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SHORT COMMUNICATION

Phytochemical investigation from wood residues of
Dalbergia spruceana Benth

HELENA GARCIA RAMOS!, JENNIFER ARAUJO DE OLIVEIRA LIMA!, HENRIQUE
CATIVO DOS SANTOS!, CLAUDETE CATANHEDE DO NASCIMENTO?,
LUIZ HENRIQUE KENG QUEIROZ-JUNIOR? and MARIA DA PAZ LIMAZ?*

!Instituto de Ciéncias Exatas, Universidade Federal do Amazonas, Manaus, CEP 69080-900,
Amazonas, Brazil, ?Coordenagédo de Tecnologia e Inovagdo, Instituto Nacional de Pesquisas
da Amazénia, Manaus, CEP 69067-375, Amazonas, Brazil and 3Instituto de Quimica,
Universidade Federal de Goias, Goidnia, CEP 74001970, Goias, Brazil

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

Abstract: Dalbergia spruceana Benth (Fabaceae: Papilionoideae), known in the
Brazilian Amazon as “jacaranda-do-para” 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 “jacaranda-do-para”. It has registered occur-
rence in the states of Amazonas, Amapa, Rondonia and Paral-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

* Corresponding author. E-mail: mdapaz@inpa.gov.br
https://doi.org/10.2298/ISC240606091R
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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.#
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.3>~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 'H- and
75 MHz for 13C-NMR) and Bruker Avance I1I 400 (400 MHz for 'H- 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 cmx20 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 NO 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 CH,Cl,/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 cmx2.6 cm) and CH,Cl, 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 CH,Cl,/acetone (98:2) as eluent for obtaining compounds 5

Available online at: http://www.shd.org.rs/JSCS
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PHYTOCHEMICALS OF D. spruceana BENTH 273

(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),!! flavonoids maackiain
(2),12 8-hydroxy-7-methoxy-3'4" methylenedioxypterocarpane (3),!3-14 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 (IH and !3C) 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, C17H1807, was determined based on
the HRESIMS ion [M+Na]*t at m/z 341.0994. The !H-NMR spectrum revealed
an aromatic system of ABX-type spins observed by the set of hydrogen signals in
the o region 7.26—6.38 ppm, in addition to the ortho-coupled signals at ¢ 6.97 and
6.69 ppm (Table I). The signals of oxymethylene at § 4.34 and 3.63 ppm, meth-
ine at ¢ 3.65 ppm and oxymethine at  5.58 ppm were indicative of 4-hydroxy-
isoflavonol. The !H- 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.

Available online at: http://www.shd.org.rs/JSCS
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274 RAMOS et al.

In the Fabaceae family, the isoflavonoids are restricted almost entirely to
Papilionoideae!” 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 1. 'H- and 3C-NMR spectroscopic data (6 / ppm) for compound 4 in (CD;),CO;
IH-NMR (300 MHz, J/ Hz); '3C-NMR (75 MHz)

H/C o H (Jin Hz) NOESY 5C HMBC

2 433m(2a)3.63m(2b) H-3,H4 665 C-3,C-4,C-9,C-I’

3 3.65m H-2a 39.6 C-2,C-4,C-1’

4 5.58d(6.7) H-2b 78.6 C-2,C-3,C-10,C-1°

5 6.97d(8.5) 120.5 C-4,C-7,C-9

6 6.74 d (8.5) H,-7 1058  C-5,C-7,C-8, C-9, C-10

7 148.1

8 135.1

9 144.2

10 114.5

r 119.4

2’ 160.8

3 6.38d(2.2) 96.2 C-1°,C-4, C-5°

4 161.2

5 6.47 dd (8.1 and 2.2) H;-4’ 106.0 C-1,C-3

6’ 7.26 d (8.1) 125.0 C-3,C-1°,C-2

OMe-7 3845 55.7 c-7

OMe-4’ 3.74s 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.

Acknowledgements. The authors are grateful for the support from the Fundacdo de Amp-
aro a Pesquisa Estado do Amazonas, Grant No 01.02.016301.03412/2021-78 and for the
scholarship granted to Helena Garcia Ramos (Call 2021-2022 - POSGRAD) and Maria da Paz
Lima (Call No. 013/2022 — Produtividade - CT&I).
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H3BOJ
OUTOXEMHUJCKO UCITUTUBAKE IPBHUX OCTATAKA Dalbergia spruceana BENTH

HELENA GARCIA RAMOS!, JENNIFER ARAUJO DE OLIVEIRA LIMA!, HENRIQUE CATIVO DOS SANTOS,
CLAUDETE CATANHEDE DO NASCIMENTO?, LUIZ HENRIQUE KENG QUEIROZ-JUNIOR®
u MARIA DA PAZ LIMA?

Instituto de Ciéncias Exatas, Universidade Federal do Amazonas, Manaus, CEP 69080-900, Amazonas,
Bratzil, 2Coordenagdo de Tecnologia e Inovagdo, Instituto Nacional de Pesquisas da Amazonia, Manaus, CEP
69067-375, Amazonas, Brazil u *Instituto de Quimica, Universidade Federal de Goids, Goidnia, CEP
74001970, Goids, Brazil

bumka Dalbergia spruceana Benth (Fabaceae: Papilionoideae) mo3nara y Gpasuickom
AMasoHy Kao ,jacaranda-do-pard”, uako je mpernosHaTa Mo IPUPOIHO] OTIIOPHOCTH UMa MaJsio
HayyHUX HWHMOpMAlHja O HEHOM CEeKyHZAapHOM MeTabonu3My. Y OBOM pamy OIMHCAHO je
(puToXEMUjCKO HCIIUTHBAKE APBHUX OcCTaTaka D. spruceand MPUMEHOM KJIACUYHUX XPOMATo-
rpadCcKkUX TexHHKa. Xpomarorpadckvm (ppakLMOHHCAHEM METAHOIHOT €KCTpakTa H30J10-
BaHHU Cy (GEHWINPONaHOUIH, W30(IaBOHOUIH PAa3IUYUTHX THUIOBA (IITepokapmaH, usodima-
BOHOJ, M30(p1aBaH, U30(IaBOH), Kao U HeodnaBoHOUAXW. HoBU u3odIaBOHOU, ca jefUH-
CTBEHOM CTPYKTYpPOM KOja je HacTaja OKCHIALWjOM KOja paHHje HUje IpHjaBbeHa, nedu-
HHUCaH je Kao 8,4,2'-Tpuxunpokcu-7,4'-numMerokcun3odnaBoHon. CTPyKType CBUX H30JI0BaHUX
jenumema oppehene cy kopuirhewmem 1D u 2D NMR TexHuka, MaceHe crekrpomerpuje ESI-
-MS u nopehewmem ca nuTepaTypHUM nojanvma. BehuHa MAeHTHU(DHUKOBAHUX jefUmEma Cy
130G IaBOHOWAH, TUIIOBU (DIAaBOHOHM[A 33 KOje je BeoMa I03HATO fa NOMPUHOCE MPUPOIHO]
OTIOPHOCTH IpBeTa.

(ITpumibeHo 6. jyHa, peBuaupaso 21. jyna, npuxsaheno 21. centembpa 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 @ =30 x 5 cm), eluted with hexane-EtOAc (2-40%), and generated ninety fractions.
Fr. 27 (47 mg) showed a predominance of B-sitosterol and stigmasterol. Fr. 46 (20 mg) was
obtained by preparative thin layer chromatography (PTLC) eluted with CH,Cl,-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 g =
46 x 2.6 cm) and eluted with CH,Cl,. 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 ¢ =38.5 x 1.2 cm) and eluted with CH,Cl,-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 CH,Cl,-MeOH (98:2). The fractionation of 71 (52.0 mg) over a silica gel
column (230-400 mesh; h x o = 37.0 x 2.6 cm) and elution with CH,Cl,-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 @ = 8.0 x 0.7 cm), eluted with CH,Cl,-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

MeO 3 1 = 9

8

MeO s

OMe

* Corresponding author. E-mail: mdapaz@inpa.gov.br
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Elemycin (1). '"H NMR (300 MHz, CDCls, J/Hz): 6.43 (s, H-2 and H-6), 5.97 (m, H-8),
5.11 (m, H-9), 3.87 (s, OCH;3-3 and 5), 3.84 (s, OCH3-4), 3.36 (d, J = 6.7 Hz, H-7). 13C NMR
(75 MHz, CDCly): 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 (OCH;-3 and 5), 40.55 (C-7).

Maackiain (2). White solid. 'H NMR (300 MHz, (CD;),CO, 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 591 (s, CH,0,), 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),CO: 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] .

8-hydroxy-7-methoxy-3’,4 -methylenodioxypterocarpan (3). White solid. 'H NMR (300
MHz, CDCls, J/Hz): 7.06 (d, J = 8.6 Hz, H-5), 6.74 (s, H-57), 6.69 (d, 8.6 Hz, H-6), 6.44 (s, H-
2%), 5.94 and 5.91 (s, CH,0,), 5.54 (d, J = 7.0 Hz, H-4), 4.38 (dd, J = 10.8 and 3.9 Hz, H-2),
3.74 (t, ] = 10.8 Hz, H-2), 3.57 (m, H-3). 13C NMR (75 MHz, CDCl;): 154.2 (C-6"), 148.1 (C-
4%), 147.3 (C-7), 143.3 (C-9), 141.7 (C-37), 133.9 (C-8), 121.0 (C-5), 117.6 (C-17), 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] .

OMe

8,4,2" trihydroxy-7,4'-dimethoxyisoflavonol (4). Yellow amorphous solid. 'H, 13C NMR,
NOESY, HSQC and HMBC (see the spectra below). ESI-MS 341.0994 [M+Na]".

MeO
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Dalbergin (5). Yellow solid. 'H NMR (500 MHz, CDCls, 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). 3C NMR (125 MHz, CDCly): 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] *.

OMe

OH
3" 4°-Dihydroxy-7,8,2 -trimethoxyisoflavan (6). Whith solid. 'H NMR (500 MHz,
CDCl;, J/Hz): 6.73 (d, J = 8.3 Hz, H-5), 6.67 (d, ] =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, ] =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). '3C NMR
(125 MHz, CDCly): 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 (OCH;-8), 60.9 (OCH;-2’), 56.2 (OCH3-7), 31.6 (C-3), 31.5 (C-4). ESIMS m/z
333.1313 [M+H]*.
HO

Pseudobaptigenin (7). White solid. 'H NMR (500 MHz, CsDsN, 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,
CH,0,). 13C NMR (125 MHz, CsDsN): 75.2 (C-4),163.9 (C-7), 158.3 (C-9), 152.7 (C-2),
147.8 (C-37), 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
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Figure S-1. "H-NMR spectrum of compound 4
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Figure S-2 NOESY spectrum of compound 4
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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 f-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
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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.! 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.> 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.# It has been
demonstrated that members of this genus have acaricidal, antibacterial, antiox-
idant and antiproliferative properties.>8 Saponaria species, commonly known as
soapworts, derive their name from their notable high content of triterpene sap-
onins.? 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.!! 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.!2

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.!4 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.!7 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.!8

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,
Egirdir-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.!® 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.?? 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'!), quercetin (mg QE g'!) and quillaja (mg QAE g'!)
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 mmx4.6 mm, 5
um, 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!. The
polyphenolic chemicals in the methanol extract of S. mesogitana were measured in pg g! 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.2! 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
1Csy,.

B-Carotene/linoleic acid assay. The B-carotene test system was used to investigate the
extracts’ ability to inhibit linoleic acid oxidation with slight modifications to the described
method.2! This method is based on the monitoring of the color opening of S-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 — ((4¢c —
—Ag)/(Ac® — As”)), where A and A° were absorbance values initial and final measurement of
the control group; Ag and Ag° 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.?? The principle of this method is based on the reduct-
ion of a Fe(Ill)-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 % CO, air at 37 °C. SHSY-5Y cells were seeded at a density of
5x103 cells/well in 96-well plates and incubated overnight for cytotoxicity experiments. After
treatment with extracts (1-100 ug mL!), 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 I/Cs, value was calculated.??

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 (2x10° cells/well)
6-well plates and after 24 h incubation, wells were scratched straightly with a sterile 200 pL
pipette tip. After scratching, cells were washed with serum-free DMEM and treated with ICs,
concentration (47.68 pg mL1) 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 % CO, air and
photographed under an inverted phase-contrast microscope (Olympus CKX53, Japan) for the
comparison of the cell movements.2* Quantification of the wound area was measured by using
the Imagel/Fiji program, which is a wound healing size tool, allowing for the measure of the
wound area and scratch width in pm.

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).2
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 pL
of the 40 mg mL"! 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.?> Bacterial
strains were grown on MHA, suspended in sterile saline, and diluted. 50 pL of MHB was
added to the first wells of 96-well U-bottom microplates, followed by 50 pL of extract, and
serial dilutions were prepared using side wells. Bacterial suspensions (50 uL) 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 pL) and bacterial suspension (20 pL) 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 pL 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-?7 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 puL 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(OD — ODg)/OD 5 €8
where OD,: the optical density of biofilm control well without plant extract and ODg: 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 < (20Dc): weak biofilm
producer, (20Dc) < OD < (40Dc): moderate biofilm producer and (40Dc) < OD: strong bio-
film producer.

