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Makale Bilgisi OZET

Bu caliymada, giimiiy nanopargaciklarin katalitik verimliligini artirmak amaciyla, Cinko katkili Giimiis
Gelis Tarihi: 08.05.2024 Nanopargaciklar (Zn katkili Ag NP'ler) sentezlenmistir. Polygonum cognatum oziitii ile ¢inko katkilama oram
Kabul Tarihi: 02.10.2024 sistematik olarak degistirilerek (¢iplak Ag NP, %1,6 Zn katkili Ag NP ve %9,0 Zn katkili Ag NP) kontrollii bir
Yayin Tarihi: 30.04.2025 yesil sentez yapilmugtir. Endiiktif Egslesmis Plazma Optik Emisyon Spektroskopisi (ICP-OES), Taramali Gegirimli
Elektron Mikroskopisi (STEM), Enerji Dagilimli X-Isin1 Spektroskopisi (EDS), X-1smn1 Floresans1 (XRF), X-1s1n1
Kirnmm (XRD) ve Fourier Déniisiimlii Kiziltesi Spektroskopisi (FTIR) analizleri, NP’lerin olusumunu,

Anahtar Kelimeler: elemental igerigini, kristal yapisini ve Zn'nin Ag NP matrisine etkili bir sekilde dahil edildigini dogrulamistir.

Cinko, Yesil sentezlenmis Zn katkili Ag NP'lerin, indirgeyici ajan olarak sodyum borohidriir (NaBH4) ¢ozeltisi

Giimiis kullanilarak metil turuncusunun (MO) ve metilen mavisinin (MB) bozunmasindaki katalitik aktiviteleri
B

Metil Turuncusu arastirllmistir. Sonuglara gore, Zn katkili Ag NP'ler ¢iplak Ag NP'lere kiyasla ustiin katalitik performans
. A sergilemigtir. Sonuglar, %9,0 Zn katkili Ag NP'nin MO'yu 15 dakika iginde 0,2199 dk™* hiz sabiti (kapp) ve 1,65
Metilen Mavisi, x 10-3 mol.g! dk? devir frekansi (TOF) ile %96,56 oraninda pargaladigini gostermektedir. MB degradasyonunda
Nanopargacik. pargalama yiizdesi, 0,4445 dk* kapp ve 2,54 x 10~ mol.g-1dk* TOF ile 10 dakikada %98,38'e, ulagmistir. Her iki
boya i¢in de Zn katkilama miktarinin %1,6'dan %9,0'a ¢ikarilmasi reaksiyon siirelerini biiyiik 6lgiide kisaltmis ve
bozunma verimliligini artirmustir. 9.0 % Zn katkili Ag NP'lerin toksik organik boyalarin hizl1 ve verimli bir sekilde
bozunmasi i¢in oldukga etkili katalizorler oldugu bulunmustur. Bu ¢alismanin bulgulari, gevresel aritma ve diger
uygulamalar i¢in daha etkili ve Ozellestirilebilir katalitik malzemelerin gelistirilmesini saglayacak olan ¢inko

katkilama yoluyla giimiis nanopartikiillerin etkinliginin ayarlanabilirligi hakkinda degerli bilgiler saglamaktadir.

Influence of Zinc Doping Ratio on Silver Nanoparticles Synthesized via Green Method
for Enhanced Catalytic Degradation of Toxic Organic Dyes

Avrticle Info ABSTRACT

. Zinc doped Silver Nanoparticles (Zn doped Ag NPs) were synthesized in this study to improve catalytic efficiency
Received: 08.05.2024 of Ag NPs. A controlled green synthesis was achieved with Polygonum cognatum extract by systematically
Accepted: 02.10.2024 varying zinc doping ratio (bare Ag NP, 1.6% Zn-doped Ag NP, and 9.0% Zn-doped Ag NP). Inductively Coupled
Published: 30.04.2025 Plasma Optical Emission Spectroscopy (ICP-OES), Scanning Transmission Electron Microscopy (STEM), Energy

Dispersive X-ray Spectroscopy (EDS), X-ray Fluorescence (XRF), X-ray Diffraction (XRD), and Fourier
Transform Infrared Spectroscopy (FTIR) analyses verified the NP formation, its elemental content, crystal

Keywords: structure and successful incorporation of Zn into the Ag NP matrix. The catalytic activity of green synthesized Zn
Metyl Orange, doped Ag NPs was investigated in the degradation of methyl orange (MO) and methylene blue (MB) using sodium
Metylene Blue, borohydride (NaBH4) as a reducing agent. According to results, Zn doped Ag NPs exhibited superior catalytic

Nanoparticles performance compared to bare Ag NPs. The results indicate that the 9.0% Zn-doped Ag NP degraded MO 96.56%
. ' in 15 minutes at a rate constant (kapp) of 0.2199 min™" and turnover frequency (TOF) of 1.65 x 10 mol.g™" min™".
Silver, In MB degradation, it reached 98.38% in 10 minutes with a kapp of 0.4445 min1 and a TOF of 2.54 x 10-3 mol.g-
Zinc. 1 min-1. For both dyes, increasing the doping amount of Zn from 1.6% to 9.0% greatly shortened reaction times
and improved degradation efficiency. 9.0% Zn doped Ag NPs were found highly effective catalysts for the rapid
and efficient degradation of toxic organic dyes. The findings of this study provide valuable insights into the
tunability of silver nanoparticles’ activity through zinc doping, which will enable the development of more

effective and customizable catalytic materials for environmental treatment and other applications.
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Influence of Zinc Doping Ratio on Silver Nanoparticles Synthesized via Green Method for Enhanced Catalytic Degradation of Toxic

