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Abstract 

The present study involves the synthesis of polyvinylpyrrolidone (PVP)-stabilized iron-based 
trimetallic nanoparticles with different metal addition sequences (Fe/Ag/Zn, Fe/Zn/Ag and 
Fe/(Zn/Ag)) using the sodium borohydride reduction method. In order to investigate the catalytic 
reactivity of the nanoparticles, a series of batch experiments were performed using methyl orange 
dye as a model pollutant. It was found that the Fe/Ag/Zn 5:0.1:5 system showed a maximum catalytic 
activity compared to the other studied trimetallic systems. About 100% of the methyl orange dye was 
degraded within 1 min and the second-order rate constant obtained was 0.0744 (mg/L)-1min-1; the rate 
of reaction was higher than that of the other trimetallic systems. Furthermore, the effects of pH, initial 
dye concentration and nanoparticle dosage on the degradation of methyl orange were investigated. 
The results showed that the reactivity of the Fe/Ag/Zn trimetallic nanoparticles was highly dependent 
on the aforementioned parameters. Higher reactivity was obtained at lower pH, lower initial methyl 
orange dye concentration and higher nanoparticle dosage. Lastly, liquid chromatography-mass 
spectroscopy (LC-MS) was used to elucidate the reaction pathway and identify by-products from 
methyl orange degradation. The degradation of methyl orange dye using Fe/Ag/Zn trimetallic 
nanoparticles was rapid; the nanoparticles proved to be effective at degrading methyl orange and 
can be used to remediate azo-dye wastewater from textile industries.  

Keywords: trimetallic nanoparticles; nanoscale zerovalent iron; Fe/Ag/Zn catalyst; methyl orange 
dye 
 

1. Introduction 

The textile industry has been having an inordinate negative effect on the worldwide economic 
growth as it uses high quantities of water thereby leading to significant pressure on natural water 
resources [1]. Approximately 10 000 different types of dyes are used in the textile industry and 10-
15% are lost in the dyeing processes [2]. Dye concentration values reported in textile industry 
effluents vary depending on the type of the industry; for instance, 10-800 mg/L [3–5]. Some of these 
dyes are difficult to remove from the aqueous phase due to their high solubility [2]. The effluent 
released from textile industries contains a mixture of dyes, metals and other pollutants [6,7]. 
Moreover, textile wastewater is usually categorized by high chemical oxygen demand (COD), 
biological oxygen demand (BOD), total organic carbon (TOC), colour and salt content [8,9]. 

Dyes can generally be classified as either natural or synthetic [6]. Synthetic dyes are further 
categorized into different groups according to their chemical structures (such as azo, sulphur and 
anthraquinone types) and their application methods [10]. Among these, azo dyes containing the 
characteristic azo linkage (–N=N–) are the most extensively used in the textile industry. However, 
many azo dyes are carcinogenic and mutagenic, posing risks to human and aquatic life due to the 
ineffectualness of conventional water treatment plants and wastewater treatment strategies in 
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eliminating the colour and mutagenic properties of some dyes [11–13]. Furthermore, azo dye 
compounds are recalcitrant to biodegradation and persist in the environment due to their high 
stability which is intended to meet consumer market demands regarding the longevity of colours in 
the fibres [14].  

Traditional techniques for removing textile dyes from water include physical (e.g., 
sedimentation, flotation, filtration), chemical (e.g., ozonation, chlorination, ion exchange), and 
biological processes (e.g., aerobic and anaerobic digestion) [15]. However, these approaches have 
their own drawbacks and shortcomings. The biological methods are said to be time-consuming and 
have lower efficiencies compared to other methods [16]; while physical treatments merely transfer 
pollutants between phases without achieving complete degradation [17]. Moreover, none of these 
methods fully mineralize the contaminants, frequently leading to secondary pollution [18]. To 
overcome these shortcomings, nanotechnology-based methods have been explored. Nanoparticles 
composed of transition metals such as Fe and Zn have been widely investigated for the treatment of 
various pollutants such as organic dyes [19,20], heavy metals [21], chlorinated solvents [22]. Despite 
their advantages, monometallic nanoparticles often suffer from limited catalytic efficiency and 
stability. To address these drawbacks, researchers have developed multimetallic systems comprising 
two or more distinct metals to enhance reactivity and durability [23].  

For example, Fe and Zn have been combined to form Fe/Zn bimetallic nanoparticles that 
effectively degrade organic pollutants [16,24]. Similarly, nanoscale zerovalent iron (nZVI) has been 
coupled with other metals such as Ag, Pd, Ni or Pt to improve catalytic activity in wastewater 
treatment [25,26]. These bimetallic systems have been widely applied for the degradation of organic 
dyes in aqueous media, demonstrating enhanced degradation and adsorption efficiencies compared 
to their monometallic counterparts [24,25,27]. Wang and co-workers [27] synthesized Fe/Cu 
bimetallic nanoparticles and they observed greater degradation rates for Orange II dye using the 
bimetallic Fe/Cu nanoparticles compared to nZVI alone. Gautam et al. [24] demonstrated that Fe/Zn 
nanoparticles effectively removed malachite green and Congo red dyes in water, with performance 
strongly influenced by solution pH.  

