economic potential because the wood has natural resistance, and it is also 
sought after for making string instruments, among other purposes. Woods with 
natural strength often have interesting secondary metabolites that have promising 
bioactive compounds.5–10 In this paper, we evaluated the secundary metabolites 
extracted from the heartwood of D. spruceana using classical chromatographic 
techniques. 

EXPERIMENTAL 
General experimental procedures 

NMR spectra were recorded on a Bruker Fourier 300 UltraShield (300 MHz for 1H- and 
75 MHz for 13C-NMR) and Bruker Avance III 400 (400 MHz for 1H- and 100 MHz for 13C- 
-NMR) spectrometers, at a temperature of 25 °C. The spectra were referenced to the residual 
solvent signal. HRESIMS data were obtained on an MicroTOF–Q–II, Bruker Daltonics, the 
ESI was operated in the positive and negative mode, and nitrogen was used as the drying gas 
(4.0 L/min) and nebulizing gas at 0.4–0.6 bar. Mass-to-charge ratio was scanned in the m/z 
50–980 range. For column chromatography (CC), silica gel (particle size 70–230 and 230–300 
mesh, Sigma–Aldrich), hexane, ethyl acetate, acetone and methylene chloride were used. Ana-
lytical and preparative TLC was carried out on silica gel 60 GF254 20 cm×20 cm plates, with 
a layer thickness of 0.25 mm (Merck). 
Acquisition and identification of wood residues  

D. spruceana from wood residues was supplied to the Wood Technology Laboratory of 
the National Institute for Amazonian Research (INPA) by a luthier. The largest residues had 
been previously evaluated for their technological properties and the smaller residues resulting 
from these procedures became available for phytochemical studies. The identification of the 
wood samples was done via macroscopic comparisons with standard samples from the xylo-
theque at INPA (INPA-Xil N0 4329).   
Extraction and isolation 

The residues were chopped and ground (1.117 g) and submitted to maceration at room 
temperature with n-hexane and then methanol (seven days in each solvent), which provided 
yields of 0.05 and 3.67 %, respectively. The methanol extract (19 g) was purified on silica gel 
CC using gradient elution with Hexane/EtOAc (98:2 to 60:40) to obtain 90 fractions. The 
fraction 46 (20 mg) was purfied with preparative TLC using mixture of CH2Cl2/acetone (98:2) 
for isolation of compound 1 (10 mg). The additional purification of the fraction 61 (70 mg) 
with silica gel column chromatography (230–400 mesh; 46 cm×2.6 cm) and CH2Cl2 as eluent 
lead to further purification of subfractions 15 and 17 and final isolation of compounds 3 (3.5 
mg) and 4 (5.5 mg). The fractions 71 (52.0 mg) and 73 (80.0 mg) were subjected to additional 
silica gel CC with mixture of CH2Cl2/acetone (98:2) as eluent for obtaining compounds 5 
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(10.0 mg) and 6 (3.5 mg). Fractions 50 (970 mg) and 83 (18.1 mg) represent the solid com-
pounds 2 (805 mg) and 7 (5.8 mg), respectively. 

RESULTS AND DISCUSSION 

From the methanol extracts of Dalbergia spruceana Benth wood residues 
five known compounds as phenylpropanoid elemycin (1),11 flavonoids maackiain 
(2),12 8-hydroxy-7-methoxy-3',4' methylenedioxypterocarpane (3),13,14 dalber-
gine (5),15 3',4'-dihydroxy-7,8,2'-trimethoxy-isoflavan (6), pseudobaptigenin 
(7)16 and one (4) previously undescribed isoflavonoid were isolated. The isolated 
compounds were identified using 1D (1H and 13C) and 2D NMR (HSQC and 
HMBC), HRESIMS spectra and by comparison with the literature data (Fig. 1). 
HMBC correlations provide identification of flavonoids and reveal the oxygen-
ation patterns, Fig. 1 (for additional data see Supplementary material to this paper). 

 
Fig. 1. Structures of the flavonoids from the wood residues of Dalbergia spruceana. 

The molecular formula of compound 4, C17H18O7, was determined based on 
the HRESIMS ion [M+Na]+ at m/z 341.0994. The 1H-NMR spectrum revealed 
an aromatic system of ABX-type spins observed by the set of hydrogen signals in 
the δ region 7.26–6.38 ppm, in addition to the ortho-coupled signals at δ 6.97 and 
6.69 ppm (Table I). The signals of oxymethylene at δ 4.34 and 3.63 ppm, meth-
ine at δ 3.65 ppm and oxymethine at δ 5.58 ppm were indicative of 4-hydroxy-
isoflavonol. The 1H- and 13C-NMR data with significant NOESY and HMBC 
correlations are presented in Table I. The HMBC correlations H-5/C-4, C-7 and 
C-9 and H-6'/C-3, C-1' and C-2' revealed oxygenation patterns for A and B rings. 
The NOESY correlations H-2a/H-3 and H2b/H-4 indicated trans orientation of 
H-3 and H-4. Based on 1D and 2D NMR data, the structure of new isoflavonoid 
was labelled as 8,4,2' trihydroxy-7,4'-dimethoxyisoflavonol. 
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274 RAMOS et al. 

In the Fabaceae family, the isoflavonoids are restricted almost entirely to 
Papilionoideae17 and are especially recognized for their contribution to the nat-
ural resistance of the wood containing them, such as is the case of D. spruceana. 

TABLE I. 1H- and 13C-NMR spectroscopic data (δ / ppm) for compound 4 in (CD3)2CO; 
1H-NMR (300 MHz, J / Hz); 13C-NMR (75 MHz) 
H/C δ H (J in Hz) NOESY δ C HMBC 
2 4.33 m (2a) 3.63 m (2b) H-3, H4 66.5 C-3, C-4, C-9, C-1’ 
3 3.65 m H-2a 39.6 C-2, C-4, C-1’ 
4 5.58 d (6.7) H-2b 78.6 C-2, C-3, C-10, C-1’ 
5 6.97 d (8.5)  120.5 C-4, C-7, C-9 
6 6.74 d (8.5) H3-7 105.8 C-5, C-7, C-8,  C-9, C-10 
7   148.1  
8   135.1  
9   144.2  
10   114.5  
1’   119.4  
2’   160.8  
3’ 6.38 d (2.2)  96.2 C-1’, C-4’, C-5’ 
4’   161.2  
5’ 6.47 dd (8.1 and 2.2) H3-4’ 106.0 C-1, C-3’ 
6’ 7.26 d (8.1)  125.0 C-3, C-1’, C-2’ 
OMe-7 3.84 s  55.7 C-7 
OMe-4’ 3.74 s  54.8 C-4’ 

CONCLUSION 

A phytochemical analysis of woody residues of Dalbergia spruceana was 
conducted and resulted in the identification of mainly isoflavonoids of different 
types (pterocarpan, isoflavonol, isoflavan, isoflavone) in addition to a neoflavon-
oid. Among these, the compound 4 was previously undescribed. The woody 
residues of this species of Fabaceae gave us an opportunity to gain further know-
ledge regarding its secondary metabolism and therefore increase the value of 
solid residues from D. spruceana discarded by the wood processing sector. 

SUPPLEMENTARY MATERIAL 
Additional data and information are available electronically at the pages of journal web-

site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12948, or from the correspond-
ing author on request. 
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И З В О Д  
ФИТОХЕМИЈСКО ИСПИТИВАЊЕ ДРВНИХ ОСТАТАКА Dalbergia spruceana BENTH 

HELENA GARCIA RAMOS1, JENNIFER ARAÚJO DE OLIVEIRA LIMA1, HENRIQUE CATIVO DOS SANTOS1, 

CLAUDETE CATANHEDE DO NASCIMENTO2, LUIZ HENRIQUE KENG QUEIROZ-JUNIOR3 

и MARIA DA PAZ LIMA2 

1Instituto de Ciências Exatas, Universidade Federal do Amazonas, Manaus, CEP 69080-900, Amazonas, 

Brazil, 2Coordenação de Tecnologia e Inovação, Instituto Nacional de Pesquisas da Amazônia, Manaus, CEP 

69067-375, Amazonas, Brazil и 3Instituto de Química, Universidade Federal de Goiás, Goiânia, CEP 

74001970, Goiás, Brazil 

Биљка Dalbergia spruceana Benth (Fabaceae: Papilionoideae) позната у бразилском 
Амазону као „jacarandá-do-pará”, иако је препозната по природној отпорности има мало 
научних информација о њеном секундарном метаболизму. У овом раду описано је 
фитохемијско испитивање дрвних остатака D. spruceana применом класичних хромато-
графских техника. Хроматографским фракционисањем метанолног екстракта изоло-
вани су фенилпропаноиди, изофлавоноиди различитих типова (птерокарпан, изофла-
вонол, изофлаван, изофлавон), као и неофлавоноиди. Нови изофлавоноид, са једин-
ственом структуром која је настала оксидацијом која раније није пријављена, дефи-
нисан је као 8,4,2'-трихидрокси-7,4'-диметоксиизофлавонол. Структуре свих изолованих 
једињења одређене су коришћењем 1D и 2D NMR техника, масене спектрометрије ESI- 
-MS и поређењем са литературним подацима. Већина идентификованих једињења су 
изофлавоноиди, типови флавоноида за које је веома познато да доприносе природној 
отпорности дрвета. 

(Примљено 6. јуна, ревидирано 21. јула, прихваћено 21. септембра 2024) 
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EXTRACTION AND ISOLATION OF COMPOUNDS 
The wood residues of Dalbergia spruceana were submitted to maceration for 7 days with 

hexane and methanol, which provided yields of 0.05 and 3.67%, respectively. The 
fractionation of the methanol extract (19 g) was carried out on a silica gel column (70-230 
mesh; h x ø = 30 x 5 cm), eluted with hexane-EtOAc (2-40%), and generated ninety fractions. 
Fr. 27 (47 mg) showed a predominance of β-sitosterol and stigmasterol. Fr. 46 (20 mg) was 
obtained by preparative thin layer chromatography (PTLC) eluted with CH2Cl2-acetone (98:2) 
and resulted in the purification of compound 1 (10 mg). Fr. 50 gave the solid compound 2 
(900 mg). Fr. 61 (70.0 mg) was fractionated over a silica gel column (230-400 mesh; h x ø = 
46 x 2.6 cm) and eluted with CH2Cl2. Subfractions 15 and 17 were submitted to new 
fractioning. Subfraction 15 (23.0 mg) was fractionated over silica gel column (230-400 mesh; 
h x ø = 38.5 x 1.2 cm) and eluted with CH2Cl2-MeOH (98:2) to obtain compound 3 (3.5 mg). 
Subfr. 17 (35 mg) resulted the isolation of compound 4 (5.5 mg), after purification in PTLC 
and elution with of CH2Cl2-MeOH (98:2). The fractionation of 71 (52.0 mg) over a silica gel 
column (230-400 mesh; h x ø = 37.0 x 2.6 cm) and elution with CH2Cl2-acetone (98:2) 
provided compound 5 (10.0 mg). The fraction 73 (80 mg) was fractionated over a silica gel 
column (230-400 mesh; h x ø = 8.0 x 0.7 cm), eluted with CH2Cl2-acetone (98:2) and resulted 
in the purification of 6 (3.5 mg).  The fraction 83 gave the solid compound 7 (5.8 mg). 

CHARACTERIZATION DATA FOR COMPOUNDS 1-3 AND 5-7 
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Elemycin (1). 1H NMR (300 MHz, CDCl3, J/Hz): 6.43 (s, H-2 and H-6), 5.97 (m, H-8), 

5.11 (m, H-9), 3.87 (s, OCH3-3 and 5), 3.84 (s, OCH3-4), 3.36 (d, J = 6.7 Hz, H-7). 13C NMR 
(75 MHz, CDCl3): 153.1 (C-3 and C-5), 137.2 (C-8), 136.2 (C-4), 135.8 (C-1), 116.0 (C-9), 
105.4 (C-2 and C-6), 60.8 (OCH3-4), 56.0 (OCH3-3 and 5), 40.55 (C-7).  

O

O

HO

O

O

2

4
5

9

10
1' 3'

7

 
Maackiain (2). White solid. 1H NMR (300 MHz, (CD3)2CO, J/Hz): 8.64 (s, OH), 7.31 (d, 

J = 8.3 Hz, H-5),  6.90 (s, H-2’), 6.57 (dd, J = 8.3 and 2.3 Hz, H-6), 6.40 (s, H-5’), 6.36 (d, J = 
2.3 Hz, H-8), 5.93 and 5.91  (s, CH2O2), 5.50 (d, J = 6.5 Hz, H-4), 4.29 (dd, J = 10.5 and 3.9 
Hz, H-2), 3.65 (t, J = 9.9 Hz, H-2), 3.57 (m, H-3). 13C NMR (75 MHz, (CD3)2CO: 158.8 (C-
7), 156.7 (C-9), 154.4 (C-6’), 147.9 (C-4’), 141.5 (C-3’), 132.1 (C-5), 118.6 (C-1’), 111.8 (C-
10), 109.5 (C-6), 105.0 (C-2’), 103.0 (C-8), 101.2 (C-3’and C-4’), 93.0 (C-5’), 78.4 (C-4), 
66.0 (C-2), 40.1 (C-3). ESI-MS m/z 283.0661 [M-H]–. 

O

O

MeO

O

O

OH

2

4
5

9

10
1' 3'

7

 
8-hydroxy-7-methoxy-3’,4’-methylenodioxypterocarpan (3). White solid. 1H NMR (300 

MHz, CDCl3, J/Hz): 7.06 (d, J = 8.6 Hz, H-5), 6.74 (s, H-5’), 6.69 (d, 8.6 Hz, H-6), 6.44 (s, H-
2’), 5.94 and 5.91 (s, CH2O2), 5.54 (d, J = 7.0 Hz, H-4), 4.38 (dd, J = 10.8 and 3.9 Hz, H-2), 
3.74 (t, J = 10.8 Hz, H-2), 3.57 (m, H-3). 13C NMR (75 MHz, CDCl3): 154.2 (C-6’), 148.1 (C-
4’), 147.3 (C-7), 143.3 (C-9), 141.7 (C-3’), 133.9 (C-8), 121.0 (C-5), 117.6 (C-1’), 113.9 (C-
10), 105.0 (C-6), 104.7 (C-2’), 101.3 (C-3’and C-4’), 93.8 (C-5’), 78.3 (C-4), 66.8 (C-2), 56.3 
(MeO), 40.2 (C-3). ESI-MS m/z 313.0730 [M-H]–. 

2

4
5

9

10
1' 3'

7
OMeO

OH

OH

OMeOH
 

8,4,2' trihydroxy-7,4'-dimethoxyisoflavonol (4). Yellow amorphous solid. 1H, 13C NMR, 
NOESY, HSQC and HMBC (see the spectra below). ESI-MS 341.0994 [M+Na]+.  
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Dalbergin (5). Yellow  solid. 1H NMR (500 MHz, CDCl3, J/Hz): 7.52 (m, H-3’, H-4’and 

H-5’), 7.52 (m, H-4’), 7.45 (m, H-2’ and H-6’), 7.01(s, H-5), 6.92 (s, H-8), 6.27 (s, H-3), 4.01 
(MeO-7). 13C NMR (125 MHz, CDCl3): 161.4 (C-2), 155.7 (C-4), 150.1 (C-7), 149.3 (C-9), 
142.5 (C-6), 135.6 (C-1’), 129.5 (4’), 128.8 (C-3’, C-5’), 128.3 (C-2’, C-6’), 112.5 (C-3), 
112.3 (C-10), 110.5 (C-5), 99.6 (C-8), 56.4 (MeO-7). ESI-MS m/z 267.0666 [M+H] +. 
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OH

OH  
3’,4’-Dihydroxy-7,8,2’-trimethoxyisoflavan (6).  Whith solid. 1H NMR (500 MHz, 

CDCl3, J/Hz): 6.73 (d, J = 8.3 Hz, H-5), 6.67 (d, J =8.5 Hz, H-5’), 6.63 (d, J =8.5 Hz, H-6’), 
6.55 d (d, J = 8.3 Hz, H-6), 4.42 (m, H-2a), 4.03 (t, J =10.3 Hz, H-2b), 3.94 (s, OCH3-8), 3.92 
(s, OCH3-2’), 3.91 (s, OCH3-7), 3.59 (m, H-3), 2.95 (m, H-4b), 2.92 (m, H-4a).  13C NMR 
(125 MHz, CDCl3): 145.7 (C-2’), 147.5 (C-7 and C-9), 139.2 (C-4’), 138.7 (C-3’), 134.9 (C-
8), 127.2 (C-1’), 124.2 (C-5), 116.9 (C-6’), 115.3 (C-10), 107.0 (C-6), 106.4 (C-5’), 70.5 (C-
2), 61.0 (OCH3-8), 60.9 (OCH3-2’), 56.2 (OCH3-7), 31.6 (C-3), 31.5 (C-4). ESIMS m/z 
333.1313 [M+H]+. 
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Pseudobaptigenin (7). White solid. 1H NMR (500 MHz, C5D5N, J/Hz): 8.46 (d, J = 
8.7Hz, H-5), 8.19 (s, H-2), 7.49 (d, J = 1.5 Hz, H-2’), 7.26 (dd, J = 8.7 and 2.3 Hz, H-6), 7.25 
(d, J = 8.0 Hz, H-5’), 7.15 (d, J = 2.3 Hz, H-8), 7.0 (dd, J = 8.0 and 1.5 Hz , H-6’), 6.00 (s, 
CH2O2). 13C NMR (125 MHz, C5D5N): 75.2 (C-4),163.9 (C-7), 158.3 (C-9), 152.7 (C-2), 
147.8 (C-3’), 147.6 (C-4’), 127.9 (C-5), 126.6 (C-3), 124.3 (C-1’), 122.6 (C-5’), 117.5 (C-10), 
115.7 (C-6), 110.1 (C-2’), 108.8 (C-6’), 102.8 (C-8), 101.4 (C-3’,4’). 
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SPECTRA OF THE NEW COMPOUND 4 

‘’’’ 
Figure S-1. 1H-NMR spectrum of compound 4  

 

 

 

 

 

Figure S-2  NOESY spectrum of compound 4 
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Figure S-3. 13C RMN of compound 4  

 
Figure S-4.  HSQC spectrum of compound 4. 
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Figure S-5. HMBC spectrum ([300 MHz, 75 MHz (CD3)2CO]) of compound 4. 

 
Figure S-6. HR-ESIMS spectrum of compound 4. 
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Investigation of the bioactivities of Saponaria mesogitana 
methanolic extract along with its phytochemical composition 
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Abstract: Saponaria species are known to contain saponins which have a wide 
variety of biological activities. But up to now, the phenolic compounds of Sap-
onaria mesogitana have not been clarified. Therefore, this study aimed to det-
ermine the phenolic composition and some biological activities of S. meso-
gitana for the first time. The antioxidant activities of the methanol and water 
extracts were assessed using the DPPH, FRAP and β-carotene/linoleic acid 
assays, while the total secondary metabolite content, including phenolics, fla-
vonoids and saponins, was also determined for both extracts. Based on the anti-
oxidant activity and total phenolic and flavonoid contents, further HPLC ana-
lysis, as well as anticancer and antimicrobial activity experiments, were con-
ducted using the methanol extract. The anticancer potential was assessed using 
the MTT assay and wound healing migration test, while antibacterial activity 
was evaluated through disc diffusion and MIC assays. Additionally, the anti-
biofilm properties of the extract were examined using the crystal violet method. 
The methanolic extract showed high antioxidant activity, while caffeic acid and 
epicatechin were characterized as major phenolic compounds by HPLC. S. 
mesogitana inhibited not only bacterial growth but also the levels of migration 
of SHSY-5Y cancer cells. These findings indicate that S. mesogitana possesses 
potent antioxidant, anticancer, antimicrobial and antibiofilm activities asso-
ciated with its bioactive phenolic constituents. 

Keywords: HPLC; phenolics; antioxidant; cytotoxic; antimigration; antibiofilm. 

 

* Corresponding author. E-mail: cennet.ozay@ikcu.edu.tr  
https://doi.org/10.2298/JSC240526088O 

________________________________________________________________________________________________________________________Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



278 OZAY et al. 

INTRODUCTION 
Traditional plant knowledge acquired by a nation for centuries has mostly 

been passed on to the next generation. This precious knowledge, assembled via 
ethnobotanical research, is vital for the protection, and for understanding the uses 
of native and local plants.1 These days, literature is loaded with accumulating 
proof highlighting the necessity to incessantly screen medicinal plants to discover 
key details on their medicinal significance. In fact, within years, the comprehen-
sive growth of nutraceutical, pharmaceutical, cosmeceutical and food industries 
has dramatically enhanced the requisition for medicinal plants and their bioactive 
components.2  

Saponaria L. is a genus of flowering plants belonging to a family commonly 
known as the pink or the carnation family (Caryophyllaceae), which has 81 
genera distributed throughout Mediterranean and temperate regions.3 The genus 
Saponaria consists of about 40 species worldwide. In Turkey, this genus is 
represented by 20 species, which is the richest diversity in the world.4 It has been 
demonstrated that members of this genus have acaricidal, antibacterial, antiox-
idant and antiproliferative properties.5–8 Saponaria species, commonly known as 
soapworts, derive their name from their notable high content of triterpene sap-
onins.9 These species also include fatty acids, quillaic acid, flavonoids and other 
phenolic compounds in addition to saponins.10,6 Phenolic compounds commonly 
found in plants have a wide range of biological activities, including antioxidant 
properties. 

Antioxidants could prevent the oxidation of biomolecules in food as well as 
in human cells. Industrial antioxidants are mostly synthetic components that 
could negatively impact human health. Natural antioxidants are crucial in fight 
against free radicals, which could be related to many diseases such as Alz-
heimer’s disease, atherosclerosis, emphysema and many forms of cancer.11 Due 
to their nature, green plants, fruits and vegetables are often used as primary nat-
ural antioxidant sources. Phenolic compounds, found in plant extracts, are known 
to act as strength-free radical scavengers and exhibit antioxidant properties.12  

Cancer is a significant global health issue, causing 11 million deaths by 
2030.13 Neuroblastoma is one of the most common pediatric cancer and the prog-
nosis is poor. Neuroblastoma treatment involves chemotherapy, surgery, and 
radiotherapy. However, systemic toxicity in treatment hinders patient well-being, 
necessitating a new, affordable approach. Medicinal plants are crucial in cancer 
drug discovery, as they contain notable anti-cancer agents.14 The cytotoxic effect 
of several natural compounds and plant extracts has been shown in vitro and in 
vivo studies on neuroblastoma cells.15,16  

Today, while antibiotic resistance rates are rapidly increasing, the investment 
made by the pharmaceutical industry in antibiotic discovery is gradually dec-
reasing due to the resistance problem. For this reason, the importance of antimic-
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robial effective compounds obtained from natural sources in the treatment of inf-
ectious diseases is increasing. In infections caused by multidrug-resistant bac-
teria, one of the most important factors that increase the virulence of these bac-
teria is the biofilm structure. Bacterial biofilms mediate recurrent infections and 
antimicrobial resistance through different mechanisms.17 Evaluating the antimic-
robial and antibiofilm effects of compounds with different chemical groups (such 
as phenolic compounds) isolated from natural sources, especially plants, is crit-
ical for treating infectious diseases.18 

In this context, Saponaria species are one of the plants whose antimicrobial 
effects have been investigated, and the majority of the studies in the literature are 
on the Saponaria officinalis species. However, there is no previously published 
data about the biological activity of Saponaria mesogitana, as well as its phyto-
chemical composition. Therefore, the potential antioxidant, anticancer, antimic-
robial and antibiofilm activities of S. mesogitana, were investigated in this study. 

EXPERIMENTAL 
Plant material and extraction 

S. mesogitana was collected at the flowering stage in midsummer 2018 from Isparta, 
Eğirdir-Turkey, and identified (Voucher No: NS 3050) by Prof. Olcay Dusen, Pamukkale 
University. The aerial parts of the plant were air-dried in shadow, powdered as a fine grain (10 
g), and then extracted with 100 mL methanol and water at 45 °C for 6 h in a controlled shaker. 
At the end of this period, the mixture was filtered and the filtrate was evaporated under red-
uced pressure at 37 °C using a rotary evaporator. The water in the extract was freeze-dried 
under a vacuum at −51 °C and the resultant extracts were stored at −20 °C until use. In the 
case of the water extract, the rotary evaporation step was omitted, and the lyophilization pro-
cess was applied directly.19 The dried extracts were weighed to determine the percent of yield. 
The percentage yield was obtained using this formula: 100W1/W0, where W1 is the final 
weight of the extract and W0 is the initial weight of the sample. 
Determination of total secondary metabolites amount 

To obtain total levels of phenolic, flavonoid, and saponin contents in the methanol and 
water extracts, colorimetric assays were used as described in the previous paper.20 Folin– 
–Ciocalteu, aluminum colorimetric and vanillin sulphuric acid methods were used to detect 
total phenolic, flavonoid and saponin contents in the extracts, respectively. These contents 
were expressed as gallic acid (mg GAE g-1), quercetin (mg QE g-1) and quillaja (mg QAE g-1) 
equivalents, respectively. 
Phenolic compound characterization by HPLC 

The phenolic constituents of S. mesogitana were analyzed using RP-HPLC (Shimadzu, 
Japan) with separation conducted at 30 °C on a reversed-phase column (250 mm×4.6 mm, 5 
μm, Agilent Eclipse XDB C-18) employing a mobile phase consisting of a mixture of acetic 
acid (3 %) and methanol. The mobile phase was pumped at a flow rate of 0.8 mL min-1. The 
polyphenolic chemicals in the methanol extract of S. mesogitana were measured in μg g-1 and 
analyzed using a diode array detector at specific wavelengths. Then, retention time and spec-
trum matching were combined to identify each target chemical. 
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Antioxidant activity  
DPPH radical scavenging antioxidant activity. The capacity of the extracts to eliminate 

the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical was determined with the described method 
with slight modifications.21 Various concentrations of the extracts were added to the DPPH 
solution and the mixture was allowed to incubate for 30 min in the dark at room temperature. 
After incubation, the absorbances were measured at 517 nm. The synthetic antioxidant, butyl-
ated hydroxytoluene (BHT) was used as the positive control. The results were indicated as 
IC50. 

β-Carotene/linoleic acid assay. The β-carotene test system was used to investigate the 
extracts’ ability to inhibit linoleic acid oxidation with slight modifications to the described 
method.21 This method is based on the monitoring of the color opening of β-carotene by alkyl 
peroxides formed by free radical chain reaction by heat and air oxidation of linoleic acid. The 
results were calculated with the following formula as inhibition rate, %, 100(1 – ((AC – 
– AS)/(ACº – ASº)), where AC and ACº were absorbance values initial and final measurement of 
the control group; AS and ASº were absorbance values of samples or standard, respectively. 
BHT was used as a standard antioxidant.  

Ferric reducing antioxidant power (FRAP) assay. This assay was carried out according 
to Apak et al. with slight modifications.22 The principle of this method is based on the reduct-
ion of a Fe(III)–tripyridyltriazine (TPTZ) complex to Fe(II)–TPTZ in the presence of antiox-
idants. The results measured at 593 nm are given as equivalent to Trolox (mg TE/g extract). 
Cytotoxic activity 

The cytotoxic effect of the aerial parts of S. mesogitana methanol extract was tested 
against human neuroblastoma cancer cell line SHSY-5Y using the MTT assay. SHSY-5Y 
cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with L-
glutamine, penicillin, streptomycin and 10 % heat-inactivated fetal bovine serum (FBS) in a 
humidified atmosphere of 5 % CO2 air at 37 °C. SHSY-5Y cells were seeded at a density of 
5×103 cells/well in 96-well plates and incubated overnight for cytotoxicity experiments. After 
treatment with extracts (1–100 μg mL-1), MTT solution was added. The formed formazan 
crystals were dissolved in DMSO, and then absorbance was measured at 570 nm. The control 
cells were considered 100 % viable, and the IC50 value was calculated.23  
Antimigration activity  

The effect of S. mesogitana methanol extract on the migration of cells was determined 
with wound healing migration assay. SHSY-5Y cells were seeded into (2×105 cells/well) 
6-well plates and after 24 h incubation, wells were scratched straightly with a sterile 200 µL 
pipette tip. After scratching, cells were washed with serum-free DMEM and treated with IC50 
concentration (47.68 µg mL-1) of the extract. DMEM supplemented with 10 % FBS was used 
for the control group. Cells were incubated for 24 h at 37 °C in a humidified, 5 % CO2 air and 
photographed under an inverted phase-contrast microscope (Olympus CKX53, Japan) for the 
comparison of the cell movements.24 Quantification of the wound area was measured by using 
the ImageJ/Fiji program, which is a wound healing size tool, allowing for the measure of the 
wound area and scratch width in µm.  
Antibacterial activity 

Test microorganisms and mediums. Antibacterial activity profiles of the S. mesogitana 
methanol extract against the American Type Culture Collection (ATCC) bacterial strains 
Gram-negative (Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853) and 
Gram-positive (Staphylococcus aureus ATCC 29213, Enterococcus faecalis ATCC 29212) 
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were investigated by disc diffusion test and broth microdilution method under the recom-
mendations of the European Committee on Antimicrobial Susceptibility Testing (EUCAST).25 
Bacterial strains were grown on Mueller–Hinton agar (MHA). Mueller–Hinton broth (MHB) 
and tryptic soy broth with 2 % glucose (TSBG) mediums were used for broth microdilution 
and biofilm formation experiments, respectively. E. faecalis was used as a positive control 
strain for biofilm quantification experiments. 

Disc diffusion method. The extract’s antibacterial activity was tested using a Kirby– 
–Bauer disc diffusion susceptibility test, with bacterial suspensions prepared from fresh col-
onies on MHA and adjusted to 0.5 McFarland turbidity using a densitometer device (Biosan, 
DEN-1). The suspensions were spread onto agar plates using sterile cotton swabs, and 10 μL 
of the 40 mg mL-1 extract was absorbed into sterile blank discs (6 mm, Oxoid), and the discs 
were placed on the agar plates. The plates were incubated at 37 °C for 24 h, with ciprofloxacin 
discs used for internal quality control. The inhibition zone diameters (mm) on agar plates were 
measured for each strain at the end of the incubation period.  