INTRODUCTION

Environmental sustainability and resource management are among the most significant issues in
today’s world. Environmental treatment plays a vital role in protecting and improving natural resources
as a comprehensive process. Environmentally friendly treatment efforts against some environmental
pollutions may contribute to the sustainability of water and other resources such as air and soil [1].
Organic compounds such as methylene blue (MB) and methyl orange (MO) dyes are widely used
indicators in industrial applications, however their environmental impact is also significant [2]. MO is
used primarily in the colorant and dye industry and can cause environmental pollution by entering water
systems through wastewater. MB is another indicator compound used in the textile, paper, and
pharmaceutical industries and has an environmental impact by contaminating water systems [3]. Both
compounds can cause toxic effects in aquatic ecosystems and can be harmful to various living
organisms, especially in case of prolonged exposure to these substances [4]. Therefore, it is important
to develop environmental management strategies for these organic indicator compounds considering
their impact on the environment [5]. Conventional water treatment methods often fall short in effectively
removing a wide range of pollutants, leading to a growing interest in advanced catalytic processes.
Catalytic degradation of pollutants with the use of nanoparticles as catalysts can be considered as a
sustainable and promising approach due to their high surface area and unique chemical properties for
the removal of harmful substances [6-8].

Silver nanoparticles (Ag NPs) with unique properties, may have excellent catalytic performances,
thus they have attracted attention for studies on improving catalytic processes [9]. The most important
characteristics of Ag NPs are their high reactivity towards organic molecules thanks to their large surface
area/volume ratio and their optical properties arising from metal surface plasmon resonances (SPR) [10].
Ag NPs efficiently absorb light and release their free electrons stimulatingly due to their SPR [11].
Therefore, the catalytic utility of Ag NPs holds great potential in environmental treatment and energy
conversion [12]. However, it was revealed that the catalytic activities of NPs can be improved by metal
doping due to a synergetic effect of two metals’ intrinsic catalytic properties [13]. For better catalytic
properties, doping Ag NPs with other metals, such as zinc (Zn), has been proposed [14]. Zn doping can
modify the electronic properties and surface chemistry, thereby altering SPR properties of Ag NPs [15].
SPR causes concentrated electromagnetic fields on the surface, which increase the catalytic activity by
creating a suitable environment for catalytic reactions [16]. The SPR of Zn doped Ag NPs influences
the performance of Ag NPs in different reactions [17]. Moreover, Zn doping causes chemical alterations
on the surface of nanoparticles [18]. The formation of the catalytic active sites on the surface of
nanoparticles could be promoted by the introduction of Zn atom which can interfere with the reaction
mechanisms and increase the rate of the reaction and optimize selectivity [19]. This synergistic effect
between silver and zinc leads to improved performance in the catalytic degradation of pollutants, making
Ag-Zn nanoparticles a superior choice for water treatment applications. Catalytic activity can be
increased with optimal Zn doping ratios, while excessive doping can cause a decrease in the activity
[20]. Activity loss with the excessive doping can be explained by three main factors. The first reason is
that excessive Zn doping can distort SPR [21]. The second reason is that excessive amounts of Zn can
cause the inappropriate location of the formation of critical chemical sites involved in catalytic reactions
or cause agglomeration which decreases the chemically active sites [22, 23]. Finally, controlling electron
and hole recombination may become challenging because of excessive Zn doping [24,25].
Consequently, to enhance the Ag NPs' catalytic performance, the doping ratio must be carefully adjusted
[26].

Catalytic degradation using plants offers an ecological solution to environmental challenges.
Green synthesis of nanoparticles using plant extracts has gained popularity as an environmentally
friendly and sustainable method compared to conventional chemical and physical synthesis techniques
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[27]. While chemical reduction methods are effective, they often contain dangerous chemicals and can
produce toxic byproducts, which pose significant environmental and health risks [28]. Physical methods
such as high-energy ball milling and laser ablation, on the other hand, are energy-intensive and require
sophisticated equipment [29]. In contrast, green synthesis methods using biological materials are
advantageous due to their simplicity, cost effectiveness and low environmental impact [30]. This
biogenic approach not only reduces toxicity, but also utilizes the natural abundance and diversity of
plant resources to produce nanoparticles with unique properties [31]. The effectiveness of plant extracts
in NP synthesizes arise from extract’s contents such as polyphenols, ascorbic acids, carboxylic acids,
terpenoids, amides, flavones which are responsible for reducing metal ions to form nanoparticles and
stabilizing the nanoparticle cores and preventing agglomeration [32, 33]. Polygonum cognatum extract
is preferred in this study for its richness in phytochemicals, particularly polyphenols and flavonoids
providing a controlled synthesis of nanoparticles [34].