Although bimetallic nanoparticles have proven effective, trimetallic systems represent an 
emerging research frontier. Unlike monometallic and bimetallic nanoparticles, trimetallic 
nanoparticles are composed of three different metals, offering unique properties due to the 
synergistic interactions among their constituent elements.  Their unique metal combination 
enhances catalytic efficiency, conductivity, optical properties, and magnetism, while their core–shell 
structure improves stability, selectivity, and activity [28,29]. Previous studies have shown that 
trimetallic nanoparticles display superior catalytic performance compared to their bi- and 
monometallic analogues [28,30,31]. For instance, Basavegowda and co-workers [28] prepared 
Fe/Ag/Pt particles that displayed a better catalytic activity in the reduction of p-nitroaniline and 
decolorization of rhodamine-B when compared to the monometallic (Fe, Ag and Pt) and bimetallic 
(Fe/Ag and Fe/Pt) nanoparticles. Moreover, Khan [30] reported that Fe/Ag/Pd nanoparticles exhibited 
excellent catalytic dehydrogenation of formic acid. In our earlier work [32], we reported on Fe/Cu/Ag 
trimetallic nanoparticles which demonstrated significantly higher catalytic activity for methyl orange 
degradation than corresponding bimetallic systems. 

In this study, nZVI-based trimetallic nanoparticles with low cost and high reactivity were 
developed. While Fe/Zn and Fe/Ag bimetallic nanoparticles have previously shown promising 
catalytic activity [24,26], Zn’s strong reducing nature can cause rapid oxidation, and Ag’s high cost 
limits large-scale applications. To address these challenges, this research introduces a novel approach 
by designing trimetallic nanoparticles with varying metal configurations (Fe/Zn/Ag, Fe/Ag/Zn, and 
Fe/(Zn/Ag)) incorporating minimal silver content. The work further delves into the parametric effects 
of the Fe/Ag/Zn system in the catalytic degradation of methyl orange dye in aqueous media, opening 
new doors for efficient and sustainable water treatment solutions. This innovative approach not only 
addresses the limitations of existing systems but also promises to revolutionize environmental 
remediation methods with cost-effective and high-performance nanomaterials.  
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2. Experimental 

2.1. Reagents 

The following chemicals were used for nanoparticle synthesis: iron sulphate heptahydrate 
(FeSO4.7H2O, ≥ 99.0%), sodium borohydride (NaBH4, ≥ 98.0%), polyvinylpyrollidone (PVP, MW 40 
000), ethanol (99.9%), zinc acetate dihydrate (Zn(C2H3O2)2.2H2O), hydrochloric acid (HCl, 37.0%) and 
sodium hydroxide pellets (NaOH, ≥ 98.0%) were all obtained from Sigma Aldrich, South Africa. The 
silver nanoparticles precursor: silver nitrate (AgNO3, >99.5% purity) was obtained from the Radchem 
laboratory supplies. Methyl orange dye was obtained from ACE Chemicals. All the chemicals and 
materials were used as received. Deionized water was used throughout the entire experimental 
process. 

2.2. Nanoparticle Synthesis and Characterization 

2.2.1. Synthesis of Nanoparticles 

The trimetallic nanoparticles, prepared with varying metal addition sequences, were 
synthesized using the sodium borohydride reduction method. A typical synthesis involved adding 2 
g of PVP, 50 mL of ethanol, and 50 mL of deionized water into a three-neck flask equipped with a 
magnetic stirrer. The solution was then degassed with nitrogen to remove oxygen and maintain an 
inert environment for nanoparticle formation. After 30 min, FeSO4.7H2O was added into the mixture 
and stirred for a further 30 min. A solution of NaBH₄ was then added dropwise to the FeSO₄·7H₂O 
mixture under vigorous stirring, resulting in the formation of black nZVI nanoparticles. 
Subsequently, a solution of AgNO₃, Zn(C₂H₃O₂)₂·2H₂O, or both, depending on the desired trimetallic 
composition, was introduced into the nZVI suspension with continued stirring for 30 min. Then a 
solution of NaBH4 was added into the mixture in a dropwise manner. The reaction was stopped after 
30 min for the Fe/(Zn/Ag) 5:(5:0.1) system. However, for Fe/Ag/Zn 5:0.1:5 and Fe/Zn/Ag 5:5:0.1 
systems, after 30 min, Zn (C2H3O2)2.2H2O and AgNO3 were respectively added into the reaction 
vessel. Thereafter, a solution of NaBH4 was added into the mixture in a dropwise manner. Upon 
stirring for a further 30 min, the nanoparticles were removed from the stirrer and subsequently placed 
into centrifuge tubes. The nanoparticles were washed in ethanol and dried overnight under vacuum 
at 25ºC. The summary of the sequence of the addition of nanoparticle precursors is shown in Figure 
1. 

 

Figure 1. Summary of the nanoparticles’ synthesis procedure (t represents time=30 min). 