Broth microdilution method. The minimum inhibitory concentrations (MICs) of the ext-
ract against bacterial strains were determined by the broth microdilution method.25 Bacterial 
strains were grown on MHA, suspended in sterile saline, and diluted. 50 µL of MHB was 
added to the first wells of 96-well U-bottom microplates, followed by 50 µL of extract, and 
serial dilutions were prepared using side wells. Bacterial suspensions (50 µL) were inoculated 
into microplates and incubated at 37 °C for 24 h. The lowest extract concentration that inhib-
ited bacterial growth was determined as the MIC value of the extract.  
Antibiofilm activity 

The antibiofilm effect of the S. mesogitana methanol extract was assessed using the 
spectrophotometric microplate method with crystal violet (CV) staining. First, E. faecalis and 
S. aureus were allowed to form mature biofilms on the bottom of the sterile 96-well, F-bottom 
microplates. TSBG medium (180 μL) and bacterial suspension (20 μL) were added to the 
wells. The microplates were then incubated at 37 °C for 24 h to enable biofilm formation. 
Following the aspiration of well contents, 200 μL of extract was added to each well, directly 
onto the mature bacterial biofilm layer. The microplates were further incubated for 24 h. After 
the incubation period, the well contents were aspirated, and the microplates underwent CV 
staining.26,27 The wells were incubated with 0.1 % CV solution for 15 min, then rinsed with 
tap water until colorless, dried, and then destained with 200 μL of 95 % ethanol for 15 min. 

Spectrophotometric measurements were performed using a microplate reader 
(CLARIOstar Plus, BMG Labtech, Germany) to obtain the optical density (OD) values at 570 
nm. To determine the percentages of biofilm inhibition, the OD values were used in the fol-
lowing formula: 
 Percentage of biofilm inhibition = 100(ODA – ODB)/ODA (1) 
where ODA: the optical density of biofilm control well without plant extract and ODB: the 
optical density in the presence of the plant extract. 

The biofilm production capacities for bacterial isolates were categorized according to the 
following criteria: OD ≤ ODc: no biofilm production, ODc < OD ≤ (2ODc): weak biofilm 
producer, (2ODc) < OD ≤ (4ODc): moderate biofilm producer and (4ODc) < OD: strong bio-
film producer.  
Statistical analysis 

Each experiment was done in triplicate. The results obtained are expressed as mean ± 
standard deviation (SD). The IC50 values were determined with GraphPad Prism 9 software 
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(San Diego, CA, USA). Statistical comparisons were performed using an analysis of variance 
followed by Tukey’s post hoc test. The significance was accepted as *p<0.05, ****p<0.0001. 

RESULTS AND DISCUSSION 

The abundance of peer-reviewed studies on herbs that research groups have 
published demonstrates the extent to which herbal medicine research is being 
conducted in this day and age. The ongoing search for novel drugs from plants, 
despite the abundance of research being conducted, remains a crucial necessity.28  

One of the most important plant genera with traditional folklore importance 
is Saponaria, which makes it a possible source of bioactive chemicals.29 In this 
study, the total phenolic content of S. mesogitana extracts was calculated as equi-
valent to gallic acid, and the highest content was observed in methanol extract 
(32.28 mg GAE g–1). Our results showed that methanol extract has the highest 
total flavonoid amount (24.07 mg QE g–1), while water extract has the highest 
total saponin amount (65.30 mg QAE g–1). The yield of extracts from S. meso-
gitana is listed in Table I. The efficiency of extracts prepared with two solvents 
with different polarities was calculated. The highest extract amount was obtained 
from water extract (21.08 %). This result can be related to water highest polarity. 
However, methanol presents a lower extraction yield with a percentage of 14.80 %.  

TABLE I. Extract yield and total secondary metabolites amount of S. mesogitana (mean ± 
SD); TPA: total phenolic amount; TFA: total flavonoid amount; TSA: total saponin amount; 
GAE: gallic acid equivalents; QE: quercetin equivalents; QAE: quillaja equivalents, nd: not 
detected. In each row, different letters indicate a significant difference (p<0.05) 
Parameter Methanol Water 
Extraction yield, % 14.80±0.10a 21.08±018b 
TPA / mg GAE g-1 32.28±0.21c 25.30±0.18b 
TFA / mg QE g-1 24.07±0.20b 20.15±0.22b 
TSA / mg QAE g-1 48.12±0.33c 65.30±0.52d 

To compare the results and produce more accurate data, the antioxidant act-
ivity of S. mesogitana extracts prepared with methanol and water was assessed 
using three different methods, including β-carotene/linoleic acid, DPPH and 
FRAP assay. The methanolic extract showed a slightly higher antioxidant activity 
than the aqueous extract in all assays. DPPH radical scavenging activity of the 
extracts was found to be close to the synthetic antioxidant, BHT. Our results sug-
gested that free radical scavenging activities increased with the phenolic contents 
of the extract. The total phenolic amount of Saponaria cypria methanol extract 
was reported earlier as 13.62 mg GAE g–1.30 According to this result, S. meso-
gitana methanolic extract had more abundant (32.28 mg GAE g–1) total phenolic 
amounts than S. cypria. Phenolic compounds are known to be molecules with 
antioxidant activity due to their hydroxyl groups and phenolic rings.31 The anti-
oxidant activity of the extracts is presented in Table II.  
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TABLE II. Antioxidant activity of S. mesogitana extracts (mean ± SD); TE: trolox equival-
ents. In each row, different letters indicate significant differences (p<0.05) 
Assay Methanol Water BHT 
β-carotene/linoleic acid (inhibition, %) 74.52±1.44c 70.24±1.40c 94.15±1.60d 
DPPH (IC50 / μg mL-1) 11.65±0.09b 13.44±0.10b 10.02±0.07a 
FRAP (mg TE g-1) 83.17±1.61d 55.31±1.38c – 

Although numerous studies have focused on the saponins of the genus Sap-
onaria, research on its phenolic compounds is quite limited.10,32 Methanol ext-
ract was utilized in HPLC analysis and other bioactivity tests since it has a 
greater antioxidant capacity and total phenolic content than water. To identify the 
phenolic compounds in the methanolic extracts of the aerial parts of S. meso-
gitana, 15 standard compounds (gallic acid, 3,4-dihydroxybenzoic acid, 4-hydro-
xybenzoic acid, 2,5-dihydroxybenzoic acid, chlorogenic acid, vanillic acid, epic-
atechin, caffeic acid, p-coumaric acid, ferulic acid, rutin, ellagic acid, naringin, 
cinnamic acid, quercetin) were used in the HPLC analysis. The phenolic com-
pounds were detected in the extract with varying amounts and have been listed in 
Table III. According to these results, caffeic acid (11410.76 μg g–1), epicatechin 
(4394.09 μg g–1), 2,5-dihydroxybenzoic acid (4173.63 μg g–1) and quercetin 
(1413.89 μg g–1) are most common phenolic compounds of the extract. It has 
been reported that these phenolics possess antioxidant, anticancer, and antibac-
terial activities.33–35 

TABLE III. Phenolic compounds characterization of methanolic S. mesogitana extract by 
HPLC (mean ± SD); RT: retention time, LOD: limit of detection 

No. Identified phenolic 
compound 

RT 
min 

UV λmax
nm 

LOD 
µg mL-1 

Content, μg/g extract 
(mean±SD) 

1 Gallic acid 6.8 280 0.015 18.63±0.45 
2 3,4-Dihydroxybenzoic acid 10.7 280 0.031 09.24±0.16 
3 4-Hydroxybenzoic acid 15.7 280 0.014 11.09±0.24 
4 2,5-Dihydroxybenzoic acid 17.2 320 0.753 4173.63±65.47 
5 Chlorogenic acid 18.2 320 0.011 146.18±1.83 
6 Vanillic acid 19.2 320 0.112 802.52±4.87 
7 Epicatechin 21.3 260 0.433 4394.09±67.00 
8 Caffeic acid 22.7 280 0.018 11410.76±242.4 
9 p-Coumaric acid 26.1 320 0.020 31.38±0.26 
10 Ferulic acid 30.1 320 0.012 608.71±4.12 
11 Rutin 45.6 360 0.576 316.91±3.11 
12 Ellagic acid 47.7 240 0.455 607.27±4.06 
13 Naringin 49.7 280 0.404 88.22±0.62 
14 Cinnamic acid 67.8 280 0.016 59.73±0.50 
15 Quercetin 71.1 360 0.578 1413.89±14.74 
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Using herbs and medicinal plants for primary human health care is a univer-
sal phenomenon. Today, as much as 80 % of the people in the world depend on 
traditional medicine as primary health care.36 Therefore, such plants need to be 
investigated to understand their chemical constituents and pharmacological act-
ivities. S. mesogitana is used in folk medicine for kidney stones (as litholytic), 
joint inflammation, acne, stomach aches and liver diseases.37 There is no prior 
research on this plant’s ability to fight cancer. To evaluate its anticancer activity, 
we have chosen SHSY-5Y neuroblastoma cells, which have not previously been 
studied in the context of this genus. We have selected these cells due to their 
rapid proliferation, experimental accessibility and established role as a model 
system in neurodegenerative disease research.38 MTT assay and wound healing 
migration assay were used to investigate the plant’s anticancer activity. The 
effect of methanolic extracts of S. mesogitana against SHSY-5Y neuroblastoma 
cells resulted in a concentration-dependent decrease in cell viability. The half- 
-inhibition concentration (IC50) value was determined to be 47.68±2.01 μg mL–1 
(Fig. 1). According to cell migration results, obtained using wound-healing assay, 
the extract reduced cell migration in SHSY-5Y cells, compared with the control 
group. 0 and 24 h images were given in Fig. 2. In this assay, it was observed that 
the control cells migrated faster than the cells treated with the plant extract when 
both the differences in the wound areas and the width of the scratch were 
evaluated, as the control groups and S. mesogitana-treated groups were compared 
(Fig. 3). Wound closure percent was calculated as 63 and 28 % in control and 
extract-treated cells, respectively. When we compared the cell migration rate 
(µm/h) between extract-treated and non-treated cells, S. mesogitana-treated cells 
had a rate of 3.5 µm/h while non-treated cells had 4.18 µm/h (Fig. 4). 

Fig. 1. Percentage cell viability of SHSY-5Y 
cells treated by S. mesogitana extract in different 
concentrations calculated by MTT assay. 

Anticancer activity is attributed to saponins found in the roots of other Sap-
onaria species.10 In this study, the anticancer properties of the extract obtained 
from the aerial part seem to be related to the phenolic compounds of the plant. 
We used SHSY-5Y cells to show the effect on the S. mesoginata for the first 
time. We believe that it can be helpful to maintain further studies focused on 
neuroscience and S. mesogitana. 
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Fig. 2. Wound healing images of SHSY-5Y and SHSY-5Y treated with S. mesogitana at 

0 and 24 h.  

 
Fig. 3. a) Wound area at time 0 and after 24 h incubation. b) Scratch width at time 0 and after 

24 h incubation. *p<0.05, ****p<0.0001. 

In the disk diffusion experiments conducted in this study, 11 and 10 mm 
zone diameters were measured around the extract-containing disks for S. aureus 
and E. faecalis, respectively. No inhibition zone was measured for P. aeruginosa 
and E. coli strains in Kirby–Bauer disc diffusion susceptibility test. In the line 
with these results, the broth microdilution method was applied to determine the 
minimum inhibitory concentrations of the extract against S. aureus and E. face-
alis strains. 
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Fig. 4. a) Rate of cell migration in 24 h and b) percent of wound closure. ****p<0.0001. 

As a result of broth microdilution assays to determine the antimicrobial 
activity of S. mesogitana extract, the minimum inhibitory concentrations against 
S. aureus and E. faecalis bacteria were determined as 1.56 and 0.195 mg mL–1 
(Table IV). Biofilm quantification and antibiofilm activity of the extract were 
investigated with the spectrophotometric microplate method. It was determined 
that biofilm production of S. aureus and E. faecalis decreased by 69.0 and 85.2 
%, respectively, in the presence of the extract. 

TABLE IV. The minimum inhibitory concentrations (MICs) and antibiofilm effects of S. 
mesogitana; OD: optical density on 570 nm 
Bacterial 
strain 

MIC 
mg mL-1 OD Biofilm forming 

capacity 
OD in the presence 

of the extract 
Biofilm 

inhibition, % 
S. aureus 
ATCC 29213 

1.56 0.2443 Weak biofilm 
producer 

0.0761 69.0 

E. faecalis 
ATCC 29212 

0.195 0.4364 Strong biofilm 
producer 

0.0645 85.2 

The zone diameter for S. aureus in the methanolic extract for S. officinalis 
was reported as 18 mm by Sengul et al. while the zone diameter of the methanol 
extract against the same bacteria was recorded as 11 mm in our study.7 Eren et 
al. determined the MIC value of S. officinalis against E. faecalis as 8 mg mL–1, in 
our study, the MIC value for the methanol extract of S. mesogitana species 
against the same bacterial species was detected as lower than 8 mg/mL.39 

There are several studies in the literature that draw attention to the antimic-
robial effects of different Saponaria species, especially focused on S. officinalis. 
Similar to our study, previous studies have examined different gram-positive and 
gram-negative bacterial species and generally reported higher antimicrobial 
effects of Saponaria extracts against gram-positives. Among them, Charalam-
bous et al. conducted with Saponaria cypria Boiss. root extracts, the MIC values 
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for S. cypria methanol extracts against  S. aureus and E. faecalis were 1.563 and 
3.125 mg mL–1, respectively.30 The MIC value of S. mesoginata species against 
E. faecalis bacteria was much lower in the present study. 

The antifungal and antibacterial activities of the Saponaria prostrata plant 
samples against different bacterial and fungal strains were investigated by Aras 
and Alan.40 They indicated that the highest antibacterial activity was detected 
against the S. aureus ATCC 25923. It was also reported that the extract did not 
demonstrate any antimicrobial activity against E. coli, P. aeroginosa, C. albi-
cans, Y. lipolytica and S. cerevicia. Similarly, we detected no inhibition zone for 
S. mesoginata extract against P. aeruginosa and E. coli strains in the disk diffus-
ion tests.  

To the best of our knowledge, there is no data on the antibiofilm effect of S. 
mesogitana. In this study, in addition to the antimicrobial effect of S. mesogitana, 
its antibiofilm activity against two bacterial strains was also investigated. The 
effect of Saponaria species, including the widely studied S. officinalis, on bac-
terial biofilms is not yet known. Our study is unique in terms of investigating the 
antibiofilm activity of S. mesogitana, and a strong antibiofilm effect was detected 
on the biofilm structures of S. aureus and E. faecalis species. In this study, we 
found that the methanol extract of S. mesogitana inhibited biofilm formation at a 
high level in two tested bacterial strains. The methanol extract of S. mesogitana 
showed an inhibitory effect on S. aureus and E. faecalis biofilm formation, 80.7 
and 85.2 %, respectively (Table IV). These results are promising in terms of 
benefiting from the potential antibiofilm effect of the extract obtained from Sap-
onaria species. Considering that the discovery of new antimicrobial agents is 
quite limited, and the frequency of infections associated with bacterial biofilms, 
antibacterial and antibiofilm it is clear that effective extracts/compounds obtained 
from natural sources are of critical importance.  

CONCLUSION 

Phytochemicals, a class of bioactive substances found in medicinal plants, 
have been utilized extensively worldwide to treat a wide range of diseases. 
Unlike the genus Saponaria, which is known for the saponins it contains, the 
phenolic constituents of the extract obtained from the aerial parts of S. meso-
gitana species belonging to the same genus were investigated for the first time in 
this study. Besides its phytochemical composition, various pharmacological 
effects of S. mesogitana, including antioxidant, anticancer, antimicrobial and 
antibiofilm effects are also firstly explored. It can be suggested that the observed 
biological activities of the extract are due to the presence of different phenolic 
compounds. Our results showed that S. mesogitana could be accepted as a novel 
and alternative natural source of antioxidative, antitumoral, and antimicrobial 
agents. For this reason, this plant may contribute to the development of new drug 
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or food additive formulations. Additionally, such studies are valuable for uncov-
ering the contents of traditional plants. Despite being the first study on this plant, 
more in vitro and in vivo research is required to fully grasp its potential.  
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ЕКСТРАКТА Saponaria mesogitana 
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Врста Saponaria садржи сапонине који имају различите биолошке активности. 
Фенолна једињења S. mesogitana нису до сада испитана. У овој студији је одређен 
фенолни састав и биолошка активност једињења из S. mesogitana. Одређена је анти-
оксидативна активност метанолног и воденог екстракта применом DPPH, FRAP и теста 
на бази β-каротена и линолне киселине, као и садржај укупних секундарних метаболита, 
укључујући фенолна једињења, флавоноиде и сапонине. На основу антиоксидативне 
активности и садржаја фенолних једињења и флавоноида, изабран је метанолни екс-
тракт за даљу HPLC анализу и експерименте одређивања антитуморске и антимикробне 
активности. Антитуморски потенцијал је мерен применом MTT и теста миграције код 
зарастања рана, а антибактеријски применом теста дифузије на диску и одређивањем 
MIC. Способност екстракта да спречи формирање биофилма одређивана је кристал вио-
лет методом. Метанолни екстракт је испољио велику антиоксидативну активност, а 
кафеинска киселина и епикатехин су главна фенолна једињења идентификована HPLC 
методом. S. mesogitana је способна да инхибира бактеријски раст, као и миграцију кан-
церских ћелија SHSY-5Y. Добијени резултати показују да S. mesogitana има јаку анти-
оксидативну, антиканцерску, антимикробну активност и да инхибира стварање био-
филма, захваљујући својим фенолним једињењима. 

(Примљено 26. маја, ревидирано 8. августа, прихваћено 15. октобра 2024) 
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Abstract: A computational chemical study was conducted on the diastereoiso-
mers of hibiscus acid (HA) and garcinia acid (GA), investigating their docking 
capabilities with the main protease (6LU7) of SARS-CoV-2. Electrostatic pot-
ential mappings unveiled negative charges associated with the carboxyl and 
hydroxyl groups positioned at C-2 and C-3 for both hibiscus and garcinia acids. 
However, the presence of more negative potentials around C-2 and C-3 of hib-
iscus acid, compared to garcinia acid, suggests that substituents in the (2S,3R) 
configuration possess a stronger electron-attracting capacity than those in the 
(2S,3S) configuration. Molecular docking studies indicated that both hibiscus 
acid and garcinia acid bind to the main protease through the catalytic pocket. 
Nonetheless, molecular dynamics simulations revealed that only HA remained 
bound to the active site for 100 ns with an RMSD of less than 1 Å, whereas GA 
dissociated from the complex within the initial 16 ns. These findings illuminate 
the differential binding behaviors of the two compounds, with implications for 
potential therapeutic interventions against SARS-CoV-2. These findings shed 
light on the differential binding behaviors of the two compounds, holding imp-
lications for potential therapeutic interventions against SARS-CoV-2. 

Keywords: 6LU7; hibiscus; molecular docking; molecular dynamics. 

INTRODUCTION 
The rapid spread of the COVID-19 pandemic over the past three years has 

highlighted the urgent need for developing effective treatments for this and other 
diseases. This is possible, if effective and specific drugs are available against 
specific viruses or bacteria. Nevertheless, it is well known that the design and 
synthesis of specific drugs may take several decades. Different strategies have 
been employed in the discovery of antiviral drugs against COVID-19.1 These 
strategies encompass drug repurposing, where approved or investigational drugs 
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are utilized beyond their original indications, alongside high-throughput screen-
ing, computer-assisted virtual screening and structure-based drug discovery 
among others.1–3 In this regard, natural sources like plants and fruits may contain 
bioactive compounds that have antiviral, antibiotic or anti -inflammatory pro-
perties useful against different diseases.4,5 It could lead to the development of 
alternative treatments, which may become more accessible and affordable in a 
shorter time. Thus, research on medicinal compounds of natural origin may lead 
to the discovery of substances with antiviral or immunomodulatory properties, 
which could be crucial for the development of effective treatments against 
SARS-CoV-2 and its variants.5–12 

Phytochemicals derived from Hibiscus sabdariffa 13–22 and compounds ext-
racted from garcinia species,23–33 have been analyzed employing experimental 
and computational approaches because have shown therapeutic potential against 
SARS-CoV2.5–12 In this sense, it has been reported that the Garcinia kola, 
Garcinia cambogia, Garcinia mangostana and H. sabdariffa extracts are able to 
reduce cytokine storms during the late phase of SARS-CoV-2 infections by dec-
reasing S1-glycoprotein secretion.16,23 In addition, the therapeutic use of H. 
sabdariffa in controlling the inflammatory response against COVID-19 by block-
ing the ACE-2 receptor has been proposed because it contains a number of com-
pounds structurally similar to hydroxychloroquine and mannose,15,16,34 that 
could act as agonists for ACE2 and MLB receptors.15 Also, in silico studies have 
allowed for the analysis of the interactions of bioactive compounds like man-
giferin present in G. mangostana with the receptors spike RDM, helicase, 
3CLpro and RdRp of SARS-CoV-2,24,28,35–37 and the biomolecules present in 
H. sabdariffa with 3CLpro and PLppo.13,16–18,20,22 In summary, the results ind-
icate that various molecules from H. sabdariffa and Garcinia species exhibit 
strong binding affinity to the main proteases of SARS-CoV-2, suggesting their 
potential therapeutic use against SARS-CoV-2 infection.  

Specifically, hibiscus acid (HA, (2S,3R)-3-hydroxy-5-oxooxolane-2,3-dicar-
boxylic acid), see Fig. 1a, which is found in H. sabdariffa,38 and Hibiscus schizo-
petalus39 and garcinia acid (GA, (2S,3S)-3-hydroxy-5-oxooxolane-2,3-dicarbo-
xylic acid)), see Fig. 1b (present in G. cambogia),38,40 have been shown to have 
a vasorelaxant effect in addition to inhibiting the neuraminidase of influenza.41,42 
Also, it has recently been reported that their anti-inflammatory and antioxidant 
properties are able to treat the symptoms of COVID-19.16,20,22 Additionally, iso-
lated HA has proven to be neither clastogenic nor cytotoxic,38 whereas G. kola 
extract has shown antigenotoxic activity and the ability to repair damage caused 
by mutagenic agents.23 Thus, in this study, we analyze the binding of HA and 
GA to the Mprotease of SARS-CoV-2 through molecular docking to identify 
whether HA and GA are suitable candidates for acting as antiviral medicines 
against SARS-CoV-2. Additionally, we conducted dynamic molecular (MD) stu-
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dies. We believe that this research may prove valuable in understanding the role 
of HA and GA in inhibiting the ACE2 receptor for SARS-CoV-2. 

 
Fig. 1. Chemical structure of hibiscus acid ((2S,3R)-3-hydroxy-5-oxooxolane-2,3-dicarboxylic 

acid) and garcinia acid ((2S,3S)-3-hydroxy-5-oxooxolane-2,3-dicarboxylic acid). 

EXPERIMENTAL 
The HA and GA structures were subjected to full geometrical optimization employing 

the B3LYP/6-311G (d,p) level of theory.43 Vibrational frequencies were calculated to ensure 
that the stationary points correspond to a minimum on the potential energy surface. Protein– 
–ligand docking studies of the HA and GA ligands with the 3CL-Mpro enzyme of SARS-CoV-2 
(PDB ID: 6LU7) were performed via the web server SwissDock.44 Visualizations of the pro-
tein–ligand complex were performed through the programs Chimera45 and Discovery Studio 
Visualizer 2019,46 while molecular dynamics calculation and visualization were performed 
using the programs GROMACS47 and VMD,48 respectively. The OPLS/AA force field was 
employed in all of the MD simulations.49 To perform the MD study, a simulation box was 
generated, and the complex protein–ligand was placed in the center of the box. At least 1.0 nm 
from the rim of the protein ligand to the boundary of the cubic box was kept and it was filled 
with water molecules modelled using the TIP3P equation.50 Also, 4 Na+ for both molecules 
were added to the simulation box to equilibrate the charges in the system. The integration of 
the motion equations was performed at a time step of 2 fs with fully periodic boundary con-
ditions (PBC). Prior to the MD simulation, an energy minimization process was performed to 
ensure a reasonable starting structure in terms of geometry and solvent orientation. Then equi-
libration was conducted in two stages. The first one was conducted under an NVT ensemble 
until the temperature of the system reached a plateau at the desired value. In the second one, 
the equilibrium of pressure was conducted under an NPT ensemble for 1 ns. Then a MD for 
100 ns was conducted to analyze the stability of the protein–ligand complex. 

RESULTS AND DISCUSSION 

Lipinski’s rule of five and ADMET prediction 
By predicting the physicochemical and pharmacological properties of com-

pounds, it is possible to evaluate the ability of molecules as potential drugs using 
parameters related to their oral bioavailability and their administration in the 
body. Lipinsky’s rule of five and the ADMET parameters of HA and GA were 
evaluated using ADMETlab 2.0,51 see Table I. HA and GA obey Lipinsky’s rule 
of five, which includes the following properties (optimal values in paren-
theses):52 log P from –0.40 to –0.33 (<5), number of AHB hydrogen bond 
acceptors of 7 (<10), number of DHB hydrogen bond donors equal to 3 (<5), 
number of rotational bonds equal to 2 (<10), and molecular weight of 190 g/mol 
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(<500). On the other hand, the two acids showed Caco-2 permeability and total 
clearance values lower than the limit. However, they do not show hepatoxicity, 
mutagenicity, oral toxicity in rats or carcinogenicity. Also, they have a good half- 
-life. Finally, for their metabolism, it was predicted that the acids would act as 
substrates for the cytochrome P450 C9 subtype. 

TABLE I. In silico study of the ADMET properties of hibiscus acid and garcinia acid 

Property Model name Optimum value Hibiscus 
acid 

Garcinia 
acid 

Absorption Caco-2 permeability >–5.15 (log (Papp in 10-6 cm/s)) –6.105 –6.139 
Intestinal absorption (human) % Absorbed 0.176 0.029 

Distribution Plasma protein binding <90 % 13.24 15.37 
Volume distribution 0.04-20 L / Kg 0.218 0.281 

Metabolism CYPA2 Inhibitor Categorical (Yes/No) No No 
CYPA2 Substrate  No No 

CYP2C19 Inhibitor  No No 
CYP2C19 Substrate  No No 
CYP2C9 Inhibitor  No No 
CYP2C9 Substrate  Yes Yes 

CYP2CD6 Inhibitor  No No 
CYP2CD6 Substrate  No No 
CYP3A4 Inhibitor  No No 
CYP3A4 Substrate  No No 

Excretion Clearance High >15 
Moderate 5–15 

Low <5 (log ml min-1 kg-1) 

1.894 2.176 

T1/2 Long half-life > 3h 
Short half-life < 3h 

0.825 0.727 

Toxicity Human hepatotoxicity Category: positive, negative Negative Negative 
AMES toxicity  Negative Negative 

Rat oral acute toxicity Low 0 
High 1 (log mg kg_bw-1 day-1 

0.01 0.011 

Carcinogenicity Probability 0.009 0.014 

Analysis of interfering compounds 
Molecules that contain substructures with a high potential to interfere with 

biological assays are known as Pan-assay interference compounds (PAINs).53 
Although this is not valid in all cases, care should be taken if an active compound 
contains some substructures.53 In this sense, there are databases that allow the 
comparison of compounds with known PAIN molecules. In the present work, the 
structures of hibiscus acid and garcinia acid were analyzed using the ZINC 
database,54 and no interfering structures or substructures were identified in either 
case. 
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Mapping of the electrostatic potentials 
Understanding the electrostatic potential of molecules is crucial for elucid-

ating their interaction mechanisms, especially in the context of ligand–protein 
binding. Electrostatic interactions play a significant role in molecular recognition 
and binding processes. Fig. 2 shows the MEP of the molecules hibiscus acid and 
garcinia acid evaluated at the B3LYP/6-311G (d,p) level of theory. In this figure, 
the negative potential areas (red color) represent electron-abundant zones, while 
the positive potential areas (blue color) show a relative lack of electrons. Note the 
presence of negative potential areas, particularly around the carboxyl and hydro-
xyl groups, which suggests regions of high electron density that could participate 
in interactions with positively charged residues on the protein surface. From Fig. 
2, the carboxyl and hydroxyl groups at C-2 and C-3 of HA exhibit more negative 
potential values than those of GA, indicating that the substituents in the (2S,3R) 
conformation are more electrophilic compared to those in the (2S,3S) conform-
ation. 

 
Fig. 2. Mapping of the electrostatic potentials evaluated at the B3LYP/6-311G (d,p) level of 

theory on a density isosurface (valor = 0.002 e/a.u.3) for: a) HA and b) GA. 

Docking study 
In order to analyze the ability of HA and GA to inhibit the replication of 

SARS-CoV-2, A molecular docking study was performed to study the binding of 
HA and GA to the main protease (6LU7) of this virus, see Figs. 3 and 4. Since 
6LU7 has been identified as a target for inhibition of viral replication, Fig. 3a 
shows the HA-6LU7 configuration, where the binding energy was –6.76 kcal* 
mol–1 and Fig. 4a shows the GA-6LU7 configuration. Garcinia acid interacts 
with 6LU7 with a binding energy of –6.93 kcal mol–1. These binding energy 
values compare favorably with those found for caffeoylshikimic acid, chloro-
genic acid, cianidanol and kaempferol when they are docked with strong affinity 
to the 3CLpro main protease of SARS-CoV-2.13 Also, the delta energy binding 
may be associated with the formation of different numbers of hydrogen bonds and  

 

* 1 kcal = 4184 J 
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Fig. 3. a) HA binding site in the 6LU7 of SARS-CoV-2, b) 2D mapping of ligand/6LU7 

configuration interactions for HA. 