Statistical analysis

Each experiment was done in triplicate. The results obtained are expressed as mean +
standard deviation (SD). The ICsy 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.2? 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!). Our results showed that methanol extract has the highest
total flavonoid amount (24.07 mg QE g-!), while water extract has the highest
total saponin amount (65.30 mg QAE g1). The yield of extracts from S. meso-
gitana is listed in Table 1. 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 1. Extract yield and total secondary metabolites amount of S. mesogitana (mean +
SD); TPA: total phenolic amount; 7FA: total flavonoid amount; 7SA4: 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+0.102 21.08+018b
TPA / mg GAE g! 32.28+0.21¢ 25.30+0.18°
TFA/mg QE g'! 24.07+0.20° 20.15+0.220
TSA / mg QAE g! 48.12+0.33¢ 65.30+0.524

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 pf-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 g1.30 According to this result, S. meso-
gitana methanolic extract had more abundant (32.28 mg GAE g!) total phenolic
amounts than S. cypria. Phenolic compounds are known to be molecules with
antioxidant activity due to their hydroxyl groups and phenolic rings.3! 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
[-carotene/linoleic acid (inhibition, %) 74.52+1.44°  70.24+1.40° 94.15+1.604
DPPH (ICs / pg mL1) 11.65+0.09%  13.44+0.10>  10.02+0.072
FRAP (mg TE g'1) 83.17+1.619  5531+1.38° -

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 pg g1), epicatechin
(4394.09 pg g1, 2,5-dihydroxybenzoic acid (4173.63 ug g!) and quercetin
(1413.89 pg g!) are most common phenolic compounds of the extract. It has
been reported that these phenolics possess antioxidant, anticancer, and antibac-
terial activities.33-33

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

No Identified phenolic RT UV Agax LOD Content, pug/g extract
’ compound min nm pg mL-! (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 213 260 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 59.7340.50

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.3¢ 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.3” 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 (ICsg) value was determined to be 47.68+2.01 pug mL-!
(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
(um/h) between extract-treated and non-treated cells, S. mesogitana-treated cells
had a rate of 3.5 um/h while non-treated cells had 4.18 um/h (Fig. 4).

£ 100-8_ -
i -2
E B
.
v 2N
= M LagICso 1549 \;\(
1050:47.68 }.gz_.'ull -
R% 08761 e
00 o OI"_' 1'0 1'5 zlu Fig. 1. Percentage cell viability of SHSY-5Y
' - ' ' " cells treated by S. mesogitana extract in different
Log (concentration pg'ml) 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. 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-!
(Table 1V). 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 MIC oD Biofilm forming OD in the presence  Biofilm
strain mg mL"! capacity of the extract  inhibition, %
S. aureus 1.56  0.2443 Weak biofilm 0.0761 69.0
ATCC 29213 producer

E. faecalis 0.195 0.4364 Strong biofilm 0.0645 85.2
ATCC 29212 producer

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.” 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-!, 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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Bpcra Saponaria campxu CalnOHMHE KOjU HMMajy pas3lIu4yuTe OHOJIOLIKE aKTHBHOCTH.
deHonHa jemumema S. mesogitana HUCY O caja WCIHTaHAa. Y OBOj CTynuju je oppeheH
¢eHONMHU cacTaB U OMONOIIKA AaKTUBHOCT jemumera M3 S. mesogitana. OppeheHa je aHTH-
OKCHJJaTUBHA aKTMBHOCT METAHOJIHOT U BojeHor excTpakTa npumeHom DPPH, FRAP u tecta
Ha a3u f-KapoTeHa U JIMHOJHE KUCEJTWHe, Kao U CafpXKaj YKYNHUX CeKyHIApHUX MeTadonunTa,
ykmydyjyhu deHonHa jenumera, ¢drnaBoHOMAe W camoHHHe. Ha OCHOBY aHTHOKCHIJATHBHE
aKTHBHOCTH U cazpkaja (eHONMHHUX jemumena W (uiaBoHOMIA, U3abpaH je MEeTaHONHU eKC-
TpakT 3a gasby HPLC aHanusy u excriepuMmeHTe ofpehuBama aHTUTYyMOPCKe U aHTUMHUKPOOHE
aKTUBHOCTH. AHTUTYMODCKHM IOTEeHUUjan je MepeH nmpumeHoM MTT u Tecta murpauuje Kof
3apacTama paHa, a aHTHDaKTepHjCkU NMPUMEHOM TecTa Audysuje Ha JUCKYy U ofpehuBameM
MIC. CnocodHOCT ekcTpaKTa Aa clipeuu popmupame drodunima ogpehusana je Kpucran BUO-
JIET METOJOM. MeTaHOJIHM eKCTPAaKT je WCIO/BbHO BEIUKY aHTHOKCHIATHBHY aKTHBHOCT, a
KadernHCKa KUCeJIMHA U eNMKaTeXUH Cy IVIaBHa (eHOMHA jenumema uneHtudrkosana HPLC
MeTomoM. S. mesogitana je cnocodHa Ia UHXUOUPA DaKTepHjCKH pacT, Kao U MUTPALHjy KaH-
pepckux henuja SHSY-5Y. Jodujenu pesyntaTé nokxasyjy Aa S. mesogitana uMa jaky aHTH-
OKCHUIATHUBHYy, aHTHUKAHLEPCKY, aHTUMHMKDOOHY aKTMBHOCT WU Jla MHXUOUpa CTBapawme OHo-
(punma, 3axBabyjyhu CBOjUM (DEHOTHUM jEeIUHBEHBUMA.

(ITpumsbeHoO 26. Maja, peBUOUpaHO 8. aBrycTa, mpuxsaheno 15. okrodpa 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 (25,3R)
configuration possess a stronger electron-attracting capacity than those in the
(2S,35) 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 A, 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.! 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.!=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.*> 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 1322 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,!5:16:34 that
could act as agonists for ACE2 and MLB receptors.!> 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 [y symmary, 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,3® and Hibiscus schizo-
petalus3® and garcinia acid (GA, (25,3S5)-3-hydroxy-5-oxooxolane-2,3-dicarbo-
xylic acid)), see Fig. 1b (present in G. cambogia),33:40 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.

a) b) [o)
oHo_ Il
OH W, X oH
HO™
o
o)
HA GA

Fig. 1. Chemical structure of hibiscus acid ((25,3R)-3-hydroxy-5-oxooxolane-2,3-dicarboxylic
acid) and garcinia acid ((2S5,3S5)-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.*3 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-MP™ enzyme of SARS-CoV-2
(PDB ID: 6LU7) were performed via the web server SwissDock.** Visualizations of the pro-
tein—ligand complex were performed through the programs Chimera* and Discovery Studio
Visualizer 2019,%¢ while molecular dynamics calculation and visualization were performed
using the programs GROMACS*7 and VMD,*? respectively. The OPLS/AA force field was
employed in all of the MD simulations.** 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 TIP;P equation.’® 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 ADMETIab 2.0,5! see Table I. HA and GA obey Lipinsky’s rule
of five, which includes the following properties (optimal values in paren-
theses):32 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 L. In silico study of the ADMET properties of hibiscus acid and garcinia acid

Property Model name Optimum value Hibiscus Garcinia

acid acid
Absorption Caco-2 permeability >-5.15 (log (Papp in 10 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 0.04-20L/Kg 0.218 0.281
Metabolism CYPA2 Inhibitor Categorical (Yes/No) No No
CYPAZ2 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 1.894 2.176
Moderate 5-15
Low <5 (log ml min'! kg')
Tin Long half-life > 3h 0.825 0.727
Short half-life < 3h
Toxicity Human hepatotoxicity Category: positive, negative  Negative Negative
AMES toxicity Negative Negative
Rat oral acute toxicity Low 0 0.01 0.011
High 1 (log mg kg_bw! day'!
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.>3 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,>* 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 (2S5,3R)
conformation are more electrophilic compared to those in the (25,35) conform-

ation.
a) b) I

o I T

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.?) 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~! and Fig. 4a shows the GA-6LU7 configuration. Garcinia acid interacts
with 6LU7 with a binding energy of —6.93 kcal mol-!. 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 ]
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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.

HSD
fi 172
HSD
oo 163
S \\ SER
) 144

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 MP0,55 hydrazones trans-E and cis-E
when docked into the binding pocket of 7BQY protease,’® and remdesivir
diastereoisomeric derivatives.5’ 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.>8-2 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-2.93 According to biothermodynamics, the Gibbs free energy change of
binding involved in virus—host interactions at the membrane level can help to
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better understand these interactions.5® 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.92 Based on the above and the fact that
HA and GA show negative Gibbs binding energy change with 6L.U7, it is pos-
sible to suggest that these diasterecoisomers can bind to 6LU7 to inhibit the
SARS-COV-2 virus. In addition, the interactions around 3 A 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,®4 ASN142, HSD163, MET165 and GLU166. Int-
erestingly, the (25,3S) 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 A.

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 A, 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.

b) c)

20 40 60 80 100

== t/ns
14 XS
[ { h
\ 3
N pd
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@, )
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O N WE OO ®

Fig. 5. Molecular dynamics simulation results for GA: a) initial docking configuration,
b) docking configuration at 100 ns and ¢) 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. 6¢), which
shows that the RMSD is less than 1 A. The last results suggest the formation of
the HA-6LU7 complex is stable.

<08 1
206
Zo04

t/ns

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 —9.49x10° to —9.43x10°
kJ mol! 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.

a)  aww b)

s = -9.42x10° |
-9.42%105
9.43x105 {

(k) mol

-9.43x10°

948105 -9.44x10%

-9.45%10°
-9.45%10°% 045210

-9.46x10° -9.46x10°

-9.47x10°
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9.49%10° |

Potential Energy (kJ mol 1)

Potential Energy
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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-! and
—6.93 kcal mol1, 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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U3BOJ

PAYYHAPCKA CTYIHWJA ITOTEHUHUJATHE BMOAKTUBHOCTH XUBUCKYCHE U
IF'APCHUHHNJCKE KHCEJTMHE ITPOTHUB SARS-COV-2

WENDOLYNE LOPEZ-OROZCO, LUIS HUMBERTO MENDOZA-HUIZAR, GIAAN ARTURO ALVAREZ-ROMERO
u J. DE JESUS MARTIN TORRES-VALENCIA

Area Académica de Quimica, Universidad Auténoma del Estado de Hidalgo, carretera Pachuca—Tulancingo,
42184, Mineral de la Reforma, Hidalgo, México

PauyHapcko XeMmHjcKa CTyAuja je IpoBefieHa Ha NMjacTepPEOU30MEpUMa XUOHUCKYCHe
(HA) u rapcunmjcke (GA) xucenuse, HCTpaxujyhy mUXoBe CIOCOOHOCTH HOKOBama Ca IIaB-
HOM mnportea3oMm (6LU7) om SARS-CoV-2. Manupama eNeKTpOCTaTCKUX NOTEHIHjana Ccy
OTKpHJIa Jla Cy HeraTMBHa HaeleKTpucama IPUAPYKeHa KapOOKCHITHUM U XUIPOKCHUIIHUM IDy-
nama Ha nonoxajuma C-2 u C-3 u 3a XMOUCKYCHY U 3a rapCUHHUjKY KUCcennHy. MehyTum, mpu-
CyCTBO HeraTuBHHjer noreHuuana oko C-2 u C-3 xon xuduckycHe kucenuHe, y nopehemwy ca
TapCHHUjCKOM KHMCEJIMHOM, CYT€pHLIE Ja CYICTHUTYeHTH y (2S,3R) mocefyjy jaud €leKTPOH-
-TIPUBJIaYHH KaNaLuTeT of oHUX y (2S,3S) xoHdurypauuju. CTyguje MONEKyJICKOT JOKHUHTa
yKasyjy fa ce ¥ XMOUCKyCHa ¥ TapCHHHjCKa KUCEIHUHA Be3yjy 3a [TIaBHy IpOTeasy IMyTeM KaTa-
TUTUYKOT Lerma. Umak, cumynandje mMoseKyJicKkeOIUHaMuKe OTKpHBajy ma camo (HA) ocraje
Be3aHa 3a aKTHBHO MecTo TokoM 100 ns ca RMSD mamom on 1 A, nox (GA) mucocyje 13 KoM-
IJIeKca yHyTap nodeTHUX 16 ns. OBM Hanasu pacBeT/baBajy Pa3IMUMUTO BE3UBHO MOHAIIAHE
IBa je[UEHa, Ca MMIUVIMKALWjOM NOTEHLHWjaIHE TepaNnMjCKe HMHTEPBeHUMje NpoTuB SARS-
-CoV-2. OBy Hanasy dauajy CBETIO Ha Pa3lIMYUTO BE3UBHO MOHALIAWke ABA jeAUIBEHa, MOAP-
KaBajyhu UMIUTHKaLMje 3a TOTeHLMjaTHe Tepanyjcke HHTepBeHnuje npotuB SARS-CoV-2.

(ITpumsbeHo 28. anpuiia, peBUAUpaHo 5. jyHa, mpuxsaheno 21. asrycra 2024)

REFERENCES

1. T.1. Ng, L. Correia, J. Seagal, D. A. Degoey, M. R. Schrimpf, D. J. Hardee, E. L. Noey,
W. M. Kati, Viruses 14 (2022) 961 (http://dx.doi.org/10.3390/V14050961)

2. Y.L.Ng, C. K. Salim, J. J. H. Chu, Pharmacol. Ther. 228 (2021) 107930
(http://dx.doi.org/10.1016/J.PHARMTHERA.2021.107930)

3. C. L. Bellera, M. Llanos, M. E. Gantner, S. Rodriguez, L. Gavernet, M. Comini, A.
Talevi, Expert Opin. Drug Discov. 16 (2021) 605
(http://dx.doi.org/10.1080/17460441.2021.1863943)

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

(CC) 2025 Serbian Chemical Society.



300

4.
5.

6.

10.
11.
12.
13.
14.

15.
16.

17.
18.
19.

20.

21.
22.

23.

LOPEZ-OROZCO et al.