Polygonum cognatum is a medicinal and aromatic perennial plant, known as ‘Madimak’ in Turkey
[35]. All anatomical parts of the plant have been used for treatments of several diseases as antioxidant,
antimicrobial and antidiabetic medicine thanks to its high phenolic compounds, vitamin, mineral and
flavonoid contents [34-37]. Polygonum cognatum has gained attention in scientific research for its
potential medicinal and culinary uses in green synthesis processes. The findings of the antimicrobial
activity of the plant extract have displayed a higher effectivity against a broad spectrum of bacteria and
fungi [36, 38]. Moreover, the antiproliferative properties of Polygonum cognatum against some cancer
types were also reported in literature [35, 37, 39].

Green synthesized nanoparticles have improved biocompatibility and reduced toxicity, making
them suitable for various environmental and biomedical applications [40]. Some kinds of green
synthesized nanoparticles by using different kinds of extracts are extensively used for the degradation
of lethal and pestilential dyes [41, 42]. Among them, silver, zinc oxide, gold, iron oxide, palladium NPs
are concluded to be most promising and efficient decolorization catalysist against a wide range of dyes
including MO, MB reported in literature [41- 46]. However, nanoparticles synthesized using Polygonum
cognatum extract has not been used in MO and MB catalytic degradation reaction studies before.

In this study, we present the green synthesis of non-doped and Zn-doped Ag NPs using
Polygonum cognatum extract and investigate their catalytic performance in the degradation of water
pollutants, MO and MB. The methodology and synthesis method adopted for different types of NPs
using Polygonum cognatum extract has been limitedly studied in the literature [47-53]. To the best of
our knowledge, Zn doped Ag NPs were synthesized and stabilized using Polygonum cognatum extract
for the first time. The originality of this study lies both in the novel combination of silver and zinc in a
green synthesis method with Polygonum cognatum extract and the fact that it has not been previously
experienced in environmental treatment field presenting the research a unique perspective. The
successfully synthesized nanoparticles were characterized using advanced analytical techniques,
including STEM, EDS, XRF, XRD, FTIR, and ICP-MS. The catalytic activities of the obtained NPs as
catalysts were evaluated using MO and MB degradation reactions. The reaction progressions were
monitored using UV-Vis spectroscopy to determine turnover frequency (TOF) values and apparent rate
constants (kapp). The results revealed that 9.0% Zn-doped Ag NPs exhibited significantly higher activity
compared to bare Ag and 1.6% Zn-doped Ag NPs. 9.0% Zn-doped Ag NPs degraded 96.56% of MO in
15 minutes with a Kapp 0f 0.2199 min' and a TOF of 1.65 x 107> mol.g! min' . Additionally, 9.0% Zn-
doped Ag NPs degrade 98.38% of MB in 10 minutes with a Kapp 0f 0.4445 min! and a TOF of 2.54 x
10 mol.g’* mint. According to the results, Zn doped Ag NPs offer enhanced catalytic effects for the
degradation of pollutants, emerging as promising agents for this purpose.
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MATERIALS AND METHODS
Materials

The chemicals and materials used in this study were of high purity and commercially obtained.
Zinc acetate dihydrate (Zn(Ac)2), Silver Nitrate (AgNOs), Methyl Orange (MO), Methylene Blue (MB)
and sodium borohydride (NaBH4) were purchased from Sigma-Aldrich. These chemicals and solvents
were used directly without any further purification.

Preparation of Polygonum cognatum Extract

Polygonum cognatum plant was collected from Sivas, Turkey and dried at ambient conditions.
The dried plant was grounded into fine pieces and weighed as 10 mg. The powdered plant was dispersed
in 100 mL distilled water and heated at 80 °C for 1 hour. The resulting extract was filtered using
Whatman no: 1 filter paper to separate it from the pulp. Then, it was centrifuged at 9000 rpm and the
supernatant-containing extract was kept at +4 °C to be used in nanoparticle synthesis and
characterization processes.

Synthesizes of Ag and Zn doped Ag Nanoparticles

In this study, AgNO;3 and Zn(Ac), were used as metal precursors in the synthesis of silver (Ag)
and zinc-doped silver (Zn doped Ag) nanoparticles. Silver nanoparticles were first synthesized by using
Polygonum cognatum extract according to the traditional green synthesis method in literature with some
modifications such as pH, metal concentration and metal:extract volume ratio [54, 55]. These parameters
were optimized by observing the agglomeration and stability of the NP suspension [56]. In a typical
synthesis of Ag nanoparticles, 1 mL of extract was added to 9 mL of 6 mM AgNOs aqueous solution.
The pH of the mixture was adjusted to 9 and color change was observed indicating the formation of Ag
nanoparticles. The reaction mixture was left to stir for 2 hours for the complete formation of
nanoparticles.