 
Fig. 4 a) GA binding site in the 6LU7 of SARS-CoV-2, b) 2D mapping of ligand/6LU7 

configuration interactions for GA. 

interactions between ligand and receptor, caused by the change in the orientation 
of the carbonyl substituent in HA and GA diasteroisomers. Similar behavior has 
been observed in the case of diastereomers of nelfinavir, which are identified as 
potent inhibitors of dimeric SARS-CoV-2 Mpro,55 hydrazones trans-E and cis-E 
when docked into the binding pocket of 7BQY protease,56 and remdesivir 
diastereoisomeric derivatives.57 In this sense, the Gibbs energy change of bind-
ing between an antigen and its receptor is of great relevance for the interaction 
and entry of a virus into its host on the cell surface.58–62 Due to infecting a host 
cell, the virus must have an antigen with a negative Gibbs energy change of 
binding to the host cell receptor, e.g., the glycoprotein in the receptor for SARS- 
-CoV-2.63 According to biothermodynamics, the Gibbs free energy change of 
binding involved in virus–host interactions at the membrane level can help to 

________________________________________________________________________________________________________________________Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



 HIBISCUS COMPOUNDS AGAINST SARS-COV-2 297 

better understand these interactions.58 Thus, a higher Gibbs free energy change 
of binding results in a faster binding rate, more rapid entry of viruses into host 
cells, and therefore increased infectivity.62 Based on the above and the fact that 
HA and GA show negative Gibbs binding energy change with 6LU7, it is pos-
sible to suggest that these diastereoisomers can bind to 6LU7 to inhibit the 
SARS-COV-2 virus. In addition, the interactions around 3 Å were identified, and 
a 2D plot was performed as shown in Figs. 3b and 4b. It is observed that hibiscus 
acid and garcinia acid have van der Waals interactions with residues of the cat-
alytic site of 6LU7 reported,64 ASN142, HSD163, MET165 and GLU166. Int-
erestingly, the (2S,3S) conformation of garcinia acid improves the complex inter-
actions and favors hydrogen bond stabilization with PHE140[O–H⋅⋅⋅N] and the 
catalytic dyad residue CYS145[O⋅⋅⋅N] with a distance of 4.74 and 4.13 Å. 

Molecular dynamics simulation study 
To analyze whether the HA-6LU7 and GA-6LU7 complexes derived from 

the docking study are stable, we performed a molecular dynamics study at 100 
ns. Fig. 5 depicts the docked structures at 0 and 100 ns, respectively, for the 
docking of garcinia acid at the 6LU7 site. It is clear that GA is not stable at the 
initial pocket site (see Fig. 5a and b), because GA docked at the original site (Fig 
5a), and at the end of 100 ns, it docked at a new site (see Fig. 5b). This can also 
be seen in the RMSD plot (Fig. 5c), where at approximately 16 ns the RMSD 
increases significantly, greater than 3 Å, suggesting the mobilization of garcinia 
acid away from another active site, which has not been identified with the asso-
ciated site in 6LU7 to prevent SARS-COV-2 virus replication. 

 
Fig. 5. Molecular dynamics simulation results for GA: a) initial docking configuration, 

b) docking configuration at 100 ns and c) The RMSD profile depicts the equilibrium 
trajectory of the GA-6LU7 complex through 100 ns. 

In the case of the HA-6LU7 complex, in Fig. 6, the structures HA docked at 
6LU7 are shown at 0 and 100 ns, respectively. It is clear that HA remains in the 
pocket site during the 100 ns, suggesting that the complex formed is stable (see 
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Fig. 6a and b). The last one is corroborated by the RMSD graph (Fig. 6c), which 
shows that the RMSD is less than 1 Å. The last results suggest the formation of 
the HA-6LU7 complex is stable. 

 
Fig. 6. Molecular dynamics simulation results for HA: a) initial docking configuration, 

b) docking configuration at 100 ns and c) the RMSD profile depicts the equilibrium 
trajectory of the HA-6LU7 complex through 100 ns. 

In addition, Fig. 7 shows the behavior of the potential energy of the com-
plexes during the MD simulation. It can be seen that the potential energies of the 
GA-6LU7 and HA-6LU7 complexes are in the range of –9.49×105 to –9.43×105 
kJ mol–1 and reach a constant level from the beginning of the simulation. The 
latter illustrates the energetically stable nature of the GA-6LU7 and HA-6LU7 
complexes. 

 
Fig 7. Potential energy graph illustrates the energetic stability of: a) GA and b) HA. 

CONCLUSION 

Binding pose and binding energy were also analyzed for the HA-6LU7 and 
GA-6LU7 configurations, where the formation of the complex at the active site 
position was confirmed, with binding energies equal to –6.76 kcal mol–1 and 
–6.93 kcal mol–1, respectively. Analysis of the interactions between HA and GA 
with 6LU7 revealed that HA shows van der Waals-type interactions with 
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ASN142, HSD163, MET165 and GLU166, and in the case of garcinia acid, the 
interactions were with residues PHE140 [O–H⋅N⋅] and CYS145 [O–H⋅N⋅]. Fin-
ally, by molecular dynamics simulation, it was possible to verify the permanence 
of hibiscus acid in the active site of 6LU7, whereas garcinia acid did not remain 
in the protease active site. 
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И З В О Д  

РАЧУНАРСКА СТУДИЈА ПОТЕНЦИЈАЛНЕ БИОАКТИВНОСТИ ХИБИСКУСНЕ И 
ГАРСИНИЈСКЕ КИСЕЛИНЕ ПРОТИВ SARS-COV-2 

WENDOLYNE LÓPEZ-OROZCO, LUIS HUMBERTO MENDOZA-HUIZAR, GIAAN ARTURO ÁLVAREZ-ROMERO 

и J. DE JESÚS MARTIN TORRES-VALENCIA 

Área Académica de Química, Universidad Autónoma del Estado de Hidalgo, carretera Pachuca–Tulancingo, 

42184, Mineral de la Reforma, Hidalgo, México 

Рачунарско хемијска студија је проведена на дијастереоизомерима хибискусне 
(HA) и гарсинијске (GA) киселине, истражијући њихове способности доковања са глав-
ном протеазом (6LU7) од SARS-CoV-2. Мапирања електростатских потенцијала су 
открила да су негативна наелектрисања придружена карбoксилним и хидроксилним гру-
пама на положајима C-2 и C-3 и за хибискусну и за гарсинијку киселину. Међутим, при-
суство негативнијег потенциала око C-2 и C-3 код хибискусне киселине, у поређењу са 
гарсинијском киселином, сугерише да супституенти у (2S,3R) поседују јачи електрон- 
-привлачни капацитет од оних у (2S,3S) конфигурацији. Студије молекулског докинга 
указују да се и хибискусна и гарсинијска киселина везују за главну протеазу путем ката-
литичког џепа. Ипак, симулације молекулскединамике откривају да само (HA) остаје 
везана за активно место током 100 ns са RMSD мањом од 1 Å, док (GA) дисосује из ком-
плекса унутар почетних 16 ns. Ови налази расветљавају различито везивно понашање 
два једињења, са импликацијом потенцијалне терапијске интервенције против SARS- 
-CoV-2. Ови налази бацају светло на различито везивно понашање два једињења, подр-
жавајући импликације за потенцијалне терапијске интервенције против SARS-CoV-2. 

(Примљено 28. априла, ревидирано 5. јуна, прихваћено 21. августа 2024) 
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Abstract: The high molecular weight of collagen and the high uncommon 
amino acid composition (proline and hydroxyproline) make the protein parti-
cular at structural and physicochemical levels compared to others. Polyacryl-
amide gel electrophoresis (PAGE) is a simple and inexpensive method to iden-
tify collagen integrity; however, native forms of proteins generally show low 
quality bands. In this work, we considered the charge of the protein to perform 
a very simple method to identify the native form of type I collagen, exhibiting 
an appropriate electrophoretic resolution. First, we determined the collagen 
charge at different pHs and then modified a previously published method by 
changing the gel buffer and reversing the polarity of the electrophoresis cham-
ber by turning the power cords; now the protein was moved from the anode to 
the cathode. The result was well-resolved protein bands that maintained their 
classical structure without degradation after PAGE, which were confirmed by 
extracting the protein from the native-PAGE and electrophoresing it in a sod-
ium dodecyl sulphate-PAGE. This advantage could be useful when the electro-
phoresed native collagen is used by Western blotting for recognition with anti-
bodies. 

Keywords: extracellular matrix; native protein separation methods; polyacryl-
amide gel electrophoresis; protein electric charge. 

INTRODUCTION 
Collagen is a superfamily of proteins characterised by triple-α helical dom-

ains, where the most abundant member in vertebrates is type I. Type I collagen 
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plays structural and informational roles in connective tissues, and its hetero-
trimeric structure [α1(I)]2,α2(I)], gives collagen its particular helical shape with 
the Gly-X-Y sequence (where X and Y are frequently proline and hydroxy-
proline, respectively).1 Furthermore, the protein is considered to be among the 
fibril-forming colloid group of the superfamily,2 therefore its physicochemical 
properties should be considered when handling it. The salting-out effect is evi-
dent for collagens; the high molecular weight of the protein and the electrostatic 
interactions between collagen fibres can be easily modified by neutralising the 
surface charge of the protein.3,4 For example, NaCl can dissolve or precipitate 
neutral collagen solutions at concentrations less than or greater than 1 M/l, res-
pectively,3 where ionic strength and pH contribute to fibrillogenesis in vitro.5 
Among the different methods for the identification, semiquantification and separ-
ation of collagens, sodium dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE) is the most commonly used,6 because it is easy and inexpensive to 
perform and the required device is regularly part of a laboratory of general bio-
chemistry. However, the method is based on the ability of collagen to be negat-
ively charged by SDS, which ultimately also denatures the protein.7 So, when it 
is necessary to identify collagen under native conditions, a non-denaturing PAGE 
method is the choice. In this process, SDS is excluded and acidic conditions must 
be used.8 Unfortunately, non-denaturing or native-PAGE shows some limitations 
due to the resolution of the collagen bands in the gel, contrary to the excellent 
images observed after SDS-PAGE. Unlike SDS-PAGE protocols, the use of nat-
ive gel electrophoresis typically requires the optimisation of the separation con-
ditions for specific samples (i.e., collagens).9 In this work, we introduce a simple 
method for performing native-PAGE to enhance the resolution of native collagen 
molecules by reversing the polarity of the electrophoretic chamber. 

EXPERIMENTAL 
We used type I pepsinized collagen (10 mg ml-1), obtained from porcine sources (DSM 

Branch Pentapharm, Aesch, Switzerland) that was dialysed against 5 mM acetic acid to have a 
lower strength sample; collagen samples were diluted with 50 mM acetic acid. To measure the 
protein charge, 0.66 mg ml-1 collagen were evaluated in triplicates in a pH range of 3–7, with 
Nanotrac Wave equipment (Verder Scientific, Haan, Germany). Denaturing SDS-PAGE was 
conducted following the Laemmli method.10 Briefly, 5.5 μg of heat-denatured collagen were 
loaded onto Mini Protean III Cell (Bio-Rad, Hercules, CA, USA) in a 0.75 mm thick discon-
tinuous gel (4 % stacking gel, pH 6.8, and 6 % resolving gel, pH 8.8). The gel was stained 
with a 0.2 % Coomassie brilliant blue R-250 solution, 50 % methanol and 10 % glacial acetic 
acid for 2 h, and destained with a solution of 20 % methanol and 10 % glacial acetic acid for 
at least 4 h. Images of the bands were captured using the Gel Doc XR Gel Documentation 
System (Bio-Rad).  

On the other hand, native-PAGE was performed according to the method described by 
Ramshaw JA and Werkmeister JA,11 with some modifications. The collagen sample was dis-
solved in 0.1 M aqueous lactic acid containing 10 % sucrose. Samples were dissolved in 5 X 
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loading buffer (5 ml of 0.1 M lactic acid buffer with 10 ml of glycerol). Then, 8.3 μg of native 
or 1 h heat hydrolysed collagen samples were loaded into Mini Protean III Cell (Bio-Rad) in a 
1.0 mm thick continuous gel, 3.2 %, pH 6.6. Before loading the samples, the gel was run for 
30 min at 70 mA in 0.1 M lactic acid as cathode buffer and 50 mM Tris-HCl pH 6.6 as anode 
buffer. The loaded gel was run with running buffer (50 mM Tris-HCl pH 6.6) and reversed the 
chamber polarity for 6.5 h and 70 V in a cold room (3–4 °C). The gel was stained and des-
tained as before. Finally, after staining, protein bands were excised and isolated from gel 
using 200 μl of elution buffer (50 mM Tris, pH 7.9, 0.1 mM EDTA, 0.15 M NaCl, 0.1 % 
SDS) for 24 h at 30 °C in a water bath. The eluate was concentrated five times using a 
CentriVap Concentrator (Labconco, Kansas City, MO, USA) and electrophoresed by SDS-PAGE. 

RESULTS AND DISCUSSION 

Native collagen evaluation by PAGE is much less frequent as a result of the 
particular physicochemical properties of the protein or the need for sophisticated 
devices. Our group has been working with native collagen and collagen copoly-
mers,12 so we face the need to evaluate collagen using a simple method such as 
PAGE. When attempting to replicate previously published methods, we encount-
ered challenges, such as difficulty in reproduction, as a result of the lack of 
reagents or devices, and issues such as the resolution of bands in the published 
gel photographs. 

In an attempt to adapt the Ramshaw JA and Werkmeister JA methods, by 
modifying the gel buffer, we observed the absence of collagen bands, leading us 
to suspect the involvement of the protein charge. Consequently, we conducted 
collagen charge determinations at different pHs. Our findings revealed a positive 
charge for the protein in the acidic range (Table I).  

TABLE I. Relationship between pH and collagen charge; charge = average of triplicates, fC = 
femtocoulombs, SD = standard deviation 
pH Charge, fC SD 
3.06 +3.07 0.81 
4.05 +3.22 0.89 
4.95 +5.20 1.20 
6.50 +5.71 0.41 
7.12 +6.91 0.08 

With this insight, we decided to reverse the polarity of the chamber by 
simply switching the power cords in the power supply. The result was a well- 
-defined band of commercially purified type I collagen, as was also observed in 
the SDS-PAGE bands (Fig. 1a and b). The rationale for the polarity reversal was 
based on the positive charge of collagen, which facilitates protein migration from 
the anode (+) to the cathode (–) under acidic conditions (loading buffer, gel 
matrix and running buffer). 

To demonstrate possible structural modifications in the protein as a result of 
the method, we recovered it from the native-PAGE gel and subjected it to extended  
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Fig. 1. Images of type I collagen subjected to PAGE. In (a), the electrophoretic pattern of 

collagen is observed under denaturing conditions (SDS-PAGE). The left lane is the molecular 
weight (MW) ladder in kDa, and the middle and right lanes (Clg 1 and Clg 2) show the pattern 
of denatured collagen samples. In (b), after the native-PAGE method described here, the first 
two lanes are single bands corresponding to native collagens (Clg 1 and Clg 2), and the third 

and fourth lanes exhibit the smear pattern corresponding to the heat-hydrolysed collagen 
samples (H-Clg 1 and H-Clg 2). Gel image (c) shows the SDS-PAGE of the collagen eluate 
bands (Clg 1), previously electrophoresed under native conditions. The left lane shows the 

typical pattern of denatured collagen, whereas the hydrolysed protein was absent in the right 
lane due to the small size of the protein fragments. 

electrophoresis by SDS-PAGE. The goal was to highlight additional protein 
bands that might be in proximity to the main band, perhaps by degradation. The 
result revealed the typical electrophoretic pattern of type I collagen, where the α1 
and α2 bands were evident, together with the β and γ bands (Fig. 1c). Despite the 
need to know the integrity of collagens, which has been a concern for researchers 
long time ago, the different works in which the protein was shown exhibited 
different issues. For example, in the work of Ramshaw and Werkmeister, 1988, 
the authors proposed a method for electrophoretic identification of native 
collagen, although their work only shows the electroblots, leaving out the 
possibility of knowing the electrophoretic pattern of the native proteins.11 Fur-
thermore, Ricard-Blum et al. published an electrophoretic method to assess vari-
ous homo- or heterotrimeric collagens using a Phast System apparatus with a rev-
ersed polarity electrode assembly.8 However, they never provided insight into the 
rationale behind reversing the polarity of the system, and their gel images exhibit 
blurriness with multiple small protein bands. Otherwise, with the method shown 
in this work, it was evident that the electrophoresed collagen was not degraded, 
which is important when the protein was Western blotted for recognition with 
antibodies. Also, with this approach, it becomes possible to analyse the extracted 
native collagen from the different tissues, in order to know the real proportion of 
the entire molecule, without the interference of the contamination of the α bands 
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present in the continuously turnover collagen. This strategy allows us to easily 
assess native collagen in cell-derived matrices,13 to evaluate the real effect of 
biologically active enzymes from different sources on collagen14 or to evaluate 
the collagenolytic enzymes involved in pathological conditions,15 with the adv-
antage that the analytical method would be focused on obtaining the effects on 
the real substrate, which can only be observed by native-PAGE, instead of the 
regular use of the typical denaturing SDS-PAGE. An additional advantage is that 
by this method, the protein in the native or denatured state could be easily semi-
quantified by densitometry. 

CONCLUSION 

The method shown here was carried out taking advantage of the electrical 
properties of collagen under acidic conditions. Identification of native collagen 
by reversed-polarity electrophoresis is now a straightforward method that utilises 
common reagents and devices readily available to any laboratory conducting 
basic biochemical analyses. 
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И З В О Д  

ЈЕДНОСТАВНА МЕТОДА ЗА ИДЕНТИФИКАЦИЈУ НАТИВНОГ КОЛАГЕНА РЕВЕРСНОМ 
ЕЛЕКТРОФОРЕЗОМ: КРАТАК ИЗВЕШТАЈ 

MARIO CHOPIN-DOROTEO1, LUÍS MENDOZA1,2, ENRIQUE LIMA3 и EDGAR KRÖTZSCH1 

1Laboratory of Connective Tissue, Centro Nacional de Investigación y Atención de Quemados, Instituto 

Nacional de Rehabilitación “Luis Guillermo Ibarra Ibarra”, Mexico City, Mexico, 2Facultad de Estudios 

Superiores Cuautitlán, State of Mexico, Mexico и 3Instituto de Investigaciones en Materiales, Universidad 

Nacional Autónoma de México, Mexico City, Mexico 

Висока молекулска маса и неуобичајени састав аминокиселина (пролин и хидро-
ксипролин) чине колаген посебним међу протеинима у погледу структуре и физичко– 
–хемијских својстава. Електрофореза у полиакриламидном гелу (PAGE) је једноставна и 
јефтина метода за идентификацију интегритета колагена, међутим, природни облици 
протеина генерално показују низак квалитет трака. У овом раду је узето у обзир наелек-
трисање протеина за извођење врло једноставне методе за идентификацију природног 
облика колагена типа I, који показује одговарајућу електрофоретску резолуцију. Прво је 
одређено наелектрисање колагена при различитим pH вредностима, а затим је прет-
ходно објављена метода модификована променом пуферског гела и променом полари-
тетa коморе за електрофорезу окретањем каблова за напајање услед чега се протеин 
сада кретао од аноде ка катоди. На овај начин су добијене добро раздвојене протеинске 
траке које су задржале своју класичну структуру без деградације након PAGE, што је 
потврђено екстракцијом протеина из нативног PAGE и електрофорезом у натријум-до-
децил-сулфат–PAGE. Ова предност би могла бити корисна када се природни колаген, 
подвргнут електрофорези, користи у Western blot анализи за препознавање антителима. 

(Примљено 5. јулa, ревидирано 5. новембра, прихваћено 9. новембра 2024) 
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Abstract: In this research, a magnetic nanocomposite, walnut shell@Fe3O4, was 
synthesized as a natural adsorbent for the removal of Coomassie Brilliant Blue 
(CBB) R-250 organic dye from aqueous solutions, achieving a remarkable 
removal efficiency of 96.16 %. The morphology of the nanocomposite was 
characterized using SEM and FTIR, revealing particle sizes of less than 18 nm. 
Additionally, BET analysis was performed, indicating a high surface area that 
enhances adsorption capacity. The influential variables affecting dye removal, 
including solution pH, stirring time, adsorbent dosage, initial dye concentration, 
temperature and ionic strength, were optimized. The adsorption process was 
analysed using Langmuir, Freundlich, Temkin and Dubinin–Radushkevich 
isotherm models. The experimental results indicated that the process followed 
the Freundlich and Temkin isotherm models, suggesting the heterogeneous nat-
ure of the adsorbent surface. The kinetic conditions of adsorption were inves-
tigated using pseudo-first order and pseudo-second-order models, with results 
showing that the adsorption process of CBB followed the pseudo-second-order 
kinetic model, indicating the chemical adsorption of the dye onto the magnetic 
nanoparticles. The thermodynamic studies also revealed the spontaneous nature 
of the adsorption process, with a positive slope of the Van’t Hoff curve indicating 
an exothermic reaction. Due to the equilibrium time of 5 min in the adsorption 
mechanism, the synthesized magnetic nanocomposite demonstrated a high CBB 
dye removal rate, making it suitable for treating dye-containing solutions. 

Keywords: adsorption; thermodynamic; kinetic; magnetic nanocomposite; iso-
therm. 

INTRODUCTION 
Nowadays, water pollution has become one of the major issues. Various pol-

lutants, including heavy metals, dyes, radioactive compounds and organic and 
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inorganic substances, contribute to water pollution.1 Dyes, due to their wide 
applications in various industries, can be considered major pollutants in industrial 
effluents. They can lead to reduced photosynthetic activity in aquatic plants due to 
decreased light penetration in polluted waters,2 increased biochemical oxygen 
demand, the generation of unpleasant odours, and the release of toxic substances.3 
Wastewater containing dyes is challenging to treat, as dyes are highly resistant to 
digestion and stable against oxidizing agents. Today, experts have realized that 
surface adsorption using cost-effective adsorbents is a good and economical 
method for wastewater treatment from dye compounds.4 The surface adsorption 
using metallic nanoparticles has emerged as an environmentally friendly 
technology in recent years and has been investigated as an effective means for 
eliminating biological pollution in wastewater.5 Multiple studies have been 
conducted in the field of removing Coomassie Brilliant Blue R-250 dye, including 
the use of raw oyster shell for the removal of Coomassie Brilliant Blue R-250 dye 
from aqueous solutions.6 Poly(phenylene diamine)-grafted electrospun carbon 
nanofibers were effectively used for the adsorption of CBB dye.7 
starch/poly(alginic acid-cl-acrylamide) nanohydrogels demonstrated significant 
efficiency in removing Coomassie Brilliant Blue R-250.8 Alginate–chitosan 
nanoparticles showed high adsorption capabilities for CBB.9 The synthesis of a 
hybrid structured magnetite crosslinked polyionic liquid was explored for the 
efficient Coomassie Brilliant Blue R-250 dye removal,10 as well as the modific-
ation of magnetite nanoparticles’ surfaces with multifunctional ionic liquids for 
the Coomassie Brilliant Blue R-250 dye removal.11 α-Chitin nanoparticles were 
used for the adsorption of Coomassie Brilliant Blue R-250 dye.12 Response surface 
methodology was applied for the removal of Coomassie blue dye, using natural 
and acid-treated clays.13 Well-crystalline ZnO nanostructures were investigated 
for the removal of hazardous dyes, including CBB.14 Decolorization of Coomassie 
Brilliant Blue R-250 by dextran aldehyde-modified horseradish peroxidase.15 
adsorption of Coomassie Brilliant Blue R-250 dye onto novel activated carbon 
prepared from Nigella sativa L.16 Magnetic nanoparticles refer to particles with an 
independent nature and maximum dimensions of around 100 nm that possess 
magnetic elements.17 Among the magnetic nanoparticles, iron-based nano-
particles, especially superparamagnetic Fe3O4 nanoparticles (magnetite), have 
received the most attention due to their abundance, low cost, non-toxicity, rapid 
response, good biocompatibility, the lack of residual magnetism after removal of 
the external magnetic field and high efficiency in adsorbing pollutants from 
contaminated water.18 

The study aims to synthesize a magnetic nanocomposite using walnut shell 
and evaluate its effectiveness in removing CBB organic dye from water. The 
walnut shell is chosen as the adsorbent due to its abundant availability, low cost, 
and high adsorption capacity. Interestingly, no previous research has explored the 
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use of magnetic nanocomposites derived from walnut shell for CBB dye removal 
in aqueous solutions. 

EXPERIMENTAL 
Materials and methods 

Iron (III) chloride hexahydrate (FeCl3·6H2O, 99.9 %), Iron (II) chloride tetrahydrate 
(FeCl2·4H2O, 99.9 %), ammonium hydroxide (NH4OH, 25 %), hydrochloric acid (HCl, 37 %), 
sodium hydroxide (NaOH, 99 %), acetic acid (CH3COOH, 100 %), nitric acid (HNO3, 65 %) 
and sulfuric acid (H2SO4, 98 %) were all obtained from Merck and used in the experiment. The 
walnut shells were collected from mountainous areas near Rudbar; distilled water was used; 
Coomassie Brilliant Blue R-250 dye (C45H44N3NaO7S2) was employed. Silica gel with a mesh 
size of 60 (equivalent to a pore diameter of 0.0098 in), a magnetic iron remover with a strength 
of 1.4 T, a dual-beam UV–Vis spectrophotometer (JONIOR model 35, Perkin–Elmer, USA), a 
pH meter (MTT65 model), mechanical and magnetic stirrers (TM52E model, Fan Azin Gostar, 
Iran), a digital scale with a precision of 0.0001 g (AS220.R2 model, Radwag, Poland), an oven 
(Memmert, Germany), a centrifuge (D-7200 model, Hettich Universal, Germany), a scanning 
electron microscope (SEM, MIRA3 model, Tescan, Czech Republic), a Fourier-transform 
infrared spectroscopy (FT-IR) instrument (Vertex70 model, Bruker, Germany) and a Brunauer–
Emmett–Teller (BET) surface area analyzer (Autosorb iQ, Quantachrome Instruments) were 
used in this study. Additionally, the laboratory equipment such as porcelain mortars and 
glassware like beakers, test tubes, and vials were used. The specifications of CBB organic dye 
are presented in Table I. 

Table I. Characteristics of CBB R-250 Organic Dye 

Chemical structure 

 
Dye type Anionic 
Chemical formula C45H44N3NaO7S2 
Molecular weight, g mol-1 825.97 
Maximum absorption wavelength, nm 555 

Preparation of walnut shell 
First, the walnut shells were dried after being collected by exposing them to direct sunlight. 

The walnut shells were initially washed with water and then rinsed with distilled water. They 
were then placed in an oven at a temperature of 60 °C for 24 h to ensure complete drying. Once 
dried, the shells were placed in a mortar and ground into fine particles. Subsequently, these 
particles were washed multiple times with distilled water until they lost their original colour. 
Next, 0.5 g of the desired adsorbent were mixed with 0.5 M solutions of nitric acid, sulfuric 
acid, hydrochloric acid, acetic acid and sodium hydroxide. The mixture was stirred on a 
magnetic stirrer at a speed of 400 rpm for 24 h. The mixture was then filtered, and any excess 
acid or base was removed by washing with distilled water multiple times. The adsorbent was 
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dried in an oven at 60 °C (overnight). The particles were then passed through a 60- 
-mesh sieve to obtain uniform particles with a diameter less than 250 μm. To modify the surface 
of these particles and impart magnetic properties for the ease of separation, magnetite 
nanoparticles were used through a chemical deposition method.19  
Synthesis of walnut shell magnetic nanocomposite 

The magnetic nanocomposite of walnut shell was synthesized using a co-precipitation 
method with iron (III) and iron (II) chlorides at a mole ratio of 2:1.20 According to this method, 
4.24 g of FeCl3·6H2O and 1.55 g of FeCl2·4H2O were dissolved in 100 mL of deionized water 
inside a flask. The resulting solution was placed under a nitrogen atmosphere for 20 min to 
remove dissolved oxygen and prevent oxidation. To obtain a homogeneous solution, the mixture 
was mechanically stirred using a magnetic stirrer. Next, the solution was heated to 80 °C, and 
then 25 % ammonium hydroxide was added dropwise over a period of 30 min to raise the pH 
of the solution to 11. Subsequently, 10 g of prepared walnut shell, obtained in the previous step, 
were added to the suspension mixture. The reaction continued for 30 min with vigorous stirring. 
Finally, the magnetic composite was separated using a magnet and washed multiple times with 
distilled water through repeated distillation. In the final step, the magnetic composite was placed 
in an oven at 70 °C for 4 h to dry. The synthesized adsorbent was then ready for use in 
subsequent stages.19 

RESULTS AND DISCUSSION 

The morphology of walnut shell@Fe3O4 nanocomposite was investigated using 
scanning electron microscopy (SEM) 

The morphology and particle size of the walnut shell@Fe3O4 nanocomposite 
were thoroughly analysed using a scanning electron microscope (SEM). Fig. 1a 
presents the SEM image of the walnut shell prior to the deposition of magnetite 
nanoparticles, illustrating the natural structure and texture of the shells. In contrast, 
Fig. 1b displays the SEM image after the deposition of magnetite nanoparticles, 
revealing significant changes in morphology. The SEM images indicate a 
satisfactory size distribution of the magnetite particles, which are uniformly 
distributed across the walnut shell surface. The analysis shows that the average 
size of the magnetite particles is below 18 nm, suggesting the successful synthesis 
of nanoparticles with desirable dimensions for effective adsorption applications. 
The presence of numerous globules can be observed, indicating a high degree of 
aggregation and interaction among the magnetite nanoparticles.21 This fine 
particle size is advantageous as it enhances the surface area available for 
adsorption processes, thereby improving the efficacy of the walnut shell @Fe3O4 
nanocomposite in removing contaminants from aqueous solutions. Overall, the 
SEM characterization confirms that the walnut shell@Fe3O4 nanocomposite has 
been effectively synthesized with the appropriate morphological properties for its 
intended applications. 
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 (a) (b) 

Fig. 1. SEM images of the walnut shell surface: a) before and b) after magnetite nanoparticle 
deposition. 

BET analysis 
To determine the adsorbent’s surface area, pore volume and particle diameter, 

a BET analysis was conducted on 0.3545 g of walnut shell@Fe3O4 at a 
temperature of 77 K using nitrogen gas. The specific surface area of the adsorbent 
was determined to be 12.311 m2 g–1, indicating a significantly higher potential for 
pollutant adsorption compared to many conventional adsorbents. A larger surface 
area plays a crucial role in adsorption capacity, depending on the type of pollutant. 
The results are presented in Table II. 