2.2.2. Characterization of Nanoparticles 

Transmission electron microscopy (TEM) and energy dispersion X-ray spectroscopy (EDX) were 
performed on a JEOL JEM-2100F field emission electron microscope. The nanoparticles were 
suspended in ethanol by ultrasonication and subsequently drop-casted on a 300 mesh formvar coated 
nickel grid from SPI supplies.  
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Scanning electron microscopy images were obtained using Zeiss Ultra 55 field emission. Images 
were captured using electron high tension: 2kV, scan speed: 9 times per second and working distance: 
2.3-2.4 mm. 

The powder X-ray Diffraction (p-XRD) analysis of all samples was conducted on Bruker AXS D8 
X-ray advanced powder diffractometer. The XRD was fitted with a LinxEye detector and nickel filter; 
using the Co Kα (1.78897 Å) wavelength operated at 40 kV and 35 mA. XRD patterns were recorded 
with a step size of 0.02˚/s in the 2θ range of 0 to 100° diffraction angle. In addition, XRD data was 
used to approximate the sizes of the particles using the Scherrer equation: 𝐷 = 𝐾𝜆𝛽𝐶𝑜𝑠𝜃 (1) 

where, D is the size of the particle, K is the shape factor, λ is the wavelength of radiation expressed 
in nanometres, θ is the angle of diffraction of the peak in radians and β is the full width at half 
maximum of the peak expressed in radians [33]. 

The X-ray photoelectron spectroscopy (XPS) analysis of the trimetallic nanoparticles was 
conducted using a Thermo Fisher Scientific ESCAlab 250Xi with an Al kα light source at 1486.7 eV 
running at 300 W of power to identify individual elements in the nanoparticles. The hemispherical 
electron energy analyzer with a spot size of 900 µm worked in the constant analyzer energy (CAE) 
mode at an analyzer pass energy of 100 eV for the survey spectra and 20 eV for the high-resolution 
spectra of each element. 

2.3. Methyl Orange Degradation Tests and Analysis 

Batch experiments of methyl orange (MO) dye degradation were carried out to measure the 
catalytic activity of the synthesized nanoparticles. All experiments were conducted in an open-batch 
system at room temperature. About 50 mL of 10 mg/L MO dye solution was placed in a beaker 
equipped with a magnetic stirrer bar and stirred on a magnetic stirrer plate at 250 rpm for 30 min. 
This was followed by addition of 10 mg of the nanoparticles and continued stirring at 250 rpm. 
Aliquots were drawn into small centrifuge tubes at the following time intervals: 1, 2, 3, 4, 5, 10, 15, 20 
and 30 min. These were then quickly centrifuged for 10 min at 12 000 rpm to separate the 
nanoparticles from the liquid. Parametric tests were conducted by varying the pH, nanoparticle 
dosage and initial MO concentration. The pH of the solution was varied from 3-12 using HCl and 
NaOH to adjust, the nanoparticle dosage was varied from 4-10 mg and the initial MO concentration 
ranged from 10-300 mg/L. The tests were performed under the same experimental conditions as 
above. The samples were analysed using a Thermo Fisher Scientific, Multiskan GO, UV-vis 
Microplate Spectrophotometer. The degradation efficiency was calculated using the following 
equation: 𝐷egradation ሺ%ሻ = 𝐴଴ −  𝐴௧𝐴଴  × 100 (2) 

where A0 is the MO dye absorbance before degradation and At is the MO dye absorbance at particular 
time intervals t. The reactivity of surface sites of each of the trimetallic nanoparticles was determined 
using turnover number (TON) and turnover frequency (TOF). The TON was calculated using the 
number of active sites as follows: 𝑇𝑂𝑁 = (𝐷𝐸%)(𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑑𝑦𝑒)𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 (𝑚𝑜𝑙𝑒𝑠) (3) 

where, DE is the dye degradation efficiency. TOF which is the number of MO dye molecules that one 
catalytic site can convert into a product [34], was calculated at 5 min reaction time using the following 
equation: 
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𝑇𝑂𝐹 = 𝑇𝑂𝑁𝑡𝑖𝑚𝑒 (4) 

2.4. Kinetic Study 

The kinetic study of the degradation of MO was conducted using the zeroth-, first- and second-
order kinetic models. The following differential rate equations were used to define the zeroth-, first- 
and second order kinetic models, respectively:  −𝑑𝐶௧𝑑𝑡 = 𝑘଴ (5) 

−𝑑𝐶௧𝑑𝑡 = 𝑘ଵ𝐶௧ (6) 

−−𝑑𝐶௧𝑑𝑡 = 𝑘ଶ(𝐶௧)ଶ (7) 

where t is the reaction time and Ct is the dye concentration at time, t. Moreover, k0, k1 and k2 are the 
apparent rate constants of the zeroth-, first- and the second-order kinetic models. The integration of 
equations (5-7) yields the following equations (8-10), respectively: 𝐶௧ = 𝐶଴ − 𝑘଴𝑡 (8) 𝐶௧ = 𝐶଴𝑒ି௞భ௧ (9) 1𝐶௧ = 1𝐶଴ + 𝑘ଶ𝑡 (10) 

where C0 is the initial dye concentration. The linear equation of the first-order kinetic model 
integrated equation (9) is as follows: 𝑙𝑛𝐶௧ = 𝑙𝑛𝐶଴ − 𝑘ଵ𝑡 (11) 

The rate constants for all the kinetic models were determined from the slope of their linear plots. 