In the Zn doping method, core Ag nanoparticles were first synthesized, and these Ag nanoparticles
acted as seeds for the nucleation of zinc nanoparticles on their surface [57]. It is generally proposed that
Zn ions are reduced by components of extract, therefore zinc atoms are supposed to initially obtained in
their metallic form on the surface of the Ag nanoparticles [58]. However, it would readily oxidize to
ZnO under the reaction conditions. This is due to the dissolved oxygen in the reaction environment and
the basic pH adjustments, which promote oxidation [59-61]. Likewise, for the synthesis of Ag
nanoparticles to be acted as seeds for Zn; 1 mL of extract was added to 9 mL of 20 mM AgNOs aqueous
solution [57]. The pH of the mixture was adjusted to 9 and left to stir for 2 hours. Then, 0.5 mL of 10
mM Zn(Ac). aqueous solution was added to the Ag NP suspension. It is well known for the zinc
nanoparticle formation that the average size decreases with increased pH [62, 63]. Therefore, pH of the
mixture was brought to 10 and the mixture was left to stir for another hour. At the end of the reaction,
the pH of the solutions was fixed at 7. The second synthesis for Zn doping was carried out again under
the same conditions by increasing the Zn amount to 3 mL. All the nanoparticle suspensions were
centrifuged at 9000 rpm to separate the agglomerated parts, and the dispersed nanoparticles remaining
in the supernatant were stored at 4 °C for characterization and evaluation of their catalytic activities.

Characterization Studies

Nanoparticle size and morphology were displayed through Scanning Transmission Electron
Microscopy (STEM, ZEISS Gemini SEM 500) using 5 uL of NP suspension by dropping and drying it
on carbon-coated Cu grids. Elemental content of NP suspensions was identified by Energy Dispersive
X-ray Spectroscopy (EDS) analysis (SEM, ZEISS Gemini SEM 500) by coating 10 puL of sample with
a 4.30 nm thick layer of iridium on a carbon band. The elemental analysis was also achieved through
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energy dispersive X-ray fluorescence (EDXRF, Rigaku NEX CG) spectrometry. The measurement
conditions were 50 kV, 2.00 mA, helium atmosphere, and 300 s of measurement time with a 50 kV-
50W end-window palladium-anode X-ray tube. The crystalline structure of NPs was investigated using
X-ray Diffraction measurement (XRD, PANalytical EMPYREAN) with Cu Ka radiation for 26 values
between 10°-90°. The structural analysis of the extract and NPs synthesized with the same extract were
carried out using Fourier Transform Infrared Spectroscopy (FTIR, Thermo Scientific-Nicolet 1S20) to
observe the functional groups of the samples. The quantitative analysis of Ag and Zn elements existing
in NP suspension was achieved using inductively coupled plasma mass spectrometry (ICPMS, Agilent
Technologies 7900) by dissolving samples in conc. HCI prior to the analysis.

Catalytic Studies

The catalytic activity of the biosynthesized Zn doped Ag NP was assessed against MO and MB
using NaBH. as reducing agent. The catalytic tests were carried out by mixing aqueous solution of
NaBH, (100 pL, 0.1 M) and MO (2 mL, 5 mg/mL) or MB (2 mL, 5 mg/mL) with varying amounts of
NP suspensions (400, 600, 800, 900 uL) in 3 mL cuvette against constant Ag concentration (1400 ppm)
for all type of NPs (bare Ag NP, 1.6% Zn doped Ag NP, 9.0% Zn doped Ag NP). The reaction
progressions were followed with UV-Vis spectroscopy. The absorption spectra were recorded at RT.

The rate constants of the reduction reactions were determined by measuring the decrease in the
absorbance of the MO and MB over time. In the degradation studies of MO and MB, NaBH4 was
employed at significantly high concentrations to achieve pseudo-first-order reaction conditions. Under
these circumstances, the concentration of NaBH, remains substantially constant throughout the reaction,
allowing the reaction kinetics to be simplified and treated as first-order with respect to the dye (MO or
MB) alone. The apparent rate constant (kapp) was determined by plotting In(C/Co) versus time, where
C is the concentration of the dye at a given time and Cy is the initial concentration. The slope of this
linear plot corresponds to the apparent rate constant, kapp, under the specified experimental conditions
[64].

The turnover frequency (TOF) is another important parameter for determining the activities of
catalysts and defined as moles of degraded dye per gram of catalyst per minute as given in equation (1),
was further used for the catalyst activity evaluation [65, 66].

mole of dye 1

TOF = (1)

g catalyst  min
RESULTS AND DISCUSSION
Nanoparticle Characterization

Polygonum cognatum extract was used as a reductant and stabilizer for the green synthesis of
non-doped Ag NPs and Zn-doped Ag NPs. After the optimized synthesis of NPs, the reaction mixture
immediately turned into a dark brown color, indicating the formation of NPs. The NPs were then
characterized using the following microscopic and spectroscopic techniques.

The Ag concentration in NP suspensions were determined from ICP-MS measurements. The
catalyst and Zn amounts were estimated from Ag concentrations in NP suspensions and the results are
given in Table 1 and 2. The catalytic reduction of MO and MB was monitored spectrophotometrically
using a UV-Vis Spectrophotometer (Agilent Technologies Cary 60) at intervals of 1 or 5 minutes at
room temperature.

STEM images and EDS analysis of non-doped and Zn-doped Ag NPs were investigated. Figure
1a shows the STEM image of non-doped Ag NPs and in Figure 1b, the EDS spectrum of the same
sample is presented, and the presence of Ag elements is clearly detected. Figure 1c shows the STEM
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image of NPs with 1.6 % Zn doping and in Figure 1d, the EDS spectrum of the same sample is presented,
and the presence of Ag and Zn elements is clearly detected.