1. Aanouz, A. Belhassan, K. El-Khatabi, T. Lakhlifi, M. El-ldrissi, M. Bouachrine, J.
Biomol. Struct. Dyn. 39 (2021) 2971 (http://dx.doi.org/10.1080/07391102.2020.1758790)
S. Yagi, A. Yagi, Curr. Tradit. Med. 9 (2023) 39
(http://dx.doi.org/10.2174/2215083809666230206114117)

A. Ghosh, S. Chakraborty, S. Majumder, M. Bhattacharya, Lett. Appl. NanoBioScience 12
(2023) 26 (http://dx.doi.org/10.33263/LIANBS124.108)

M. T. Quimque, K. I. Notarte, X. A. Adviento, M. H. Cabunoc, V. N. de Leon, F. S. L.
delos Reyes, E. J. Lugtu, J. A. Manzano, S. N. Monton, J. E. Mufloz, K. D. Ong, D. Y.
Pilapil, V. Roque, S. M. Tan, J. A. Lim, A. P. Macabeo, Comb. Chem. High Throughput
Screen. 26 (2021) 459 (http://dx.doi.org/10.2174/1386207325666210917113207)

R. B. Malabadi, K. P. Kolkar, N. T. Meti, R. K. Chalannavar, /nt. J. Innov. Sci. Res. Rev.
3(2021) 1507 (https://journalijisr.com/sites/default/files/issues-pdf/IJISRR-600.pdf)

Y. T. M. Alharbi, W. M. Abdel-Mageed, O. A. Basudan, R. A. Mothana, M. Tabish
Rehman, A. A. ElGamal, A. S. Alqahtani, O. I. Fantoukh, M. F. AlAjmi, Saudi Pharm. J.
32 (2024) 102023 (http://dx.doi.org/10.1016/J.JSPS.2024.102023)

M. Ariefin, R. R. Saputra, 1. N. Pramesti, AIP Conf. Proc. 3055 (2024) 040001
(https://doi.org/10.1063/5.0193646)

S. T. Selvan, M. K. D. Jothinathan, Cureus 16 (2024) 1
(http://dx.doi.org/10.7759/CUREUS.57151)

M. A. Khanfar, M. 1. Saleh, Curr. Med. Chem. 16 (2024) e57151
(http://dx.doi.org/10.2174/0109298673271674231109052709)

E. Akbaba, D. Karatas, J. Inst. Sci. Tech. 13 (2023) 872
(http://dx.doi.org/10.21597/jist.1187616)

S. Das, S. Satapathy, D. Acharya, S. Kumar Sahu, Res. Sg. 2023 (2023) 1
(http://dx.doi.org/10.21203/RS.3.RS-2837087/V1)

C. Parga-Lozano, Duazary 17 (2020) 1 (http://dx.doi.org/10.21676/2389783x.3597)

C. H. Parga-Lozano, Biomed. J. Sci. Tech. Res. 35 (2021) 28000
(http://dx.doi.org/10.26717/bjstr.2021.35.005761)

N. Balmeh, S. Mahmoudi, N. Mohammadi, A. Karabedianhajiabadi, Informatics Med.
Unlocked 20 (2020) 100407 (http://dx.doi.org/10.1016/J.IMU.2020.100407)

S. Mahmoudi, N. Balmeh, N. Mohammadi, T. Sadeghian-Rizi, Avicenna J. Med.
Biotechnol. 13 (2021) 107 (http://dx.doi.org/10.18502/AJMB.V1313.6370)

N. Ohta, K. Inokuma, K. Miyabayashi, M. Miyake, 1. Yagi, Electrochemistry 78 (2012)
132 (http://dx.doi.org/10.5796/electrochemistry.78.132)

N. F. Ramadhani, A. P. Nugraha, D. Rahmadhani, M. S. Puspitaningrum, Y. Rizqianti, V.
D. Kharisma, T. N. E. B. T. A. Noor, R. D. Ridwan, D. S. Ernawati, A. P. Nugraha, J.
Pharm. Pharmacogn. Res. 10 (2022) 418
(http://dx.doi.org/10.56499/jppres21.1316_10.3.418)

S. Guardiola, N. Mach, Endocrinol. y Nutr. 61 (2014) 274
(http://dx.doi.org/10.1016/j.endonu.2013.10.012)

E. Shawky, A. A. Nada, R. S. Ibrahim, RSC Adv. 10 (2020) 27961
(http://dx.doi.org/10.1039/d0ra05126h)

0. A. Olajide, V. U. Iwuanyanwu, I. Lepiarz-Raba, A. A. Al-Hindawi, M. A. Aderogba,
H. L. Sharp, R. J. Nash, Phyther. Res. 35 (2021) 6963
(http://dx.doi.org/10.1002/ptr.7315)

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

(CC) 2025 Serbian Chemical Society.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

HIBISCUS COMPOUNDS AGAINST SARS-COV-2 30 1

H. Y. Aati, A. Ismail, M. E. Rateb, A. M. AboulMagd, H. M. Hassan, M. H. Hetta, Plants
11 (2022) 2521 (http://dx.doi.org/10.3390/PLANTS11192521)

A. J. Akindele, A. Sowemimo, F. O. Agunbiade, M. O. Sofidiya, O. Awodele, O. Ade-
Ademilua, I. Orabueze, I. O. Ishola, C. 1. Ayolabi, O. B. Salu, M. O. Akinleye, 1. A.
Oreagba, Nat. Prod. Commun. 17 (2022) 1
(https://doi.org/10.1177/1934578X221096968)

O. P. Abodunrin, O. F. Onifade, A. E. Adegboyega, Informatics Med. Unlocked 31
(2022) 100964 (http://dx.doi.org/10.1016/J.IMU.2022.100964)

D. Muralitharan, V. Varadharajan, B. Venkidasamy, J. Mol. Recognit. 36 (2023) ¢3055
(http://dx.doi.org/10.1002/JMR.3055)

N. S. Aini, V. D. Kharisma, M. H. Widyananda, A. A. A. Murtadlo, R. T. Probojati, D. D.
R. Turista, M. B. Tamam, V. Jakhmola, E. Yuniarti, S. Al Aziz, M. R. Ghifari, M. T.
Albari, R. S. Mandeli, M. A. Ghifari, D. Purnamasari, B. Oktavia, A. P. Lubis, F. Azra, F.
Fitri, A. N. M. Ansori, M. Rebezov, R. Zainul, Pharmacogn. J. 14 (2022) 575
(http://dx.doi.org/10.5530/p;j.2022.14.138)

A.N. M. Ansori, V. D. Kharisma, A. A. Parikesit, F. A. Dian, R. T. Probojati, M.
Rebezov, P. Scherbakov, P. Burkov, G. Zhdanova, A. Mikhalev, Y. Antonius, M. R. F.
Pratama, N. I. Sumantri, T. H. Sucipto, R. Zainul, Pharmacogn. J. 14 (2022) 85
(http://dx.doi.org/10.5530/pj.2022.14.12)

V. D. Kharisma, A. N. M. Ansori, Y. Antonius, I. Rosadi, A. A. A. Murtadlo, V.
Jakhmola, M. Rebezov, N. Maksimiuk, E. Kolesnik, P. Burkov, M. Derkho, P.
Scherbakov, M. E. Ullah, T. H. Sucipto, H. Purnobasuki, J. Pharm. Pharmacogn. Res. 11
(2023) 743 (http://dx.doi.org/10.56499/JPPRES23.1650 11.5.743)

0. A. Kolawole, T. G. Femi, O. E. Kolawole, O. O. Monisola, O. Temitope, A. B.
Benjamin, A. S. Adewale, S. Banj, Nat. Sci. 18 (2020) 78
(http://dx.doi.org/10.7537/marsnsj180920.10)

A. Kalita, M. Das, B. Das, M. R. Baro, Beni-Suef Univ. J. Basic Appl. Sci. 11 (2022) 1
(http://dx.doi.org/10.1186/S43088-022-00214-2/FIGURES/10)

N. Khamthong, N. Hutadilok-Towatana, Nat. Prod. Commun. 12 (2017) 453
(http://dx.doi.org/10.1177/1934578x1701200337)

G. L. P. Pozos, M. A. Ruiz-Lopez, J. F. Z. Natera, C. A. Moya, L. B. Ramirez, M. R.
Silva, R. R. Macias, P. M. Garcia-Lopez, R. G. Cruz, E. S. Pérez, J. J. V. Radillo, Appl.
Sci. 10 (2020) 560 (http://dx.doi.org/10.3390/app10020560)

P. M. Afladhanti, M. D. Romadhan, H. A. Hamzah, Q. Bhelqis, Sriwij. J. Med. 5 (2022)
31 (http://dx.doi.org/10.32539/SIM.V511.127)

A.N. M. Ansori, V. D. Kharisma, A. A. Parikesit, F. A. Dian, R. T. Probojati, M.
Rebezov, P. Scherbakov, P. Burkov, G. Zhdanova, A. Mikhalev, Y. Antonius, M. R. F.
Pratama, N. I. Sumantri, T. H. Sucipto, R. Zainul, Pharmacogn. J. 14 (2022) 85
(http://dx.doi.org/10.5530/PJ.2022.14.12)

D. Ganjewala, H. Bansal, R. Mittal, G. Srivastava, Herb. Med. A Boon Heal. Hum. Life
(2022) 471 (http://dx.doi.org/10.1016/B978-0-323-90572-5.00012-3)

J. A. Izquierdo-Vega, D. A. Arteaga-Badillo, M. Sanchez-Gutiérrez, J. A. Morales-Gon-
zalez, N. Vargas-Mendoza, C. A. Gomez-Aldapa, J. Castro-Rosas, L. Delgado-Olivares,
E. Madrigal-Bujaidar, E. Madrigal-Santillan, Biomedicines 8 (2020) 100
(http://dx.doi.org/10.3390/BIOMEDICINES8050100)

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

(CC) 2025 Serbian Chemical Society.



302 LOPEZ-OROZCO et dl.

39. R. A. El-Shiekh, U. R. Abdelmohsen, H. M. Ashour, R. M. Ashour, Antibiotics 9 (2020)
756 (http://dx.doi.org/10.3390/antibiotics9110756)

40. L. O. Chuah, W. Y. Ho, B. K. Beh, S. K. Yeap, Evidence-Based Complement. Altern.
Med. 2013 (2013) 751658 (http://dx.doi.org/10.1155/2013/751658)

41. S.Kim, Y. Kim, J. W. Kim, Y. Hwang, S. H. Kim, Y. H. Jang, J. Life Sci. 32 (2022) 375
(https://doi.org/10.5352/JLS.2022.32.5.375)

42. Y. Takeda, Y. Okuyama, H. Nakano, Y. Yaoita, K. Machida, H. Ogawa, K. Imai, Food
Environ. Virol. 12 (2020) 9 (http://dx.doi.org/10.1007/s12560-019-09408-x)

43. R. Krishnan, J. S. Binkley, R. Seeger, J. A. Pople, J. Chem. Phys. 72 (1980) 650
(http://dx.doi.org/10.1063/1.438955)

44. A. Grosdidier, V. Zoete, O. Michielin, Nucleic Acids Res. 39 (2011) W270
(http://dx.doi.org/10.1093/NAR/GKR366)

45. E.F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng,
T. E. Ferrin, J. Comput. Chem. 25 (2004) 1605 (http://dx.doi.org/10.1002/jcc.20084)

46. Biovia Dassault Systémes, Discovery Studio Visualiser 2019, Dassault Systémes, San
Diego, CA, 2020 (http://dx.doi.org/https://discover.3ds.com/discovery-studio-visualizer-
download)

47. C. Kutzner, S. Pall, M. Fechner, A. Esztermann, B. L. De Groot, H. Grubmiiller, J.
Comput. Chem. 36 (2015) 1990 (http://dx.doi.org/10.1002/JCC.24030)

48. J. V. Vermaas, D. J. Hardy, J. E. Stone, E. Tajkhorshid, A. Kohlmeyer, J. Chem. Inf.
Model. 56 (2016) 1112 (http://dx.doi.org/10.1021/acs.jcim.6b00103)

49. W. L. Jorgensen, D. S. Maxwell, J. Tirado-Rives, J. Am. Chem. Soc. 118 (1996) 11225
(http://dx.doi.org/10.1021/ja9621760)

50. W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, M. L. Klein, J. Chem.
Phys. 79 (1983) 926 (http://dx.doi.org/10.1063/1.445869)

51. G. Xiong, Z. Wu, J. Yi, L. Fu, Z. Yang, C. Hsieh, M. Yin, X. Zeng, C. Wu, A. Lu, X.
Chen, T. Hou, D. Cao, Nucleic Acids Res. 49 (2021) W5
(http://dx.doi.org/10.1093/nar/gkab255)

52. C. A. Lipinski, Drug Discov. Today Technol. 1 (2004) 337
(http://dx.doi.org/10.1016/J.DDTEC.2004.11.007)

53. J. L. Dahlin, M. A. Walters, Assay Drug Dev. Technol. 14 (2016) 168
(http://dx.doi.org/10.1089/adt.2015.674)

54. J.J. Irwin, K. G. Tang, J. Young, C. Dandarchuluun, B. R. Wong, M. Khurelbaatar, Y. S.
Moroz, J. Mayfield, R. A. Sayle, J. Chem. Inf. Model. 60 (2020) 6065
(http://dx.doi.org/10.1021/ACS.JCIM.0C00675)

55. M. Sargolzaei, J. Mol. Graph. Model. 103 (2021) 107803
(http://dx.doi.org/10.1016/j.jmgm.2020.107803)

56. M. A. Said, D.J. O. Khan, F. F. Al-Blewi, N. S. Al-Kaff, A. A. Ali, N. Rezki, M. R.
Aouad, M. Hagar, Vaccines 9 (2021) 1012 (https://doi.org/10.3390/vaccines9091012)

57. A. Marques Da Fonseca, A. Luthierre, G. Cavalcante, R. Mateus, M. Carvalho, J. Falcao
Do Amaral, R. P. Colares, E. S. Marinho, M. M. Neto, P. Colares, Int. J. Res. -
GRANTHAALAYAH 8 (2020) 164
(http://dx.doi.org/10.29121/GRANTHAALAY AH.V8.111.2020.2342)

58. P. Gale, Microb. Risk Anal. 21 (2022) 100198
(http://dx.doi.org/10.1016/j.mran.2021.100198)

59. M. Popovic, Vaccines 10 (2022) 2112 (http://dx.doi.org/10.3390/vaccines10122112)

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

(CC) 2025 Serbian Chemical Society.