TABLE II. Physical properties of walnut shell@Fe3O4 
Parameter Surface area, m2 g-1 Pore volume, cm3 g-1  Average pore diameter, nm 

Value 12.311 0.055 17.918 

The pore volume was measured at 0.055 cm3 g–1, and the average pore dia-
meter was found to be 17.9 nm. This diameter exceeds that of many common 
pollutants, making it easier for the pollutant molecules to enter the adsorbent’s 
mesostructure. The examination revealed that the material exhibits mesoporous 
attributes, consistent with IUPAC criteria.22 The combination of a high specific 
surface area, appropriate pore volume, and suitable pore diameter makes this ads-
orbent a promising option for environmental applications. Additionally, the sur-
face of lignocellulose-based adsorbents like walnut shell is rich in various func-
tional groups, enhancing the overall adsorption capacity for charged dye molecules. 
Identification of the nanostructure of walnut shell@Fe3O4 using Fourier 
transform infrared (FTIR) spectroscopy 

For a more detailed study of the nanostructure of the synthesized magnetic 
walnut shell nanoparticles, Fourier transform infrared (FTIR) spectroscopy was 
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utilized. The FTIR spectrum of the synthesized nanoparticles is presented in Fig. 
2. In this spectrum, the absorption band at 580 cm–1 corresponds to the stretching 
vibration of the Fe–O bond. The absorption bands at 655 and 995 cm–1 are attri-
buted to the bending vibrations of the C–H bonds. The absorption band at 1380 
cm–1 represents the bending vibrations of the CH2 group, while the absorption 
band at 1718 cm–1 corresponds to the C=O bond and the absorption band at 3155 
cm–1 represents the stretching vibration of the O–H bond.19 Based on the infrared 
spectrum, it can be concluded that the magnetic nanocomposite of walnut shell has 
been successfully synthesized. 

 
Fig. 2. FT-IR spectrum of walnut shell before and after nano-magnetite. 

The point of zero charge (pHPZC) of the walnut shell@Fe3O4 nanostructure 
The point of zero charge (pHPZC) refers to the pH at which the net surface 

charge of an adsorbent becomes zero. Determining this point is important for 
characterizing the surface properties of the adsorbent. Above the pHPZC, the 
surface of the adsorbent becomes negatively charged, making it easier to adsorb 
ions with opposite charges (positively charged ions). Similarly, below the pHPZC, 
the surface charge of the adsorbent becomes positive, leading to faster adsorption 
of negatively charged ions.11 In this study, the effect of pH on the magnetic walnut 
shell nanocomposite was investigated. The solutions with different pH values 
ranging from 2 to 12 were prepared using sodium hydroxide and hydrochloric acid. 
The magnetic nanocomposites were added to each solution and stirred for 24 h. 
After centrifugation, the final pH of each solution was measured.23 By plotting 
Fig. 3, the final pH against the initial pH, pHPZC of the nanocomposite was 
determined to be 6. 
Adsorption experiments 

The desired solutions were prepared using a dilution process from a stock 
solution, after which the adsorption experiments were conducted to investigate the 
effects of pH, contact time, adsorbent amount, initial dye concentration, 
temperature and ionic strength on the adsorption of CBB by the magnetic walnut 
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shell nanocomposite. Solutions of CBB were prepared in 25 mL volumes, 
changing one of the factors influencing adsorption while keeping the other para-
meters constant to determine the optimal values. After preparing the solutions, 
each was stirred with a magnet and a magnetic stirrer at a constant speed (400 
rpm). They were then separated using a centrifuge, and their adsorption was 
measured using a spectrophotometer at a maximum wavelength of 555 nm. The 
percentage removal and the amount of unabsorbed dye on the nanoparticles were 
calculated according to the details given in Supplementary material to this paper. 

Effect of pH. The pH of the solution affects the adsorption of CBB dye on the 
adsorbent surface. It changes the surface charge and influences the ionization state 
of the dye.24 This affects the kinetics and equilibrium properties of the adsorption 
process. At an acidic pH, H+ adsorbs on the nanocomposite surface, giving the 
active groups a partial positive charge and making them more prone to binding the 
anionic dye, CBB. In this study, CBB dye solutions with a concentration of 50 mg 
L–1 were prepared at different pH values (2–12). The adsorption process was 
carried out by mixing the solutions with the adsorbent for 30 min and then 
measuring the adsorption using a spectrophotometer after centrifugation. The 
results showed that the adsorption percentage increased as the pH decreased. At 
lower pH values, the adsorbent surface acquired a positive charge, enhancing the 
interaction with the negatively charged dye molecules. In fact, at higher pH values, 
the adsorption was less effective due to the presence of negative ions on the 
adsorbent surface.25 pH 4 was identified as the optimal pH for further experiments 
(Fig. 4a). 

Effect of contact time. The another significant factor influencing the adsorp-
tion process is contact time. For example, in a study, the most effective adsorbent 
was identified as the one that achieved the highest removal percentage in the 
shortest time.26 In this study, the effect of contact time on the adsorption of CBB 
dye, using a magnetic nanocomposite was examined. Solutions of CBB dye with 
a concentration of 50 mg L–1 were prepared at the optimal pH, and the adsorbent 
was added and stirred for different contact times. The results showed that the 
percentage of CBB removal increased with the contact time. However, after 

Fig. 3. Zero point of charge diagram. 
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approximately 5 min, the removal percentage reached equilibrium, indicating 
minimal changes thereafter. This suggests that 5 min was identified as the optimal 
contact time for further investigations (Fig. 4b). 

 
 (a) (b) 

 
 (c) (d) 

 
(e) (f) 

Fig. 4. Effect of different: a) pH, b) contact time, c) absorbent amount, d) initial dye 
concentration, e) temperature and f) ion strength, on the adsorption of CBB by 

walnut shell magnetic nanocomposite. 

Effect of adsorbent dosage. In this study, the effect of adsorbent dosage on the 
adsorption process was investigated. Solutions of CBB dye with a concentration 
of 50 mg L–1 at the optimal pH were prepared, and different amounts of the mag-
netic nanocomposite adsorbent were added to each solution. The results showed 
that increasing the adsorbent dosage led to higher percentages of CBB dye rem-
oval. This can be attributed to the increased surface area and available binding sites 
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provided by the higher adsorbent dosage.27 The highest removal percentage was 
observed at an adsorbent dosage of 0.02 g, beyond which further increases in 
dosage had minimal impact. Therefore, an optimal adsorbent dosage of 0.02 g was 
determined for the magnetic nanocomposite (Fig. 4c). 

Effect of initial dye concentration. The study investigated the impact of the 
initial concentration of CBB dye on the adsorption process. Solutions with varying 
concentrations (10–70 mg L–1) were prepared under optimal conditions. After 
stirring and filtration, the adsorption data were analysed. The results showed that 
as the initial dye concentration increased, the percentage of CBB removal gradu-
ally decreased. This is because higher concentrations lead to more competition for 
the available adsorption sites on the adsorbent.28 Therefore, the optimal initial 
concentration for CBB dye adsorption was determined to be 10 mg L–1 (Fig. 4d). 

Effect of temperature. The study examined the effect of temperature on the 
adsorption of CBB dye by a magnetic nanocomposite. Solutions with a volume of 
25 mL and an initial concentration of 10 mg L–1 of CBB dye were prepared under 
optimal pH conditions. The adsorption process was conducted at temperatures 
ranging from 273 to 308 K with a stirring time of 5 min. The results revealed that 
as the temperature increased, the percentage of CBB removal by the adsorbent 
decreased. This indicates an exothermic adsorption process,29 where higher tempe-
ratures reduce the adsorption capacity of the magnetic nanocomposite for CBB dye 
(Fig. 4e). 

Effect of ionic strength. The study investigated the effect of ionic strength on 
the adsorption of CBB dye by a magnetic nanocomposite. Sodium chloride solut-
ions with concentrations ranging from 0.1 to 1 M were prepared. The results 
showed that as the salt concentration increased, the removal efficiency of CBB dye 
by the nanocomposite decreased. The described decrease in efficiency can be 
attributed to the formation of a protective layer on the surface of the adsorbent, 
which hinders the electrostatic interaction between the adsorbent and the dye mole-
cules. The optimal condition for the experiment was determined to be zero ionic 
strength, without increasing the salt concentration (Fig. 4f).30 

Equilibrium adsorption isotherms 
The study aimed to analyse the adsorption data using different adsorption 

isotherms, namely Langmuir, Freundlich, Temkin and Dubinin–Radushkevich iso-
therms (for details, see Supplementary material). These isotherms help in under-
standing the interaction mechanism between the adsorbate species and the ads-
orbent material.31,32  

Based on the results presented in Table III and the correlation coefficients (R2) 
obtained for the different models, it can be concluded that the adsorption data in 
this study for the walnut shell magnetic nanocomposite follows the Freundlich and 
Temkin isotherms. This suggests that the adsorption process occurs heterogene-
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ously and involves multiple layers. The maximum monolayer surface adsorption 
capacity of the magnetic nanocomposite, as determined from the Langmuir iso-
therm, is observed to be 212.76 mg g–1. Moreover, the equilibrium parameter value 
(RL) ranging from 0 to 1 and the intensity of adsorption (n) ranging from 1 to 10 
indicate favourable adsorption using this adsorbent.33 

TABLE III. The values of constants and correlation coefficients related to Langmuir, Freund-
lich, Temkin and Dubinin–Radushkevich equilibrium adsorption isotherms for the adsorption 
of CBB 

Langmuir Freundlich  Temkin Dubinin-Radushkevich 
R2 = 0.9505 R2 = 0.9907 R2 = 0.9917 R2 = 0.9342 
qm = 212.76 n = 1.23 BT = 33.48 qm = 65.72 

b = 0.037 kF = 8.94 AT = 0.57 β = 2.52 
RL = 0.34    

Adsorption kinetics 
To gain a better understanding of the surface adsorption process, it is imp-

ortant to study the kinetics of the adsorption. The kinetics of adsorption provide 
insights into the efficiency of the adsorption process and the stages involved, such 
as film diffusion, intraparticle diffusion, surface diffusion or a combination of 
these stages. In this study, two kinetic models were employed to determine the 
better fit: the pseudo-first-order Lagergren model and the pseudo-second-order Ho 
model (for details, see Supplementary material). By plotting the graph of t/qt 
against t and analyzing the slope and intercept (Fig. S-2 of the Supplementary 
material), the adsorption capacity at equilibrium (qe2) and the pseudo-second-order 
rate constant (k2) can be calculated.34,35 The kinetic parameters obtained from 
these models are presented in Table IV. 

TABLE IV. Pseudo-first order and pseudo-second order kinetic parameters by walnut shell 
magnetic nanocomposite 

Pseudo-first-order model Pseudo-second-order model 
K1 / min-1 qe / mg g-1 R2 K2 / g mg-1 min-1 qe2 / mg g-1 R2 

0.099 55.28 0.9763 0.13 60.24 0.9999 

Based on the coefficient of determination (R2) obtained, if the pseudo-second- 
-order kinetic model has a higher R2 value, compared to the pseudo-first-order 
kinetic model, it can be concluded that the adsorption process in this study follows 
pseudo-second-order kinetics. Furthermore, the nature of adsorption is considered 
to be chemical in nature.36 

Adsorption thermodynamics 
In this study, the changes in adsorption capacity with the respect to tempe-

rature were examined to determine the nature of the adsorption process (exo-
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thermic or endothermic). The optimal temperature for the maximum adsorption 
and desorption was identified. The adsorption constants and equilibrium constants 
were calculated based on the slope of the curves. Lower temperatures were found 
to be more economically favourable for the adsorption process. Thermodynamic-
ally, a negative change in Gibbs energy (ΔG°) indicates spontaneous adsorption. 
A negative standard enthalpy change (ΔH°) suggests an exothermic adsorption 
process. Changes in standard entropy (ΔS°) indicate changes in system entropy.37 
The details are given in the Supplementary material.  

By plotting ln Kc against 1/T (Fig. S-3 of the Supplementary material) and 
determining the slope and intercept from the origin of the resulting curve, the 
variables ΔH° and ΔS° can be obtained.38,39 The results are presented in Table V. 

TABLE V. Thermodynamic parameters of the adsorption process of CBB dye by magnetic 
nanocomposite at different temperatures 
T / K Kc / mg L-1 ∆G°/ KJ mol-1 ∆H°/ KJ mol-1 ∆S° / kJ mol-1 K-1 R2 
273 5.26 –3.77 –24.42 –0.075 0.9991 
283 3.47 –2.92 
298 2.13 –1.87 
308 1.52 –1.08 

According to Table V, ΔG° for the dye CBB in this study are negative. 
Therefore, it can be concluded that the adsorption process by the magnetic walnut 
shell nanocomposite occurs spontaneously. The negative value of ΔH° indicates 
that the adsorption process is exothermic and serves as a favourable factor in this 
process. The negative value of ΔS° indicates a decrease in disorder within the sys-
tem, suggesting that at higher temperatures, the adsorbent will have reduced ads-
orption capacity.40 

Comparison study 
In Table VI, a detailed comparison of the maximum adsorption capacity of 

various adsorbents for the removal of CBB dye is presented. According to Table 
VI, it can be concluded that the magnetic walnut shell nanocomposite (walnut 

TABLE VI. Comparison of proposed adsorbent with some adsorbents used for CBB removal 
Adsorbent   qmax / mg g-1 Reference 
Natural agalmatolite 11.29 13 
Natural kaolinite 22.89 13 
Starch/poly(alginic acid-cl-acrylamide) nanohydrogel 31.24 8 
p-ECNFs 141.00 7 
o-ECNFs 107.80 7 
m-ECNFs 46.90 7 
Activated carbon (Nigella sativa L) 14.49 16 
α-Chitin nanoparticles 8.55 12 
Walnut shell@Fe3O4 212.76 This study 
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shell@Fe3O4) has achieved a suitable maximum adsorption capacity compared to 
other adsorbents, indicating that this adsorbent is effective for the removal of CBB 
from aqueous solutions. 

CONCLUSION 

In this study, a simple and effective method was used in this study to remove 
CBB dye from water using walnut shell modified with magnetic nanoparticles. The 
walnut shell was chemically coated with magnetite nanoparticles, creating a mag-
netic walnut shell nanocomposite. The results showed that this modified adsorbent 
has great potential for CBB dye removal. The removal percentage decreased with 
increasing dye concentration and decreasing adsorbent dosage. Isotherm studies 
confirmed multilayer adsorption on the adsorbent’s heterogeneous surfaces, with 
a maximum adsorption capacity of 212.76 mg g–1 at the optimal dye concentration. 
The kinetic studies indicated chemical adsorption on the adsorbent's surface. The 
thermodynamic investigations revealed that the adsorption process was spon-
taneous, and the Van’t Hoff curve showed an exothermic nature of the dye ads-
orption on the synthesized adsorbent. 

SUPPLEMENTARY MATERIAL 
Additional data and information are available electronically at the pages of journal web-

site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12900, or from the correspond-
ing author on request. 
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И З В О Д  
ПРИМЕНА МОДИФИКОВАНЕ ЉУСКЕ ОРАХА НАНОЧЕСТИЦАМА МАГНЕТИТА КАО 
АДСОРБЕНСА ЗА УКЛАЊАЊЕ ОРГАНСКЕ БОЈЕ COOMASSIE BRILLIANT BLUE R-250 

MOZHGAN BIUKI, HASSAN ZAVVAR MOUSAVI, MAJID ARVAND и HADI FALLAH MOAFI 

Faculty of Chemistry, Department of Analytical Chemistry, University of Guilan, Rasht, Iran 

Магнетни нанокомпозит, љуска ораха@Fe3O4, синтетисан је као природни адсорбенс 
за уклањање органске боје Coomassie Brilliant Blue (CBB) R-250 из водених раствора, са 
ефикасношћу од 96,16 %. Морфологија нанокомпозита је окарактерисана коришћењем 
SEM и FTIR, при чему је утврђена величине честица мања од 18 nm. Додатно, извршена 
је BET анализа која указује на велику површину која повећава капацитет адсорпције. 
Оптимизоване су варијабле које утичу на уклањање боје, и то: pH раствора време мешања, 
количина адсорбенса, почетна концентрација боје, температура и јонска сила. Проценс 
адсорпције је анализиран применом Langmuir, Freundlich, Temkin и Dubinin–Radush-
kevich модела изотерми. Експериментални резултати су показали да процес адсорпције 
прати Freundlich и Temkin изотермне моделе што указује на хетерогену природу повр-
шине адсорбенса. Применом модела псеудо-првог и псеудо-другог реда су испитивани 
кинетички услови адсорпције. Резултати су показали да процес адсорпције CBB прати 
кинетички модел псеудо-другог реда што указује на хемијску адсорпцију боје на нано-
честицама. Термодинамичким студијама је утврђена спонтана природа процеса адсорп-
ције, са позитивним нагибом Вант Хофове криве што указује на егзотермну реакцију. Због 

________________________________________________________________________________________________________________________Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



 NANOPARTICLE-MODIFIED WALNUT SHELL AS AN ADSORBENT 323 

кратког времена успостављања равнотеже од 5 min, синтетисани магнетни нанокомпозит 
је показао велику брзину уклањања CBB боје, што га чини погодним за третман раствора 
који садрже боје. 

(Примљено 21. априла, ревидирано 10. октобра, прихваћено 17. новембра 2024) 
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The percentage removal and the amount of unabsorbed dye on the 
nanoparticles were calculated using Equations S-1 and S-2. 
 Removal% = ஼೔ି஼೑஼೔ × 100 (S-1) 

 𝑞௘ = ൫஼೔ି஼೑൯×௏ௐ   (S-2) 
In the above equations, Ci / mg L-1 represents the initial concentration, and Ce 

/ mg L-1 represents the unadsorbed or equilibrium concentration. Additionally, qe / 
mg g-1 represents the adsorption capacity at equilibrium, V / L represents the 
volume of the solution, and w / g represents the amount of adsorbent. 

The equilibrium adsorption isotherms are valuable for determining the 
distribution of absorbate molecules between the liquid and solid phases at 
equilibrium during the adsorption process. 
 ஼೐௤೐ = ଵ௤೘௕ + ஼೐௤೘ (S-3) 

 𝑙𝑛 𝑞௘ = 𝑙𝑛 𝑘ி + ଵ௡ 𝑙𝑛 𝐶௘ (S-4) 
 𝑞௘ = 𝐵் 𝑙𝑛 𝐴் + 𝐵் 𝑙𝑛 𝐶௘ (S-5) 
 𝑙𝑛 𝑞௘ = 𝑙𝑛 𝑞௠ − 𝛽𝜀ଶ (S-6) 

In the above equations, Ce / mg L-1 represents the equilibrium concentration 
of the solution, qe / mg g-1 denotes the adsorption capacity at equilibrium, qm / mg 
g-1 represents the maximum adsorption capacity, b / L mg-1 stands for the 
Langmuir constant, kF / (mg g-1) (L mg-1) (1/n) represents the Freundlich constant 
where 1/n is the heterogeneity factor indicating the nature of the desired adsorption 
process. BT / L mol-1 and AT / L g-1 are the Temkin constants. β / mol2 kJ-2 

represents the useful activity coefficient and ε / kJ mol-1 is the Polanyi potential. 
 

* Corresponding author. E-mail: hzmousavi@guilan.ac.ir 
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The linear plots (Fig. S-1) for the Langmuir (equation S-3), Freundlich (equation 
S-4), Temkin (equation S-5), and Dubinin-Radushkevich (equation S-6) equations 
are obtained by plotting Ce/qe against Ce, lnqe against lnCe, qe against lnCe, and 
lnqe against ε2, respectively.  

 
(a) (b) 

 
(c) (d) 

Fig. S-1. Graphs related to equilibrium adsorption isotherms: a) Langmuir, b) Freundlich, c) 
Temkin, and d) Dubinin-Radushkevich for the adsorption of CBB. 

Two kinetic models were employed to determine the better fit: the pseudo-
first-order Lagergren model (equation S-8) and the pseudo-second-order Ho model 
(equation S-9): 
 ௗ௤ௗ௧ = 𝑘ଵ(𝑞௘ − 𝑞௧)  (S-7) 

In equation S-7, qe / mg g-1 and qt / mg g-1 represent the adsorption capacities 
at equilibrium and time t, respectively. k1 / min-1 is the rate constant for surface 
adsorption in thepseudo-first-order kinetic model. By taking the natural logarithm 
of both sides of equation 7, another form of the pseudo-first-order kinetic equation 
is obtained, known as the Lagergren equation: 
 𝑙𝑛( 𝑞௘ − 𝑞௧) = 𝑙𝑛 𝑞௘ଵ − 𝑘ଵ𝑡 (S-8) 
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In that equation, qe1 represents the adsorption capacity obtained based on the 

pseudo-first-order kinetic model. By plotting a linear graph of ln(qe - qt) against t 
and analyzing the slope and intercept, the values of k1 and qe1 can be determined. 
The pseudo-second-order kinetic equation, based on the adsorption capacity, is 
presented as follows: 
 ௗ௤ௗ௧ = 𝑘ଶ(𝑞௘ − 𝑞௧)ଶ (S-9) 

In this equation, k2 / g (mg min) -1 represents the rate constant for the pseudo-
second-order kinetic equation. By integrating and rearranging this equation, an 
another form of the equation can be obtained, as follows: 
 ௧௤೟ = ଵ௞మ௤೐మమ + ௧௤೐మ (S-10) 

In the above equation, qe2 / mg g -1 represents the adsorption capacity obtained 
based on the pseudo-second-order kinetic model. 

 
(a) (b) 

Fig. S-2. Kinetic graphs of: a) pseudo-first order and b) pseudo-second order for the 
adsorption of CBB. 

In this study, thermodynamic parameters of adsorption such as the changes in 
Gibbs energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°) related to the equilibrium 
constants of adsorption were obtained using equations (S-11) to (S-14). For 
significant adsorption, the change in Gibbs energy should be negative. The change 
in Gibbs free energy of adsorption is defined as follows: 
 𝛥𝐺௢ = −𝑅𝑇 𝑙𝑛 𝐾௖  (S-11) 

In that equation, T / K is the temperature, R / 8.314 J mol -1K-1 is the universal 
gas constant, and Kc / mg L-1 is the equilibrium constant of adsorption. The 
relationship is expressed as follows: 
 𝐾௖ = ௤೐஼೐ (S-12) 

In this equation, qe / mg L-1 represents the equilibrium concentration of the 
adsorbate species on the adsorbent, and Ce / mg L-1 represents the equilibrium 
concentration of the adsorbate species in the solution. Other thermodynamic 
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variables, such as the change in Gibbs energy, the change in enthalpy, and the 
standard entropy change of adsorption, can be obtained using the following 
equation: 
 𝛥𝐺௢ = 𝛥𝛨௢ − 𝑇𝛥𝑆௢ (S-13) 

The thermodynamic parameters such as the changes in enthalpy (ΔH°) and 
entropy (ΔS°) can also be obtained from the Van't Hoff equation: 
 𝑙𝑛 𝐾௖ = ௱ௌ೚ோ − ௱௴೚ோ்  (S-14) 

Table S-I. Impact of Temperature on the Removal Efficiency of CBB 
T / K qexp / mg g-1 Removal, % 
273 10.10 96.16 
283 9.19 94.70 
298 7.87 92.60 
308 6.87 91.00 

 
Fig S-3. Thermodynamic graph versus temperature in Kelvin for CBB. 
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Abstract: This study aimed to extract copper from waste printed circuit boards 
(WPCBs) through a sequential process involving physical pre-concentration 
via a shaking table, followed by acid leaching. A shredder and hammer mill 
were utilized to fragment the various components of the PCB into particles 
smaller than 1 mm. The shaking table pre-concentration tests revealed that the 
heavy fraction exhibited a copper grade of 56.4 % with a yield of 89.6 %. Sub-
sequent leaching of the copper concentrate, using a solution containing 1 M 
H2SO4 and 4 vol. % H2O2 at 50 °C for two hours, resulted in a copper ext-
raction efficiency exceeding 95 % with a solid ratio of 2 wt. %/V. 

Keywords: printed circuit board; copper; leaching; recovery; shaking table. 

INTRODUCTION 
The rapid pace of development in today’s world has led to a significant 

accumulation of waste electrical and electronic equipment (WEEE), commonly 
referred to as E-waste due to the short lifespan of these products. In recent years, 
the growing global concern over environmental issues has prompted researchers 
to implement various recycling strategies for extracting metals from E-waste. 
The main driving force behind the deve lopment of these recycling strategies is 
the increasingly stringent policies and regulations governing industries and land-
fill areas. Improper management of WEEE can lead to environmental issues due 
to the presence of hazardous inorganic substances like mercury (Hg) and lead 
(Pb), as noted in the literature.1–3  

WEEE is a valuable source of base metals like copper, as well as precious 
metals such as gold, silver, platinum and palladium, which are comparable in 
content to those found in ores and concentrates. As such, recycling WEEE is cru-
cial for both environmental preservation and economic gain, as noted in litera-
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ture.4–6 Additionally, recycling WEEE has been highlighted as an important 
measure for both environmental and economic benefits.7–9 

Printed circuit boards (PCBs), computers, and other forms of electronic 
waste (E-waste) contain a high concentration of base metals, particularly copper. 
In fact, the weight percentage of copper obtained from PCBs can range from 16– 
–30 %, which is significantly higher than any other metal found in E-waste. By 
comparison, copper found in ores typically only ranges from 0.5–1 %.10  

Various researchers have proposed physical,11–15 pyrometallurgical,16–18 
hydrometallurgical,19–23 and biometallurgical24,25 methods based on conven-
tional techniques for recovering metals from E-waste. While physical and pyro-
metallurgical processes are widely used in industrial applications of E-waste 
recycling, recent attention on metal recovery has shifted towards hydrometal-
lurgical processing. In general, pre-treatment steps, such as separating different 
parts of electronic and electrical products, are necessary for metal recovery from 
E-waste through size reduction and hydrometallurgical processes. In industrial 
processes, e-waste is typically fed into chemical process for metal recovery 
immediately after physical separation and pyrometallurgical process.3,26 

Furthermore, various leaching studies have also been conducted using many 
different reagents.27,28 According to Montero et al.29 during column leaching of 
waste printed circuit boards, using cyanide solutions, copper was found to dis-
solve simultaneously at a rate of 77 %. However, direct cyanidation led to inc-
reased cyanide consumption and decreased recovery of precious metals. To 
address this issue, pre-leaching is recommended to dissolve or remove copper 
and other base metals before extracting precious metals using cyanide, thiosul-
fate, thiourea, or chloride media. Quinet et al.,21 Oh et al.20 and Kamberović et 
al.30 have suggested an acidic sulfate leaching with an appropriate oxidant prior 
to extracting precious metals. 

The investigation on various inorganic acids and oxidants used for metal 
recovery revealed that the highest Cu recovery was obtained with nitrate and 
chloride solutions.22 Mecucci and Scott19 reported > 95 % dissolution of Cu 
from circuit boards using HNO3. Kinoshita et al.31 found similar results with Cu 
recovery of > 90 %. The use of nitric acid can be costly due to its oxidative 
nature; sulfuric acid with additives such as H2O2, O2 and Fe3+ can be a more 
affordable and favorable option over other processes. 

In the literature, leaching methods with two chemicals were reported to 
extract both base and precious metals from waste printed circuit boards 
(WPCBs). They utilized sulfuric acid with hydrogen peroxide for the first group 
of metals, while they used thiourea with the ferric ion in sulfuric acid medium for 
the second group of metals.32 The optimal conditions for copper extraction were 
found to be 2M H2SO4 (98 %), 5 % H2O2, 85 °C temperature, 1/10 solid-to- 
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-liquid ratio and 200 rpm. Many investigators33–37 have utilized distinct oxidiz-
ing agents, including H2O2, O2 and Fe3+, for leaching copper in H2SO4.  

Sulfuric acid and hydrogen peroxide have both a role of oxidizing and red-
ucing agent in metal component dissolution, and their standard-state free energy 
(ΔG°) can be expressed as follows:6  
 Cu + H2SO4 + H2O2 → CuSO4 + 2H2O, ∆G° = –326.105 kJ mol–1 (1) 

The second reaction represents the decomposition of H2O2 into H2O and O2, 
and it can be accelerated using catalysts such as MnO2 or KI:  
 2H2O2 → 2H2O + O2 (2) 

Sulfuric acid forms peroxysulfuric acid (Caro’s acid, H2SO5) on reaction 
with hydrogen peroxide (Eqs. (2) and (3)). This is a strong oxidizer for copper 
and assists in the dissolution of other metals. Copper dissolution with H2SO5 at 
the controlled-experimental conditions is shown in Eq. (4):38 

 H2SO4 + H2O2 → H2SO5 + H2O (3) 
 Cu + H2SO5 → Cu2+ + SO42– + H2O (4) 

It can be prepared from concentrated hydrogen peroxide and concentrated 
sulfuric acid. However, it is generated and consumed immediately at the point of 
use because of its exothermic nature. Therefore, with the use of diluted sulfuric 
acid and hydrogen peroxide solutions at higher temperatures than 10 ℃, the pri-
mary oxidation mechanism with hydrogen peroxide involves electron transfer, 
stemming from the weak H–O bond dissociation, resulting in oxygen serving as 
an electron acceptor.  

The focus of this study is on the chemical recovery of copper, concentrated 
from a physical treatment process, specifically gravity concentration of PCBs. A 
shaking table was chosen for the physical separation step, while acidic leaching 
was preferred for the hydrometallurgical process. 

MATERIAL AND METHOD 
In this study, chemical leaching methods were conducted on the concentrate gained by 

the shaking table method. Similar gravimetric enrichment method of waste PCBs after rem-
oval of electronic components (resistor, capacitor, diode, transistor, etc.) was explained in the 
study of Gok and Sen.39 

The essential purpose of the crushing process in WPCB recycling is to separate metals 
from non-metals, that is playing a vital role in the recovery of metals from WPCBs. This pro-
cess is closely tied to the subsequent selective recovery of metals.40 Pre-concentration meth-
odology includes comminution and gravimetric concentration using shaking table. Employing 
a two-step crushing approach prior to the pre-concentration step (shaking table) has proven to 
be effective in dismantling WPCBs. A single shaft shredder knife crusher was used to break 
down WPCB plates into smaller particles (~10 mm). Subsequently, these smaller particles 
undergo further crushing in a hammer grinder for WPCBs, featuring 1 mm diameter screen 
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holes. Closed circuit pulse-jet bag filters collected and recycled the dust throughout the com-
minution. Particle classification and size control was conducted using a vibratory sieve.  

The graphical flowsheet of process steps is illustrated in Fig. 1. 

 
Fig.1. Gravimetric enrichment flowsheet of the waste PCBs. 

Pre-concentration of copper particles was carried out using a Wilfley shaking table to 
recover the copper particles, presenting a promising technique to mitigate dust-related issues. 
This technique involves the separation of materials based on particle density on inclined 
planes with smoothed or grooved surfaces, achieved through the back-and-forth vibration of 
the pulp material while wash water flows. The underlying principle relies on segregating 
rapidly moving coarse light particles from slowly moving small dense particles within the 
flowing water film through longitudinal vibration. The optimal settings of concentration with 
shaking table are presented in Table I. 