Table 1
Ag and Zn amounts (ppm) estimated from ICP-MS measurement in NP suspensions.

Ag, ppm  Zn, ppm

Ag NP 1875.1 -
1.6 % (w/w) Zn doped Ag NP 1832.3 30.0
9.0 % (w/w) Zn doped Ag NP 1478.9 146.3

Table 2
Zn and catalyst amounts (mg) in 0.8 mL NP suspension with constant Ag concentration (1400 ppm Ag)

Ag, ppm Zn,ppm  Catalyst, mg

Ag NP 112 - 1.12
1.6 % (w/w) Zn doped AgNP ~ 1.12 0.017 1.137
9.0 % (w/w) Zn doped AgNP  1.12 0.11 1.23

Similarly, the STEM image (Figure 1e) and EDS spectrum (Figure 1f) of Ag NPs with 9.0% Zn
doping were also analyzed. The EDS spectra clearly reveal the presence of Ag and Zn and obvious
increase in the Zn amount. According to the STEM images, both NPs synthesized through the green
method are of spherical shapes. It was observed that with increasing Zn doping, the NPs had
homogeneous size distribution with a ~15 nm particle size, low agglomeration, and enhanced stability
in aqueous medium for 9.0% Zn doping.

W Map Sum Saectrum

ENT « 30,004V Signal A = aSTEM4 A
WD = 29 mm Mag = 500.00 KX

W Map Sum Spectrun

EHT = 30,00 k¥ Signal A = aSTEM4 A
WD= 29 mm Mag = 100000KX -

W Map Sum Spectrum

va

EHT = 30,00 kV Signal A= aSTEM4 A
WD = 29 mm Mag = 100000 KX _

Figure 1
STEM image and its corresponding EDS spectra of Ag NPs (a-b), 1.6 % Zn Doped Ag NPs (c-d), 9.0 % Zn Doped
Ag NPs (e-f)
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In X-ray fluorescence (XRF) analysis, characteristic prominent peaks for each NP spectrum were
observed at energy levels consistent with the elemental composition of the NPs, as seen in Figure 2.
Additional peaks corresponding to Zn emerged in the spectrum, indicating the successful incorporation
of Zn into the NP structure. Moreover, a proportional increase in the Zn-Ka peak intensity was observed
with the increased Zn doping ratio from 1.6% to 9.0% since Zn incorporation into the lattice sites of Ag
NPs alters the crystal structure and electronic configuration of the NPs, leading to a more pronounced
emission of characteristic X-rays.

=——1.6% Zn doped Ag NP

— Ag NP
9.0% Zn doped Ag NP

_-Zn-Ka
A -—Ag-Ka

Zn-Ka s Ag-Ka
e A ’ Jl R ”
” Ag-Ka
A

5 10 15 20 2
energy (kev)

intensity (a.u)

Figure 2
XRgF spectra of Ag NPs, 1.6 % Zn doped Ag NPs and 9.0 % Zn doped Ag NPs

The X-ray diffraction (XRD) spectra presented in the Figure 3 depict the crystalline structure of
Ag NPs, as well as Ag NPs doped with 9.0% Zn. For the Ag nanoparticles, the peaks are observed at
approximately 38°, 44°, 64°, 77°, and 81°, corresponding to the (111), (200), (220), (311) and (222)
crystallographic planes, respectively [52, 67-69]. The pure Ag NPs exhibit a crystal structure consistent
with face-centered cubic (fcc) silver (JCPDS 87-0720) [69]. The Zn doped Ag NP spectrum presents
both Zn and Ag peaks, despite small deviations for Ag peaks indicating that Zn doping occurred only at
surface level and did not affect the crystalline structure of both species [70]. The peaks belonging ZnO
are located at around 32°, 34°, 48°, 55°, 62°, 72° correspond to the (100), (002), (102), (110), (112) and
(201) planes, respectively [71-73]. Sample reveals that the Zn-doped Ag NPs contain a phase
corresponding to wurtzite ZnO (JCPDS 36-1451), indicating the successful doping of Ag NPs with Zn
[74]. Unidentified peaks below 20 values of 30° are likely attributed to the extract [75].

bare Ag NP
E ——9.0% Zn doped Ag NP

Intensity (a.u.)

20 (degree)