60.

6l.

62.

63.

64.

HIBISCUS COMPOUNDS AGAINST SARS-COV-2 303

M. Popovic, J. H. Martin, R. J. Head, Heliyon 9 (2023) 17174
(http://dx.doi.org/10.1016/j.heliyon.2023.e17174)

P. Gale, Microb. Risk Anal. 16 (2020) 100140
(http://dx.doi.org/10.1016/j.mran.2020.100140)

M. E. Popovié, G. Sekularac, M. Popovié, Microb. Risk Anal. 26 (2024) 100290
(http://dx.doi.org/10.1016/J.MRAN.2024.100290)

J. M. Casasnovas, T. A. Springer, J. Biol. Chem. 270 (1995) 13216
(http://dx.doi.org/10.1074/jbc.270.22.13216)

Z.Jin, X. Du, Y. Xu, Y. Deng, M. Liu, Y. Zhao, B. Zhang, X. Li, L. Zhang, C. Peng, Y.
Duan, J. Yu, L. Wang, K. Yang, F. Liu, R. Jiang, X. Yang, T. You, X. Liu, X. Yang, F.
Bai, H. Liu, X. Liu, L. W. Guddat, W. Xu, G. Xiao, C. Qin, Z. Shi, H. Jiang, Z. Rao,
Nature 582 (2020) 289 (http://dx.doi.org/10.1038/S41586-020-2223-Y).

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

(CC) 2025 Serbian Chemical Society.






Journal of
the Serbian
Chemical Society

g oagu.mw“e\” JSCS-info@shd.org.rs « www.shd.org.rs/JSCS

J. Serb. Chem. Soc. 90 (3) 305-310 (2025) Short communication

JSCS-5388 Published 24 March, 2025
SHORT COMMUNICATION

A simple method for identification of native collagen by
reversed-polarity electrophoresis: Short report

MARIO CHOPIN-DOROTEO!, LUIS MENDOZA!2, ENRIQUE LIMA3
and EDGAR KROTZSCH!*

! Laboratory of Connective Tissue, Centro Nacional de Investigacién y Atencion de
Quemados, Instituto Nacional de Rehabilitacion “Luis Guillermo Ibarra Ibarra”, Mexico
City, Mexico, 2Facultad de Estudios Superiores Cuautitlan, State of Mexico, Mexico and
3Instituto de Investigaciones en Materiales, Universidad Nacional Auténoma de México,

Mexico City, Mexico

(Received 5 July, revised 5 November, accepted 9 November 2024)

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-a helical dom-
ains, where the most abundant member in vertebrates is type 1. Type I collagen
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plays structural and informational roles in connective tissues, and its hetero-
trimeric structure [a(I)]o,a0(1)], gives collagen its particular helical shape with
the Gly-X-Y sequence (where X and Y are frequently proline and hydroxy-
proline, respectively).! Furthermore, the protein is considered to be among the
fibril-forming colloid group of the superfamily,? 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#* For example, NaCl can dissolve or precipitate
neutral collagen solutions at concentrations less than or greater than 1 M/I, res-
pectively,> where ionic strength and pH contribute to fibrillogenesis in vitro.>
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,® 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.” 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.® 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).® 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!), 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-! 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.!0 Briefly, 5.5 pug of heat-denatured collagen were
loaded onto Mini Protean IIT 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,!! 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 pg 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-HCI pH 6.6 as anode
buffer. The loaded gel was run with running buffer (50 mM Tris-HCI 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 pl 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 1. 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 al
and a2 bands were evident, together with the § and y 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.!! Fur-
thermore, Ricard-Blum et a/. 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 o bands
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present in the continuously turnover collagen. This strategy allows us to easily
assess native collagen in cell-derived matrices,!3 to evaluate the real effect of
biologically active enzymes from different sources on collagen!4 or to evaluate
the collagenolytic enzymes involved in pathological conditions,!> 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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Bucoxa mornekxyscka Maca U HeyoOMYajeHU cacTaB aMHHOKHCEIWHA (IPOJIMH M XUIPO-
KCUIIPOJIMH) YMHE KojareH nmocefHUM Mely MpOTEHHHMA y TIOTIefy CTPYKType U (U3HYKO—
—XEMHUjCKUX cBojcTaBa. Enextpodopesa y nonnakpunamugiom reiny (PAGE) je jenHocTaBHa U
jedTrHA MeTona 3a MIeHTH(UKALWjY MHTErpuUTeTa KonareHa, MehyTum, IpuUpomHU 0OmuIH
NpOTerHa reHepaiHo MoKasyjy HU3aK KBaJIUTET Tpaka. Y OBOM pafy je y3eTo y 003up Haesek-
TpHUCame MpPOTeHHa 3a U3Boheme BPJIO jeHHOCTaBHE MeTofe 3a WAEeHTH(UKALHjy MPUPOTHOT
odnrka KonareHa tuna I, koju moxasyje oprosapajyhy enexrpodgopercky pesonyuujy. I[Ipso je
onpeheHo HaeneKkTpUcawe KojlareHa IPH paslnuuyuTUM pPH BpeoHOCTHMa, a 3aTHUM je IpeT-
XO0[HO 0djaB/beHa MeTofla MOSU(HUKOBaHA TPOMEHOM IydepcKor rejia ¥ MIPOMEHOM MOJIapU-
TeTa KOMOpe 3a e/lIeKTpodope3y OKpeTameM KadloBa 3a Halajame ycilef 4yera ce NpOoTeUH
cajia Kpetao o aHone ka karond. Ha oBaj HauwH cy nobujeHe nodpo paspBojeHe MPOTEHHCKe
Tpake Koje Cy 3aIpskaje CBQjy KJIACHYHy CTPYKTypy Oe3 nerpamauuje HakoH PAGE, mto je
noTBpheHo exkcTpakuujoM nporenHa u3 HatusHor PAGE u enextpodope3om y HaTpHjyM-fio-
neuun-cyngat-PAGE. Opa npegHocT 1 Morna OMTH KOPHCHA Kafja C€ MPUPOJHU KOJIAreH,
NOAIBPTHYT enieKTpodopesu, Kopuctu y Western blot aHanu3H 3a NpeNo3HaBabe aHTUTEINMA.

(ITpumbeHo 5. jyna, peBunupano 5. HoeMbpa, mpuxsaheno 9. HoBembpa 2024)
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Application of magnetite nanoparticle-modified walnut shell as
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Abstract: In this research, a magnetic nanocomposite, walnut shell@Fe;O4, 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.! 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,? 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.* 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.> 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.® Poly(phenylene diamine)-grafted electrospun carbon
nanofibers were effectively used for the adsorption of CBB dye.’
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.® 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.!! a-Chitin nanoparticles were
used for the adsorption of Coomassie Brilliant Blue R-250 dye.!2 Response surface
methodology was applied for the removal of Coomassie blue dye, using natural
and acid-treated clays.!3 Well-crystalline ZnO nanostructures were investigated
for the removal of hazardous dyes, including CBB.!4 Decolorization of Coomassie
Brilliant Blue R-250 by dextran aldehyde-modified horseradish peroxidase.!’
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.!” 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 (FeCl;-6H,0, 99.9 %), Iron (II) chloride tetrahydrate
(FeCl,-4H,0, 99.9 %), ammonium hydroxide (NH4OH, 25 %), hydrochloric acid (HCI, 37 %),
sodium hydroxide (NaOH, 99 %), acetic acid (CH;COOH, 100 %), nitric acid (HNOs3, 65 %)
and sulfuric acid (H,SOy, 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 (C45H44N3NaO-S,) 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 1.

Table I. Characteristics of CBB R-250 Organic Dye

L.
1S /N
Nb_\ Q E »—50,
Chemical structure <~ O

Qe

Dye type Anionic
Chemical formula C45Hy44N3NaO4S,
Molecular weight, g mol'! 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 um. 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.!®

Synthesis of walnut shell magnetic nanocomposite

The magnetic nanocomposite of walnut shell was synthesized using a co-precipitation
method with iron (I1I) and iron (II) chlorides at a mole ratio of 2:1.29 According to this method,
4.24 g of FeCl5-6H,0 and 1.55 g of FeCl,-4H,0 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.!?

RESULTS AND DISCUSSION

The morphology of walnut shell@Fe30 4 nanocomposite was investigated using
scanning electron microscopy (SEM)

The morphology and particle size of the walnut shell@Fe3z04 nanocomposite
were thoroughly analysed using a scanning electron microscope (SEM). Fig. la
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.2! This fine
particle size is advantageous as it enhances the surface area available for
adsorption processes, thereby improving the efficacy of the walnut shell @Fe304
nanocomposite in removing contaminants from aqueous solutions. Overall, the
SEM characterization confirms that the walnut shell@Fe304 nanocomposite has
been effectively synthesized with the appropriate morphological properties for its
intended applications.
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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@Fe;O4 at a
temperature of 77 K using nitrogen gas. The specific surface area of the adsorbent
was determined to be 12.311 m2? g1, 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@Fes;O4
1

Parameter ~ Surface area, m? g- Pore volume, cm? g'! Average pore diameter, nm

Value 12.311 0.055 17.918

The pore volume was measured at 0.055 cm3 g1, 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@Fe304 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~! corresponds to the stretching
vibration of the Fe—O bond. The absorption bands at 655 and 995 cm™! are attri-
buted to the bending vibrations of the C—H bonds. The absorption band at 1380
cm~! represents the bending vibrations of the CH, group, while the absorption
band at 1718 cm™! corresponds to the C=0 bond and the absorption band at 3155
cm! represents the stretching vibration of the O—H bond.1® Based on the infrared
spectrum, it can be concluded that the magnetic nanocomposite of walnut shell has
been successfully synthesized.

100

®
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)
S

B
S

Transmittance (%)

:_ walnut shell@Fe304
— Walnut shell

~
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O-H ey
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4000 3500 3000 2500 2000 1500 1000 500 o
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Fig. 2. FT-IR spectrum of walnut shell before and after nano-magnetite.

The point of zero charge (pHpzc) of the walnut shell@Fe30 4 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.!! 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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12

10

Final pH

o 2 4 & 8 1 u
Initial pH Fig. 3. Zero point of charge diagram.

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-! 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~! 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
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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).
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Fig. 4. Effect of different: a) pH, b) contact time, ¢) 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 L1 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.2” 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 L1 (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~! 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,2? 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 I1I 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
(Rp) ranging from 0 to 1 and the intensity of adsorption () 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
R?=10.9505 R2=10.9907 R?=0.9917 R?=0.9342
qm=212.76 n=123 Br=33.48 qm =05.72

b=0.037 kp=28.94 Ar=0.57 p=2.52

RL = 034

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 #/g,
against ¢ and analyzing the slope and intercept (Fig. S-2 of the Supplementary
material), the adsorption capacity at equilibrium (g¢>) and the pseudo-second-order
rate constant (kp) 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
K, / min’! g./ mg g’ R? K,/ gmg!min! ¢, /mgg’! R?
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 R? 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 (AG®) indicates spontaneous adsorption.
A negative standard enthalpy change (AH°) suggests an exothermic adsorption
process. Changes in standard entropy (AS°) indicate changes in system entropy.3’
The details are given in the Supplementary material.

By plotting In K, 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 4H° and A4S° 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 K,/mgL!'! AG%KJmol! AH® KJ mol! AS°/kJ mol! K-! R?
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, A4G° 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 4H° indicates
that the adsorption process is exothermic and serves as a favourable factor in this
process. The negative value of 45° 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 Jmax /Mg ¢! 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
0-ECNFs 107.80 7
m-ECNFs 46.90 7
Activated carbon (Nigella sativa L) 14.49 16
a-Chitin nanoparticles 8.55 12
Walnut shell@Fe;04 212.76 This study
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shell@Fe304) 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~! 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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U3BOL
IMPUMEHA MOJHU®HUKOBAHE JbYCKE OPAXA HAHOYECTHIIAMA MATHETUTA KAO
ACOPBEHCA 3A YKIIAIbAILE OPTAHCKE BOJE COOMASSIE BRILLIANT BLUE R-250

MOZHGAN BIUKI, HASSAN ZAVVAR MOUSAVI, MAJID ARVAND u HADI FALLAH MOAFI
Faculty of Chemistry, Department of Analytical Chemistry, University of Guilan, Rasht, Iran