TABLE I. Optimal operating parameters and results of shaking table enrichment 
Particle size, mm ~1 
Wash water flowrate, L/min 12 
Deck angle, ° 2 
Motion frequency, Hz 60 
Cu grade, % 56.40 
Cu yield, % 89.56 

Chemical dissolution of the sample in aqua regia and spectroscopic analyses of the 
electrolytes on Analytik Jena NovaA 300 AAS indicated that major component was copper. 
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Table II presents the chemical components of PCB feed material (~1 mm) and concentrate for 
four size fractions. Apart from the metal fraction indicated for the samples, it was observed 
that the remaining parts consisted of polymer and ceramic. Sieve analyses and fractioning 
were conducted using a vibratory laboratory sieve shaker for 20 min. Three different fractions 
of the concentrate samples were used at leaching tests: -1000+500 µm; -500 + 300 µm; and 
-300+212 µm (Table I). -212 µm fraction consisted of higher metallic content such as Fe, Zn, 
Pb, Ni, Mn than larger size fractions. Thus, this smallest size fraction was not included in 
leaching experiments.  

TABLE II. Chemical analysis of PCB feed and concentrate samples 
Sample Weight, % Component dparticle, µm Cu Ni Pb Zn Fe Mn 
Feed 100 -1000 16.78 1.13 1.40 0.59 0.10 0.15 
Concentrate 30.95 -1000+500 67.42 1.69 2.85 0.96 2.35 0.27 

30.60 -500+300 63.13 1.33 1.91 1.18 2.40 0.22 
25.62 -300+212 47.38 1.19 1.78 1.51 3.32 0.44 
12.83 -212 20.43 3.35 5.56 5.07 14.83 2.21 

Rigaku Miniflex II diffractometer with CuKα radiation was used for X-ray diffraction 
analyses of samples. XRD analysis of PCB concentrate revealed the presence of polymer, cer-
amic, solder and copper as major components. The microscope analysis given in Fig. 2. also 
supported XRD analysis. The microscopic analysis of PCB concentrate revealed the presence 
of liberated copper particles smaller than 1 mm, as well as particles containing traces of Fe, Ni 
and Pb. Additionally, black-colored solder particles, yellow-colored glass fibers, and green- 
-colored resin particles smaller than 1 mm were observed. 

Fig. 2. Optical microscope pictures of the 
shaking table concentrate at ×8 magnific-
ation. 

The main purpose of the research was to investigate optimal parameters of the acid 
leaching of copper from pre-concentrated PCBs. A 5 g of PCBs concentrate were immersed in 
leaching reagent saturated with an oxidant. Leaching tests were performed in a 0.50-L four- 
-necked glass reactor equipped with a condenser. The temperature was controlled within ±2 
°C using a glass-coated temperature sensor in conjunction with a hot plate. Typically, the 
vessel was charged with an electrolyte containing H2SO4 (0.5–1.5 M) and H2O2 (2–8 vol. %) 
and sample at three particle size fractions (1000–500 µm, 500–300 µm, 300–212 µm) with 1– 
–8 wt. %/V solid/volume ratio. The initial temperatures of the solution were selected as 30, 50 
and 70 °C, and the reaction was sustained for 2 h. The solution was mixed with a mechanical 
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stirring rate of 10 rounds/s by a magnetically driven twin impeller. 5 ml of pregnant solutions 
were withdrawn to determine copper concentration using Analytik Jena NovaA 300 AAS.  

RESULTS AND DISCUSSION 

The dissolution efficiency of copper from PCB concentrate was established 
in the presence of an oxidant with various pulp ratios, particle sizes, temperatures 
and acid concentrations. Except for the experiments designed to determine the 
effect of solid ratio, all tests were conducted with an optimum solid ratio of 
2 wt. %/V. 

Effect of particle size 
Experiments conducted with three different particle size fractions (1000–500 

µm, 500–300 µm, 300–212 µm) in 1 M H2SO4 and 4 % H2O2 solution at 30 ℃ 
to determine leaching time have revealed no significant difference in leaching 
efficiency after 90 min (Fig. 3). In the particle size range of 300–212 µm, the 
finest particle size interval, a leaching efficiency of over 90 % copper has been 
achieved in one hour. The results indicate that after two hours, the recovery is 
around 85 % for the 1000–500 µm fraction, and 90 % for the 500–300 µm fract-
ion. After 2 h of leaching, a 15 % difference in copper recovery was observed 
between the largest and smallest sizes of PCB samples. In the fine particle size 
fraction, the reaction rate increases due to the higher percentage of liberated cop-
per particles. This leaching method represents a classic heterogeneous reaction 
system, and therefore it is obvious that the larger surface area due to the smaller 
particle size has a beneficial effect. It is evident that grinding to finer sizes incurs 
additional costs. However, as seen from the graph, the copper recovery achieved 
within 1 h at the 300–212 µm size was attained only after 2 h for the 1000–500 
µm particle size. 

Fig. 3. Effect of the particle size on cop-
per recovery. Initial electrolyte condit-
ions: CH2SO4 = 1M, yH2O2 = 4 vol. %, t = 
= 30 °C. 
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Effect of acid concentration 
The influence of the acid concentrations of the copper recovery was invest-

igated with various particle size fractions (1000–500 µm, 500–300 µm, 300–212 
µm) using electrolyte containing 4 vol. % H2O2 at 50 °C. The values in Fig. 4 
reveal that high levels of copper extraction, typically around 90 %, were achieved 
with 1.5 M H2SO4 and 300–212 µm fraction at 50 ℃. The leaching experiments 
conducted with 1.5 M H2SO4 demonstrated that the coarser particle size fractions 
resulted in lower recovery rates. Specifically, the recovery for the 1000–500 µm 
fraction was approximately 65 %, while the recovery for the 500–300 µm frac-
tion was around 80 %. Although copper recovery improved with increasing con-
centration, the rate of improvement diminished for smaller size fractions at con-
centrations exceeding 1 M H2SO4. The solvent effect of H2SO4 has been obs-
erved to be less pronounced in larger particle sizes compared to finer sizes. Res-
earchers explained that this type of decrease in efficiency usually was indicative 
of a reaction controlled by diffusional effects. Hence, as the particle size inc-
reases, the leaching kinetics decrease. 

Fig. 4. Effect of the acid concentration 
on copper recovery. Initial electrolyte 
conditions: yH2O2 = 4 vol. %, t = 50 °C. 

Effect of oxidant concentration 
The effect of H2O2 concentration (2–8 vol. %) on the copper leaching was 

elucidated with three size fractions (1000–500 µm, 500–300 µm, 300–212 µm) 
using in the solutions containing 1 M H2SO4 at 50 °C. The contribution of an 
oxidant is revealed in Fig. 5. The oxidizing effect created at a concentration of 6 
% H2O2 has been observed to facilitate the leaching of all copper with the 
smallest size fraction. With this amount of hydrogen peroxide used, the copper 
recovery for the finest size fraction was found to be 25 % higher than that 
obtained for the coarsest size fraction. The results obtained with 8 % H2O2 
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revealed a recovery rate of 85 % for the 1000–500 µm particle size fraction, 
while the recovery for the 500–300 µm fraction exceeded 90 %. At higher 
concentrations of H2O2, there is a reduced requirement for fine particle size. The 
decomposition rate of hydrogen peroxide is quite high. Therefore, it is thought 
that the oxidation of copper by peroxide in coarser samples, such as those in the 
1000–500 µm range, occurs more slowly due to the lower diffusion rate. 

Fig. 5. Effect of the oxidant concentrat-
ion on copper recovery. Initial electro-
lyte conditions: 1 M H2SO4, t = 50 °C. 

Effect of the temperature 
The temperature effect on the results of copper extraction in the electrolyte 

containing 4 vol. % H2O2 and 1 M H2SO4 at various temperatures (30, 50 and 70 
°C) are shown in Fig. 6. The leaching tests indicated that with 300–212 µm size 
fractions copper recovery at 30 °C was completed within 90 min. In comparison, 
the recovery rate reached approximately 90 % at 50 °C and exceeded 80 % at 70 
°C. It has been observed that within the fine particle range, a 20 % increase in 
leaching efficiency occurs as the reaction temperature decreases. Thus, tempera-
ture increase had adverse effect. It was noted that temperature increase led to the 
rapid decomposition of H2O2, which caused a decrease in the oxidant behavior. 
Temperatures above 50 °C do not significantly affect leaching efficiency.  

Effect of solid ratio  
A solid ratio of 2 % and low acid/oxidant concentration (1 M H2SO4, 4 vol. 

% H2O2) have yielded efficiencies exceeding 95 % with 300–212 µm fraction at 
50 ℃. Effect of the solid ratio on copper recovery is shown in Fig. 7. Experi-
ments conducted with an 8 % solid-to-liquid ratio resulted in copper recoveries of 
approximately 80 % for the 300–212 µm size fraction, 70 % for the 500–300 µm 
fraction, and around 60 % for the 1000–500 µm fraction. The observed variation 
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in the curvature trend in fine particle sizes is interpreted as the diffusion 
becoming more challenging with an increase in pulp ratio in larger particle sizes. 

Fig. 6. Effect of the temperature on 
copper recovery. Initial electrolyte con-
ditions: 1 M H2SO4, yH2O2 = 4 vol. %, 
dp 300–212 µm. 

Fig. 7. Effect of the solid ratio on copper 
recovery. Initial electrolyte conditions: 
1 M H2SO4, yH2O2 = 4 vol. %, t = 50 °C. 

The copper recovery results obtained in this research was found similar with 
the studies in the literature6,20,34,41,42 on the copper leaching from PCBs with 
higher H2SO4 + H2O2 concentrations. It was thought that this was due to the pre- 
-concentration step in which plastic part, preventing the dissolution, is eliminated.  

Kinetic analysis 
The primary consideration in understanding a leaching system is its mech-

anism, with an in-depth knowledge of the kinetics of the rate-controlling pro-
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cesses and the solid reaction products being essential for a thorough compre-
hension of the system. Kinetic analysis was conducted to elucidate the reaction 
mechanism of a non-catalytic heterogeneous reaction. The kinetic parameters and 
activation energy of the copper dissolution in oxidized sulfuric acid electrolytes 
was evaluated. The reaction between solid particles and solution may have its 
rate-controlling step attributed to one of the following factors: external diffusion 
of the reactant through the boundary layer of the fluid enveloping the particle 
(film diffusion controlled), surface reaction between the fluid reactant and the 
solid (chemical reaction controlled) or internal diffusion of the reactant through 
the reaction products on the particle (ash diffusion controlled):43,44  

– Film diffusion control dense constant size small particles – all geometries: 
 X = Kcτ  (5) 

– Chemical reaction control dense constant size or shrinking spheres: 
 1 – (1 – X)1/3 = Kcτ (6) 

– Ash diffusion control dense constant size-spherical particles: 
 1 – 3(1 – X)2/3+ 2(1 – X) = Kcτ (7) 
where reaction rate constant is Kc / min–1, time, τ / min and fraction of copper 
reacted, X / %. 

 The data obtained from the kinetic analysis at different temperatures were 
tested by the equations of the shrinking core models (Eqs. (5)–(7)). As seen in 
Table III and Fig. 8, the regression coefficient in the chemically reaction-con-
trolled kinetic model was found to be closer to 1 only for 30 °C. For higher 
temperatures, the values appear to be less-linearized. The result data fitted with 
the ash diffusion controlled shrinking spheres model, i.e., Eq. (7). This model 
indicated the highest value of regression coefficient R2 and the constant value of 
Kc was obtained. The reaction rate constant at 30 °C was determined to be 0.0111 
min–1, and the reaction rate decreased as the temperature increased. Although the 
PCB solid samples were concentrated by shaking table method, a polymeric mat-
rix was still present during leaching. This may have caused the diffusion of the 
electrolyte in the leaching process to become the rate-determining step. Since the 
chemical reaction-controlled model does not exhibit a linear trend at high tem-
peratures, the ash-controlled reaction model was preferred for activation energy cal- 

TABLE III. Apparent rate constants and correlation coefficients for shrinking core models 

T / K 
Chemical reaction controlled 

1 – (1 – X)1/3  
Ash diffusion controlled 
1 – 3(1 – X)2/3 – 2(1 – X)  

Kc / min-1 R2 Kc / min-1 R2 

303 0.0111 0.9447 0.0111 0.9954 
323 0.0064 0.9194 0.0059 0.9965 
343 0.0055 0.9108 0.0046 0.9961 
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Fig. 8. Plot of the ash diffusion con-
trolled shrinking core model for the 
effect of temperature on the copper 
recovery reaction rate. 

culations. As shown in Fig. 8, the reaction rate constant values tend to decrease 
with increasing temperature. This is attributed to the rapid decomposition of 
hydrogen peroxide and the subsequent loss of the oxidant, which prevents the 
copper leaching rate from reaching sufficiently high reaction rates. 

The activation energy, Ea = −19.17 kJ mol–1, was determined from the slope 
of straight line plotted between ln k and 103/T as seen on Fig. 9. Thus, the det-
ermined activation energy indicates that the copper leaching from PCBs, using 
H2SO4–H2O2 in the range of 303–343 K, occurs in constant zone. 

Fig. 9. Plot of parabolic leaching rate 
constants vs. inverse of temperature 
(Arrhenius plot). 
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CONCLUSION 

• The investigation involved the dissolution of copper in an oxidized acidic 
electrolyte (H2SO4–H2O2) under varying conditions such as particle size, solid 
ratios, temperatures, and oxidant concentrations to elucidate the leaching kinetics 
of copper in waste printed circuit boards (WPCBs). 

• The chemical, X-ray diffraction (XRD), and optical analyses collectively 
suggested that the disassembly of electronic components in WPCBs, coupled 
with a two-step comminution process and physical pre-concentration, facilitates 
the copper dissolution process. 

• Copper pre-enrichment was achieved through a shaking table, reducing 
particle size to under 1 mm, with a wash water flow rate of 12 L/min, a 2° deck 
angle, and a motion frequency of 60 Hz. The resulting copper concentrate exhi-
bited a grade and yield of 56.40 and 89.56 %, respectively. 

• A 90 % copper recovery rate was achieved within 60 min at 30 °C in a 1 
M sulfuric acid solution containing 4 vol. % hydrogen peroxide. The incorpor-
ation of oxidant and size reduction promoted the disproportionate dissolution of 
copper in plastic under all experimental conditions, with temperature variations 
showing reverse impact on copper recovery. 

• Copper leaching from silicate-rich WPCBs was determined to be gov-
erned by ash diffusion. The dissolution rate constant was calculated as 0.0111 
min−1 at 30 °C, with a regression constant of 0.9954. The activation energy (Ea) 
for the process was estimated to be 19.17 kJ mol–1. 

• The proposed process flowsheet, outlined in this study, can be readily 
adapted for industrial plant applications. Despite the apparent economic impract-
icality of using oxidant in large-scale operations due to its high cost, this method 
holds promise as an alternative to existing pyrometallurgical and hydrometal-
lurgical applications, including those involving aggressive reactant. 

И З В О Д  

ЕКСТРАКЦИЈА БАКРА ИЗ ПРЕД-КОНЦЕНТРИСАНИХ ШТАМПАНИХ ПЛОЧА (PCB) 
ПУТЕМ КАТАЛИЗОВАНОГ КИСЕЛИНСКОГ ИЗЛУЖИВАЊА 

ÖZGE GÖK 

Dokuz Eylul University, Faculty of Engineering, Mining Engineering Department, İzmir, Turkiye 

Ова студија је за циљ имала издвајање бакра из отпадних штампаних плоча (WPCB) 
секвенцијалним процесом који укључује физичку пред-концентрацију на тресећем 
столу, а затим киселинско излуживање. За фрагментацију различитих компоненти 
штампаних плоча на честице мање од 1 mm коришћени су дробилица и чекићни млин. 
Тестови пред-концентрације помоћу тресећег стола су показали да тешка фракција има 
садржај бакра од 56,4 % са приносом од 89,6 %. Након тога је излуживање бакра из 
концентрата извршено третирањем раствором који садржи 1 M H2SO4 and 4 запр. % H2O2 
на 50 °C током два сата, што је резултирало ефикасношћу екстракције бакра већом од 95 
% са односом чврсте материје од 2 мас. %/V. 

(Примљено 10. маја, ревидирано 4. јуна, прихваћено 8. октобра 2024) 
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Abstract: The superhydrophobic, self-cleaning and anti-corrosion surface was 
successfully coated on mortar using an effective one-step spray coating tech-
nique. A coating solution was prepared by mixing methyltrichlorosilane-modi-
fied SiO2/TiO2 nanoparticles at different ratios to enhance the superhydrophob-
icity and reduce water absorption of the mortar. The sample prepared using a 
SiO2/TiO2 with the ratio of 75/25 was found to be optimal, exhibiting a high 
water contact angle and low sliding angle, which resulted in a reduction of 
water absorption by more than 97.5 % and chloride ion penetration depth. Fur-
thermore, the robustness of the superhydrophobic coating was analyzed against 
various tests including water drop impact, sand abrasion impact, tape peeling 
and sandpaper abrasion tests, each test was conducted with over 10000 drops, 
300 g, 60 cycles and 5 cycles, respectively. Notably, the coating showed 
excellent water absorption reduction of 82.6 % after sandpaper abrasion for a 
length of 200 cm (20 cycles), even though the water contact angle was reduced 
to 118°. Thus, the fabrication of superhydrophobic mortar surface offers a novel, 
alternative approach that is simple, efficient, cost-effective and provides multi-
function protection surface to increase the service life of on-site building cons-
truction with enhanced mechanical durability and anti-corrosion properties. 

Keywords: superhydrophobic; methyltrichlorosilane; self-cleaning; mechanical 
durability; anti-corrosion. 
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INTRODUCTION 
Mortars are widely used in the construction industry due to their versatility 

and cost-effectiveness.1 However, their susceptibility to water and corrosive ions 
such as Cl–, SO42–, etc., leads to the physical and chemical degradation pro-
cesses.2 The concrete structure may crack, spall and delaminate and steel bars in 
the buildings can be affected by chloride corrosion, leading to the strength red-
uction. Therefore, it is essential to limit water penetration and enhance anti-cor-
rosion properties to improve durability and prolong the service life of building 
structures.3 

Surface superhydrophobicity is one of the methods for creating new funct-
ional materials with complete waterproof,4 self-cleaning5 and anti-corrosion pro-
perties.6 It is well known that a surface is considered superhydrophobic when it 
exhibits a water contact angle (WCA) greater than 150° and a sliding angle (SA) 
less than 10°. Artificial superhydrophobic coatings can be achieved by creating 
hierarchical surface morphology and modifying it with low surface energy mat-
erials.7 Recently, SiO2 and TiO2 nanoparticles (NPs) along with various alkyl 
silanes have been used to create superhydrophobic coatings such as butyltri-
chlorosilane (BTS), octadecyltrichlorosilane (ODTS) and methyltrichlorosilane 
(MTCS).8,9 MTCS is one of the alkyltrichlorosilanes (trichlorosilane head group 
with a hydrocarbon tail group of variable length) that has the shortest chain 
lengths and higher reactivity than others. It can facilitate the polycondensation 
reactions at room temperature.9,10 In recent years, many researchers have studied 
bulk composite superhydrophobic cement mortar to extend the service life in 
construction.1–3 However, the composites high-cost is due to a lot of starting 
materials, which may impact the mechanical properties (compressive strength 
and flexural strength).  

This study aims to replace bulk composites with a simple spray coating 
technique using MTCS-modified SiO2/TiO2 NPs on mortar surface. The coating 
offers the advantage of easy application on-site building construction unaffecting 
the structure, resulting in time and cost savings. Additionally, it effectively pre-
vents water and corrosive ions from penetrating into the inner spaces of buildings 
as well as bulk composites. The ratio SiO2/TiO2 NPs was optimized to increase 
surface roughness, reduce surface energy, and enhance water permeability resist-
ance. Furthermore, the superhydrophobic mortar demonstrates excellent self-clean-
ing, mechanical durability and anti-corrosion properties. This work presents a 
novel alternative coating methodology for creating durable superhydrophobic on 
mortar surfaces, instead of the composites superhydrophobic cement mortar. 

EXPERIMENTAL 
Preparation of superhydrophobic mortar  

First, Portland cement (The Siam Public Company Ltd.) was mixed with water at a ratio 
of 5:1. Then, the mixed mortar was placed into oiled molds (2 cm diameter and 0.6 cm thick). 
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After that, the mortars were removed from the molds and cured for 7 days before testing. To 
prepare the superhydrophobic coating, a solution was created by adding 0.8 % of fumed silica 
(SiO2, 7 nm, Sigma–Aldrich Pte. Ltd.) and titanium dioxide (TiO2, 21 nm, Ajax Finechem) 
with ratios of 0/100, 25/75, 50/50, 75/25 and 100/0 to methyltrichlorosilane (MTCS, 99.5 % 
purity, Sigma–Aldrich Pte. Ltd.) dissolved in toluene (99.5 % purity, RCI Labscan Ltd.) at a 
concentration of 2.5 vol. %. The mixture solution was stirred for 1 h and then sprayed onto the 
mortar surface using a spray coating technique for 15 times. The spray gun was held perpen-
dicular to the surface at a distance of 10 cm under ambient air and atmospheric pressure. 
Characterizations 

The surface morphology and porosity of samples were analyzed using scanning electron 
microscopy (SEM, Hitachi TM4000Plus) and ImageJ software. The chemical bonding was 
analyzed using Fourier-transform infrared spectrometry (FTIR, BurkerTENSOR 27) and X- 
-ray diffraction (XRD, Rigaku Smartlab) on the surface of uncoated and coated samples with 
the size of 2 cm in diameter and 0.6 cm thick. Water contact angles (WCA) and sliding angles 
(SA) were measured using a pendant drop tensiometer with 3 µL of deionized water. The per-
meability of water was evaluated by measuring the rate of water absorption by dry specimen 
mortar in 1 h. 
Mechanical durability tests 

The mechanical durability of the coating surface was evaluated through water drop imp-
act test, sand abrasion impact test, tape peeling test and sandpaper abrasion test. For the water 
drop impact test, water droplet of 40 μL was dropped onto the superhydrophobic mortar sur-
face from a height of 10 cm and a tilt angle of 45°. The sand abrasion impact test involved 
impacting grains of sizes 100–500 μm on the surfaces at a height 40 cm and a tilt angle of 45° 
with a flow rate of 2.8 m s-1. The tape peeling test was carried out using the method reported 
in ASTM D3359-09.11 The coating mortar surface was pressed with 3M tape under a pressure 
of 3 kPa to ensure good contact between the surface and the 3M tape. Then, the tape was 
peeled off from the surface and the above process was repeated. The sandpaper abrasion test 
was performed on the superhydrophobic mortar surface using sandpaper grit No. 600 as the 
abrasion surface. The sample was moved in one direction for 10 cm at a speed of 5 mm s-1 
with a load of 100 g. The WCAs after mechanical durability tests were then investigated. 
Chloride permeability test 

The mortar samples were covered by epoxy resin (World Chemical Far East Company 
Ltd.) except for the diffusion surface. Then, the samples were soaked in a 7 wt. % NaCl 
(Labscan Asia Co., Ltd.) solution for 14 days. After that, a 0.1 mol/L silver nitrate (AgNO3, 
RCI Labscan Ltd.) solution was sprayed on the cut surface.3 The depth of chloride ion penet-
ration was measured using the AgNO3 color development test. 

RESULTS AND DISCUSSION 

Morphology analysis 
The morphology of ordinary mortar (OM) and mortars coated with MTCS- 

-modified SiO2/TiO2 nanoparticles (NPs) after 15 spraying times were analyzed 
in detail, using SEM. Fig. 1a shows the hydration products with rough and highly 
porous surface of the mortar (19.2 %). After spraying, the MTCS-modified SiO2/  
/TiO2 coating covered the pore structure of the mortar, as shown in Fig. 1b–f. 

________________________________________________________________________________________________________________________Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



342 JUMRUS et al. 

From the figure, the porosity of the coated surface (which was measured using 
ImageJ)12 decreased to 10.2, 8.5, 6.9, 8.6 and 6.1 %, respectively. The surface of 
the MTCS-modified TiO2 (0/100) coating consisted of large, loose agglomerates 
of TiO2 (Fig. 1b) while the MTCS-modified SiO2 (100/0) coating surface was 
densely packed (Fig. 1f). The size of TiO2 particles approximately three times 
larger than that of SiO2 particles, resulting in a dense and low-porosity SiO2 film. 
However, superhydrophobic surface requires a hierarchical surface with mono- 
-scale roughness, which was observed in the SiO2/TiO2 ratios of 25/75 and 75/25 
(Fig 1c and e). 

 
Fig. 1. Surface morphologies and schematic diagram of: a) ordinary mortar and the coated 

mortar by MTCS-modified SiO2/TiO2 NPs in ratios of b) 0/100, c) 25/75, d) 50/50, e) 75/25 
and f) 100/0. 

Wettability analysis 
Fig. 2 shows water contact angle (WCA) of OM and coated mortar. The OM 

exhibited hydrophilicity with a WCA of 55.2°. After coating with MTCS-modi-
fied SiO2/TiO2 at different ratios using 15 spray applications, the mortar surfaces 
transformed into hydrophobic and superhydrophobic surfaces, with WCAs of 
149.3, 145.6, 154.1, 154.7 and 145.7°, respectively. Interestingly, the samples 
coated at SiO2/TiO2 ratios of 50/50 and 75/25 displayed superhydrophobic mor-
tar with WCA greater than 150° and SA less than 2°. Therefore, the hierarchical 
structure and low surface energy of the coated mortar surface contributed to the 
superhydrophobic behavior. This wetting behavior can be explained by the 
Cassie–Baxter equation:13 
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 1 2 1cos cos (cos 1) 1f f fγθ θ θ= − = + −  (1) 

where θγ is the contact angle of the coated mortar surface, θ is the contact angle 
of the ordinary mortar surface (55.2°), f1 is the solid fraction between the coated 
mortar and the droplet, f2 is the air fraction between the coated mortar and the 
droplet. The solid fraction (f1) and air fraction (f2) of coated mortars are pre-
sented in Table I. The results imply that the ratio of SiO2/TiO2 increases air 
pockets in the rough structure, forming a solid-gas composition interface. More-
over, the smaller contact area between the droplet and coated mortar surface 
trends to increase the superhydrophobicity.  

 
Fig. 2. Water contact angles and sliding angles of samples. 

TABLE I. Solid fraction, air fraction and water permeability of ordinary and coated mortars 

Sample Solid 
fraction (f1) 

Air 
fraction (f2)

Coefficient of water 
absorption, 10-9 cm2 s-1 

Reduction in the coefficient 
of water absorption, % 

OM – – 700 – 
0/100 0.089 0.911 36.1 94.8 
25/75 0.110 0.890 57.4 91.8 
50/50 0.064 0.936 29.0 95.9 
75/25 (SM) 0.061 0.939 17.7 97.5 
100/0 0.111 0.889 74.5 89.4 

Furthermore, water permeability property was measured by the coefficient of 
water absorption, as shown in Table I. The coefficient of water absorption value 
was calculated by the equation:14 

 a
1( )QK

A t
=  (2) 

where Ka is the coefficient of water absorption, cm2 s–1; Q is the quantity of 
water absorbed by the sample, cm3, in time, t / s and A is the total surface area of 
the sample, cm2. For the OM, the coefficient of water absorption was measured 
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to be 700×10-9 cm2 s–1. After spraying, the coefficient of water absorption of all 
samples decreases by over 88 % compared to OM, indicating that the coating 
layer prevented water absorption into the pore structure of the mortar. Interest-
ingly, the samples coated with MTCS-modified SiO2/TiO2 at a ratio of 75/25 
exhibited the highest water resistance with a 97.5 % which reduced the coef-
ficient of water absorption. This is because the appropriate combination between 
SiO2 and TiO2 increase the nano-scale roughness on the surfaces (see Fig. 1e) as 
well as the highest air fraction (see Table I). Air pockets between the water drops 
and surface prevent water absorption into the mortar surface, following the Cas-
sie–Baxter model.4 Therefore, MTCS-modified SiO2/TiO2 in a ratio of 75/25 is 
considered to have sufficient potential for practical applications due to hier-
archical surface, high WCA and low water resistance, representing an optimum 
superhydrophobic mortar (SM) in this study. This result indicates that the coating 
of MTCS-modified SiO2/TiO2 NPs created a protective barrier on the mortar 
surface which improved the superhydrophobicity and effectively prevented the 
infiltration of water entering the mortar and causing damage. Therefore, this pro-
perty is closely connected to the durability of mortar in outdoor environments, 
suggesting that the superhydrophobic coating can improve the service life and 
performance of the mortar in practical applications. 

Chemical composition analysis 
Fig. 3a displays the FTIR transmission spectra of ordinary mortar (OM) and 

superhydrophobic mortar (SM) with wavenumbers ranging from 4000 to 400 cm–1. 
The absorption bands of OM at 435 cm–1 correspond to Si–O.5 Peaks at 1400, 
872 and 710 cm–1 are attributed to the C–O bond due to the presence of calcite in 
mortar.15,16 The peaks at 1800–2300 cm–1 were observed in mortar.17 The peak 
at 3643 cm–1 corresponds to the O–H vibration of portlandite (Ca(OH)2).5 After 
modification, the absorption band at 2970 cm–1 was attributed to the C–H bond 
in the –CH3 group. Additionally, the peak 1271 cm–1 corresponded to the bend-
ing vibration of Si–CH3, indicating successful MTCS modification and surface 
energy reduction.18 In addition, the peaks at 1026 and 767 cm–1 belong to 
Si–O–Si,5 which are consistent with the functional groups in the MTCS structure, 
forming a self-assembled film. TiO2 NPs are approximately three times larger in 
diameter compared to SiO2 nanoparticles while the specific surface area is less 
than SiO2 NPs. Thus, the appropriate combination between SiO2 and TiO2 can 
increase specific surface area, leading to increase –OH groups. The superhydro-
phobic modification mechanism involved MTCS reacting with the –OH groups 
of SiO2 and TiO2 NPs through hydrolysis and condensation reactions, leading to 
the grafting of alkoxy groups of MTCS on the SiO2 and TiO2 surfaces.4 Then, 
MTCS-modified SiO2/TiO2 NPs absorbed onto the mortar surface and filled 
lager pores of hydration products. Thus, the SiO2/TiO2 NPs reacted with MTCS 
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to reduce the surface energy and improve the surface roughness on mortar. The 
peaks at 1800–2300 cm–1 in SM were of very low intensity, indicating that the 
mortar surface is covered with a low surface energy coating. In Fig. 3b, the XRD 
pattern of OM and SM is presented. The main components of mortar are the 
same, namely calcite, quartz, portlandite, calcium silicate hydrate, alite and bel-
ite.19 After coating, the SM shows lower intensity peaks of mortar, while sig-
nificant peaks of SiO2 and TiO2 appeared.20,21 

 
Fig. 3. a) The FTIR spectra and b) X-ray diffraction patterns of ordinary mortar (OM) and 

superhydrophobic mortar (SM). 