2.4.1. Analysis of Methyl Orange Degradation Products and Pathway 

The analysis of MO dye and its degradation products was conducted on a Bruker Compact Q-
TOF high-resolution mass spectrophotometer. Separations were achieved utilizing a Luna Omega 1.6 
µm C18 column (50 × 2.1 mm) and a mobile phase composed 0.1% formic acid, in both acetonitrile 
and water under isocratic conditions; with a flow rate of 0.3 mL/min. A 20 µL volume of sample was 
injected using the autosample system. The MS was coupled with an electrospray ionization source 
(ESI) and operated at positive polarity. The ESI conditions were as follows: capillary voltage= 4500 V, 
endplate offset= -500 V, nebuliser pressure= 1.8 bar, drying gas flow= 9.0 L/min, temperature= 220 ºC 
and the mass range  50-1300  m/z. 

3. Results and Discussion 

3.1. Characterization of the Catalyst 

The XRD results of synthesized trimetallic nanoparticles (Fe/Zn/Ag 5:5:0.1, Fe/(Zn/Ag) 5:(5:0.1) 
and Fe/Ag/Zn 5:0.1:5) are presented in Figure 2. The XRD patterns of the trimetallic nanoparticles 
depicted the presence of peaks at the 2θ of 45.0º and 66.0º corresponding to nZVI indexed at (110) 
and (200) crystalline planes, respectively.  Iron oxide (Fe2O3 and Fe3O4) peaks appear at 2θ values of 
12.0°, 20.0°, 22.5°, 24.9°, 26.0°, 30.3°, 34.0° and 62.5° [35,36]. The presence of these iron oxide peaks in 
the nanoparticles provide evidence of the nZVI layered structure, which comprises of a body-
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centered cubic ɑ-Fe core covered by an oxide shell [35,37]. The existence of oxide peaks in nZVI-based 
nanoparticles is not a foreign phenomenon as it was also observed in previous studies [26,31,38–40]. 
The iron oxide might have been formed during the process of nanoparticle synthesis, nanoparticle 
drying or storing before the nanoparticles could be analyzed [26,38]. Furthermore, Zhou et al. [39] 
presented evidence of increasing iron oxide intensity in the bimetallic Fe/Pd nanoparticles as they 
age. However, Yuan et al. [31] showed that although the nanoparticles had moderately oxidized, the 
prepared Fe/Cu/Ag trimetallic nanoparticles were still highly effective in the degradation of p-
nitrophenol and the corrosion products did not accrue on the surface of the trimetallic nanoparticles. 
This demonstrated that the presence of Cu and Ag on the surface of nZVI could impede its 
passivation and increase its lifespan. 

The Fe0 peak intensity at 2θ of 45.0º in all trimetallic nanoparticles spectra decreases and widens 
as compared with the standard Fe XRD pattern. According to studies, the broadening of peaks is due 
to the reduction of the particle size and stabilization of the nanomaterial [41,42]. A smaller particle 
size of the crystals increases the number of defects in the crystalline network due to the reduced 
number of atoms available for crystallite assembly, leading to diffraction peaks with lower intensity 
and widening [41]. Moreover, the small peak at the 2θ value of 37.5º corresponding to the (111) 
crystalline plane indicates the presence of pure Ag [43]. The peaks at 2θ values of 34.4º, 39.6º, 53.5º 
and 71.9º correspond to pure hexagonal Zn. The ZnO peak can be observed at 2θ value of 33.5º [44,45]. 
Like Fe, Zn (Eº= -0.76 V) is also prone to oxidation but has a lower reduction potential than Fe (Eº= -
0.447 V) [46]; which makes Zn more reactive than Fe [22]. Gautam et al. [24] prepared Fe/Zn bimetallic 
nanoparticles and the XRD results showed the presence of Fe and ZnO. The findings reveal that 
alongside oxide phases, Fe, Zn, and Ag coexist within the trimetallic nanoparticles while maintaining 
their individual crystalline structures. All three samples display similar crystalline features, although 
the Ag peaks are weak or nearly invisible owing to the small amount of silver present. The crystallite 
sizes determined by the Scherrer equation using all high intensity XRD peaks of the Fe/Ag/Zn, 
Fe/Zn/Ag and Fe/(Zn/Ag) nanoparticles were 18.9, 21.5 and 23.2 nm, respectively.  
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Figure 2. X-ray diffraction (XRD) patterns of the trimetallic nanoparticles and standard XRD plots of Fe, Zn, ZnO 
and Fe2O3.  (Peaks of Fe0: *, peaks of Fe2O3: ●, peaks of Ag: $, peaks of Zn: β and peaks of ZnO: #). 

Figure 3 shows the EDX spectra of the synthesized trimetallic nanoparticles, which confirms 
their elemental composition. The EDX spectra show the presence of the main elements Fe at 0.7, 6.4 
and 7.2 keV, Ag at 3.0 keV, Zn at 8.6 and 9.5 keV and O at 6 keV, as also observed in the XRD patterns. 
The presence of O in the spectra indicates that there were oxides co-existing with the trimetallic 
nanoparticles due to the ease of oxidation of both Fe and Zn [37]. The presence of Ni is attributed to 
the grid, C is from the PVP used to stabilize the nanoparticles while the other elements could simply 
be impurities emanating from various sources including the EDX detector [47].  