MarHeTHM HaHOKOMITO3UT, JbyCcKa opaxa@Fes04, CHHTETHCAH je Kao IPUPOAHHU afcopdeHc
3a yKkiamamwe oprancke doje Coomassie Brilliant Blue (CBB) R-250 u3 BogeHHX pacTBopa, ca
eduxacHourhy on 96,16 %. Mopdosnoryja HaHOKOMIO3UTa je OKkapaKkTepUcaHa KOpUIIhemeM
SEM u FTIR, npu ueMy je yrBpheHa BenuunHe 4ecTria Mawa o 18 nm. JomaTHo, U3BpIleHa
je BET ananusa koja ykasyje Ha BEJIMKY IOBDLIMHY koja nmoBehaBa KamaUHMTET afCOPNLUjE.
OntumMu30BaHe Cy Bapujadie koje yTHUy Ha yKkIamame 00je, 1 To: pH pacTBopa Bpeme Mellama,
KOJIMYMHA afcopbeHca, oueTHa KOHLEHTpauyja doje, TeMnepaTtypa M joHCKa cuia. [IpoueHc
ajZicopnuyje je aHanusupad npumeHoM Langmuir, Freundlich, Temkin u Dubinin—Radush-
kevich mopena usorepmu. EkcriepiMeHTaIHH pe3yaTaTy Cy OKas3ald ha IIpoliec afcopnuuje
npatu Freundlich u Temkin u3otepMHe Mozene WITO yKasyje Ha XeTePOreHy IIPUPOLY MOBP-
mwuHe ancopdeHca. [IpuMeHOM Mopesna ICeyHo-IpBOT U MCeyN0-ApYror pefa Cy UCIUTHBAHU
KMHETHYKH YCIOBH afcopnuyje. Pe3ynraTv cy nokasanu fga mpouec apcopnuuje CBB mpartn
KMHETUYKH MOJEJ ICEeyA0-Ipyror pefa WTO yKasyje Ha XeMHjCKy afcopnuujy doje Ha HaHO-
yecThllama. TepMOIMHAMHUUKHM CTyIHjaMa je yTBpheHa CroHTaHa IpUpoja mpolieca afcopIi-
1yje, ca To3UTHBHUM Harndom BanT XodoBe kpuBe LITO yka3yje Ha er30TepMHy peakuujy. 360r
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KpaTKOT BpEMEHA yCIOCTaB/bakha PAaBHOTEXKE Off 5 min, CHHTETHCAaHU MarHeTHH HAHOKOMIIO3UT
je moxasao BenuKy Op3uHy ykiamarka CBB Doje, IITO ra YWHHU MOTOJHUM 32 TPETMaH pacTBopa
Koju cagpxe doje.
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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% = <=L x 100 (S-1)
Ci—Cf)XV
g = e (S-2)

In the above equations, C;/ mg L™ represents the initial concentration, and C,
/ mg L™ represents the unadsorbed or equilibrium concentration. Additionally, g. /
mg g 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.
Co_ 1 Ce

t " anb am (5-3)

Ing, =Inkp+ %ln Ce (S-4)
qe =BrInAr + By InC, (S-5)
Ing, = Inq,, — f&* (S-6)

In the above equations, C, / mg L-! represents the equilibrium concentration
of the solution, g, / mg g-! denotes the adsorption capacity at equilibrium, gy, / mg
gl represents the maximum adsorption capacity, b / L mg! stands for the
Langmuir constant, kg / (mg g-1) (L mg-!) (/1) represents the Freundlich constant
where I/n is the heterogeneity factor indicating the nature of the desired adsorption
process. By / L mol-l and 47/ L g'! are the Temkin constants. 8 / mol? kJ-2
represents the useful activity coefficient and & / kJ mol-! 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 C./q. against C,, Ing, against InC,, g, against InC,, and
Ing, against &2, respectively.

02 4
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R*=0.9505 v =0.8103x + 2.1909
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3 .}
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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):

2 = ki(qe — 0 (-7)

In equation S-7, g,/ mg g and ¢,/ mg g-! represent the adsorption capacities

at equilibrium and time ¢, respectively. k; / min-! 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:

n(qe — qr) = Inqeq — kqt (S-3)
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In that equation, g,; represents the adsorption capacity obtained based on the
pseudo-first-order kinetic model. By plotting a linear graph of /n(g. - g;) against ¢
and analyzing the slope and intercept, the values of k; and ¢,; can be determined.
The pseudo-second-order kinetic equation, based on the adsorption capacity, is
presented as follows:

dq
= = ka(qe — q0)? (S-9)
In this equation, k, / g (mg min) -! 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:
t 1 t
— = +— S-10
qt k2qez? Ge2 ( )
In the above equation, g,/ mg g ! represents the adsorption capacity obtained

based on the pseudo-second-order kinetic model.

04
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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 (4G°), enthalpy (4H°), and entropy (45°) 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:

AG° = —RT InK, (S-11)

In that equation, T/ K is the temperature, R / 8.314 J mol -1K-! is the universal
gas constant, and K. / mg L-! is the equilibrium constant of adsorption. The
relationship is expressed as follows:

K, = Z_ (S-12)

In this equation, g, / mg L-! represents the equilibrium concentration of the
adsorbate species on the adsorbent, and C, / mg L-! 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:
AG° = AH® —TAS° (S-13)
The thermodynamic parameters such as the changes in enthalpy (4H°) and
entropy (45°) can also be obtained from the Van't Hoff equation:
AS°  AHC

InkK. R &r

(S-14)

Table S-I. Impact of Temperature on the Removal Efficiency of CBB

T/K  Qep/mgg! Removal, %

273 10.10 96.16
283 9.19 94.70
298 7.87 92.60
308 6.87 91.00
18 4
1.6 ¥ =2937.4x - 9.1117

R*=10.9991

T T T T ‘
0.0032 0.0033 0.0034 0.0035 0.0036 0.0037
Tt/

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 §9.6 %. Sub-
sequent leaching of the copper concentrate, using a solution containing 1 M
H,SO4 and 4 vol. % H,0, 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.!-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.#¢ Additionally, recycling WEEE has been highlighted as an important
measure for both environmental and economic benefits.”?

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,!1-15 pyrometallurgical,!6-18
hydrometallurgical,!9-23 and biometallurgical?#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.2% 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 ef al.,2! Oh et al.20 and Kamberovi¢ 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.2?2 Mecucci and Scott!? reported > 95 % dissolution of Cu
from circuit boards using HNO3. Kinoshita ef al.3! 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 HyO,, O, 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 H»SO4 (98 %), 5 % HyO,, 85 °C temperature, 1/10 solid-to-
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TWO-STEP RECOVERY OF COPPER FROM PCBS 327

-liquid ratio and 200 rpm. Many investigators33-37 have utilized distinct oxidiz-
ing agents, including H,O,, O, and Fe3™, for leaching copper in H»SOj4.

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
(AG®) can be expressed as follows:®

Cu + HpSO4 + HyOy — CuSOy4 + 2H,0, AG® =-326.105 kJ mol~! @8

The second reaction represents the decomposition of H,O; into HyO and O,
and it can be accelerated using catalysts such as MnO; or KI:

2H,0, — 2H,0 + O, 2)

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

H>SO4 + HyO7 — HSO5 + Hy)O 3)
Cu + HySO5 — Cu?* + SO42~ + H,0 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 °C, 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.>*

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.*0 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.

WFCBs

‘ hanuel Dismantling |

‘ Size Reduction H Shredder & Harmrmer Will

|

Classification
{-Lrrm)

!

Physical Enrichment
(ShakingTable)

!

Clazsification
{-1mm+0.212 mm ]

!

Leaching
[H2504/H05)

!

‘ CopperElectrolyte I

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 1.

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 pm; -500 + 300 pm; and
-300+212 pm (Table I). -212 um 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 dygriicte; bm Cu Ni - Pb Zn  Fe Mn
Feed 100 -1000 16.78 1.13 140 0.59 0.10 0.15
Concentrate 30.95 -1000+500 67.42 1.69 285 096 235 0.27
30.60 -500+300 63.13 133 191 1.18 240 0.22
25.62 -300+212 4738 1.19 1.78 1.51 332 0.44
12.83 -212 20.43 3.35 5.56 5.07 14.83 2.21

Rigaku Miniflex II diffractometer with CuKo 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.

o

\.'i‘;.asmzpm : g Fig. 2. Optical microscope pictures of the
Js‘um w2 - s shaking table concentrate at x8 magnific-
2 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 H,SO4 (0.5-1.5 M) and H,0, (2-8 vol. %)
and sample at three particle size fractions (1000-500 pm, 500-300 pm, 300-212 pm) 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
pm, 500-300 pm, 300-212 pm) in 1 M HSO4 and 4 % H;O» solution at 30 °C
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 pm, 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 pm fraction, and 90 % for the 500-300 pm 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 pm size was attained only after 2 h for the 1000—500
pum particle size.

100 | ‘ r T ]
90 | -
80 | -
70 —
s _ J
= 60 ]
5 -1 -
2
2 50 -
) | .
= 40
= — —}
o i ]
30 .
20 — —A— 300212 um |||
] —— 500-300 um || . . .
10 | —o— 1o00-s00um || Fig. 3. Effect of the particle size on cop-
0 — ‘ ——— per regovery. Ilnl\l/t[lal electr(zllyte1 C(;Ildlt-
o 20 40 6 s 100 120 140 ‘05 SH2S04 T IVLVH0, T % VOL Yo, t=
Leaching Time (min) =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 (1000500 pm, 500-300 pum, 300-212
pum) using electrolyte containing 4 vol. % HyO; at 50 °C. The values in Fig. 4
reveal that high levels of copper extraction, typically around 90 %, were achieved
with 1.5 M H»SO4 and 300-212 um fraction at 50 °C. The leaching experiments
conducted with 1.5 M H»SO4 demonstrated that the coarser particle size fractions
resulted in lower recovery rates. Specifically, the recovery for the 1000—500 um
fraction was approximately 65 %, while the recovery for the 500-300 um 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 H»SOj4. The solvent effect of H)SO4 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.

100 — I o I o

90 —

Cu Recovery (%)

—A— 300-212 um
—— 500-300 um

10 —— 1000-500 um
0 ‘ ‘ : : : Fig. 4. Effect of the acid concentration
0 05 1 15 , on copper recovery. Initial electrolyte
Cyzs0, (M) conditions: yyy,0, = 4 vol. %, t = 50 °C.

Effect of oxidant concentration

The effect of HyO» concentration (2—8 vol. %) on the copper leaching was
elucidated with three size fractions (1000-500 pm, 500-300 pm, 300-212 pum)
using in the solutions containing 1 M H»SO4 at 50 °C. The contribution of an
oxidant is revealed in Fig. 5. The oxidizing effect created at a concentration of 6
% H>O, 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 % HyO»
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revealed a recovery rate of 85 % for the 1000-500 pm particle size fraction,
while the recovery for the 500-300 pm fraction exceeded 90 %. At higher
concentrations of HyO», 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 um range, occurs more slowly due to the lower diffusion rate.

100 — I T ! ]
90 — -
80 — -
70 — -
=\5 -1 -
< 60 — _]
5 4 ]
g 50 -
ol

3 i ]
& “] §
30 -
20 — —A— 300212 um |||
T —— 500-300 um | |
10 —&— 1000-500 um | |

0 — — . Fig. 5. Effect of the oxidant concentrat-

0 2 4 6 3 10 lon on copper recovery. Initial electro-

Cino, (%) lyte conditions: 1 M H,SOy, =50 °C.

Effect of the temperature

The temperature effect on the results of copper extraction in the electrolyte
containing 4 vol. % H>O; and 1 M H;SOy4 at various temperatures (30, 50 and 70
°C) are shown in Fig. 6. The leaching tests indicated that with 300-212 pm 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 H,O,, 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 H,SQOy, 4 vol.
% H»0O») have yielded efficiencies exceeding 95 % with 300-212 pm fraction at
50 °C. 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 pm size fraction, 70 % for the 500-300 pm
fraction, and around 60 % for the 1000—500 um 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.

100 I I I I T
90 —| —
80 —| -
70 —| -
g _ i
< 60 —| -
g _ i
g 50 —
é . 4
3 ] _
30 | -
20 4 —a—30°c | ]
] —— s50°C | .
10 — — o wec|| Fig. 6. Effect of the temperature on
04 | — — 1  copper recovery. Initial electrolyte con-
g . - o
0 20 " 6 50 w0 120 ditions: 1 M H,8O04, yiy0, = 4 vol. %,
Leaching Time (min) dn 300-212 pm.
‘ T ‘ ‘ T T
100 — —
90 — \ i
80 | .
< 70— N
Iy ]
g i
g 60 —
D
& - i
= —
O 50 i
40— —=— 300212 pum 7
1 —&— 500-300 um N
30 - —S— 1000-500 um N
1 Fig. 7. Effect of the solid ratio on copper
20 L L B L B BN B B » %
o 1 2 3 4 5 6 71 s recovery. Initial electrolyte conditions:
Solid Ratio (%) 1 M H,S0y4, y,0, =4 vol. %, t =50 °C.

The copper recovery results obtained in this research was found similar with
the studies in the literature®20.34.41.42 on the copper leaching from PCBs with
higher H,SO4 + H»O» 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=K.7T (5)
— Chemical reaction control dense constant size or shrinking spheres:
1-(1-X183=K.t (6)
— Ash diffusion control dense constant size-spherical particles:
1-3(1-X)23+2(1 -X)=K.T @)

where reaction rate constant is K. / min~!, time, 7/ 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 (Egs. (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 R? and the constant value of
K. was obtained. The reaction rate constant at 30 °C was determined to be 0.0111
min~!, 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

Chemical reaction controlled Ash diffusion controlled

T/K 1-(1-xn'3 1-3(1-X)*3-2(1-X%)

K,/ min’! R? K,/ min! R?
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-
0 | trolled shrinking core model for the
0 60 effect of temperature on the copper

Time (min) 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, E, = —19.17 kJ mol~!, was determined from the slope
of straight line plotted between In k and 103/7 as seen on Fig. 9. Thus, the det-
ermined activation energy indicates that the copper leaching from PCBs, using
H»>SO4—H50; in the range of 303-343 K, occurs in constant zone.

-4 T T T

Eqa=19.17 kJ mol-1 ,
-4.5 — o

Fig. 9. Plot of parabolic leaching rate
29 3 31 12 i3 34 constant.s vs. inverse of temperature
109T (K) (Arrhenius plot).
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CONCLUSION

¢ The investigation involved the dissolution of copper in an oxidized acidic
electrolyte (H,SO4—H»0O;) 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).

e 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.

e 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.

e 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.

e 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~! at 30 °C, with a regression constant of 0.9954. The activation energy (E,)
for the process was estimated to be 19.17 kJ mol-1.

e 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.