Figure 3
XRD spectra of Ag nanoparticles and 9.0% Zn doped Ag nanoparticles
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FTIR analysis reveals similar spectral characteristics for the synthesized non-doped and Zn doped
Ag NPs compared to the plant extract (Figure 4). In the FTIR spectrums, there are four peaks at similar
positions with slight shifts in peak frequencies since the present functional groups of the extract are
responsible for the reduction and capping of NPs proving the synthesis of NPs from the extract. The
prominent peaks of extract are observed at 3253 cm?, 2921.08 cm?, 1598.53 cm™, 1293.99 cm?,
indicating O-H stretching of phenolic groups [76], aliphatic C-H stretching vibrations [77], C=C
stretching from aromatic rings [50], C-N vibrations [78], respectively. Ago generally absorbs very
poorly in the infrared region and Ag-Ag metallic bond vibrations establish below 400 cm? [79].
Therefore, a distinct absorption band for Ag could not be seen in regions between (4000-400 cm™).
Moreover, the amount of Zn in NP composition is as maximum %9 and the presence of the absorption
bands of functional groups of the plant extract may mask some of the weak and unclear bands of metal
nanoparticles in the FTIR spectrum [70]. Likewise, a distinct absorption band for Zn could not observed
in the spectrum, too. However, an additional peak at 2363.40 cm™ and 2335.88 cm™ as distinct from that
of the extract is expected from vibration of the C=0 bond of the CO, molecule that is chemisorbed
during drying of NP surfaces [80, 81]. Additionally, the peak at 808.10 cm™ observed in both NPs’
spectrum distinct from that of the extract arises from the adsorption of residual NO3™ groups to the extract
components [82, 83].

120
100
o 80+
2 < 1564.53 506 1ol
: ' \
t  60- o
g 2927 & ohssgy 109853 807.64
= 2921.08
E 40 - 2921.08 1571.01 1408.11
1293.99
20 - extract -~
bare Ag NP 1287.60
0 - ——9.0% Zn doped Ag NP
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)
Figure 4

FTIR spectra of extract, Ag NPs, and 9.0% Zn doped Ag nanoparticles

Results of the Catalytic Studies

The degradation of MO and MB using Zn-doped Ag nanoparticles was carefully monitored by
UV-Vis spectroscopy in the range 380-600 nm for 30 minutes. This method is a powerful tool to
understand the evolution of the catalytic degradation process over time and to evaluate the efficiency of
the nanomaterial. For monitoring the catalytic degradation of Methyl Orange by UV-Vis spectroscopy,
the most prominent characteristic absorption peak which is around 464 nm is usually followed. When
using UV-Vis spectroscopy to monitor the catalytic degradation of Methylene Blue, characteristic
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absorption peaks at 664 nm are usually observed with time.

As can be seen from the UV-Vis absorption spectra in Figure 5a and Figure 6a, in the presence of
bare Ag NPs, the reaction did not significantly progress, indicating that Ag NPs have a limited
propensity to catalyze the degradation of MO and MB. In contrast, when Ag NPs were doped with Zn,
the increase in activities was observed (Figure 5b, 5¢ and Figure 6b, 6¢). Moreover, as the amount of
Zn doping increased, the degradation of MO and MB increased while the degradation times decreased
(Figure 5d and Figure 6d), indicating an acceleration of the reaction rate (Table 3).

The catalytic activity of bare Ag NPs can be considered very low because the percent degradation
of MO and MB are 24.01 and 37.63, respectively at the end of the 30 min when the bare Ag NPs are
used as the catalyst. On the other hand, when the 1.6 % Zn doped Ag NP was used as the catalyst,
percent conversion was increased to 46.87 for MO degradation and the required time for the conversion
decrease to 25 min (Figure 5b and Table 3). While the Zn doping amount was increased from 1.6 t0 9.0
% methyl orange degradation also increased to 96.56% and the required time decreased to 15 min
(Figure 5c).

As shown in Fig. 5¢, nearly the complete degradation of MO could be observed in 15 min. Based
on the linear relationship between In(C/C0) and reaction time (Figure 7a), the apparent rate constant
(kapp) was calculated as 0.2199 min-1 for the 9.0% Zn doped Ag NP catalyzed MO degradation. The
rate of the reaction was increased nearly 10-fold with the increase of Zn doping. (Figure 7a and Table
3). The TOF value of the 9.0% Zn doped Ag NP was determined as 1.65 x 10-3 mol.g-1 min-1.

Similarly, the toxic MB dye can be degraded quickly in the presence of Zn doped Ag NPs as
evidenced by the rapid disappearance of characteristic absorption peak of MB at 664 nm in 10 min (Fig.
6¢), suggesting its high catalytic activity. When the spectra obtained for MB degradation were analyzed,
it was found that the degradation of methylene blue increased from 78.36 % to 98.38 % when the doping
amount was increased from 1.6% to 9.0% (Figure 6b and c). Further calculation based on the linear
relationship between In(C/C0) and reaction time yielded an apparent rate constant of 0.4445 min-1 for
the reduction reaction of MB catalyzed by the 9.0 % Zn doped Ag NP (Figure 7b). The TOF value of
the 9.0% Zn doped Ag NP was determined as 2.54x10-3 mol.g-1 min-1 and increased nearly 3 fold
according to 1.6% Zn doped Ag NP (0.9x10-3 mol.g-1 min-1) suggesting the activity toward
degradation of MB increase when Zn doping increased. When comparing both the apparent rate and
TOF results, it can be said that 9.0% Zn-doped Ag NPs can be used as a more active catalyst for MB
degradation compared to MO degradation.