Self-cleaning and mechanical durability properties 
It is well known that outdoor mortar is easy to face with dust particles over 

time. The cumulation of pollutants for a long time will have a negative impact on 
the performance of mortars. The self-cleaning property of the OM and SM was 
tested using sand as a contaminator, as shown in Fig. 4a and b. In the SM, water 
droplets bead up into spheres and leave no residual droplets on the surface. This 
result indicated that the MTCS-modified SiO2/TiO2 NPs form a film on the mor-
tar, exhibiting negligible water adhesion. Fig. 4c shows the mechanism of self- 
-cleaning of the SM. While the water drop is rolling, it collects dust particles, 
demonstrating excellent self-cleaning property. In the Cassie–Baxter state, the 
droplet rests on top of the surface features, suspended by air pockets between the 
liquid droplet and the MTCS-modified SiO2/TiO2 NPs surfaces. These air 
pockets reduce the contract area, generating a greater net force and prevent the 
droplet from penetrating into the mortar surface.22 

While the self-cleaning property of SM is promising, one of the major prob-
lems of superhydrophobic coatings is their poor mechanical durability. There-
fore, the mechanical durability of SM was evaluated using water drop impact 
test, sand abrasion impact test, tape peeling test and sandpaper abrasion test, as 
shown in Fig. 5a–d and Table II. In the water drop impact test, the WCA of SM 
decreased to less than 150° after impinging of 10000 water droplets. Additionally,  
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Fig. 4. The self-cleaning test of: a) ordinary mor-
tar, b) superhydrophobic mortar and c) mech-
anism diagram of self-cleaning. 

 
Fig. 5. Schematic of mechanical durability tests: a) water drop impact test, b) sand abrasion 
impact test, c) tape peeling test and d) sandpaper abrasion test on superhydrophobic mortar. 

the sand abrasion impact test was also performed to investigate the durability of 
the superhydrophobic coating to simulate the impact of dust particles. The SM 
lost its superhydrophobicity after impingement with 300 g of sand gains. More-
over, the superhydrophobicity of the SM surface was retained even after 60 
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cycles in the tape peeling test. Fig. 5d shows the sandpaper abrasion test on the 
SM. Before abrasion, water drops were placed on the SM surface with a WCA of 
~152°. After 5 cycles of abrasion, the superhydrophobicity of SM was only 
slightly reduced. The superhydrophobic coating was robust after dragging nearly 
50 cm on the sandpaper, which shows high durability compared to the same exp-
eriment set up in the other research.8 However, the coating surface was severely 
abraded after 20 cycles (200 cm in length) of abrasion, resulting in a dramatic 
decrease in WCA to ~118°. Interestingly, the abraded mortar exhibited a signific-
ant reduction in water absorption, approximately 82.6 %, compared to OM. 
These results confirmed the robust superhydrophobic mortar despite the coating 
being applied only on the surface, which allowed the coating to be used in prac-
tical applications on a large-scale. 

TABLE II. Mechanical durability tests of superhydrophobic mortar 
Water drop 
impact test 

Sand abrasion 
impact test 

Tape peeling 
test 

Sandpaper 
abrasion test 

Number of 
drops WCA / ° Sand gain

g WCA / ° Number of 
cycles WCA / ° Number of 

cycles WCA / ° 

0 154±1 0 154±1 0 154±1 0 154±1 
10000 149±2 100 151±2 30 150±2 5 149±3 
20000 145±1 200 150±3 60 149±2 10 135±4 
30000 123±2 300 149±3 90 141±4 15 131±6 
40000 115±2 400 140±4 120 131±4 20 118±5 

Anti-corrosion analysis 
Fig. 6 shows the depth of chloride ion penetration in OM and SM after 

immersion in NaCl solution for 14 days and subsequent spraying with AgNO3 
solution. In the AgNO3 color development test, chloride permeated regions turn 
violet due to AgCl precipitation, while regions without chloride penetration turn 
brown due to the formation of Ag2O.3,23 The chemical reactions of the AgNO3 
color development test are shown in Eqs. (3) and (4):3  
 3 3AgNO NaCl AgCl NaNO+ → +  (3) 
 3 2 3 22AgNO 2NaOH Ag O 2NaNO H O+ → + +  (4) 

The violet regions are affected by the concentration of AgNO3 solution, pH, 
types of cement and the chloride content of cement.24 The SM exhibited excel-
lent corrosion resistance, with an average depth of chloride ion penetration of 
about 1.6 mm (Fig. 6b), while chloride ions were able to penetrate most of the 
OM (Fig. 6a). Thus, the superhydrophobic coating demonstrated as a good bar-
rier for corrosion and prevents external chloride ions, which are confirmed by the 
EDS results. The anti-corrosion mortar effectively blocks the diffusion of chlo-
ride ions inside the building and might prevent it from reaching the steel inside 
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the building in chloride salt environments. It was found that the coating method 
improves the anti-corrosion property of mortar, acting as a protective barrier with 
effective performance in outdoor and marine environments. The superhydropho-
bic and anti-corrosion properties prevent water or corrosive ions from entering 
the mortar, slowing down the corrosion of steel inside the structures and enhan-
cing the durability and service life of construction buildings. Therefore, the fab-
rication of superhydrophobic mortar can facilitate its durable application in out-
door and marine environments and has the potential as a superhydrophobic coat-
ing for various substrates. 

Fig. 6. The chloride ions diffusion of: a) ordinary 
mortar and b) superhydrophobic mortar obtained 
by silver nitrate color experiment. 

CONCLUSION 

In conclusion, the MTCS-modified SiO2/TiO2 nanoparticle-coated mortar 
demonstrates a superhydrophobic surface using a simple spray coating method. A 
sample coated with a SiO2/TiO2 ratio of 75/25 with 15 spraying times exhibits 
the highest water contact angle and the lowest water absorption with a hierar-
chical structure. Furthermore, the water absorption of the superhydrophobic mor-
tar was reduced by 97.5 %, indicating excellent waterproofing ability, despite the 
coating being applied only to the surface. The coated mortars maintained their 
unique wettability after being impacted with water drop, sand, tape peeling and 
abraded with sandpaper, demonstrating excellent robustness due to their good 
mechanical durability properties. Even after being abraded with sandpaper for 20 
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cycles, the water absorption was reduced by 86.2 %. Moreover, the fabricated 
superhydrophobic mortar exhibited excellent self-cleaning and anti-corrosion pro-
perty, effectively reducing chloride ion penetration. Therefore, the simple, cost-
effective coating process is suitable for various applications in on-site building 
construction. In the future, the superhydrophobic coating can be applied to other 
material surfaces such as wood, metal and plastic to extend their service life. 

Acknowledgements. This work was supported by postdoctoral fellowship from the Office 
of Research Administration, Chiang Mai University, Chiang Mai and The Science 
Achievement Scholarship of Thailand. 

И З В О Д  

ТЕХНОЛОГИЈА НАНОШЕЊА ПРЕВЛАКА НА ПОВРШИНУ МАЛТЕРА ЗА ПРОДУЖЕЊЕ 
РАДНОГ ВЕКА ГРАЂЕВИНСКИХ КОНСТРУКЦИЈА 
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SROILA2, RATTIYAKORN RIANYOI2, PISITH SINGJAI2 и WIRADEJ THONGSUWAN2 

1Office of Research Administration, Chiang Mai University, Chiang Mai 50200, Thailand, 2Department of 
Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai, 50200, Thailand, 

3Department of Physics, Faculty of Science and Technology, Thammasat University, Lampang, 52190, 
Thailand и 4Faculty of Science and Agricultural Technology, Rajamangala University of Technology Lanna, 

Chiang Mai 50300, Thailand 

Суперхидрофобна, самочистећа и антикорозиона превлака је успешно нанета на 
малтер коришћењем технике једностепеног распршивања. У раствор за распршивање су 
додате, у различитим односима, наночестице SiO2 и TiO2 модификоване метилтрихлоро-
силаном да би се повећала суперхидрофобност малтера и смањила апсорпција воде. 
Узорак припремљен при масеном односу SiO2/TiO2 = 75/25 је показао највећи контактни 
угао и најмањи угао клизања, што је обезбедило смањење апсорпције воде веће од 97,5 % 
и смањење дубине продирања хлоридних јона. Постојаност превлаке је анаизирана раз-
личитим тестовима, укључујући утицај падајућих капи воде (10000 капи), абразију 
песком (300 g), одлепљивање помоћу траке (60 циклуса) и абразијy шмиргл папиром (5 
циклуса). Превлака је показала одлично смањење апсорпције воде и после теста абразије 
шмиргл папиром током 20 циклуса (82,6 %), иако је контактни угао смањен на 118°. 
Приказани резултати указују да формирање суперхидрофобне превлаке на малтеру 
представља алтернативни приступ, који је једноставан, ефикасан и економичан, за обез-
беђење мултифункционалне заштите површине малтера на лицу места у циљу проду-
жења радног века конструкција са побољшаним механичким и антикорозионим својствима. 

(Примљено 17. април, ревидирано 24. маја, прихваћено 25. августа 2024) 
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Abstract: Traditional fusion welding is unsuitable for welding aluminum alloys 
because secondary brittle phases, porosity, and cracks are likely to form as the 
alloy solidifies. Friction stir welding (FRSTW), a new solid-state welding 
method, can join similar or dissimilar aluminium (ALU) alloys. In this study 
friction stir welded AA5052-AA6101T6 alloy samples were tested for corros-
ion characteristics. The microstructure and mechanical behavior of FRSW- 
-welded AA5052-AA6101T6 ALU alloy joints were examined relative to input 
parameters. Microstructure reveals that welding speed and rotation-speed affect 
the weld microstructure analyzed sample welded areas. Twenty-nine samples 
were corrosion tested in 3.5 % NaCl, household water (880 ppm – SPM), 1 M 
H2SO4, 1 M NaOH and natural seawater for 72 h. Domestic salt water and acid 
medium showed better resistance to corrosion than alkaline and salt media. 
Impedance studies demonstrated slight anodic and cathodic potential changes 
after friction stir welding. 

Keywords: microstructure; aluminum alloys; impedance study; weight loss 
method. 

INTRODUCTION 
Aluminum (ALU) alloys are more thermally stable than steel and can with-

stand temperatures between 480–660 °C before melting. Aluminum has corrosion 
resistance properties high strength-to-weight ratios, and excellent thermal and 
electric conductivity in maritime conditions. Also, it provides good character-
istics such as lightweight, machinability, non-magnetic, formability and ductility 
are some of the qualities of this material.1 Fabrication of weldments can be done 
by using either pressure or non-pressure welding techniques, depending on the 
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technology employed. Generally, ALU alloys provide a protective oxide layer 
during the joining process due to this protection these alloys were used in several 
applications like vehicles, marine applications and overhead transmission lines.2 
One of the solid-state joining processes called friction stir welding (FRSTW) was 
developed quite a while ago. Subsequently, it has been demonstrated as a suc-
cessful technique for joining chemically dissimilar aluminum alloys composit-
ional compatibility is not an issue, unlike in fusion welding and any aluminum 
alloy can be welded.3–7 At low energy, FRSTW exhibited numerous mechanical 
benefits, including superior dimensional stability, repeatability, absence of alloy-
ing loss and fine microstructure at the joints.8 Dynamic recrystallization produces 
a fine grain structure in the weld region's center, which affects the joint strength. 
Corrosion resistance is an inherent property of aluminum; nevertheless, the thick-
ness can vary due to internal and external factors. When compared to the various 
metal welding techniques, aluminum welding is used to make a longer design 
because aluminum is more resistant to corrosion than steel. The breakdown of 
materials, most often metals, caused by chemical reactions with the environment, 
leading to a component’s functional failure, is known as corrosion. Environ-
mental concentration, stress, erosion and temperature are the four variables that 
determine corrosion, a form of reverse extractive metallurgy. Huge yearly eco-
nomic losses from 1 to 5 % of GNP are caused by it for all nations. Hence, the 
materials and their corrosion behaviour in different atmospheres are receiving 
research interest.38 Also, the corrosion studies on FRSTW aluminium samples 
have stated the importance of corrosion studies on the welded samples for mech-
anical applications.9–13 The reported work stated that the polarization resistance 
and potential voltage were both low when the CR of the base material welded 
zones of the metals such as AA5083 and AA7023 were immersed in an artificial 
NaCl solution. The disparity in volta potential readings led to a higher current 
density in the AA7023 base material and a strongly attacked border between the 
two materials.14 Most of the researchers have reported the FRSTW parameters 
and the procedures of five, six and seven series of ALU alloys with its character-
ization.39 In addition to the weight reductions already mentioned, the corrosion 
resistances offered by the passive aluminum oxide layer are still another major 
perk of switching from steel to aluminum components. This research identified 
the research gap of the distinct alloys such as AA5052 and AA6101-T6 stir 
welded joints tensile strength and corrosion behavior in a different corrosive 
medium such as acid, alkali, 1 M salt solution, domestic water, and natural sea-
water to know the mechanical suitability. Present work also investigated the para-
meters effect of FRST welded test samples between AA5052 and AA6101-T6 
using microstructure analysis. Followed by the sample’s tensile strength, cor-
rosion resistivity in different environments is analyzed for the mechanical applic-
ations purpose. 
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EXPERIMENTAL 
Materials and methods 

The samples AA5052 and AA6101-T6, which were friction stir welded, were made 
according to the methods described in earlier research.15 Friction stir butt welding was per-
formed on AA5052 and AA6101-T6, 6 mm thick using an FRSTW machine depicted in Fig. 
1a–c. The shoulder pin length is 5.7 mm with a hexagonal shape of 2.5 mm on 6 six sides the 
geometrical dimension and welded samples are shown in Fig. 1d and e. Twenty-nine experi-
ments were carried out based on Four process parameters with three levels using response 
surface methodology. 

 
Fig. 1. a) Welding machine, b) spindle tool dimension, c) ALU spinner of FRSTW process, d) 
pin profile dimension, e) welded samples prepared FRSTW test samples in: f) 1 M H2SO4, g) 

1M NaOH and h) 1 M salt solution for weight loss investigation. 
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The dissimilar plates are clamped on two sides, the rotating tool is made to contact till its 
shoulder, now the tool traverse takes place the materials reach its localized heating, a plastic 
deformation takes place at the interface of the material, and mechanical pressure is applied to 
make the weld joint. The tensile test was taken in UTM with 5-ton capacity with Fuel Instru-
ments and engineers with a digital encoder. For microstructural studies metallurgical micro-
scope is an inverted trinocular metallurgical microscope with 50–80× magnification, with 
paired eye pieces which have 12 V with a polarizer prism. The microscope is attached to a 5 
MP camera. The selected test samples welded joints nature is investigated by XRD tech-
nique.16,17 XRD patterns between 2θ 10–80.48 were recorded under continuous scan mode in 
Bruker-binary V4 (RAW) model at 25 °C with Cu as anode material and the fixed generator 
settings of 30 mA, 40 kV, respectively. X-Ray diffraction (XRD) test was conducted at 3 kW 
power with a focus size of 0.4 mm×12 mm Cu anode; the system should also be able to work 
with other X-ray sources like Mo, Co, Fe or Cr. 

The natural salt corrosive medium seawater was collected near the Chennai port, Tamil 
Nadu, India, and used as such for the corrosion studies. Similarly, domestic fresh water col-
lected from Karasangal, Kancheepuram District, Chennai, Tamil Nadu, India. Both natural 
mediums were used for the corrosion test in boiling tube. 

The welding plate samples were degreased in acetone before being alkaline imprinted in 
7.5 wt. % NaOH at 55–60 °C for 5 min. Following this, they were rinsed with distilled water 
in preparation for corrosion testing. The samples were then subjected to acidification in differ-
ent prepared corrosion solutions such as 1 M of sodium hydroxide solution (40 g in 1000 mL 
of distilled water), 1 M H2SO4 (28 mL of 37.5 % in 1 L), 1 M commercial sodium chloride 
crystals solution, domestic hard water (SPM = 880 ppm) and marine water.18,19 The cleaned 
test specimens were immersed in prepared and collected corrosive medium for 72 h (3 days). 
After that the welded samples were dried in sunlight and hot air drier for 5 min. Then, the 
samples were weighed in digital weighing balance. The trials conducted in various corrosive 
medium are presented in Fig. 1f. From the weight loss data, average weight loss was calcul-
ated and used for the corrosion rate measurement.  

The observed weight losses were recorded and the average weight loss in each corrosive 
medium was calculated. Using average weight loss corrosion rate was calculated using the fol-
lowing formula (1): 

 534 WLR
Atρ
×=  (1) 

where R is corrosion rate in mpy, WL is weight loss in g, ρ is density of the metal, g/cm3, A is 
surface area in in2, and t is time in h. 

The design surface area is calculated using the formula 2lb:  
 Total surface area = 2(1×3 + 1.5×0.5) +0.5×3 = 2(3+0.75) +1.5 = 9 cm2 (2) 
Potentiometric study 

FRSTW test samples were evaluated using a conventional calomel electrode to detect 
anodic behavior and its impact. This study also tested a galvanic cell with the same calomel 
electrode in a corrosive artificial 3.5 % salt solution and found higher weight loss. The EIS 
describes electrolyte resistance, adsorption, diffusion, charge transfer resistance, double-layer 
capacitance and unique phase processes and features. After surface improvement with emery 
papers, the trial samples’ corrosion behavior was examined using the well-known EIS method. 
A working electrode (WE) was submerged in a corrosive salt medium after washing the sur-
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face in a polar solvent mixture of water and acetone. A saturated calomel electrode (SCE) 
recorded anodic and corrosion behavior. The corrosion rate was tested in hydrochloric acid. 
After setting the surface area to 1 cm2, density to 2.71 g/cm3, open circuit potential to 
–0.72839 V, and reference potential to 0.241 V at 25 °C, potentiodynamic data were recorded. 
The Tafel plot was plotted and the corrosion rate was calculated using the Icorr value. 

RESULTS AND DISCUSSION 

Tensile test 
The welded samples were polished well and designed for tensile tests like 

the dog bone model based on ASTM standards. The specimen (Fig. 2a and b) 
was tested using forces up to the model breakage. The outcomes of the test 
samples revealed low to higher tensile strength values. Out of 29 samples, sample 
13 showed lower tensile strength of 92 MPa. Likely, sample 26 exposed higher 
tensile strength (137 MPa). From Table I, a moderate value of 112 MPa was obs-
erved for sample 4. The tensile strength results were analyzed along with welded 
parameters. The selected specimen number 9 (1200 rpm and 7 kN) exposed 
somehow better strength for a single pass. At the same time, the tensile strength 
increased with increasing traverse speed and axial load which exhibited the 
tensile strength of 94 MPa. The applied parameters and their outcomes are pre-
sented in Table I. Sample 13 exposed low tensile strength due to higher rpm with 
a single pass. The results showed that the number of passes affect the material 
mechanical property which includes tensile strength but the remaining para-
meters must be optimized for the future design. Next, this work analyzed the rpm 
with tensile strength. A higher rpm of 1400 with the axial load 7 kN exhibited a 
tensile strength of 124 MPa. When compared with the 8 kN double pass sample, 
the triple pass showed good tensile strength. The tensile strength of the sample’s 
rpm has followed the increasing order as follows: sample 7 (80, 7, 1400, 3, 124) 
> sample 8 (80, 7, 1000, 3, 130) > sample 26 (80, 6, 1200, 3, 137). From the 
results, this work observed that the optimized rpm is 1200, force, 6–7 kN, 

 
Fig. 2. Tensile strength; a) test specimen dimension; b) dog bone test specimens. 
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traverse speed = 80 mm/min with triple pass. The modification without changing 
the rpm showed good improvement in tensile strength which coincides.20 After 
the tensile strength test, similar dimensions of welded zones are carried out for 
the corrosion test by weight loss method.  

TABLE I. Tensile strength results of the prepared FRSTW test specimens 

SampleNo. Tensile stress 
MPa Sample No. Tensile stress

MPa Sample No. Tensile stress 
MPa 

1 114 11 97 21 94 
2 109 12 115 22 108 
3 104 13 92 23 105 
4 112 14 117 24 93 
5 126 15 107 25 115 
6 123 16 118 26 137 
7 124 17 121 27 116 
8 130 18 113 28 110 
9 99 19 106 29 129 
10 111 20 103   

Characterization  
The butt weld of the aluminum alloy (AA5052 and AA6101-T6) joint’s 

surface grains nature was analyzed by morphological method. To measure the 
welded joints nature, this work selected sample numbers such as 1, 4, 8, 9, 13 and 
26 for microstructure analysis. Fig. 3 exposed surface morphology of the selected 
samples such as 90 mm/min, 8 kN×1200 rpm×2 pass, 80 mm/min×7 kN×1200 
rpm×2 pass, 80 mm/min×7 kN×1000 rpm×3 pass, 90 mm/min×7 kN×1200 
rpm×1 pass, 80 mm/min×7 kN×1400 rpm×1 pass, and 80 mm/min×6kN×1200 
rpm×3 pass specimens surface grain nature.  

Fig. 3a revealed the pancakes like grains due to higher speed and force. This 
image revealed that the higher load and processing heat energy may be the reason 
for these slight cracks. The grains are of almost uniform size which may cause 
good durability at high temperatures. Similar size hair cracks are found in sample 
number 8 and 9 (Fig. 3c and d). Fig. 4f shows the lower grain size and micro-
level hair cracks. Triple passes at lower RPM and lower passes with higher RPM 
cause uneven pancakes or hair cracks. The parameters such as higher strain, heat, 
and exciting strains cause distinct microstructures in FRSTW aluminum alloys. 
Tool-induced plastic deformation and frictional heat between plates extend grain 
structure before welding refines it at the junction. Due to material interaction 
with the shoulder, tool pin, and process factors, the “nugget”, was formed on the 
surface. The welded zones have shown pricklier stretched microstructure in 
which the grains are oriented alongside the progressing direction (Fig. 3e). The 
microstructure has etched pits and grains slightly smaller than AA6101 alu-
minum alloy. Gwyddion processed image is shown in Fig. 3g. 
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Fig. 3. Microstructure images of FRST welded test samples: a) 1, b) 4, c) 8, d) 9, e) 13, f) 26  

and g) 5 Gwyddion processed microstructure images of FRST welded test samples. 

Welded samples 4, 13 and 16 were XRD analyzed after microstructure 
characterization. The identification of alloy combinations was done using the 2θ 
versus intensity relationship. The XRD patterns of trials 4, 13 and 26 showed the 
composition of metals and aluminum in combination, accordingly. The XRD pat-
terns show up at 2θ 38.66, 44.89, 65.21 and 78.33 in Fig. 4. These 2θ values 
validate the Al3M molecular formula of the remaining metal elements. They veri-
fied that the welded zones of corrosion-resistant aluminum alloys were tightly 
bound. The results showed that the welding was stable. α-Al metallic solution 
phases, MgZn2 and CuAl2 intermetallic compounds (hkl) values were observed 
in all processed XRD patterns. The observed values from Match-3 software are 
presented in Table II. The values are almost coincidental with the aluminum 
alloys welded zone reports as shown.21–26 
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TABLE II. XRD analysis outcomes of FRSTW welded samples   
Sample No. hkl 2θ / ° D / nm 
4 111 38.66 2.33 

200 44.89 2.02 
202 65.21 1.43 

13 111 38.66 2.33 
200 44.89 2.02 
202 65.21 1.43 
311 78.33 1.22 

26 111 38.66 2.33 
200 44.89 1.99 
202 65.21 1.41 
311 78.33 1.20 

Samples were carried out for the energy dispersive analysis to identify the 
alloy metals present in the anodic and cathodic metals of FRSTW specimens. 
The energy values are compared with MA table element energy. All welded 
specimens have shown similar energy level peaks. The boundary region EDAX 
exposed the peaks at 0.02–0.073(noise), 0.64–0.73 (O K), 1.23–1.25 (Mg K), 
1.46–1.51 (Al K), 1.82–1.85 (Si K), 4.9–4.99 (V or Cr), 6.31–6.4 (Fe/Mn K) and 
7.1–7.2 (Fe Kβ1) keV. The obtained values are coincidental with the reported 
data and confirm the elements of the selected base metals compositions.27–30 The 
intermetallic region exposed the Al3Mg2 and metal oxides of higher-composition 
metals. These results revealed and supported the butt-welded zone deformation 
with grains structure. Also, results revealed the similarities in welded zones. In 
addition, α-Al (FeMn) Si may be the reason for the different coarse sizes obs-
erved in the microstructure of FRSTW specimens. The deformed boundary was 
observed from the microstructure and confirmed by EDAX shown in Fig. 4.  

Corrosion studies 
The selected sample’s surface area was measured and carried for the weight 

loss investigations by immersion technique.40 Different corrosive mediums were 
selected as per the experimental discussion and the weight loss for all the 
samples individually. Weight loss was studied in various corrosive media. Base 
metals AA5052 and AA6101-T6 with other corrosion-tested aluminum welded 
joints after 72 h. As the sample dries, a black corrosion film covers the whole 
surface, and white, shiny products are created, indicating that the parent metal 
has low corrosion resistance. There is a great deal of variance, however, in the 
corrosion regions of the welding joints when subjected to various process set-
tings. The recorded outcomes are presented in Tables III and IV. Sample 1 
showed the lowest weight loss in the acid medium and sample 15 exposed higher 
loss in the same medium. From the observed weight loss of the 29 samples, this 
work calculated the average weight loss of 215 mg. Likely, this work observed the  
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Fig. 4. XRD and EDAX images for samples: a) 4, b) 13 and c) 26. 

average weight losses of the samples in the order of basic medium (S.N-27 = 397 
mg; low, S.N-15 = 787 mg; high), domestic water (S.N-1 = 40 mg; low, S.N-19 =  
= 51 mg; high), 3.5% salt solution (S.N-27 = 597 mg; low, S.N-25 = 986 mg; 
high) and seawater (S.N-4 = 596 mg; low, S.N-20 = 959 mg; high). The welded 
joints’ corrosion resistance outshines that of the underlying metal, it follows. 
More dislocation flaws occur during rolling because the base metal’s grain size is 
not uniform. In contrast, the dynamic recrystallization of grain size is made pos-
sible by the strong mechanical and thermal impacts of stirring processing, which 
results in uniformly sized grains that are reconciled in the welding joints and, as a 
result, fewer defects. The corrosion resistance of the welding joints is greatly  
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TABLE III. Initial mass, thickness and mass loss (g) in different corrosion medium 

Sample No. 
Mass loss in 0.1 M acid Mass loss in 0.1 M base Mass loss in domestic 

water (SPM = 880 ppm) 
Initial 
mass 

Final 
mass 

Mass 
loss 

Initial 
mass 

Final 
mass 

Mass 
loss 

Initial 
mass 

Final 
mass 

Mass 
loss 

AA5052 6.213 5.987 0.226 5.231 4.479 0.752 5.890 5.677 0.213 
AA6101-T6 5.468 5.186 0.282 6.475 5.648 0.827 4.996 4.878 0.118 
1 6.620 6.518 0.102 6.885 6.129 0.756 6.675 6.635 0.040 
2 6.680 6.499 0.181 6.910 6.194 0.716 6.700 6.686 0.014 
3 6.640 6.422 0.218 6.669 6.196 0.473 6.459 6.441 0.018 
4 7.060 6.865 0.195 7.057 6.483 0.574 6.847 6.824 0.023 
5 6.750 6.566 0.184 6.702 6.113 0.589 6.492 6.470 0.022 
6 6.690 6.496 0.194 6.857 6.071 0.786 6.647 6.632 0.015 
7 5.750 5.596 0.154 6.804 6.162 0.642 6.348 6.320 0.028 
8 6.600 6.323 0.277 6.949 6.263 0.686 6.493 6.463 0.030 
9 6.520 6.322 0.198 6.631 5.933 0.698 6.175 6.159 0.016 
10 5.800 5.593 0.207 6.951 6.164 0.787 6.495 6.465 0.030 
11 6.670 6.420 0.250 5.808 5.198 0.610 5.352 5.316 0.036 
12 6.690 6.392 0.298 6.531 5.989 0.542 5.212 5.186 0.026 
13 6.560 6.299 0.261 6.933 6.453 0.480 6.477 6.446 0.031 
14 6.820 6.621 0.199 6.534 6.017 0.517 6.078 6.045 0.033 
15 6.810 6.493 0.317 5.623 5.129 0.494 5.401 5.367 0.034 
16 6.720 6.439 0.281 6.733 6.245 0.488 6.511 6.473 0.038 
17 6.670 6.449 0.221 6.836 6.212 0.624 6.614 6.572 0.042 
18 6.550 6.365 0.185 5.980 5.485 0.495 5.674 5.628 0.046 
19 6.900 6.628 0.272 6.588 5.942 0.646 6.366 6.320 0.046 
20 6.870 6.736 0.134 6.721 6.240 0.481 6.499 6.449 0.050 
21 6.900 6.711 0.189 6.746 5.999 0.747 6.524 6.485 0.039 
22 6.430 6.180 0.250 6.851 6.224 0.627 6.173 6.129 0.044 
23 6.990 6.728 0.262 6.450 6.003 0.447 6.233 6.184 0.049 
24 6.590 6.466 0.124 6.086 5.669 0.417 5.869 5.819 0.050 
25 6.610 6.322 0.288 5.995 5.598 0.397 5.778 5.739 0.039 
26 6.330 6.120 0.210 5.993 5.446 0.547 5.899 5.858 0.041 
27 5.950 5.705 0.245 7.325 6.588 0.737 7.437 7.386 0.051 
28 6.550 6.392 0.158 6.918 6.148 0.770 7.030 6.985 0.045 
29 6.860 6.672 0.188 6.692 6.015 0.677 6.804 6.757 0.047 
Average loss 0.215   0.602   0.035 

enhanced as a result of this. This work observed the average weight loss of all 29 
samples such as 0.602 g (basic medium), 0.035 g (domestic water), 0.766 g 
(3.5% salt solution) and 0.727 g (sea water). The average weight loss of the 
specimens in selected corrosive mediums was lowered when compared with the 
source metal weight loss. Also, both salt atmospheres are showing almost similar 
weight loss. Corrosion of metal may and will occur in saltwater. Aluminum boats 
still have their uses on land, but they will require some extra care when out on 
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the water. Galvanic corrosion is the mechanism by which salt corrodes alu-
minum. When compared with the reported results, three times of weight loss was 
observed in salt water. Also, the difference in weight loss revealed the effect of 
welding parameters on surface degradation. RPM and many passes in friction stir 
welding are the major effects on corrosion resistivity. When comparing the 
mediums, the order of surface deterioration exists as follows salty domestic water 
< acid < alkali < sea water < artificial salt water.  