U3BOJI

EKCTPAKLHMJA BAKPA U3 IIPEN-KOHUEHTPUCAHUX IITAMIIAHUX ITJIOYA (PCB)
MNYTEM KATAJIM30BAHOT KMCEJIMHCKOT HU3J/TYKHBAIbA

OZGE GOK
Dokuz Eylul University, Faculty of Engineering, Mining Engineering Department, [zmir, Turkiye

OsBa cTynuja je 3a UMb UMaJla U3[Bajamke DaKpa U3 OTHAfHUX LITaMIaHuX mioda (WPCB)
CeKBEHLWjaJIHUM TIpOLIeCOM KOjU YK/bydyje (PU3UUYKy IpeA-KOHLeHTpauujy Ha Tpecehem
CTONy, @ 3aTMM KHCEJIHHCKO W3JIyXHBame. 3a (parMeHTaldjy pasIUYUTHX KOMIOHEHTH
IITaMIIaHUX II0Ya Ha YecTHle Mame of 1 mm kopuurheHu cy gpodunnia u yeKuhHU MIIHH.
TecToBH Npen-KoHLEHTpalyje nomohy Tpeceher cTosa cy nokasaiy ja Telka dpaxiyja ©ma
cagpxaj baxpa on 56,4 % ca npuHocoM of 89,6 %. HaxoH Tora je usmyxusame Dakpa U3
KOHLIEHTpATa U3BPLIEHO TPETHPakeM PacTBOPOM Koju canpxu 1 M H2SOsand 4 3amnp. % H:0:
Ha 50 °C TokoM [iBa cata, IITO je pe3yatupaio epukacHomhy ekcrpakuyje dakpa sehom on 95
% ca omHOCOM 4BpCTE MaTtepuje of 2 Mac. %/V.

(ITpumsbeHo 10. mMaja, peBunupaHo 4. jyHa, npuxsaheno 8. okrodpa 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 SiO,/TiO, nanoparticles at different ratios to enhance the superhydrophob-
icity and reduce water absorption of the mortar. The sample prepared using a
Si0,/Ti0, 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.! However, their susceptibility to water and corrosive ions
such as Cl-, SO42-, etc., leads to the physical and chemical degradation pro-
cesses.? 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,# self-cleaning’ and anti-corrosion pro-
perties.® 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.” Recently, SiO, and TiO, 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.%-10 In recent years, many researchers have studied
bulk composite superhydrophobic cement mortar to extend the service life in
construction.!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 SiO,/TiO; 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 SiO,/TiOy 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
(SiO,, 7 nm, Sigma—Aldrich Pte. Ltd.) and titanium dioxide (TiO,, 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 Imagel] 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 pL 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 uL 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 um on the surfaces at a height 40 cm and a tilt angle of 45°
with a flow rate of 2.8 m s!. The tape peeling test was carried out using the method reported
in ASTM D3359-09.!! 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°!
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 (AgNOs3,
RCI Labscan Ltd.) solution was sprayed on the cut surface.> The depth of chloride ion penet-
ration was measured using the AgNOj; color development test.

RESULTS AND DISCUSSION
Morphology analysis

The morphology of ordinary mortar (OM) and mortars coated with MTCS-
-modified SiO,/TiO, 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 SiOy/
/TiOy coating covered the pore structure of the mortar, as shown in Fig. 1b—f.
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From the figure, the porosity of the coated surface (which was measured using
Imagel)!2? decreased to 10.2, 8.5, 6.9, 8.6 and 6.1 %, respectively. The surface of
the MTCS-modified TiO, (0/100) coating consisted of large, loose agglomerates
of TiO, (Fig. 1b) while the MTCS-modified SiO, (100/0) coating surface was
densely packed (Fig. 1f). The size of TiO, particles approximately three times
larger than that of SiO; particles, resulting in a dense and low-porosity SiO; film.
However, superhydrophobic surface requires a hierarchical surface with mono-
-scale roughness, which was observed in the SiO,/TiO, ratios of 25/75 and 75/25
(Fig 1c and e).

@ o, ® sio, we MTCS

Fig. 1. Surface morphologies and schematic diagram of: a) ordinary mortar and the coated
mortar by MTCS-modified SiO,/TiO, 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 SiO,/TiO, 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 SiO,/TiO; 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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cosﬁyzflcosﬂ—fzzfl(cos(9+l)—1 (D

where 6y is the contact angle of the coated mortar surface, 6 is the contact angle
of the ordinary mortar surface (55.2°), f] is the solid fraction between the coated
mortar and the droplet, /> is the air fraction between the coated mortar and the
droplet. The solid fraction (f]) and air fraction (f2) of coated mortars are pre-
sented in Table I. The results imply that the ratio of SiO,/TiO; 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.

160

-=- WCA w et
.\i/ \.

-o-SA
1404 L4
120 SA>90 ga>s0c s> 900 SA =907
100

S~ |
o LS |

WCA | ©
o/ VS

*$i0,/TiO,
40 T T T T T T
Ordinary Mortar 0/100 25/75 50/50 75/25 100/0

Samples

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 Air Coefficient of water ~ Reduction in the coefficient
fraction (f;) fraction (f;) absorption, 10 cm? s°! of water absorption, %

oM - - 700 -

0/100 0.089 0911 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:!4

0.1
Ky =( A)t 2)
where K, is the coefficient of water absorption, cm? s~!; Q is the quantity of
water absorbed by the sample, cm3, in time, 7/ s and 4 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 700x10-2 cm? 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 SiO,/TiO;, 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
SiO, and TiO; 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.# Therefore, MTCS-modified SiO,/TiO; 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 SiO,/TiO; 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 cm1.
The absorption bands of OM at 435 cm™! correspond to Si—O.5 Peaks at 1400,
872 and 710 cm™! are attributed to the C—O bond due to the presence of calcite in
mortar.15:16 The peaks at 1800-2300 cm~! were observed in mortar.17 The peak
at 3643 cm~! corresponds to the O—H vibration of portlandite (Ca(OH),).5 After
modification, the absorption band at 2970 cm~! was attributed to the C—H bond
in the ~CH3 group. Additionally, the peak 1271 cm~! corresponded to the bend-
ing vibration of Si—CH3, indicating successful MTCS modification and surface
energy reduction.!8 In addition, the peaks at 1026 and 767 cm! belong to
Si—O-Si,’ which are consistent with the functional groups in the MTCS structure,
forming a self-assembled film. TiO, NPs are approximately three times larger in
diameter compared to SiO, nanoparticles while the specific surface area is less
than SiO, NPs. Thus, the appropriate combination between SiO; and TiO; can
increase specific surface area, leading to increase —OH groups. The superhydro-
phobic modification mechanism involved MTCS reacting with the —OH groups
of SiO, and TiO, NPs through hydrolysis and condensation reactions, leading to
the grafting of alkoxy groups of MTCS on the SiO, and TiO, surfaces. Then,
MTCS-modified SiO,/TiO; NPs absorbed onto the mortar surface and filled
lager pores of hydration products. Thus, the SiO2/TiO> 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! 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 SiO; and TiO, appeared.20-21

(a) CHs Si-CH; (b) * mortar
| ! o fumed SiO;
5 = TiO,
©
3 3 &
o _-.M A r/
] =2 * é
£ z
E 2
: £ —sm
= y ol T | —om *
— SM 1 1 * l*
=2 ' [l 1 * * * -
| —om i v i *ox
\C & Si-0 e it e s i et
T T T . T : : T r r T . T .
4000 3500 3000 2500 2000 1500 1000 500 0 10 20 3 40 50 60 70 80
Wavenumber / cm™ 201/°

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/TiO; 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 SiO,/TiO; 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.
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Fig. 5. Schematic of mechanical durability tests: a) water drop impact test, b) sand abrasion
impact test, ¢) 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 Sand abrasion Tape peeling Sandpaper
impact test impact test test abrasion test
Number of WCA /© Sand gain WCA | Number of WCA | © Number of WCA |

drops g cycles cycles

0 154+£1 0 154+£1 0 154+£1 0 154+£1
10000 149+2 100 151+2 30 1502 5 149+3
20000 145+1 200 150£3 60 149+2 10 1354
30000 12342 300 14943 90 1414 15 131£6
40000 11512 400 140+4 120 13144 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 Ag,0.3-23 The chemical reactions of the AgNO3
color development test are shown in Egs. (3) and (4):3

AgNO;3 + NaCl — AgCl+ NaNOy 3)
2AgNO; +2NaOH — Ag,0 +2NaNO; + H,0 (4)

The violet regions are affected by the concentration of AgNQOj3 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 SiO,/TiO, nanoparticle-coated mortar
demonstrates a superhydrophobic surface using a simple spray coating method. A
sample coated with a SiO/TiO7 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.
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U3BOJ

TEXHOJIOTUJA HAHOIIIEA ITPEBJIAKA HA ITOBPITWHY MAJITEPA 3A ITIPOJYXXEIE
PAJHOT BEKA TPAREBMHCKUX KOHCTPYKIIUJA

NIDCHAMON JUMRUS!?, MONWIPA THAPINTA?, PATCHARAPORN CHAIWONG?, ARISARA PANTAWAN'?,
TEWASIN KUMPIKA?, WINAI THONGPAN?, NIWAT JHUNTAMA*?, EKKAPONG KANTARAK?, WATTIKON
SROILA?, RATTIYAKORN RIANYOI?, PISITH SINGJAI? 1 WIRADEJ THONGSUWAN?

'0ffice 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 u *Faculty of Science and Agricultural Technology, Rajamangala University of Technology Lanna,
Chiang Mai 50300, Thailand

CynepxuznpocdobHa, camouncrteha W aHTUKOPO3HWOHA IIpeBjlaka je YCHEeLUIHO HaHeTa Ha
ManTep KopuinhemeM TEXHUKE jeJHOCTENIeHOT PacIplinBamba. Y pacTBOP 3@ paclplliHBame Cy
IopaTe, y pa3THuUTIM OfHOCHMa, HaHouecTtule SiOz u TiO2 MomuduKoBaHEe METHITPUXIOPO-
cunaHoM fa Ou ce moBehana cynepxuznpodobHOCT ManTepa M CMamWIa ancopridja BoJe.
Y3opak npunpemsseH nmpu maceHoM oxgHocy SiO2/TiOz = 75/25 je mokasao Hajsehy KOHTAKTHU
yrao ¥ HajMamwH yrao KIu3ama, ITo je ode3denuno cmameme ancopnuyje soge sehe ox 97,5 %
U CMamene nyduHe npoaupama XJI0PUIHUX joHa. ITocTojaHOCT mpeBnake je aHaW3WpaHa pas-
JTUYUTHM TECTOBMMA, ywbydyjyhu ytunaj nmagajyhux xamu Boge (10000 xamm), abpasujy
neckom (300 g), omerubrBamwe nomohy tpaxe (60 uukiayca) u abpasujy mwmupri nanupom (5
nukiayca). [Ipesnaxa je nokasana OAJIMYHO CMamkemhe allCOPILMje BOJEe U NTOCTIe TecTa adpasuje
IIMUPIJ anmupom Tokom 20 puxmyca (82,6 %), Mako je KOHTAKTHH yrao cMameH Ha 118°.
[Tpuka3aHu pe3ynaTaTd ykasyjy na ¢opmupawme cynepxunpododHe HpeBlake Ha ManTepy
NpenCcTaB/ba AITEPHATUBHU MPUCTYT, KOjH j€ jefHOCTaBaH, e(puKkacaH U €EKOHOMHUYAH, 3a 00e3-
behewe MynTUDYHKIMOHATHE 3aIUTUTE MOBPLUIMHE MajTepa Ha JIMLY MecTa y LU/by MPOAY-
KeHa PagHOT Beka KOHCTPYKUHja ca ModosbIIaHUM MEXaHUYKUM M aHTUKOPO3HOHHUM CBOjCTBUMA.

(ITpumsbeHo 17. anpuin, peBuaupaHo 24. maja, npuxsaheno 25. asrycra 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 AAS5052-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
H,S0,4, 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.! 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.”~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.!4 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.3? 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 AAS5052 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 AAS5052 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.!’ Friction stir butt welding was per-
formed on AA5052 and AA6101-T6, 6 mm thick using an FRSTW machine depicted in Fig.
la—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, ¢) ALU spinner of FRSTW process, d)
pin profile dimension, ) welded samples prepared FRSTW test samples in: f) 1 M H,SOy, 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 50-80x 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.1%17 XRD patterns between 260 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 mmx12 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 H,SO,4 (28 mL of 37.5 % in 1 L), I M commercial sodium chloride
crystals solution, domestic hard water (SPM = 880 ppm) and marine water.!%!° 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):

_ 534xWL
pAt

R &)
where R is corrosion rate in mpy, WL is weight loss in g, p is density of the metal, g/cm3, 4 is
surface area in in%, and ¢ is time in h.