With increasing Zn doping, the catalytic activity of the nanoparticles increased in the degradation
reactions of both toxic dyes. (Table 3). The increased activity can be attributed to some factors. Firstly,
Zn doping alters the surface properties of Ag NPs, leading to changes in their catalytic behavior. This
modification can enhance the interaction between the catalyst and the reactants, thereby improving the
catalytic activity [66]. Secondly, Zn doping can create additional active sites on the surface of Ag NPs,
which are facilitate to catalytic reactions. These new active sites may facilitate the adsorption and
activation of reactant molecules, promoting faster reaction rates [65]. Finally, the combination of Ag
and Zn in doped nanoparticles can result in synergistic effects, where the presence of Zn enhances the
catalytic properties of Ag. This synergistic interaction between Ag and Zn can lead to improved catalytic
performance compared to pure Ag nanoparticles [84].
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Table 3
Comparison of the rate constant and TOF for the catalytic reduction of MO and MB
Dve Catalvst Catalyst amount % Time Rate constant, TOF x 1073,
Y Y for 0,8 mL (mg) Degradation (min) Kapp (min™) (mol.g* minh)
> g Ag NP 1.12 24.01 30 0.0106 0.91
S
§ 8 1.6%Zn doped Ag NP 1.137 46.87 25 0.0239 1.10
9.0% Zn doped Ag NP 1.23 96.56 15 0.2199 1.65
@ Ag NP 1.12 37.63 35 0.0171 0.79
2L o
g‘ % 1.6% Zn doped Ag NP 1.137 78.36 30 0.0678 0.9
(3]
= 9.0% Zn doped Ag NP 1.23 98.38 10 0.4445 2.54
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Figure 5

The UV-Vis absorption spectra of MO dye degradation using a) Ag NP, b) 1.6% Zn doped Ag NP, c) 9.0%
Zn doped Ag NP and d) degradation percents of MO vs time for three catalysts
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Figure 6
The UV-Vis absorption spectra of MB dye degradation using a) Ag NP, b) 1.6% Zn doped Ag NP, ¢) 9.0% Zn
doped Ag NP and d) degradation percents of MB vs time for three catalysts
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Figure 7

Plot of In (C4/Cyo) versus time (min) for the degradation of a. MO b. MB using Ag NP, 1.6% Zn doped Ag NP,
and 9.0% Zn doped Ag NP.

After determining the activity of 9.0% Zn doped Ag NP, loading density studies were conducted.
The amounts of dyes added to the reaction medium and the used amount of NaBH4 were kept constant,
and the amounts of 9.0 % Zn doped Ag NP catalyst added to the reaction environment were changed.
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0.4, 0.6, 0.8-, and 0.9-mL NP suspensions were separately added to the reaction environments, and
percentage degradations were monitored. When 0.9 mL NP suspension was added to reaction instead of
0.8 mL than the percent degradation increases only from 96.56% to 97.02% for MO and from 98.38%
to 98.76% for MB. (Table 4) As a result of the studies, it was found that adding 0.8 mL NP suspension
yielded optimal results and increasing the added NP amount beyond 0.8 mL did not result in a significant
change in the percent degradation of the two dyes. This could be attributed to the saturation of reactants
on the catalyst's available surface, where increasing the amount of catalyst did not increase the percent
degradation at the same reaction time [85].

Table 4
MO and MB degradation values with the change of 9.0% Zn doped Ag NP catalyst amount

Dye NP suspension(mL) 9% degradation Time(min)

0.4 87.21 30
MO 0.6 92.19 25
0.8 96.56 15
0.9 97.02 15
0.4 89.49 30
MB 0.6 91.69 25
0.8 98.38 10
0.9 98.76 10

Catalytic degradations of MO and MB in the presence of constant catalyst and NaBH. amount
were also evaluated to examine the impact of the dye concentration on the catalytic reaction process.
The concentrations of the dyes were changed from 2.5 mg/mL to 7.5 mg/mL while maintaining the 9.0%
Zn doped Ag NP catalyst loading (0.8 mL) and NaBH,4 concentration (0.1 M) The variation of the
percent degradation of dyes at the same time interval was presented in Table 5. It is observed that with
the rise of dye concentration the value of percent degradation increased up to a 5 mg/mL concentration
after that it decreased with the rise of dye concentration to 7.5 mg/mL. MO degradation firstly increase
from 96.09 to 96.56 with the increase of dye concentration from 2.5 to 5 mg/mL. However, when the
concentration was increased to 7.5 mg/mL degradation decrease to 90.93%. Similarly, MB degradation
first increase from 92.71 to 98.38 with the increase of dye concentration from 2.5 to 5 mg/mL. However,
degradation decrease to 97.07% with the increase in the concentration. In the low concentrations of the
dyes, the percent degradations were found as low value because most of the catalytic sites were occupied
by the borohydride ions. With the increase in the concentrations of dyes, they began to dominate most
of the catalytic surface, resulting in the increase in the percent degradation. However, at higher
concentrations, a significant portion of the catalytic surface became occupied by the dye molecules due
to their high binding capability. This hindered the reaction with BH4™ ions, consequently reducing the
percent degradation values [86].

Table 5
MO and MB degradation with 9.0% Zn doped Ag NP

Dye amount (mg/mL) % Degradation Time(min)

25 96.09 30
MO 5 96.56 15
7.5 90.93 15
25 92.71 30
MB 5 98.38 10
7.5 97.07 10
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Table 6
Some studies from literature for methylene blue and methyl orange dyes degradation by various biosynthesized
Ag nanoparticles with the use of NaBH..