 
Figure 3. Energy-dispersive X-ray analysis of the trimetallic nanoparticles: (a) Fe/(Zn/Ag) 5(5:0.1), (b) Fe/Zn/Ag 
5:5:0.1 and (c) Fe/Ag/Zn 5:0.1:5. 

A further analysis of the trimetallic nanoparticles was carried out using XPS technique, which is 
a surface sensitive technique used for elemental identification within the surface of a material. The 
wide-scan survey and high-resolution spectral analyses were conducted; the high-resolution scan 
was used for the detailed chemical analysis of the elements identified in the full survey spectra. In 
Figure 4, the survey spectra of all the trimetallic nanoparticles show the presence of Fe, Zn, O and C; 
however, the XPS analysis of the Fe/Zn/Ag trimetallic system also detected the presence of Ag. Ag 
was not observed in the Fe/Ag/Zn and Fe/(Zn/Ag) systems because it is present in small amounts, 
whilst the other two metals are present in large quantities likely obscuring the Ag. However, even 
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though Ag was not detected using XPS in the aforementioned trimetallic systems, it was detected 
using XRD and EDX techniques. The C and O emanate from PVP and oxidation of Zn and Fe, 
respectively. These results corroborate those obtained with EDX and XRD analyses. The atomic 
percentages of each element present in the nanoparticles are summarized in Table 1. All three 
trimetallic nanoparticles show a high atomic percentage of O and C which have been attributed to 
the presence of iron and zinc oxides and the PVP used as the surfactant, respectively. Despite the 
same amounts being employed in the ratios, the atomic percentage of Zn is significantly higher than 
that of Fe in all three systems. The amount of Ag in the Fe/Zn/Ag system is much lower than the 
amounts of Fe and Zn, which is compatible with the ratio used. 

 
Figure 4. Survey spectra of the trimetallic nanoparticles: Fe/(Zn/Ag) 5(5:0.1), Fe/Zn/Ag 5:5:0.1 and Fe/Ag/Zn 
5:0.1:5, their Fe 2p and Zn 2p high resolution spectra and Ag 3d high resolution spectrum of Fe/Zn/Ag 5:5:0.1 
nanoparticles. 
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The Fe 2p high resolution spectra for all three trimetallic nanoparticles have two prominent 
photoelectron peaks at ~725 eV and ~712 eV which represent the binding energies of Fe 2p1/2 and Fe 
2p3/2, respectively. The presence of ZVI is indicated by the aforementioned peaks, as well as a smaller 
band at a binding energy of ~706 eV [48]. The small peak at ~720 eV is a shake-up satellite which 
confirms the oxidation of Fe. The presence of a fraction of iron oxides and nZVI demonstrates that 
the nanoparticles have a core shell structure [48].  

The XPS narrow spectra of Zn 2p shows two peaks at binding energies of ~1045 eV and ~1022 
eV corresponding to the Zn 2p1/2 and Zn 2p3/2 of Zn2+, respectively [49]. The difference in binding 
energy between these two peaks is about 23 eV, which is consistent with the zinc metal’s published 
values [50]. Silver metal was detected only in the Fe/Zn/Ag trimetallic system and the Ag 3d XPS 
narrow spectrum is also displayed in Figure 4. The presence of pure silver is indicated by peaks at 
binding energies of 368.4 eV and 374.0 eV corresponding to Ag 3d5/2 and Ag 3d3/2, respectively.  

Table 1. Atomic compositions of the trimetallic nanoparticles calculated from XPS spectra. 

Sample Element 
Peak binding energy 

(eV) 
Atomic % 

Fe/Zn/Ag 

C 1s 286.0 19.7 

O 1s 533.0 48.7 

Fe 2p 712.4 2.5 

Zn 2p 1022.9 14.0 

Ag 3d 368.8 0.1 

Fe/(Zn/Ag) 

C 1s 286.0 25.6 

O 1s 532.9 45.4 

Fe 2p 713.4 6.8 

Zn 2p 1022.8 10.9 

Fe/Ag/Zn 

C 1s 285.9 43.2 

O 1s 533.4 33.3 

Fe 2p 712.9 2.3 

Zn 2p 1023.0 9.0 

The surface morphological properties of the products were conducted through the use of SEM 
and the resulting images are displayed in Figure 5a, Figure 5b and Figure 5c for Fe/(Zn/Ag), Fe/Ag/Zn 
and Fe/Zn/Ag, respectively. An assembly of well-defined 2D plate-like trimetallic nanoparticles are 
observed for Fe/(Zn/Ag) and Fe/Zn/Ag. The well-defined plate-like form was not maintained for the 
Fe/Ag/Zn trimetallic nanoparticles as an assembly of mixed morphologies consisting of 
predominantly plate-like and lesser botryoidal texture was observed. The disparity in morphological 
structures between Fe/Ag/Zn and other trimetallic nanoparticles is attributed to the particle 
agglomeration and smaller particle size. The structures and sizes of the nanostructures rely heavily 
on the synthesis method and experimental conditions. In this case, it is clearly observed that the 
different metal addition sequences (Fe/Ag/Zn, Fe/Zn/Ag and Fe/(Zn/Ag) influence the morphological 
properties of the nanostructures.  
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Figure 5. SEM images of (a) Fe/(Zn/Ag), (b) Fe/Ag/Zn and (c) Fe/Zn/Ag, TEM images of (d) Fe/(Zn/Ag), (e) 
Fe/Ag/Zn and (f) Fe/Zn/Ag, and  elemental maps of (g) Fe/(Zn/Ag), (h) Fe/Ag/Zn and (i) Fe/Zn/Ag. 