TABLE IV. Initial mass, thickness and mass loss in different corrosion medium 

Sample No. Weight loss in 3.5 % salt solution Weight loss in marine water 
Initial mass Final mass Mass loss Initial mass Final mass Mass loss 

AA5052 4.984 4.038 0.946 6.235 5.324 0.911 
AA6101-T6 6.214 5.229 0.985 6.184 5.312 0.872 
1 6.745 5.919 0.826 6.241 5.468 0.773 
2 7.087 6.298 0.789 6.621 5.872 0.749 
3 6.760 6.087 0.673 6.323 5.673 0.650 
4 6.712 5.938 0.774 6.925 6.314 0.611 
5 6.820 5.961 0.859 6.585 5.769 0.816 
6 6.911 6.025 0.886 6.877 6.189 0.688 
7 6.762 5.920 0.842 5.853 5.257 0.596 
8 6.668 5.682 0.986 6.195 5.396 0.799 
9 6.964 6.126 0.838 5.868 5.055 0.813 
10 7.106 6.409 0.697 5.82 5.045 0.775 
11 6.275 5.414 0.861 5.928 4.969 0.959 
12 6.649 5.907 0.742 6.019 5.253 0.766 
13 6.715 5.767 0.948 6.471 5.629 0.842 
14 6.636 5.819 0.817 6.377 5.681 0.696 
15 6.532 5.738 0.794 6.673 5.935 0.738 
16 6.668 5.860 0.808 6.815 6.198 0.617 
17 6.456 5.747 0.709 5.984 5.273 0.711 
18 6.869 6.176 0.693 6.358 5.557 0.801 
19 6.156 5.310 0.846 6.401 5.659 0.742 
20 6.782 6.001 0.781 6.322 5.675 0.647 
21 6.281 5.556 0.725 6.218 5.594 0.624 
22 6.372 5.785 0.587 6.354 5.716 0.638 
23 6.667 6.050 0.617 6.142 5.423 0.719 
24 6.592 5.875 0.717 6.555 5.832 0.723 
25 6.559 6.022 0.537 5.931 5.25 0.681 
26 6.817 6.134 0.683 6.557 5.83 0.727 
27 6.459 5.834 0.625 6.056 5.3 0.756 
28 6.423 5.676 0.747 6.147 5.32 0.827 
29 6.959 6.157 0.802 6.442 5.839 0.603 
Average loss 0.766 0.727 
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Using the weight loss data, this work calculated corrosion rate in terms of 
miles per year (Tables V) using the above-mentioned formula (1). Observation 
shows the same order of the specimen’s corrosion rate in selected corrosive 
mediums.  

TABLE V. Corrosion rate of FRSTW samples from weight loss   

Average mass loss, g Medium M 
Surface area×Eq.wt×Total h 

CR in mpy 
534×mass loss/M 

0.215 0.1 M acid 9×2.7×72 0.066 
0.602 0.1 M alkali 9×2.7×72 0.184 
0.035 Domestic water 9×2.7×72 0.011 
0.766 3.5 % NaCl 9×2.7×72 0.234 
0.727 Sea water 9×2.7×72 0.222 

From the reports, this work observed that the welded materials corrosion 
rates are decreased in respective medium. This work observed the similar obs-
ervations when compared with base metals. This research selected the mag-
nesium and chromium containing aluminum alloys for this novel study. When 
compared with the reported results for the other Al alloys, our welded samples 
exposed good result.  

A higher corrosion rate of 0.234 miles per year was shown by the artificial 
salt medium when compared to the other corrosive mediums. Therefore, this 
study expanded to include a potentiodynamic analysis of 4, 13 and 26 specimens 
chosen based on their tensile strength. The potentiodynamic output data opened 
through corrosion view software and Tafel plots are plotted (Fig. 5). The graph-
ical outcomes are presented in Table VI. From the table, sample 13 showed 
higher corrosion rate when compared with other selected samples. Even sample 4 
showed lower tensile strength, it showed the corrosion rate of 3.156 mpy. This is 
due to the deformed welded joint of FRSTW sample. The Tafel outcome data 
also revealed the almost equal corrosion potential from –0.87 to –0.91 V. But, the 
corrosion current differed in the order of sample 26 < sample 4 < sample 13. Our 
sample showed 0.15 V difference with FRSTW AA6082.31 When compared with 
the reported potential of aluminum (Al/Al3+, –1.70 V), welded samples exposed 
the lowered potential.32 The movement to more positive values indicates that the 
corrosion resistance of the friction stir-welded samples was improved. The low-
est corrosion current density, which means the highest corrosion resistance, was 
observed on selected specimens. Icorr values exist between 781.78 and 0.52 μA. 
The lowest value of sample 26 showed the improvement of the corrosion resist-
ance due to the FRSTW process as per reported values.33 When compared with 
the reported results, our samples have shown slightly higher corrosion poten-
tial.34–37 Sample 26 exhibited a lower rate due to the grain nature and cathodisat-
ion with the remaining base metal compositions. This work observed the corros-
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ion resistivity in the order of sample 13 > sample 4 > sample 26. When compared 
the other reported corrosion researches, Table VII, this work selected AA5052 
and AA6101-T6 aluminium alloys joints for future submarine-based construction 
and water-based designs.  

 
Fig. 5. Tafel plots for the test samples: a) 4 b) 13 and c) 26. 

TABLE VI. Corrosion rate of FRSTW samples from potentiodynamic graph  

Sample No. Tafel data Corrosion rate 
mpy Icorr / A cm-2 Ecorr / V βa / mV βc / mV 

4 0.00029008 –0.87 12698 587.96 3.156 
13 0.00078178 –0.86 1622.8 1169.3 8.5071 
26 0.00000052 –0.91 138.18 128.2 0.006 

TABLE VII. Weight loss results of some reported aluminum alloys 

Aluminum alloy Welding Medium Weight loss
g 

Duration
h 

Corr. rate 
mpy Ref. 

AA6061 and AA8011 FRSTW Sea water 0.204 672 
672 
672 

0.201 2 
FRSTW HCl 1.644 1.618 
FRSTW H2SO4 1.464 1.441 

AA5052-H32 - AA6061-T6 FRSTW Salt spray 3.77 72 25.486 41 
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TABLE VII. Continued 

Aluminum alloy Welding Medium Weight loss
g 

Duration
h 

Corr. rate 
mpy Ref. 

Al 2024 Raw 
sample 

3.5 % Salt 
water 

– – 1.200 42 

Similar 2219 FRSTW Salt fog – 48 0.090 43 
Similar 5083 FRSTW Salt fog – 48 0.009 43 
5083-2219 FRSTW Salt fog – 48 0.030 43 

CONCLUSIONS 

The microstructure, tensile strength, and electrochemical characteristics of 
friction stir-welded AA5052 and AA6101-T6 were examined in the aforemen-
tioned investigations. Three distinct traverse speeds 70, 80 and 90 mm/min, and 
three distinct rotational speeds 1000, 1200 and 1400 rpm are required for this 
task. In addition to these three different passes. The nugget zone grain size is 
exaggerated by process parameters such as tool traverse speed, tool passes and 
tool traverse speed. Microstructure images have confirmed the solid solution 
formed between the selected aluminum alloys. The FRSTW tool parameters were 
modified and successfully this work prepared 29 samples. The sample weight 
loss results showed that the welding is effectively protecting the metal surfaces in 
all corrosive medium except salt and alkali medium. In a salt medium, aluminum 
underwent galvanic corrosion and more weight loss was observed. Likely, in an 
alkali medium aluminium hydroxide formed, and moderate weight loss was obs-
erved. According to potentio-dynamic experiments, AA5052 and AA6101-T6 
FRST butt-welds in 3.5 % NaCl solution exhibits improved corrosion control 
characteristics. The results of the experiments showed that the corrosion current 
density can be improved by modifying the welding parameters. This work con-
cluded that the 80mm/min–6 kN–1200 RPM–3 passes may be a good parameter 
for welding and the alloy joint may have higher tensile strength with corrosion 
resistivity. An evaluation of mechanical properties and electrochemical corrosion 
performances revealed that the fine and uniform weld microstructure at 1200 rpm 
outperformed FRSTW joints at 80mm/min in terms of potential, corrosion cur-
rent density, and tensile strength. The future course study includes the corrosion 
resistive coating materials according to sacrificial anodic, cathodization and inhi-
bition studies. 
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И З В О Д  

ПРОУЧАВАЊЕ КОРОЗИЈЕ, ЕФЕКТИ ПАРАМЕТАРА И ПОВРШИНСКА МОРФОЛОГИЈА 
АА5052-АА6101Т6 ЗАВАРЕНИХ СПОЈЕВА ТРЕЊЕМ И МЕШАЊЕМ 

SATHISH RENGARAJAN1 G. KASIRAJAN2 и R. ASHOKKUMAR3 

1Department of Mechanical Engineering, St. Joseph’s College of Engineering, Semmancheri, Chennai, Tamil 
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Engineering, Semmancheri, Chennai, Tamil Nadu-600119, India и 3Department of Mechanical Engineering, 
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Tamil Nadu-630611, India 

Традиционално заваривање фузијом није погодно за заваривање легура алумини-
јума јер се формирају секундарне крте фазе, а како легура очвршћава јавља се пороз-
ност и пукотине. Заваривање трењем, је нова метода заваривања у чврстом стању, којом 
се могу спојити сличне или различите легуре алуминијума. У овом раду узорци легура 
АА5052-АА6101Т6 који су заварени трењем и мешањем, тестирани су на карактеристике 
корозије. Микроструктура и механичко понашање заварених спојева алуминијумске 
легуре АА5052-АА6101Т6 испитани су у односу на улазне параметре. Микроструктура 
открива да брзина заваривања и брзина ротације утичу на микроструктуру шава анали-
зираних узорака заварених површина. Двадесет девет узорака је тестирано на корозију у 
3,5 % NaCl, води за домаћинство (880 ppm – SPM), 1 M H2SO4, 1 M NaOH и природној 
морској води током 72 сата. Домаћа слана вода и кисели медијум показали су бољу 
отпорност на корозију од алкалних и сланих медија. Проучавање отпора показало је 
благе промене анодног и катодног потенцијала након заваривања трењем. 

(Примљено 17. априла, ревидирано 19. маја, прихваћено 24. августа 2024) 
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Abstract: Due to the increasing population and consumption rate, the sustainable 
use of resources is very important. Corn is one of the most produced grains in 
the world. However, many parts of it, such as corn silk, roots and corn husk are 
disposed of as agricultural waste. Within the sustainability, it is possible to bring 
waste into the field of technology and develop new products with green syn-
thesis. In this study, the waste corn silk was dried, extracted and used as a 
precursor in synthesis of silver nanoparticles (CS–AgNPs). The CS–AgNPs 
were characterized using ultraviolet spectrophotometry, infrared spectrophoto-
metry and scanning transmission electron microscope. Moreover, the inhibition 
effects of CS–AgNPs on enzymes such as α-amylase, α-glycosidase, urease, 
acetyl cholinesterase and xanthine oxidase which are important for the treatment 
of some diseases were determined. The obtained nanoparticles gave the max-
imum absorbance at 470 nm and the average size of the nanoparticles was found 
as 65 nm. It was determined that CS–AgNPs showed very good antioxidant 
activity and inhibitory effects on α-amylase (52.27 %), α-glycosidase (43.51 %), 
urease (80.33 %), acetyl cholinesterase (66.17 %) and xanthine oxidase (73.67 %). 
The obtained results show that the nanoparticles synthesized using the green 
synthesis technique could be used in medicine and pharmaceuticals. 

Keywords: eco-friendly; diabetes mellitus; antioxidant activity; inhibition; waste 
management; sustainability. 

INTRODUCTION 
In recent years, the whole world is facing various challenges due to the 

unsustainable use of natural resources and the increasing population. For this 
reason, European Union countries have planned the European growth strategy for 
2020 and set the goal of transitioning from a linear production and consumption 
model to a recyclable production and consumption model.1 The amount and con-
tent of solid waste produced are affected by different factors, such as the socio-
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economic characteristics of the community or societies, nutritional habits, tradit-
ions, geography, professions and climate.2 It is estimated that the world popul-
ation, which will be 7.9 billion by 2022, will reach 9.8 billion in 2050. On the other 
hand, it is known that the food production rate is higher than the human population 
growth rate and today the food production is sufficient to feed 10 billion people.3 
Agricultural wastes are wastes and residues resulting from the production and pro-
cessing of plant and animal products. Food waste could be defined as the food lost 
at every stage of the food supply chain, from farm to table, originating from pro-
ducers, processors, retailers and consumers.4 However, every year approximately 
30 % of production appears as waste in the food supply chain.5 The random aban-
donment and non-use of agricultural, food and domestic waste, which increases 
day by day, causes air pollution, soil pollution, etc. For this reason, the issue of 
evaluation and management of agricultural wastes has gained great importance in 
recent years. 

Nanotechnology is a popular scientific area that allows to the processing, 
measurement, design, modelling and editing of materials at sizes of 1–100 nm. It 
provides technologically advanced or completely new physical, chemical, and bio-
logical properties to matter at the atomic and molecule level.6 Because of their 
unique properties, nanoparticles could be used in many areas such as food, cos-
metic, energy, agricultural and medical industries, which makes the nanoparticles 
very popular.6  

Nanoparticles such as gold, nickel, zinc, silver, platinum and copper are syn-
thesized in two ways: top-down or top-up.6 Different methods such as biological 
(green), physical and chemical methods are used in the synthesis of nanoparticles. 
Synthesis with biological resources has attracted more attention than other 
methods because the synthesis process does not contain toxic chemicals or pro-
ducts, it is fast and provides cheaper synthesis.7 Various parts of plants are used in 
synthesis with the biological method.8 However, especially the use of waste parts 
of plants is very important in terms of environment and sustainability.9 

Corn (Zea mays L.) is a plant of high commercial importance grown almost 
all over the world. While world corn production exceeded 1 billion tons, it reached 
361 million tons only in America.10 The corn plant consists of various parts such 
as stalk, leaves, cobs, husk, silk and roots, each playing a crucial role in its growth 
and reproduction. But, the majority of the silks found on the cob of produced corn 
are thrown away as garbage and in general it is not used in industrial processes.10 
Corn silk refers to the fine, thread-like strands that form the outer part of a cob of 
corn.10 It’s the long, silky, shiny fibres that are found beneath the green husks and 
surround the kernels. While they might seem like mere packaging, corn silk actu-
ally plays a role in the growth and development of the corn plant. When harvesting 
corn, the silk is usually removed along with the husk, as it's not typically con-
sumed.10 The corn silk could be considered a source of antioxidants and may have 

________________________________________________________________________________________________________________________Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



 ECO-FRIENDLY SILVER NANOPARTICLES FOR ENZYME INHIBITION 371 

potential health benefits.10 As the waste part of the plant, it contains 70.26 % car-
bohydrates, 11.06 % ash, 10.10 % oil and 6.26 % protein in average.10 Addition-
ally, corn silk is rich in valuable biochemical substances such as essential oils, 
lipids, phenolic compounds and flavonoids.10 However, the nutritional value of 
corn silk isn’t well-studied compared to other parts of the corn plant and it is des-
troyed as waste. However, the corn silk has potential in green synthesis of silver 
nanoparticles with its bioactive compounds.  

The silver nanoparticles (AgNPs) are important metallic nanoparticles which 
are listed in the Organisation for Economic Co-operation and Development 
(OECD).11 They have many application areas such as electronic, medical appli-
ances, tableware, clothing, cosmetics, etc.18 Many studies have investigated the 
microbial activity of AgNPs;12–14 however, much less is known about the enzyme 
inhibition properties with nanoparticles. The enzyme inhibition studies are imp-
ortant to develop new drugs for many diseases. For example; the inhibitions of 
alpha amylase and alpha glycosidase are important for treatment of Diabetes mel-
litus;15 inhibition of xanthine oxidase is important for the treatment of gout;16 the 
inhibition of acetylcholine oxidase is important for Alzheimer’s17 and the inhi-
bition of urease is important for treatment of stomach diseases such as ulcer and 
gastric.18  

The synthesizing silver nanoparticles using plant sources is quite com-
mon.6,9,12–14 However, many of the plants used in the synthesis process have 
nutritional value and are consumed by humans. In this study, the potential of plants 
that are not preferred to be consumed by humans, but are rich in phytochemicals 
for the synthesis of silver nanoparticles was determined. This study focused on the 
synthesis of silver nanoparticles with waste corn silk, and the inhibition properties 
of synthesized silver nanoparticles on enzymes which has key role in the treatment 
of diseases such as Diabetes mellitus, Alzheimer, gout and ulcer. The antioxidant 
activity of silver nanoparticles was also determined. As a result of the study, the 
potential of using nanoparticles as an enzyme inhibitor for the treatment of diseases 
was identified.  

EXPERIMENTAL 
Green synthesis of corn silk-based silver nanoparticles  

The corn silk silver nanoparticles were synthesized according to the Keskin.19 For this 
purpose, corn silk was harvested from a field located in Bilecik, Türkiye (39° and 40°31' north 
latitude and 29°43' and 30°41' east longitude) in 2023. The corn silk was washed to remove 
impurities, dried and ground and then the known amount of the corn silk was extracted by dis-
tilled water in ratio 1:100, using the maceration technique described previous by Keskin.19 The 
prepared extract was filtered and mixed with 5 mM silver nitrate (AgNO3, Sigma–Aldrich) sol-
ution in a dark flask at a 1:1 volume ratio for ~2 h at room temperature. The changes of colour 
and confirmation of nanoparticle synthesis was applied by UV absorption spectroscopy (Hach, 
DR/4000U) between 250 and 750 nm (Fig. 1). At the end of the synthesis, centrifugation was 
performed for 15 min at 9000 rpm with a high-speed centrifuge device to precipitate AgNPs 

________________________________________________________________________________________________________________________Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



372 KESKIN 

from the aqueous medium. The resulting AgNPs were washed with distilled water to wash off 
impurities and dried at 75 °C.  

 
Fig. 1. Synthesis of CS–AgNPs. 

The obtained silver nanoparticles were characterized using a UV spectrophotometer 
(Hach, DR/4000U) to detect the colour changes, Fourier transform infrared spectroscopy (FT- 
-IR, Thermo Fisher) to determine the functional groups that were changed (reduced–oxidized), 
and a scanning electron microscope (SEM, ZEISS/Supra 40 VP) device to determine the sizes 
of the nanoparticles. The EDX analyses was performed to determine the elemental composition 
of nanoparticles as combined SEM-EDX. 
Determination of optimum conditions for green synthesis of CS–AgNPs  

To determine the effect of extract concentration on silver nanoparticle synthesis, 1.0, 2.0 
and 3.0 % corn silk extracts were prepared at room conditions, silver nanoparticles synthesized 
and UV spectrophotometer absorbance values were compared. 

To examine the effect of pH on silver nanoparticle synthesis, the corn silk extracts were 
prepared in different buffer solutions such as acetic acid sodium acetate buffer (pH 5.0 and 6.0) 
phosphate buffer (Na2HPO4/NaH2PO4, pH 8.0 and 7.0) and the glycine buffer solutions (pH 
9.0). The nanoparticle synthesis was performed with each solution separately and the UV spec-
trophotometer absorbance values were compared. 

To determine the temperature effect on silver nanoparticle synthesis, the silver nanopar-
ticles were obtained at 20, 40 and 60 °C and also the UV spectrophotometer absorbance values 
were compared.11 
Determination of total phenolic content of CS–AgNPs and corn silk extract 

To determine the total phenolic content of both CS–AgNPs and corn silk extract the Folin 
method was used.20,21 The phenolic compounds and Folin–Ciocâlteu reagent become a coloured 
complex and gave a maximum absorbance at 765 nm. Gallic acid (GA) was used as standard. 
The results were expressed in mg GAE/g dried weight (DW) sample. All the analyses were 
performed in triplicate. 
2,2-Diphenyl-1-picrylhydrazyl (DPPH)·radical scavenging activity 

DPPH• is a radical which is used to determine antioxidant activity of various materials.22 
For this purpose, a stock methanol solution (100 µM) of this purchased radical was applied. The 
sample solutions at different concentrations were prepared by diluting the extracts of the 
samples with their own solvents. The equal volumes (750 µL) of DPPH• solution and the sample 
solutions (at different concentrations) were mixed and left at room temperature for 50 min and 
then the absorbance was recorded at 517 nm.22 By plotting these absorbance values against the 
concentrations, the SC50 values were calculated and expressed against the Trolox standard.22 
All analyses were performed in triplicate. 
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Iron reducing capacity (FRAP) 
The FRAP method is based on reducing the iron (III) ion in the Fe(III)–TPTZ complex by 

natural products compounds.23 Fe(III), which is reduced by the antioxidant substances in the 
solution, gives absorbance at 593 nm. The results were expressed in µM FeSO4·7H2O value. 
All analyses were performed in triplicate. 
α-Amylase enzyme inhibition 

To determine free α-amylase enzyme activity, an equal volume of enzyme solution was 
incubated with 300 μL of substrate for 30 min at a suitable temperature. At the end of the rel-
evant period, an equal volume of DNS solution was added to the reaction mixture. The reaction 
mixtures were heated in a boiling water bath for 5–10 min. The colour formation was achieved 
by boiling. After the tubes cooled in an ice bath to room temperature, the absorbance against 
the blank was measured at 550 nm. For the inhibition study, increasing concentrations of inhi-
bitor were added to the medium and activity was determined, the results were plotted and the 
IC50 value was calculated.24 The prosedure was also performed for the corn silk extract. All 
analyses were performed in triplicate. 
α-Glucosidase enzyme inhibition 

The inhibition properties of α-glucosidase was determined according to Gholamhoseinian 
et al.25 p-Nitrophenyl-α-D-glucopyranoside was used as substrate and the reaction was per-
formed in 0.1 M pH 6.8 phosphate buffer solution. 5 µL of substrate, enzyme solution, 900 µL 
of phosphate buffer (50 mM) were mixed and 20 µL of silver nanoparticle solutions was added 
to the mixture. The mixture was incubated at 37 °C and the calculations were made by recording 
the absorbance values at 405 nm. The prosedure was also performed for the corn silk extract. 
All analyses were performed in triplicate. 
Acetylcholinesterase inhibition 

The acetylcholinesterase (ACT) inhibition was based on the coloration of thiocholine with 
DTNB.26 The enzyme solution was prepared in 1% gelatin solution at 2.5 units mL-1. 50 µL of 
enzyme solution and 50 µL of silver nanoparticle solutions and 3 mL of pH 8 phosphate buffer 
were mixed and incubated for 5 min at 25 °C. The reaction was started after the addition of 100 
µL DTNB and 20 µL ACT. After 10 min, the absorbance was measured at 412 nm and the 
inhibition values were calculated. The positive control was performed using donepezil hydro-
chloride. The prosedure was also performed for the corn silk extract. All the analyses were 
performed in triplicate. 
Urease inhibition 

Urease is an enzyme that catalyzes the conversion of urea to amonium and carbon dioxide. 
The formation of urea was determined using the indophenol method.27 Jack Bean urease (200 
µL), 500 µL 0.01 M of phosphate buffer solution with 100 mM urea, 1 mM EDTA and 0.01 M 
LiCl at pH 8.2 and 100 µL silver nanoparticle solution was incubated for 20 min at room tem-
perature. After the period, 550 µL of phenol solution (1 % phenol and 0.005 % sodium nitro-
prusside) and 650 µL of alkaline mixture (0.5 % sodium hydroxide and 0.1 vol. % NaOCl) were 
added to the tubes. The absorbances was recorded at 625 nm after 50 min. IC50 values were 
determined using standards from different concentrations. The prosedure was also performed 
for the corn silk extract. All the analyses were performed in triplicate. 
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Xanthine oxidase inhibition 
The inhibition properties of xanthine oxidase enzyme were determined according to Baltaş 

et al.27 The reaction mixture contains 500 µL silver nanoparticles, 770 µL pH 7.8 phosphate 
buffer and 70 µL xanthine oxidase enzyme. After preincubation for 15 min at 25 °C, 660 µL of 
substrate was added to the solution and incubated for 15 min at 25 °C. The reaction was stopped 
by adding 200 µL 0.5 M HCl, the absorbances were determined at 295 nm and IC50 values were 
calculated. The prosedure was also performed for the corn silk extract. All the analyses were 
performed in triplicate. 

RESULTS AND DISCUSSION 

The corn silk extracts contain various such as flavonoids, phenolics, terpe-
noids or enzymes that act as reducing agents.10 These bioactive compounds interact 
with silver ions leading to the reduction of Ag+ to Ag. The reduced silver ions start 
to aggregate and form nuclei in the solution due to the reducing agents present in 
the extract. The further reduction and aggregation of these nuclei lead to the growth 
of silver nanoparticles.28 The concentration of the extract used in the green syn-
thesis of silver nanoparticles (AgNPs) could significantly influence the synthesis 
process and the properties of the resulting nanoparticles. The nanoparticle form-
ation and the colour changes to dark brown was monitored using a UV spectro-
photometer and the nanoparticles gave a maximum absorbance at 470 nm. In gen-
eral, because of the free electrons, AgNPs would display a surface plasmon 
resonance (SPR) band at 450–550,29 406,20 435,31, 461.2532 and 422 nm.33 The 
obtained data in this study are similar to the previously reported AgNPs synthesis 
result.20–40 The changes of UV-spectrum were recorded in order to determine the 
optimum extract concentration. The effect of the extract concentration on the syn-
thesis of silver nanoparticle was presented in Fig. 2.  

 
Fig. 2. Effect of extract concentration on synthesis of CS–AgNPs: a) corn silk extract and 

b) silver nanoparticle solution. 

According to Fig. 2, the ratio 3.0 % had the maximum absorbance and it was 
chosen as optimum extract concentration for the further studies. The presence of 
large amounts of reductants in the reaction medium, such as the electron-rich 
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phytomolecules, is believed to cause the rapid reduction of Ag+. This rapid reduct-
ion of Ag ions, in turn, promotes the further growth of nanoparticles. The pH is 
another important parameter for the green synthesis of silver nanoparticles and it 
can influence the interaction of the extract or bio-reducing agents with the nano-
particles. When the results of the UV-spectra were compared, it was determined 
that pH 7.0 is the optimum pH value for the green synthesis of silver nanoparticles 
(Fig. 3). 

 
Fig. 3. Effect of pH on synthesis of CS–AgNPs. 

Temperature is other crucial parameter for the green synthesis of silver nano-
particles. Elevated temperatures can speed up the reduction process, leading to 
quicker formation of nanoparticles. 60 °C was found the optimum temperature for 
the green synthesis of silver nanoparticles (Fig. 4), but synthesis was performed at 
room temperature to prevent or degradation of the bioactive components in the 
extract. 

 
Fig. 4. Effect of temperature on synthesis of CS–AgNPs. 

To determine the potential functional groups, FTIR was used. The FTIR peak 
of corn silk extract and supernatant of AgNPs were presented in Figs. 5 and 6, 
respectively. The wide peak of nearly 3275–3300 cm–1 indicates the presence of 
an O–H group in the spectrum. Although there are similarities at 2120, 1637.59 
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and 579 cm–1 peaks, there are differences at 2500, 2000–1900, 1300–1200 and 
1000 cm–1. These peaks are related with stretching vibrations of C=C, C=O, O–H, 
C–H, C–N and –COOH groups in alkane, ketone, alkene and nitro compounds. 

 
Fig. 5. FTIR spectrum of corn silk extract. 

 
Fig. 6. FTIR spectrum of CS-AgNPs supernatant. 

The particle size of the CS–AgNPs was found to be between 63 and 67 nm by 
the scanning electron microscope (Fig. 7). In literature, the AgNPs were obtained 
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in different sizes such as 4–10,20 65.92,31 12.6332 and 46.26 nm.33 It was clear 
that the particle size of AgNPs could change in a wide range.28–38  

 
Fig. 7. SEM and histogram of CS–AgNPs. 

The synthesized silver nanoparticles had a peak at 2.8 keV in EDX analyses 
which showed the presence of Ag (Fig. 8). EDX is applied to analyse the principal 
elemental components of NPs. 

 
Fig. 8. EDX spectrum of CS–AgNPs. 

It was determined that the CS–AgNPs were mainly composed of elemental 
silver (normalized atomic value 79.13 %), and the C and O contents were relatively 
lower (Table I). 

The antioxidant activity of CS–AgNPs was determined 176.55±1.44 (FRAP) 
and 82.43±1.22 % µM TE g–1 (DPPH). The specific enzymes’ inhibitions such as 
acetylcholinesterase, α-amylase, α-glucosidase urease and xanthine oxidase are 
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important for the treatment of illness like Alzheimer’s disease, Diabetes mellitus, 
stomach infections and gout. The inhibition properties of CS–AgNPs (%) was 
found to be 52.27±1.09 (α-amylase), 43.51±0.98 (α-glucosidase), 80.33±1.21 
(urease), 66.17±2.08 (acetylcholinesterase) and 73.67±1.70 (xanthine oxidase), 
respectively (Table II).  