Biosynthesis Time for Degradation

Nanomaterial source Dye degraded degradation % Ref.
0,
9.0% Zn doped Polygonum Methylene blue 10 98.38 This work
Ag NP cognatum
Lathyrus
Ag brachypterus Methylene blue 6 98 [87]
Ag Albizia procera Methylene blue 70 99.6 [88]
Ag Gmelina arborea Methylene blue 7 100 [89]
C. paradisi
Ag (Paradise citrus) Methylene blue 4 93.29 [90]
Ag Blumea lacera Methylene blue 24 56 [91]
AgiZno Valeriana Methylene blue 2 100 [92]
nanocomposite officinalis
9.0% Zn doped Polygonum .
Ag NP cognatum Methyl orange 15 96.56 This work
Heterotheca
Ag subaxillaris Methyl orange 11 100 [93]
Ag Cassia alata Methyl orange 120 98.6 [94]
Ag Clitoria ternatea Methyl orange 10 100 [95]
Ag Hibiscus tiliaceus Methyl orange 45 100 [96]
Ag S. costus Methyl orange 135 72.88 [97]
Ag/ZnO . Va_I eriana Methyl orange 4 100 [92]
nanocomposite officinalis

In recent studies on the degradation of methylene blue (MB) and methyl orange (MO) dyes using
green synthesized Ag nanoparticles, a variety of biosynthesis sources and their effectiveness have been
explored (Table 6). For instance, NP synthesized using Lathyrus brachypterus extract enabled 98%
degradation of MB in just 6 minutes, while that of Albizia procera showed a 99.6% degradation of MB
in 70 minutes. NP synthesized using Gmelina arborea demonstrated complete degradation (100%) of
MB in 7 minutes. On the other hand, degradation of MO using Ag nanoparticles synthesized from
sources like Heterotheca subaxillaris flower and Cassia alata resulted in 100% degradation in 11 and
120 minutes, respectively. When comparing these literature results to our findings using 9.0% Zn-doped
Ag nanoparticles, it is evident that our method yields superior results. Our nanoparticles achieved
98.38% degradation of 5 mg/mL MB in just 10 minutes and 96.56% degradation of 5 mg/mL MO in 15
minutes. These results demonstrate that our Zn-doped Ag nanoparticles not only achieve high
degradation percentages but also do so in significantly shorter times compared to many biosynthesized
Ag nanoparticles reported in the literature. This highlights the potential of our Zn-doped Ag
nanoparticles as a highly efficient alternative for dye degradation.

CONCLUSION

In this study, Ag NP and Zn doped Ag NP were successfully synthesized using Polyganum
cognatum plant as reducing and stabilizing agent by systematically varying zinc doping ratio (bare Ag
NP, 1.6% Zn-doped Ag NP, and 9.0% Zn-doped Ag NP). The catalytic activities of synthesized
nanoparticles were studied using the MO and MB dyes degradation reactions using a solution of sodium
borohydride (NaBH,) as the reducing agent. Some characterization techniques such as STEM, EDS,
XRF, XRD, FTIR and ICP-MS analyses verified the effective incorporation of Zn into the Ag NP matrix,
demonstrating the presence of components and structural alterations in the 9.0% Zn doped Ag NPs. UV-
Vis spectroscopy was used to observe the process of degradation.

In catalytic experiments, different concentrations of nanoparticle (NP) suspensions (400, 600,
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800, and 900 pL) were added to 3 mL cuvettes while the Ag concentration remained constant (1400
ppm) for all types of NPs (bare Ag NP, 1.6% Zn-doped Ag NP, and 9.0% Zn-doped Ag NP). According
to catalytic degradation experiments, Zn doping at 9.0% significantly improved the degradation
efficiency compared to bare Ag NPs and 1.6% Zn-doped Ag NPs. Specifically, the 9.0% Zn-doped Ag
NPs achieved 96.56% degradation of MO in 15 minutes and 98.38% degradation of MB in 10 minutes,
with rate constants of 0.2199 min' and 0.4445 min!, respectively. Additionally, the turnover
frequencies (TOF) for MO and MB were 1.65 x 107 mol.g! min™ and 2.54 x 107 mol.g™! min,
respectively. Increasing the doping amount of Zn from 1.6% to 9.0% greatly decrease reaction times
and improve degradation efficiency with MO degradation improving from 46.87% in 25 minutes (kapp
= 0.0239 min!, TOF = 1.10 x 10 mol.g! min™") to 96.56% in 15 minutes, and MB degradation
increasing from 78.36% in 30 minutes (kapp = 0.0678 min™', TOF =0.9 x 10 mol.g™ min™") to 98.38%
in 10 minutes. The optimal NP suspension volume was found to be 0.8 mL, beyond which no significant
improvement in degradation was observed. Furthermore, the study found that the optimal dye
concentration for degradation was 5 mg/mL, as higher concentrations led to decreased efficiency due to
surface saturation of the catalyst. These findings highlight the effectiveness of 9.0% Zn-doped Ag NPs
as catalysts for the rapid and efficient degradation of hazardous dyes, presenting a viable solution for
wastewater treatment applications.
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