Furthermore, transmission electron microscopy (TEM) was used for the characterization of the 
nanoparticles in order to achieve high accuracy of the real particle size and shape [51]. The TEM 
images for the trimetallic nanoparticles are presented in Figure 5d, Figure 5e and Figure 5f. The 
complex structures of trimetallic nanoparticles constitute a mixture of core-shell structures and 
alloyed/intermediate structures [52,53]. The images show a morphology that is quasi-spherical and 
particles arranged in chain-like aggregates due to the magnetic dipole-dipole interactions between 
the particles and thus creating an arrangement of magnetic clusters [41]. This kind of structure has 
been reported in most studies involving nZVI and nZVI-based bimetallic nanoparticles [20,39,54,55]. 
Moreover, the trimetallic nanoparticles in Figure 5d and Figure 5e show a core-shell formation that 
reflects the oxidized part that surrounds the nZVI together with the other metals (Ag and Zn) [56]. 
The core-shell structure of nZVI nanoparticles has been reported before with the use of the NaBH4 
chemical reduction method for nanoparticle synthesis [57,58]. Furthermore, the core-shell structure 
is produced as a result of successive reduction of the nanoparticles involving the deposition of a 
secondary and/or tertiary metal on the surface of nZVI [53]. The pre-synthesized nZVI is chemically 
surrounded by the deposited metal/s [53]; in this case, both the metals and the oxides. The TEM 
results are congruous with the XRD results, revealing the crystalline structures of the nanoparticles 
notwithstanding the agglomeration. The Fe/Zn/Ag (Figure 5f) image has more irregular shaped 
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agglomerates that differ from the other images. The Zn or ZnO nanoparticles are supposedly attached 
to the ends of polymer chains with micelles on the inside [59]. Thus, in addition, the irregular 
agglomerates could be due to the formation of unique polymer-surfactant complexes and free 
micelles [59]. It can also be observed from the XRD pattern of the Fe/Zn/Ag trimetallic system that 
some of the peaks are not as sharp as the other trimetallic nanoparticles’ peaks showing a more 
amorphous structure [60]. This, therefore, shows that the crystalline structure of the Fe/Zn/Ag 
trimetallic system is not as good as those of the other trimetallic systems [61,62]. 

Moreover, to verify the existence and distribution of Fe, Zn and Ag on the three samples, the 
EDS elemental maps were acquired and are shown in Figure 5g, Figure 5h and Figure 5i for 
Fe/(Zn/Ag), Fe/Ag/Zn and Fe/Zn/Ag, respectively. The elemental maps revealed the distribution and 
presence of Fe, Zn and Ag, elements, respectively. In all EDS mappings, the distinctive chain-like 
structure of the Fe is prominently evident, contrasting with the uneven distribution of the Zn and Ag 
in the images. However, in Figure 5h depicting the Fe/Ag/Zn nanoparticles, a more pronounced 
morphology is evident, and the distribution of Zn and Ag on the surface of nZVI exhibits a greater 
degree of uniformity. 

Particle sizes of the nanoparticles were determined using image J. The particle size histograms 
of all the nanoparticles are shown in the appendix, Figure A1. The estimated average particle sizes of 
the Fe/Ag/Zn, Fe/Zn/Ag and Fe/(Zn/Ag) are 37, 35 and 45 nm, respectively. These are higher than the 
sizes obtained by XRD. This could be because XRD generally determines the crystallite size of which 
one particle can have many crystallites [63]; its more advantageous in cases where the particles are 
highly agglomerated [64]. These results are consistent with what other researchers have reported 
when comparing TEM and XRD particle sizes where the XRD size is normally smaller or equal to the 
TEM size [65]. 