TABLE I. EDX results of CS–AgNPs 
Element Series Unn. C (wt. %) Norm. C (wt. %) Atom. C (at. %) Sigma (wt. %) 
Ag L 23.06 79.13 33.72 0.98 
O K 4.15 14.24 40.91 2.00 
C K 1.93 6.63 25.26 0.85 
Total 29.14 100.00 100.00  

TABLE II. Biochemical properties of corn silk extract and CS–AgNPs; different letters repre-
sent significant differences at p < 0.05 probability level 

Parameter Corn silk 
extract CS–AgNPs Control Control reagent 

Total phenolic content 
(mg GAE g-1 DW sample) 

20.16±0.21a 24.43±0.19b – – 

FRAP (µM TE g-1) 100.18±1.27a 176.55±1.44b – – 
DPPH (%) 70.69±1.18a 82.43±1.22b – – 
α-Amylase inhibition (%) 48.15±1.11 52.27±1.09 46.84±1.05 Acarbose 
α-Glucosidase inhibition (%) 32.21±1.23 43.51±0.98 30.19±1.24 Acarbose 
Urease inhibition (%) 50.78±1.15 80.33±1.21 82.66±1.15 Thiourea 
Acetylcholinesterase inhibition 
(%) 

47.66±1.98 66.17±2.08 68.41±1.22 Donepezil 
hydrochloride 

Xanthine oxidase inhibition (%) 68.70±1.76 73.67±1.70 76.18±1.18 Allopurinol 

The synthesis of metallic nanoparticles using different biological resources 
has become very popular in recent years.28,29 By determining the different bio-
logical properties of the resulting nanoparticles, their potential for use in areas such 
as health and environment could be determined. Some biological properties of 
silver nanoparticles synthesized using different biological sources are presented in 
Table III.  

For example, Amin et al.38 stated that silver nanoparticles based on Solanum 
xanthocarpum L. inhibited the urease enzyme by 64 %. Erenler et al.33 synthesized 
silver nanoparticles based on Tagetes erecta L. in their study. They stated that the 
antioxidant activities of the nanoparticles they obtained had the IC50 values of 
23.80 μg mL–1 and 2.79 μmol mg–1 sample corresponding to the DPPH and FRAP, 
respectively. Chinnasamy et al.35 stated in their study that the silver nanoparticles 
they synthesized showed very high antioxidant activity (91±0.5 %, DPPH). Gul et 
al.37 synthesized silver nanoparticles using different parts of the Ricinus communis 
plant in their study. They stated that the synthesized nanoparticles inhibited xan-
thine oxidase and urease enzymes by 83.6 and 94.2 %, respectively. Gopal et al.38 
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synthesized mushroom-based silver nanoparticles in their study and found that the 
obtained particles inhibited the α-amylase enzyme by 28 %. Thirumal and Sivaku-
mar39 synthesized silver nanoparticles based on Cassia auriculata and stated that 
the synthesized nanoparticles inhibited the α-glucosidase enzyme by 80 %. Abdel-
wahab et al.40 synthesized silver nanoparticles based on Aspergillus niger in their 
study and stated that the nanoparticles they synthesized inhibited the acetylcholine 
esterase enzyme at a very high rate. The silver nanoparticles could inhibit enzymes 
by different ways. For example, they could interact with the AChE protein, inhi-
biting its activity, which demonstrates their affinity for cholinesterase. The litho-
philicity of the nanoparticles and the hydrophobic environment of the ChE enzyme 
molecule facilitate this interaction.41 As a result of this study, it was determined 
that the antioxidant properties and the enzyme inhibition properties of the syn-
thesized silver nanoparticles were compatible with the literature. 

TABLE III. Synthesis of AgNPs by using different sources 

Biological source UV absorb-
ance, nm 

Average size
nm Biomedical application Reference 

Solanum 
xanthocarpum L. 

406 4–18 Antioxidant activity and enzyme 
inhibition properties 

30 

Glycosmis 
mauritiana 

435 65.92 Antioxidant activity, 
antimicrobial activity and enzyme 

inhibition properties 

31 

Zea mays L. 461.25 12.63 Antimicrobial activity 32 
Tagetes erecta L. 422 46.26 Antioxidant activity 33 
Caesalpinia 
mimosoides 

480 20–80 Antibacterial activity 34 

Aristolochia 
bracteolata Lam 

430 16.7 Antioxidant and antibacterial 
activities 

35 

Mikania cordata 451 26.8–46.0 Antioxidant and antibacterial 
activities 

36 

Waste corn silk 470 63–67 Antioxidant activity and enzyme 
inhibition properties 

This 
study 

CONCLUSION 

The sustainable use and the protection of natural resources is very important. 
The natural waste, which increases due to the increasing population, needs to be 
recycled and used in areas such as technology, health, agriculture and environment. 
In this study, the environmentally friendly silver nanoparticles were synthesized 
from the waste corn silk using the green synthesis technique. The potential use of 
the synthesized nanoparticles in medicine applications was determined and the 
usability of waste corn silk in the field of health and nanotechnology was 
determined. As a result of this study, corn silks could be accumulated after the 
harvest time for recycling and used in the field of nanotechnology for different 
applications such as drug development, environment, etc. 
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и з в о д  

ОТПАДНА КУКУРУЗНА СВИЛА ЗА ЕКОЛОШКИ ПРИХВАТЉИВЕ НАНОЧЕСТИЦЕ 
СРЕБРА: ЗЕЛЕНА СИНТЕЗА, КАРАКТЕРИЗАЦИЈА И ОДРЕЂИВАЊЕ СВОЈСТАВА 

ИНХИБИЦИЈЕ ЕНЗИМА 

MERVE KESKIN 

Vocational School of Health Services, Bilecik Şeyh Edebali University, Bilecik, Türkiye 

Одрживо коришћење ресурса је веома важно због пораста броја становника и нивоа 
потрошње. Кукуруз је једна од најпродаванијих житарица на свету. Међутим, многи његови 
делови, као што су кукурузна свила, корење и кукурузна љуска, одлажу се као пољопри-
вредни отпад. У оквиру одрживости могуће је увести овај отпад у област технологије и 
развити нове производе зеленом синтезом. У овој студији, отпадна кукурузна свила је 
сушена, екстрахована и коришћена као прекурсор у синтези сребрних наночестица (CS– 
–AgNPs). CS–AgNPs су окарактерисане коришћењем ултраљубичасте спектрофотометрије, 
инфрацрвене спектрофотометрије и скенирајућег трансмисионог електронског микро-
скопа. Утврђени су инхибицијски ефекти CS–AgNPs на ензиме као што су α-амилаза, 
α-гликозидаза, уреаза, ацетил-холинестераза и ксантин-оксидаза, који су важни за лечење 
одређених болести. Добијене наночестице су показале максималну апсорбанцију на 470 nm, 
док је просечна величина наночестица 65 nm. Утврђено је да CS–AgNPs показују веома 
добру антиоксидативну активност и инхибиторне ефекте на α-амилазу (52,27 %), α-гли-
козидазу (43,51 %), уреазу (80,33%), ацетил-холинестеразу (66,17 %) и ксантин-оксидазу 
(73,67 %). Добијени резултати показују да се наночестице синтетизоване техником зелене 
синтезе могу користити у медицини и фармацији. 

(Примљено 22. маја, ревидирано 11. јуна, прихваћено 27. септембра 2024) 
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Abstract: This study determined arsenic, chromium, cadmium, copper, zinc, 
nickel and lead concentrations in the sediment of the lake and river and evalu-
ated their ecological risk profile and compared the ecological risk profile of 
some potentially toxic elements accumulated in surface sediment of stagnant 
and running water ecosystems in the Meriç Delta Wetland, Turkish Thrace 
which is located in the European part of Turkey and have two important river 
systems, Meriç and Ergene, which provide freshwater resources for the region. 
Sediment samples were taken seasonally from three stations (one station from 
the river and two stations from the lake) in 2020. Ecological and biological risk 
analyses were calculated using the potential ecological risk index (RI), biolog-
ical risk index (mERM-Qi), contamination factor (CF), contamination degree 
(CD) and pollution load index (PLI). As a result, although RI stated that Cd 
was determined as the riskiest element and mERM-Qi stated that Zn was det-
ermined as the riskiest element, indicated that there were no high ecological 
risks besides the investigated elements in the area. Although it is expected that 
the sediment quality of running water systems is better than that of stagnant 
water systems, the results of risk indices in the present study showed that the 
station selected for running water was the riskiest station in terms of potentially 
toxic elements. 

Keywords: ecological risk indices; toxic elements assessment; lagoon lake; Meriç 
River Delta. 

INTRODUCTION 
Increasing toxic element (TEs) pollution has become a global ecological 

concern for water, air, and soil ecosystems.1 Supply to industry and agriculture 
due to the growth of the population increases the accumulation of TEs, especially 

 

* Corresponding author. E-mail: gburcuaydin@trakya.edu.tr  
https://doi.org/10.2298/JSC240116107A 

________________________________________________________________________________________________________________________Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



384 AYDIN 

in aquatic ecosystems.2 Toxic pollution, which is discharged into aquatic eco-
systems by precipitation and waste channels, accumulates in the sediment. The 
sediment plays a significant role in water quality and the health of aquatic org-
anisms and the intense accumulation in the sediment causes the complicated bio-
geochemical exchanges.3,4 Therefore, periodic investigation and monitoring of 
the sediment quality are essential for sustainability of the aquatic ecosystem.3,5 
Some indices that were developed for determining the ecological risk profile of 
potentially TEs in sediments are used and recommended for this purpose.1,4,6–12 

In the present study, the indices; potential ecological risk index (PERI), 
biological risk index (BRI), contamination factor (CF), contamination degree 
(CD) and pollution load index (PLI) were used because of their widely intended 
application. However, they also have some disadvantages and in despite of their 
disadvantages, they are very useful for saving and protecting a wetland.11 

The Turkish Thrace Region is located in the European part of Turkey and 
have two important river systems, Meriç and Ergene. The rivers and their tribute-
aries provide freshwater resources for the region. Due to the availability of arable 
lands and freshwater resources, the region is under intensive agricultural applic-
ations and pollution load.2 The Meriç Delta located in Turkish Thrace Region 
lies in Turkey lands on about 35,000 ha area (about 10,000 ha part of the delta 
lies in Greece lands) and it is in A Class Wetland category.13 The delta have 
different water bodies and the Dalyan Lagoon Lake is one of them. The Dalyan 
Lagoon Lake is located in the area where the Meriç River empties into the Aeg-
ean Sea, in Edirne province. The lagoon lake is formed by alluvial flows from the 
Meriç River. Due to its rich aquatic biodiversity, the lagoon lake is an important 
wetland for fish and especially for waterfowl.14 The Enez District centre is 
located just north-east of the Dalyan Lagoon Lake and the lake is surrounded by 
agricultural lands. This situation causes significant urban and agricultural 
pressures on the lagoon lake.14 There are many studies showing that wetlands in 
the Meriç Delta is exposed to pollution (Gala Lake, Sığırcı Lake, Ergene River, 
Meriç River and dam lakes).2,4,13,15–17 In the present study, As, Cr, Cd, Cu, Zn, 
Ni, and Pb concentrations in the sediment of the Dalyan Lagoon Lake and the 
Meriç River connected with the Dalyan Lagoon Lake were determined seasonally 
and were detected by spectrometric method. According to the element concen-
tration results, the ecological risk profile was evaluated and compared by using 
the indices; PERI, BRI, CF, CD and PLI. Although, there are many studies about 
sediment quality of the wetlands in the Meriç Delta,2,3,13,15,16 the Dalyan Lag-
oon Lake and the Meriç River segment connected with the Dalyan Lagoon Lake 
were investigated for the first time in the present study. Thus, data about the 
sediment quality and ecological risk profile of the area were obtained. In addit-
ional, with this study, sediment structures and deposition of stagnant and running 
water ecosystems were compared in terms of flow dynamics. 
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EXPERIMENTAL 
Study area and sediment sampling 

Details about the study area are given in the Supplementary material to this paper 

Sediment sampling was conducted seasonally (spring, summer, autumn and winter) 
between May 2020 and December 2020 from 3 stations. Two stations (St.1 and St. 2) were 
selected from the Dalyan Lagoon Lake and one station (St. 3) were selected from the Meriç 
River (Fig. S-1 of the Supplementary material). Sediment samples were taken using Ekman 
Grab (sampling 15×15 cm2 area) from the lake and the river. The upper to 5 cm sediment 
portion was collected with sampler in sterile glass bottles. Sediment sample belonging to each 
station was obtained by mixing sediments randomly collected three times. 
Chemical analysis 

To determinate the elements (As, Cr, Cu, Cd, Zn, Ni, Pb) in sediment samples, obtained 
material was dried for 3 h at 105 °C. One gram each of dry samples were dissolved in 3 mL of 
distilled water. The solution obtained by adding an acid mixture HNO3, HCl, HClO4, at the 
volume ratio of 5:2:1, was passed through filter paper and taken into polyethylene bottles.18 
The element concentrations in the sediment samples were detected using the “Agilent 7700 
xx” branded inductively coupled plasma-mass spectrometer (ICP-MS) device at the Trakya 
University Technology Research and Development Application and Research Center 
(TÜTAGEM).19 Concentration values (given in mg/L) of all examined elements (As, Cr, Cu, 
Pb, Zn, Cd, Ni) are presented in Fig. S-1. 
Risk indices 

Potential ecological risk index (RI). RI is used to evaluate the ecological contamination 
risk and based on the sensitivity of the aquatic ecosystems productivity. The index is cal-
culated by the following formula:6 
 RI = ∑Ei

r (1) 
 Ei

r = Ti
rCi

f (2) 
 Ci

f = Ci
0/Ci

n (3) 

where Ei
r = potential ecological risk index of an each element. The scale of Ei

r is given in 
Table I; Ti

r = toxic response factor;6 Ci
f = The contamination factor; Ci

0 = The concentration 
of elements in the sediment; Ci

n = The preindustrial reference value for elements.6 
Biological risk index (mERM-Q). Biological risk index is used to evaluate the assessing 

the potential effects of multiple element contamination in sediment. The index is calculated by 
the following formula:20 
 mERM-Q = (∑ni = ERM-Qi)/n (4) 
 ERM-Qi = Ci/ERMi (5) 

where mERM-Q = the effect range median quotient of multiple element contaminations. The 
scale of mERM-Q is given in Table I; Ci = the concentration of an element in the sediment 
from the sampling stations; ERMi = the ERM value of a determined element;6 n = the number 
of selected elements. 

Contamination factor (CF). This method is used to account for the contamination of 
single elements and is calculated by the following formula.6 The scale of CF is given in Table II: 
 CF = Csample/Cbackground (6) 
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where Csample = the concentration of an element in the sediment from the sampling stations; 
Cbackground = the reference value for elements.6,7 

Contamination degree (CD). This method is defined sum of all CFs for given lake.6 The 
scale of CD is given in Table II: 
 CD = ∑CF (7) 

Pollution load index (PLI). This index is used to evaluate sediment contamination and is 
defined as the nth root of the product of the nCF. The following formula is used to calculate 
the index.21 The scale of PLI is given in Table II: 
 PLI = (CF1×CF2×CF3×⋅⋅⋅×CFn)/n (8) 

TABLE I. The scale for Ei
r, RI, ERM-Qi and mERM-Q20 

Potential ecological risk assessment Biological risk assessment 

Ei
r 

Monomial 
factor RI Multinomial 

factors 
ERM-Qi and 

mERM-Q 
Monomial and 

multinomial factors 
<40 Low ecological 

risk 
<95 Low ecological 

risk 
<0.1 Low priority side 

40–80 Moderate 
ecological risk 

95–190 Moderate 
ecological risk 

0.1–0.5 Medium-low 
priority side 

80–160 Considerable 
ecological risk 

190–380 Considerable 
ecological risk 

0.5–1.5 High-medium 
priority side 

160–320 High ecological 
risk 

>380 Very high 
ecological risk 

>1.5 High priority side 

>320 Very high 
ecological risk 

    

TABLE II. The scale for CF, CD and PLI;6,21 CF – contamination factor; CD – contamination 
degree; PLI – pollution load index 
CF Contamination CD Contamination PLI Pollution state 
< 1 Low < 8 Low  < 1 Unpolluted 
1 ≤ CF ≤ 3 Moderate 8 ≤ CD < 16 Moderate  > 1 Polluted 
3 ≤ CF ≤ 6 Considerable 16 ≤ CD < 32 Considerable    
≥ 6 Very high ≥ 32 Very high    

RESULTS AND DISCUSSION 

The results of measured element levels in the sediment are presented in Fig. 
S-1. According to this, for As concentration values vary between 0.11 and 1.56 
mg/L; for Cr between 0.06 and 0.52 mg/L; for Cu between 0.23 and 3.57 mg/L; 
for Pb between 0.3 and 5.02 mg/L; for between Zn 0.33 and 39.9 mg/L; for Cd 
between 0.001 and 0.043 mg/L; for Ni between 0.001 and 6.3 mg/L. The results 
of Eir, multinomial RI, monomial ERM-Qi and multinomial mERM–Q for each 
station and season were identified and given in Table S-I of the Supplementary 
material. In addition, the results belonging to the CF, CD and PLI were identified 
and given in Table III. 
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TABLE III. The toxic element risk index values (CF, CD and PLI) in sediments of the Dalyan 
Lagoon Lake (Ave: Average; St: Station) 
 St CF CD PLI 
 As Cr Cu Pb Zn Cd Ni 
 Spring 
 1 0.008 0.002 0.012 0.006 0.005 0.025 0.005 0.063 0 
 2 0.01 0.001 0.006 0.004 0.007 0.003 0.005 0.037 0 
 3 0.104 0.004 0.071 0.03 0.038 0.01 0.084 0.342 0 
 Ave 0.041 0.002 0.03 0.013 0.017 0.013 0.032   
 Summer 
 1 0.009 0.001 0.005 0.006 0.002 0.001 0.002 0.025 0 
 2 0.011 0.001 0.006 0.005 0.002 0.002 0.002 0.028 0 
 3 0.069 0.001 0.016 0.007 0.005 0.004 0.005 0.107 0 
 Ave 0.03 0.001 0.009 0.006 0.003 0.002 0.003   
 Autumn 
 1 0.017 0.003 0.022 0.028 0.228 0.01 0.011 0.319 0 
 2 0.046 0.004 0.028 0.048 0.032 0.02 0.008 0.186 0 
 3 0.03 0.004 0.028 0.072 0.119 0.01 0.012 0.275 0 
 Ave 0.031 0.003 0.026 0.049 0.127 0.013 0.01   
 Winter 
 1 0.007 0.002 0.008 0.007 0.008 0.014 0.00001 0.046 0 
 2 0.021 0.002 0.012 0.005 0.009 0.012 0.00001 0.061 0 
 3 0.033 0.006 0.019 0.025 0.012 0.043 0.00004 0.138 0 
 Ave 0.021 0.003 0.013 0.012 0.01 0.023 0.00003   
 Average 0.03 0.002 0.02 0.05 0.04 0.01 0.01   

According to PERI, the results of monomial factor Eir and multinomial 
factor RI all the investigated stations and seasons exhibited “low ecological risk”. 
The monomial factor Ei

r belonging to PERIs indicated that the density of the 
investigated TEs can be followed as Cd > Pb > As > Cu > Zn > Ni > Cr (Fig. 2). 
The multinomial factor RI belonging to PERIs showed that the ecological risks of 
the investigated stations can be sorted as St. 3 (2.597) > St.1 (1.287) > St. 2 
(1.165), Table S-I. 

According to BRI, although the results of monomial factor ERxM-Qi posed 
“low priority side” at all the investigated stations and seasons, nickel at St. 3 in 
spring season and zinc at St. 1 in autumn season posed “medium-low priority 
side”. The results of multinomial factors (mERM–Q) posed “low priority side” at 
all the investigated stations and seasons and the toxicity of the investigated ele-
ments can be sorted as Zn > Ni > Pb > As > Cu > Cr > Cd (Fig. 3). The multi-
nomial factor mERM-Q of BRIs indicated that the biologically risk of contamin-
ation to sediments of the investigated stations can be sorted as St. 3 (0.015) > St. 
1 (0.008) > St. 2 (0.004), Table S-I. 

As a results of CF values for all the investigated elements showed “low 
contamination” and the risks of the investigated TEs in terms of CF can be sorted 
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as Pb > Zn > As > Cu > Cd = Ni > Cr (Table IV). As a results of CD values for 
all the investigated elements showed “low degree of contamination” and total 
contamination degree followed the order of stations St. 3 (0.21) > St. 1 (0.11) > 
St. 2 (0.08). Also, The PLIs indicated that all stations were unpolluted (Table III). 

 
Fig. 2. Values of potential ecological risk index (PERI). 

 
Fig. 3. Values of Biological Risk Index (BRI). 

The present study was carried out to determine and compare the existence 
and risk profile of some potentially TEs in stagnant and running water ecosys-
tems at Meriç Delta Wetland. According to result of mERM-Qi, Zn was det-
ermined as the riskiest element, and as a result of RI, Cd was determined as the 
riskiest element for the sediments of the Dalyan Lagoon Lake. In previous stu-
dies performed in Meriç Delta, Cd was reported as the riskiest toxic element.4,15 
In the studies carried out in dam lakes in the Meriç Delta4 and Gala Lake,15 it 
was reported that cadmium was found to be the highest risk factor in terms of 
potential RI.4,15 Cadmium is a toxic element in agriculture and it can be easily 
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spread to water by using phosphate fertilizers.4,15 According to the study,22 
cadmium residues in fertilizers taken from different fertilizer factories were 
investigated and the results showed that the vales were over the limit values 
notified for fertilizers.22 Because of intensive agricultural applications in Meriç- 
-Ergene River Basin (especially rice production), excessive use of fertilizer can 
cause Cd accumulation. 

Zinc is exceedingly related to organic matter.23 Aquatic systems are inclined 
to have a higher deposition rate of organic matter.24 So, the accumulation of Zn 
is widespread in sediment. In the present study, Zn was determined as the riskiest 
element and the monomial factor (ERM-Qi) for Zn posed a “medium-low priority 
side” at St. 1 in the autumn season.  

Nickel occurs naturally in the Earth’s crust and enters natural resources, 
usually through anthropogenic activities.9 In the study carried out in Gala 
Lake;15 Ni was the riskiest element according to BRI.15 In the present study, the 
results of the monomial factor (ERM-Qi) for Ni posed a “medium-low priority 
side” at St. 3 in the spring season.  

Since the water of the lake is connected with the water of the Meriç river, 
two stations were selected from the lake (St. 1 and 2) and one from the Meriç 
river (St. 3). The results of used risk indices in the present study indicated that St. 
3 (selected from Meriç River) was the riskiest station in terms of investigated 
TEs. In the studies conducted on other water bodies in the Meriç Delta, there is a 
significant accumulation of TEs due to intensive agricultural and industrial 
applications.2,4,15 For this reason, it is an expected result that the station (St. 3) 
selected from the Meriç River in this study is the riskiest. In addition, there are 
many studies investigating ecological risk analyzes in sediment in lagoon lakes in 
Turkey.25–27 According to studies,25,27 there were no pollution and no moderate 
or high ecological risk for Köyceğiz (Muğla) Lagoon System. According to the 
results of ecological risk assessment study of Çardak Lagoon Lake (Çanakkale), 
the toxic risk index ranged from 5.21 to 11.00, with a low mean value of 7.98.26 

CONCLUSION 

As a result of the study, it was concluded that toxic element pollution in the 
sediments of selected stations at the present study (Dalyan Lagoon Lake and 
Meriç River) is less than in other water bodies in the Meriç River Delta (Gala 
Lake, Sığırcı Lake, Ergene River, Meriç River and dam lakes in the Meriç River 
Delta). The presence of sea currents and channels in lagoon lakes is important in 
maintaining water quality and thus sediment quality. Although there is agricult-
ural and industrial pollution in other water bodies in the delta, it can be said that 
Dalyan Lagoon Lake has improved the water and sediment quality by the sea 
connections. However, other biological and physicochemical studies that support 
these results are needed in the region. Water and sediment quality of stagnant and 
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running water ecosystems are different from each other due to their flow dyn-
amics. It is expected that the sediment quality of running water systems is better 
than that of stagnant water systems. In this study, despite the flow dynamics of 
the Meriç River, there is a higher risk of TEs compared to the Dalyan Lagoon 
Lake due to intensive agricultural applications and the industrial pollution load of 
the Ergene River. Because, the Meriç River arises in Bulgaria and unites with the 
Arda River in Edirne. Then merging the Tunca River south of Edirne, it joins the 
Ergene River and flows into the Aegean Sea (Saros Gulf). So, the Ergene River 
increases the pollution load of the Meric River. The studies performed in the 
Ergene and Meriç rivers showed that agricultural and industrial pollution load 
were intensive. It is recommended that such studies must be carried out period-
ically and kept under control for the sustainability of the lagoon lake where 
fishing is carried out intensively. 

SUPPLEMENTARY MATERIAL 
Additional data and information are available electronically at the pages of journal web-

site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12778, or from the correspond-
ing author on request. 

И З В О Д  
КОМПАРАТИВНА СТУДИЈА О ПРОЦЕНИ ЕКОЛОШКОГ РИЗИКА ОД АКУМУЛАЦИЈЕ 

НЕКИХ ПОТЕНЦИЈАЛНО ТОКСИЧНИХ ЕЛЕМЕНАТА У ПОВРШИНСКОМ 
СЕДИМЕНТУ ЕКОСИСТЕМА СТАЈАЋИХ И ТЕКУЋИХ ВОДА У МОЧВАРНОМ 

ПОДРУЧЈУ ДЕЛТЕ РЕКЕ МЕРИЧ, ТУРСКА ТРАКИЈА 

GAZEL BURCU AYDIN 

Trakya University, Faculty of Science, Department of Biology, 22100, Edirne, Turkey 

Овом студијом утврђене су концентрације арсена, хрома, кадмијума, бакра, цинка, 
никла и олова у седименту језера и реке, процењен је профил њиховог еколошког ризи-
ка и упоређен профил ризика неких потенцијално токсичних елемената акумулираних у 
површинском седименту екосистема стајаћих и текућих вода у Мочварном подручју 
делте Мерича, Турска Тракија. Ова делта налази се у европском делу Турске и има два 
важна речна система, Мерич и Ергене, који обезбеђују слатководне ресурсе за регион. 
Узорци седимента су узимани сезонски са три станице (једна станица са реке и две ста-
нице са језера) у 2020. години. Анализа еколошког и биолошког ризика израчуната је 
коришћењем индекса потенцијалног еколошког ризика (RI), индекса биолошког ризика 
(mERM-Qi), фактора контаминације (CF), степена контаминације (CD) и индекса оптере-
ћења загађењем (PLI). Као резултат тога, иако је RI показао да је Cd најризичнији 
елемент, а mERM-Qi је указао на Zn као најризичнији елемент, ова студија показује да 
нема високих еколошких ризика у овој области. Иако се очекује да је квалитет седи-
мента у системима за текућу воду бољи него у системима са стајаћим водама, резултати 
индекса ризика у овој студији су показали да је станица одабрана за текућу воду била 
најризичнија станица у погледу истраживања потенцијално токсичних елемената. 

(Примљено 16. јануара, ревидирано 12. јула, прихваћено 21. новембра 2024) 
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SUPPLEMENTARY MATERIAL TO 
A comparative study on ecological risk assessment of some 

potentially toxic elements accumulation in surface sediment of 
stagnant and running water ecosystems in Meriç delta wetland, 

Turkish Thrace 
GAZEL BURCU AYDIN* 

Trakya University, Faculty of Science, Department of Biology, 22100, Edirne, Turkey 

J. Serb. Chem. Soc. 90 (3) (2025) 383–392 

STUDY AREA 
The study area is located between latitude 40° 42’ N and longitude 26° 04’ E 

(Fig. S-1). The Dalyan Lagoon Lake is formed by alluvial flows from Meriç 
River and is fed by water flows from Meriç River and Aegean Sea. It has an area 
of 3.7 km2 and its length is 5 km. The Meriç River originates in Bulgaria and 
forms part of the Greece-Turkey border. The Meriç River with a catchment area 
of more than 56.000 km2 (covers 14.600 km2 in Turkey) is 480 km long. It 
merges with the Ergene River in the İpsala district and flows into the Aegean Sea 
near Enez. 

 

* Corresponding author. E-mail: gburcuaydin@trakya.edu.tr  
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Fig. S-1. The study area, sampling stations, and concentration of the investigated elements 

(As, Cr, Cu, Pb, Zn, Cd, Ni). 

 

TABLE S-I. The toxic element risk index values (PERI and BRI) in sediments of the Dalyan 
Lagoon Lake (St: Station) 

 
Seasons 

St 
Ei

r RI 
ERM-Qi mERM-

Qi 
Spring  As Cr Cu Pb Zn Cd Ni  As Cr Cu Pb Zn Cd Ni  

 1 0.08 0.005 0.103 0.08 0.011 1.5 0.04 1.82 0.001 0.001 0.002 0.004 0.003 0.0028 0.008 0.003 
 2 0.1 0.004 0.052 0.06 0.015 0.2 0.04 0.45 0.002 0.001 0.001 0.003 0.004 0.0003 0.008 0.003 
 3 1.04 0.012 0.595 0.42 0.084 0.6 0.63 3.38 0.018 0.002 0.009 0.019 0.025 0.0011 0.126 0.029 

Summer                  
 1 0.093 0.002 0.038 0.078 0.005 0.06 0.01 0.29 0.002 0.0004 0.001 0.004 0.002 0.0001 0.003 0.001 
 2 0.107 0.002 0.053 0.068 0.004 0.12 0.01 0.37 0.002 0.0005 0.001 0.003 0.001 0.0002 0.003 0.001 
 3 0.587 0.002 0.133 0.1 0.012 0.24 0.04 1.11 0.012 0.0005 0.002 0.005 0.003 0.0004 0.008 0.004 

Autumn                  
 1 0.17 0.008 0.183 0.392 0.499 0.6 0.08 1.94 0.003 0.002 0.003 0.018 0.148 0.001 0.016 0.027 
 2 0.36 0.011 0.232 0.672 0.071 1.2 0.06 2.71 0.008 0.002 0.004 0.031 0.021 0.002 0.012 0.011 
 3 0.241 0.011 0.233 1.004 0.261 0.6 0.09 2.44 0.005 0.002 0.004 0.046 0.077 0.001 0.018 0.022 

Winter                  
 1 0.073 0.006 0.067 0.1 0.017 0.84 0.0001 1.1 0.001 0.001 0.001 0.005 0.005 0.002 0.00002 0.002 
 2 0.213 0.006 0.102 0.072 0.019 0.72 0.0001 1.13 0.004 0.001 0.002 0.003 0.006 0.001 0.00001 0.002 
 3 0.333 0.017 0.162 0.34 0.027 2.58 0.0003 3.46 0.006 0.004 0.002 0.016 0.008 0.005 0.00006 0.006 
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