The design surface area is calculated using the formula 2/b:

Total surface area = 2(1x3 + 1.5x0.5) +0.5x3 = 2(3+0.75) +1.5 = 9 cm? 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 cm?, 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 /., 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, 67 kN,
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Fig. 2. Tensile strength; a) test specimen dlmenswn, 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. Tens;}{e;ztress Sample No. Tensli}[e;)ztress Sample No. Tens&epztress
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 (AAS5052 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§ kNx1200 rpmx2 pass, 80 mm/minx7 kNx1200
rpmx2 pass, 80 mm/minx7 kNx1000 rpmx3 pass, 90 mm/minx7 kNx1200
rpmx1 pass, 80 mm/minx7 kNx1400 rpmx1 pass, and 80 mm/minx6kNx1200
rpmX3 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. 3¢ 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, ¢) 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 20
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 26 38.66, 44.89, 65.21 and 78.33 in Fig. 4. These 26 values
validate the AI3M 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. a-Al metallic solution
phases, MgZnjy and CuAl, intermetallic compounds (%4/) 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 20/° 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 KB1) 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 Al3Mg, 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, a-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.#0 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

Mass loss in 0.1 M acid Mass loss in 0.1 M base

Mass loss in domestic

water (SPM = 880 ppm)

Sample No. — - — - — -

Initial Final Mass Initial Final Mass Initial Final Mass

mass  mass loss mass  mass loss mass  mass loss
AA5052 6.213 5987 0226 5231 4479 0.752 5.890 5.677 0213
AA6101-T6 5468 5.186 0.282 6475 5648 0.827 4996 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 6910 6.194 0.716 6.700 6.686 0.014
3 6.640 6.422 0218 6.669 6.196 0473 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 5750 5596 0.154 6.804 6.162 0.642 6.348 6320 0.028
8 6.600 6.323 0277 6949 6.263 0.686 6.493 6.463 0.030
9 6.520 6.322 0.198 6.631 5933 0.698 6.175 6.159 0.016
10 5800 5.593 0207 6951 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 0298 6.531 5989 0.542 5212 5186 0.026
13 6.560 6.299 0.261 6933 6.453 0480 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 0317 5.623 5.129 0.494 5401 5367 0.034
16 6.720 6.439 0281 6.733 6.245 0.488 6.511 6.473 0.038
17 6.670 6.449 0221 6.836 6.212 0.624 6.614 6.572 0.042
18 6.550 6.365 0.185 5980 5485 0.495 5674 5.628 0.046
19 6.900 6.628 0272 6.588 5942 0.646 6.366 6320 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 5999 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 6450 6.003 0.447 6.233 6.184 0.049
24 6.590 6.466 0.124 6.086 5.669 0417 5869 5819 0.050
25 6.610 6.322 0288 5995 5598 0.397 5.778 5.739 0.039
26 6.330 6.120 0.210 5993 5446 0.547 5.899 5858 0.041
27 5.950 5.705 0.245 7325 6.588 0.737 7.437 17386 0.051
28 6.550 6.392 0.158 6918 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 0911
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 53 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

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

(CC) 2025 Serbian Chemical Society.



362 RENGARAIJAN, KASIRAJAN and KUMAR

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

. M CR in mpy
Average mass loss, g Medium Surface areaxEq.wtxTotal h ~ 534xmass loss/M
0.215 0.1 M acid 9%2.7x72 0.066
0.602 0.1 M alkali 9%2.7x72 0.184
0.035 Domestic water 9%x2.7x72 0.011
0.766 3.5 % NaCl 9%2.7x72 0.234
0.727 Sea water 9%x2.7x72 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 (A/AI3*, —1.70 V), welded samples exposed
the lowered potential.>2 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. /.o values exist between 781.78 and 0.52 pA.
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.

-0.7 -0.7
Sample 4 in 3.5% NaCl — Ci.cor . e ., — Cl3.ca
T raretrit Result Sample 13 in 3.5% NaCl __ L b o
08 0.8
) = Ba (mV)= 16228 Be(mV)= 1169.3
< 9 = 0.9 2
= Ha (mV)= 12698 Be (mV)= 587.96 = To (Amp/cm” )= 0.00078178
2 Eo (Volts)= -0.85672
lo(Amp/emi= 0.00029 008
Eo (Volts)= -0.86566 Corrosion Rate (mmPY)=8.8071 _
Corrosion Rate (mmPY)= 3,156
Lof -Lof
a1 . . " RN L ' "
10 10-6 105 ) 10+ 103 10° 10-6 105 [T 10-3
I(Ampsiem” ) 1 (,\mp;e‘-»mz)
) . )

Sample 26 in 3.5% NaCl TafelFit Result

Ba (mV)= 138.18

08 B (mV)=128.2

lo (Amp/em?p 5.1461E-07

E (Volts)
L

“orrosion Rate (mmPY )= 0.00559

-1.0

Eo (Volts)= -0.90941

1 " . L
10° 10°6 10-" 1w-4 10 -3

1 (Amps/em®)

(¢)

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
Lor/Acm?  Econ/V Ba/ mV Be/ mV mpy

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
Weight loss Duration Corr. rate

Aluminum alloy Welding Medium Ref.
g h mpy
AA6061 and AA8O11 FRSTW  Sea water 0.204 672 0.201 2
FRSTW HCI 1.644 672 1.618
FRSTW  H.SO4 1.464 672 1.441
AAS5052-H32 - AA6061-T6 FRSTW Salt spray 3.77 72 25486 41
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TABLE VII. Continued

Weight loss Duration Corr. rate

Aluminum alloy Welding Medium Ref.
g h mpy
A12024 Raw 3.5 % Salt - - 1.200 42
sample water
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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TpanuLMOHANHO 3aBapHBame (Qy3UjoM HUje NMOrofHO 3a 3aBapUBAKE JIETYpa alyMHHU-
jyma jep ce dopmupajy cekyHmapHe kpre dase, a kKako jerypa ouspuhasa jaBba Ce MOpPO3-
HOCT ¥ NyKOTHHE. 3aBapHBamke TPEHEM, je HOBA METOMA 3aBapHBama y UBPCTOM CTamy, KOjoM
Ce MOTY CIOjUTH CIUYHE WIM Pa3Iv4uTe JIeType alyMUHHjyMa. Y OBOM pajy y30pLH Jierypa
AA5052-AA6101T6 koju Cy 3aBapEHU TPEHEM U MEIIAKBEM, TECTUDAHHU Cy Ha KaPaKTEPHUCTHKE
KOpo3Wje. MHUKpOCTPYKTypa M MEXaHHUYKO IIOHAIlake 3aBapeHUX CIOjeBa alyMHHHUjyMCKe
nerype AA5052-AA6101T6 ucnuTaHu Cy y OBHOCY Ha y/la3He mapamerpe. MHUKpDOCTpYKTypa
OTKpHBa fia Op3yHa 3aBapuBaka M Op3MHa poTaldje yTUYY Ha MUKPOCTPYKTYDY LIaBa aHaIH-
3MpaHUX y30paKa 3aBapeHUX NOBPIIKHA. [IBaJieceT AeBeT y30paKa je TECTUPaHO Ha KOPO3Hjy Yy
3,5 % NaCl, Bogu 3a nomahuHcto (880 ppm — SPM), 1 M H2S04, 1 M NaOH u npupozHoj
MOpPCKOj BOOW TOKOM 72 carta. lomaha cnaHa Boja M KUCENIW MeIUjyM IOKasalH cy domy
OTIIOPHOCT Ha KODPO3Wjy Off alKaJHUX M CJIaHMX Menuja. IIpoyyaBame OTHOpa Mokasaso je
Onare mpomeHe aHOIOHOT ¥ KaTOJHOT OTEHIIMjajla HAKOH 3aBapHBama TPEHEM.

(ITpumsbeHo 17. anpuina, pesugupaHo 19. maja, npuxsaheHo 24. asrycra 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 a-amylase, a-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 a-amylase (52.27 %), a-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.! 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.? 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.# However, every year approximately
30 % of production appears as waste in the food supply chain.> 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.® 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.®

Nanoparticles such as gold, nickel, zinc, silver, platinum and copper are syn-
thesized in two ways: top-down or top-up.© 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.” 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.?

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.l0 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.10It’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.!0 The corn silk could be considered a source of antioxidants and may have
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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.!9 Addition-
ally, corn silk is rich in valuable biochemical substances such as essential oils,
lipids, phenolic compounds and flavonoids.!0 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).!! They have many application areas such as electronic, medical appli-
ances, tableware, clothing, cosmetics, efc.!® 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;!© the
inhibition of acetylcholine oxidase is important for Alzheimer’s!7 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.%: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.!® For this
purpose, corn silk was harvested from a field located in Bilecik, Tiirkiye (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.!® 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
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from the aqueous medium. The resulting AgNPs were washed with distilled water to wash off
impurities and dried at 75 °C.

Dried at room
conditions Extracted

Mixed with SmM
AgNO;

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 (Na,HPO,/NaH,PO,, 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.'!

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.2%-2! The phenolic compounds and Folin—Ciocalteu 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.??
For this purpose, a stock methanol solution (100 uM) 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 pL) 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 SCs,, values were calculated and expressed against the Trolox standard.?2
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.?3 Fe(III), which is reduced by the antioxidant substances in the
solution, gives absorbance at 593 nm. The results were expressed in uM FeSO4-7H,0 value.
All analyses were performed in triplicate.

a-Amylase enzyme inhibition

To determine free a-amylase enzyme activity, an equal volume of enzyme solution was
incubated with 300 pL 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
ICs, value was calculated.2* The prosedure was also performed for the corn silk extract. All
analyses were performed in triplicate.

a-Glucosidase enzyme inhibition

The inhibition properties of a-glucosidase was determined according to Gholamhoseinian
et al®> p-Nitrophenyl-a-D-glucopyranoside was used as substrate and the reaction was per-
formed in 0.1 M pH 6.8 phosphate buffer solution. 5 uL of substrate, enzyme solution, 900 uL
of phosphate buffer (50 mM) were mixed and 20 puL 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.2% The enzyme solution was prepared in 1% gelatin solution at 2.5 units mL-!. 50 pL of
enzyme solution and 50 pL 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
pL DTNB and 20 pL 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.2’ Jack Bean urease (200
pL), 500 uL 0.01 M of phosphate buffer solution with 100 mM urea, | mM EDTA and 0.01 M
LiCl at pH 8.2 and 100 pL silver nanoparticle solution was incubated for 20 min at room tem-
perature. After the period, 550 puL of phenol solution (1 % phenol and 0.005 % sodium nitro-
prusside) and 650 pL of alkaline mixture (0.5 % sodium hydroxide and 0.1 vol. % NaOCIl) were
added to the tubes. The absorbances was recorded at 625 nm after 50 min. /Cs, 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 Baltas
et al.?” The reaction mixture contains 500 pL silver nanoparticles, 770 pL pH 7.8 phosphate
buffer and 70 pL xanthine oxidase enzyme. After preincubation for 15 min at 25 °C, 660 puL of
substrate was added to the solution and incubated for 15 min at 25 °C. The reaction was stopped
by adding 200 pL 0.5 M HCI, the absorbances were determined at 295 nm and /Cs 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.'® 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.

19

F" et
L 4 1 ——1
- W .
18
(@ (b)
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Wavelenght (nm)

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

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

(CC) 2025 Serbian Chemical Society.



ECO-FRIENDLY SILVER NANOPARTICLES FOR ENZYME INHIBITION 375

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).
—&8—pH 5
e —&8—pH 6

—8—pH9

N
o

pH7

—8—pH S8

Absorbance (A)

400 450 500 550 600 650

Wavelenght (nm)

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.

—8—20°C

——40°C
.__/‘/‘\‘\‘\H -

Absorbance (A)

400 S00 600 700

Wavelenght (nm)

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™! indicates the presence of
an O-H group in the spectrum. Although there are similarities at 2120, 1637.59

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

(CC) 2025 Serbian Chemical Society.



3 76 KESKIN

and 579 cm! peaks, there are differences at 2500, 2000—-1900, 13001200 and
1000 cm!. These peaks are related with stretching vibrations of C=C, C=0, O-H,
C-H, C-N and —COOH groups in alkane, ketone, alkene and nitro compounds.

s

Fig. 5. FTIR spectrum of corn silk extract.
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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.
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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 % uM TE g~! (DPPH). The specific enzymes’ inhibitions such as
acetylcholinesterase, a-amylase, a-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 (a-amylase), 43.51£0.98 (a-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
0 K 4.15 14.24 4091 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 CS—AgNPs Control  Control reagent
extract

Total phenolic content 20.16+£0.212  24.43+0.19° - -

(mg GAE g'! DW sample)

FRAP (uM TE g'1) 100.18+1.278  176.55£1.44> - -

DPPH (%) 70.69£1.182  82.43+1.220 - -

o-Amylase inhibition (%) 48.15+1.11 52.27€1.09 46.84+1.05  Acarbose

a-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 /Csq values of
23.80 ug mL-1 and 2.79 umol mg~! sample corresponding to the DPPH and FRAP,
respectively. Chinnasamy et al.33 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 a-amylase enzyme by 28 %. Thirumal and Sivaku-
mar3? synthesized silver nanoparticles based on Cassia auriculata and stated that
the synthesized nanoparticles inhibited the a-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.#! 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

UV absorb- Average size

Biological source Biomedical application Reference
ance, nm nm

Solanum 406 4-18 Antioxidant activity and enzyme 30

xanthocarpum L. inhibition properties

Glycosmis 435 65.92 Antioxidant activity, 31

mauritiana antimicrobial activity and enzyme
inhibition properties

Zea mays L. 461.25 12.63 Antimicrobial activity 32

Tagetes erecta L. 422 46.26 Antioxidant activity 33

Caesalpinia 480 20-80 Antibacterial activity 34

mimosoides

Aristolochia 430 16.7 Antioxidant and antibacterial 35

bracteolata Lam activities

Mikania cordata 451 26.8-46.0 Antioxidant and antibacterial 36

activities

Waste corn silk 470 63-67 Antioxidant activity and enzyme  This

inhibition properties 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, efc.
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H3BOJ

OTIAITHA KYKYPY3HA CBHJIA 3A EKOJIOIIKHU ITPUXBAT/BMBE HAHOYECTHLIE
CPEBPA: 3EJIEHA CUHTE3A, KAPAKTEPU3AIIUJA U OOPEBUBAILE CBOJCTABA
WHXUBULIUJE EH3UMA

MERVE KESKIN
Vocational School of Health Services, Bilecik Seyh Edebali University, Bilecik, Tiirkiye