3.2. Effect of Metal Addition Sequence on Methyl Orange Degradation 

The results of the degradation profiles of MO using the three trimetallic nanoparticles are 
presented in Figure 6. The figure presents the rapid degradation of MO (pH ~4.5) using the Fe/Ag/Zn 
as compared to the slow degradation using the other trimetallic systems. It can be noted that the 
Fe/Ag/Zn nanoparticles degraded 100% of MO dye within 5 min into the reaction. This great 
reactivity of the Fe/Ag/Zn trimetallic nanoparticles could be a result of their smaller crystallite size 
compared to the other trimetallic systems. It has been established that smaller crystallite/nanoparticle 
sizes lead to an enhanced reactivity [66,67]. Bransfield et al. [68] and Yuan et al. [31] have 
demonstrated that the reactivity of the trimetallic system increases if the metals added onto the 
surface of iron have an increasing standard reduction potential (Eº) trend. For example, in the 
trimetallic system Fe/Cu/Ag prepared by Yuan et al. [31] the order of metal plating was as follows: 
Ag/Ag+ (Eº= 0.7996 V) > Cu/Cu2+ (Eº= 0.3419 V) > Fe/Fe2+ (Eº= -0.447 V). Thus, in this case, the high 
activity of Fe/Ag/Zn could be attributed to the fact that both Fe and Zn are strong reducing agents 
and are capable of releasing electrons that are required to generate atomic hydrogen that facilitates 
the reaction in the presence of water or dissolved oxygen [69,70]. The bimetallic Fe/Zn and Fe/Ag 
systems were also studied, and the results are presented in Figure A2. These bimetallic systems show 
an overall good performance as compared to the Fe/Zn/Ag and Fe/(Zn/Ag) trimetallic systems. 
However, the Fe/Ag/Zn system still had the highest degradation efficiency as compared to the 
bimetallic systems. Moreover, in a trimetallic system, the reactivity is thought to be more influenced 
by the second metal on the surface of iron (Zn in the Fe/Ag/Zn system) than the first one (Ag) [71]. 
This is despite the exceptions of either the obscuring of the first metal deposited onto nZVI by the 
second metal or by the deposition of the second metal on some non-accessible reactive sites by MO 
at the surface of nZVI particles [71]. 
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Figure 6. Degradation efficiencies of 10 mg/L methyl orange dye using 10 mg of the trimetallic nanoparticles 
(Fe/Zn/Ag 5:5:0.1, Fe/Ag/Zn 5:0.1:5 and Fe/(Zn/Ag) 5:(5:0.1)). 

The kinetic data of the degradation of MO dye using the trimetallic nanoparticles was fitted in 
three models, the zeroth-, first- and second-order models and the plots are presented in Figure 7. As 
observed, the slope of the Fe/Ag/Zn plot in all kinetic models steepened, thereby signifying that the 
k0, k1 and k2 of the zeroth-, first and second-order models, respectively, were higher than those of the 
other trimetallic systems. The R2 values of the three kinetic models are summarized in Table 3. It can 
be observed from the table that the second-order kinetic model best described the degradation of MO 
dye and the R2 values were above 0.80. Thus, the second order rate constants for the reaction of the 
nanoparticles with MO were as follows: Fe/Ag/Zn (0.0744 (mg/L)-1min-1) > Fe/Zn/Ag (0.0050 (mg/L)-

1min-1) > Fe/(Zn/Ag) (0.0025 (mg/L)-1min-1). The reactivity of the Fe/Ag/Zn trimetallic system was 
found to be 15 times higher than that of Fe/Zn/Ag and 30 times higher than that of Fe/(Zn/Ag) 
trimetallic system. The reactivity of the Fe/Zn/Ag system was 2 times higher than that of the 
Fe/(Zn/Ag) trimetallic system. This observation suggests that the order of metal addition in the 
trimetallic system has greatly influenced the reactivity of the trimetallic system. Most studies 
involving the degradation of pollutants using nZVI and nZVI-based bimetallic and trimetallic 
nanoparticles fitted the degradation on the pseudo-first order kinetic model [31,38,72–74]. However, 
there are studies showing a second order fit for degradation of pollutants by nZVI and iron oxide 
nanoparticles [75,76]. In these studies, the second order kinetic fit was mainly attributed to the large 
access of reducing agent, which promotes the corrosion of iron [75]. These results show that the rate 
of the reaction is proportional to the square of the concentration of the dye [77]. Moreover, Table 2 
shows a comparison of the dye removal efficiencies obtained in previous studies to the one obtained 
in this study using Fe/Ag/Zn trimetallic nanoparticles. In comparison with previous studies, the 
Fe/Ag/Zn system reported in this work showed a better catalytic activity and behaved similarly to 
the Fe/Cu/Ag system [32]. Moreover, the Fe/Ag/Zn system was able to degrade 100% of the dye 
within 1 min into the reaction at a lower nanoparticle dosage, pH and dye concentration than in the 
other studies. Furthermore, despite the lower dye concentration in this study, the results show that 
the Fe/Ag/Zn system performed better than some previous studies with supported nanoparticles at 
a relatively lower nanoparticle dose. This, therefore, shows that dye degradation in this study was 
more rapid and efficient than in the reported previous studies. 
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Table 2. Reported dye removal percentages by nZVI, bimetallic and trimetallic nZVI nanoparticles in 
comparison with the current study. 

 NP used 
Dosage 

(mg/L) 
pH Temperature (°C) 

Dye 

concentration

(mg/L) 

Removal 

% 

Reaction 

time 

(min) 

References 

1 nZVI 150 7.0 
Room 

temperature 
MO-40 98 30 [78] 

2 B nZVI 500 6.5 30 MO-100 79.5 10 [79] 

3 B* nZVI 600 4.1 
Room 

temperature 
MO-300 98.5 10 [80] 

4 B Fe/Pd 500 6.2 25 MO-200 91.9 20 [25] 

5 Fe/Ni 3000 - 28±2 Orange G-150 99.9 10 [81] 

6 Fe/Cu/Ag 200 3.0 
Room 

temperature 
MO-10 100.0 1 [32] 

7 Fe/Ag/Zn 200 3.0 
Room 

temperature 
MO-10 100.0 1 Current study 

B Bentonite supported, B* Biochar supported. 