OnpxuBo Kopuithemwe pecypca je BeomMa BakHO 300r mopacrta dpoja CTaHOBHMKA W HUBOA
noTpoumne. Kykypys je jefiHa o HajnpofaBaHUjUX XKUTapHLia Ha CBeTy. MehyTUM, MHOTH BEroBu
IeNOBY, Kao IUTO Cy KyKypy3Ha CBHJIA, KOpewe U KyKypy3Ha JbycKa, OfJIaxy Ce Kao MOJbOIIPU-
BpEIOHHU OTnafg. Y OKBUPY OAPKHUBOCTH MOryhe je yBecTH OBaj OTHan y 0dmacT TeXHOJOTHje U
Pa3BUTH HOBe IPOM3BOJE 3€JIEHOM CHHTE30M. Y OBOj CTyOHjH, OTHafgHa KyKypy3Ha CBWIA je
CylleHa, eKCTpax0BaHa M KOpHITheHa Kao MPeKypcop Y CUHTEe3W cpedpHUX HaHouectuua (CS—
—AgNPs). CS-AgNPs cy okapakTeprcaHe kopuinhemeM ynaTpabyduuacre criekTpodoToMeTpHje,
UHGpaLpBeHe CIEKTPO(POTOMETPHje U CKEHUpajyher TpaHCMHMCHOHOT €JIEKTPOHCKOT MHUKDO-
cxona. YTBphenu cy unxubunujcku edextd CS—-AgNPs Ha eH3uMe Kao IITO Cy @-aMuiasa,
Q-TJINK03U[a3a, ypeasa, aleTUI-X0NIUHecTepasa ¥ KCAHTUH-OKCH/Ia3a, KOjU Cy Ba’KHHU 3a JIEUEHE
onpehenux bomnectu. JodujeHne HaHOYeCTHLIE Cy TOKa3asie MaKCUMaIHy ancopdanuujy Ha 470 nm,
IIOK je mpoceyHa BeJIMUMHA HaHodecTulla 65 nm. YtBpheHo je na CS—AgNPs noxasyjy Beoma
100py aHTHOKCHIATUBHY aKTHBHOCT U MHXMOUTODHE edekTe Ha a-amunasy (52,27 %), a-riu-
Ko3upasy (43,51 %), ypeasy (80,33%), anerun-xonunecrepasy (66,17 %) ¥ KCaHTUH-OKCUAA3Y
(73,67 %). odujenu pesynTaTy MOKasyjy fa ce HAHOUYECTULIE CUHTETU30BaHe TEXHUKOM 3eJleHe
CHHTE3€ MOTY KODHUCTHTH Y MEJULIMHU U hapMaLyju.

(ITpumsbeHo 22. Maja, peBuaupano 11. jyHa, mpuxsaheHno 27. centembpa 2024)
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A comparative study on ecological risk assessment of some
potentially toxic elements accumulation in surface sediment of
stagnant and running water ecosystems in Meri¢ delta wetland,
Turkish Thrace
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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 Meri¢ Delta Wetland, Turkish Thrace
which is located in the European part of Turkey and have two important river
systems, Meri¢ 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 (R]), biolog-
ical risk index (mERM-Q;), contamination factor (CF), contamination degree
(CD) and pollution load index (PLI). As a result, although R/ stated that Cd
was determined as the riskiest element and mERM-Q; 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; Merig
River Delta.

INTRODUCTION

Increasing toxic element (TEs) pollution has become a global ecological
concern for water, air, and soil ecosystems.! Supply to industry and agriculture
due to the growth of the population increases the accumulation of TEs, especially
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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# Therefore, periodic investigation and monitoring of
the sediment quality are essential for sustainability of the aquatic ecosystem.3->
Some indices that were developed for determining the ecological risk profile of
potentially TEs in sediments are used and recommended for this purpose.!#: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.!!

The Turkish Thrace Region is located in the European part of Turkey and
have two important river systems, Meri¢ 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 Meri¢ 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.!3 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 Meri¢ River empties into the Aeg-
ean Sea, in Edirne province. The lagoon lake is formed by alluvial flows from the
Meri¢ River. Due to its rich aquatic biodiversity, the lagoon lake is an important
wetland for fish and especially for waterfowl.!4 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.!4 There are many studies showing that wetlands in
the Meri¢ Delta is exposed to pollution (Gala Lake, Sigirc1 Lake, Ergene River,
Meric River and dam lakes).2:#413:15-17 In the present study, As, Cr, Cd, Cu, Zn,
Ni, and Pb concentrations in the sediment of the Dalyan Lagoon Lake and the
Meri¢ 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 Meri¢ Delta,2-3:13,15,16 the Dalyan Lag-
oon Lake and the Meri¢ 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 Merig
River (Fig. S-1 of the Supplementary material). Sediment samples were taken using Ekman
Grab (sampling 15%15 cm? 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, HCIO,, at the
volume ratio of 5:2:1, was passed through filter paper and taken into polyethylene bottles.!3
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
(TUTAGEM).!® 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 (R1). 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:®

RI=YE' (H
Eir = Tircif (2)
Cly=C'y/C', (3)

where E’, = potential ecological risk index of an each element. The scale of EY, is given in
Table I; 7%, = toxic response factor;® Ci; = The contamination factor; C’y = The concentration
of elements in the sediment; C’, = 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-0 = (3 n; = ERM-Q;)/n “4)
ERM-Q; = C/ERM; (%)

where mERM-Q = the effect range median quotient of multiple element contaminations. The
scale of mERM-Q is given in Table I; C; = the concentration of an element in the sediment
from the sampling stations; ERMi = the ERM value of a determined element;% 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.® The scale of CF is given in Table II:

CF= Csample/ Cbackground (6)
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where Cgypple = the concentration of an element in the sediment from the sampling stations;
Chackground = the reference value for elements.”

Contamination degree (CD). This method is defined sum of all CFs for given lake.® The
scale of CD is given in Table II:

CD=3%CF )

Pollution load index (PLI). This index is used to evaluate sediment contamination and is
defined as the n' root of the product of the nCF. The following formula is used to calculate
the index.2! The scale of PLI is given in Table II:

PLI = (CF1xCF2xCF3x--xCFn)/n (8)

TABLE 1. The scale for E',, RI, ERM-Q; and mERM-Q*°

Potential ecological risk assessment Biological risk assessment
o Monomial RI Multinomial ERM-Q; and Monomial and
! factor factors mERM-Q  multinomial factors
<40  Low ecological <95 Low ecological <0.1 Low priority side
risk risk
40-80 Moderate 95-190 Moderate 0.1-0.5 Medium-low
ecological risk ecological risk priority side
80-160  Considerable 190-380  Considerable 0.5-1.5 High-medium
ecological risk ecological risk priority side
160-320 High ecological >380 Very high >1.5 High priority side
risk ecological risk

>320 Very high
ecological risk

TABLE II. The scale for CF, CD and PLI;52! 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 Ei., multinomial R/, monomial ERM-Q; 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 0342 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 0275 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 Ei. and multinomial
factor R/ all the investigated stations and seasons exhibited “low ecological risk”.
The monomial factor E’, 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 R/ belonging to PER/s 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-1.

According to BRI, although the results of monomial factor ERxM-Q; 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-1.

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).

EENAs BN Cr BN Cu EENPh B Zn EENCd EEENi RI

3.0 3.0

25 3 2.5
2.0 2.0
1.5 15
1.0 1.0
0.5 ! 05
00 st.1 ‘ St.2 St.3 - 0.0

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

EENAs EECr B Cu EEOPh EEEZn EECd NI mERM-Qi
0.12 0.016

-0.014

o

-0.012
0.08

-0.010
0.06 = -0.008

- 0.006
0.04

-0.004
0.02

-0.002
0.00 +0.000

St.1 St.2 St.3

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 Meri¢ Delta Wetland. According to result of mERM-Q;, Zn was det-
ermined as the riskiest element, and as a result of R/, Cd was determined as the
riskiest element for the sediments of the Dalyan Lagoon Lake. In previous stu-
dies performed in Meri¢ Delta, Cd was reported as the riskiest toxic element.415
In the studies carried out in dam lakes in the Meri¢ Delta* and Gala Lake,!5 it
was reported that cadmium was found to be the highest risk factor in terms of
potential RI.%!5 Cadmium is a toxic element in agriculture and it can be easily
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spread to water by using phosphate fertilizers.%:!5 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.2?2 Because of intensive agricultural applications in Meric-
-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-Q;) 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.® In the study carried out in Gala
Lake;!5 Ni was the riskiest element according to BRI.!5 In the present study, the
results of the monomial factor (ERM-Q;) 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 Merig river,
two stations were selected from the lake (St. 1 and 2) and one from the Merig
river (St. 3). The results of used risk indices in the present study indicated that St.
3 (selected from Meri¢ River) was the riskiest station in terms of investigated
TEs. In the studies conducted on other water bodies in the Merig¢ Delta, there is a
significant accumulation of TEs due to intensive agricultural and industrial
applications.2*15 For this reason, it is an expected result that the station (St. 3)
selected from the Meri¢ 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 Koycegiz (Mugla) Lagoon System. According to the
results of ecological risk assessment study of Cardak Lagoon Lake (Canakkale),
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
Merig River) is less than in other water bodies in the Meri¢ River Delta (Gala
Lake, Sigirc1 Lake, Ergene River, Meri¢ River and dam lakes in the Meri¢ 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 Meri¢ 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 Meri¢ 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 Meri¢ 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.

U3BOJ
KOMITAPATUBHA CTYOHWJA O TIPOLIEHH EKOJIOIIKOT PU3UKA O] AKYMYJIALTMJE
HEKHX ITIOTEHUHWJATHO TOKCUYHHKX EJIEMEHATA Y ITIOBPITMHCKOM
CEOIUMEHTY EKOCUCTEMA CTAJARHUX U TEKYRHMX BOJA Y MOYBAPHOM
[oagpyuJy OEJITE PEKE MEPUY, TYPCKA TPAKHJA

GAZEL BURCU AYDIN
Trakya University, Faculty of Science, Department of Biology, 22100, Edirne, Turkey

OBoM CTynujoM yTBpheHe Cy KOHLIeHTpalje apceHa, Xxpoma, KagMujyma, bakpa, LIUHKa,
HHUKJ/Ia YU 0JI0Ba Y CEIUMEHTY je3epa U peke, NpolieheH je MPodHI BUXOBOT eKOJIOMIKOT PU3H-
Ka u ynopehen npodusn pusuka HEKMX MOTEHIIHjallHO TOKCHYHUX eJIeMeHaTa aKyMyJIUpaHuX y
NOBPUIMHCKOM CENMMEHTY eKocucTeMa crajahux v Tekyhux Boja y MouBapHOM TNOApPYYjy
nente Mepuya, Typcka Tpaxuja. OBa fenta HalasH ce y eBpOICKOM jeny Typcke U UMa IBa
BakKHa peyHa cucrteMa, Mepuyu u Eprene, xoju obe3dehyjy crnaTkoBomHe pecypce 3a pervoH.
Y30puu cefuMeHTa Cy y3UMaHHU CE€30HCKH ca TPH CTaHUlle (jeoHa CTaHMIa ca peKe U IBe CTa-
Hulle ca jesepa) y 2020. rooguHU. AHanu3a eKOJIOIIKOT U OMOJOMIKOT PHU3MKa HW3padyyHaTa je
KopuirhemeM MHAEKCA MOTEHIUjaTHOT €KOJOWKOr pusuKa (RI), MHAEKca HUOIOLIKOT pU3UKa
(mERM-Qi), paktopa xonTamuHauuje (CF), creneHa koHtaMuHauyje (CD) v uHpeKca onrepe-
hemwa sarahemem (PLI). Kao pesynraT Tora, Maxko je RI mnokasao na je Cd Hajpu3sU4HHUjU
enemeHT, a mERM-Q; je yka3ao Ha Zn Kao HajpU3UYHUjH €JIEMEHT, OBa CTyAHja MOKasyje na
HEMa BUCOKHMX EKOJIOIIKMX pU3HKa y OBOj odmactH. Mako ce ouekyje ma je KBaJIUTET Cemu-
MeHTa y CHCTeMHMa 3a Tekyhy Boxy Do/bH Hero y cucteMuma ca crajahum Bomama, pesynrati
WHJIeKCca pU3UKa y OBOj CTYOUjU Cy IT0Ka3aau fa je cTaHuLa onadpaHa 3a Tekyhy Bony Ouma
HajpU3MYHHUja CTaHULA y NOTJIefly UCTpaXKHBambha NOTEHLHjaIHO TOKCUYHHX eleMeHara.

(ITpumsbeHo 16. janyapa, peBunupaHo 12. jyna, npuxsaheno 21. HoBembpa 2024)
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A comparative study on ecological risk assessment of some
potentially toxic elements accumulation in surface sediment of
stagnant and running water ecosystems in Meri¢ delta wetland,
Turkish Thrace

GAZEL BURCU AYDIN*

Trakya University, Faculty of Science, Department of Biology, 22100, Edirne, Turkey
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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 Meri¢
River and is fed by water flows from Meri¢ River and Aegean Sea. It has an area
of 3.7 km? and its length is 5 km. The Meri¢ River originates in Bulgaria and
forms part of the Greece-Turkey border. The Meri¢ River with a catchment area
of more than 56.000 km2 (covers 14.600 km? in Turkey) is 480 km long. It
merges with the Ergene River in the Ipsala 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

TABLE S-I. The toxic element risk index values

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

Lagoon Lake (St: Station)

(PERI and BRI) in sediments of the Dalyan

St ) ERM-Q; mERM-
Seasons E\ RI ¢ Q
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 10.012|0.595]| 0.42 |0.084| 0.6 | 0.63 |3.380.018 | 0.002 | 0.009|0.019|0.025|0.0011| 0.126 | 0.029
Summer

110.093(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 10.107 | 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

310.587/0.002|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|0.1830.392|0.499| 0.6 | 0.08 |1.94(0.003 | 0.002 | 0.003|0.018|0.148 | 0.001 | 0.016 | 0.027

21036 |0.011]0.23210.672|0.071| 1.2 | 0.06 |2.71 [0.008 | 0.002 | 0.004 | 0.031|0.021| 0.002 | 0.012 | 0.011

310.2410.011]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

110.0730.006|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 10.21310.006|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

310.333/0.017|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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