 
Figure 7. Kinetic plots of the synthesized nanoparticles: (a) zeroth-order, (b) first-order and (c) second-order. 

However, the reactivity of nZVI-based trimetallic nanoparticles and mechanism has not been 
clearly stated and remains incomprehensible and controversial [31]. There are previously 
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hypothesized mechanisms of the reaction of trimetallic nanoparticles in the degradation of organic 
pollutants. The degradation process has been said to either proceed by the adsorption of atomic 
hydrogen onto the transition metal additive [82] and/or that the transition metal may produce atomic 
hydrogen that is surface-bound [68,83]. In addition, the surface additives could boost the reactivity 
by increasing the iron corrosion rate by forming galvanic couples due to the potential difference 
between nZVI and additives [68]. 

Table 3. R2 values of the zeroth-, first- and second-order kinetic data of the trimetallic nanoparticles. 

 
R2 values 

Zeroth-order First-order Second-order 

Fe/(Zn/Ag) 0.6363 07229 0.8052 

Fe/Zn/Ag 0.7655 0.8578 0.9506 

Fe/Ag/Zn 0.1662 0.6537 0.9107 

3.3. Evaluating the Catalytic Activity of the Trimetallic Systems  

The number of active sites of the trimetallic nanoparticles was used to establish the sites on 
which the reaction occurs [84]. These were equated to the number of moles of the metal ions in a 
specific quantity of catalyst for a certain reaction [84], 10 mg catalyst loading in this case. The results 
of the active sites, TON and TOF calculations are summarized in Table 4. The number of active sites 
for all three trimetallic nanoparticles is the same because the ratios of the metals used in each system 
are the same. However, the TON and TOF values decreased in this trend: Fe/Ag/Zn > Fe/Zn/Ag > 
Fe/(Zn/Ag). This trend is similar to that of the degradation and reaction kinetics results reported 
above. Although the number of active sites of the nanoparticles is the same, their catalytic efficiencies 
differ. This could be  attributable to that in the Fe/(Zn/Ag) and Fe/Zn/Ag systems, the active sites 
are possibly ineffective and may not be directly involved in the catalytic reaction [85]. Catalytic active 
sites are said to be responsible for the reactivity of the catalyst; thus the inaccessibility of the active 
sites leads to a decline in catalytic activity [86]. Furthermore, the Fe/Ag/Zn particles on the TEM 
images are far less agglomerated than the Fe/Zn/Ag particles. It has been established that surface sites 
of dispersed nanoparticles are more accessible than surface sites of agglomerated nanoparticles [87]; 
which could be attributable to the Fe/Ag/Zn system showing the highest TOF value. The TOF value 
of the Fe/Ag/Zn, which is the best-performing catalyst, was 0.7461 min-1, meaning that 0.7461 moles 
of dye was converted by one active site per minute.  

Table 4. The number of active sites, TON and TOF values of the trimetallic nanoparticles calculated at 5 min 
reaction time. 

 
Degradation 

efficiency (%) 

Number of active 

sites (moles) 
TON TOF (min-1) 

Fe/(Zn/Ag) 42.21 4.09×10-5 1.5669 0.3134 

Fe/Zn/Ag 46.73 4.09×10-5 1.7534 0.3507 

Fe/Ag/Zn 100.00 4.09×10-5 3.7307 0.7461 

3.4. Effect of Reaction Conditions on Catalyst Performance 

The effect of operational parameters on the degradation of MO dye in aqueous solution using 
the Fe/Ag/Zn trimetallic nanoparticles was investigated. The Fe/Ag/Zn trimetallic system was used 
due to its excellent reactivity for MO degradation compared with the other trimetallic systems 
prepared in this study. The catalytic decolourization and degradation of MO dye using the trimetallic 
nanoparticles was carried out using the second-order kinetic model.  
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3.4.1. Effect of Initial Solution pH 

The pH of the solution plays a significant role in the degradation process of different organic 
pollutants and thus it was of interest to study its effect on MO degradation using Fe/Ag/Zn 5:0.1:5 
trimetallic nanoparticles [88–90].  The effect of pH on the degradation of MO was studied in the pH 
range 3-12 and the degradation results are shown in Figure 7a. Solution pH was adjusted prior to 
degradation tests. Figure 8a shows that the degradation efficiency of MO decreases with an increase 
in solution pH. At lower pH values (pH 3 and 6), the degradation efficiency of MO occurs rapidly 
and reaches 100% within 5 min. When the pH of the solution was increased to 9 and 12, the 
degradation efficiencies of MO drastically decreased. The enhancement in degradation efficiency of 
MO at low pH could be attributed to the high concentration of hydrogen ions which are actively 
involved in nZVI reductive reaction [91]. At high pH values, the decline in degradation efficiency is 
primarily due to the development of ferrous/ferric hydroxide complexes made  from Fe (III), Fe (II) 
and OH- ions; resulting in the deactivation of the nZVI catalyst [92]. The second-order degradation 
rate constants are shown in Figure 8b. It can be observed that the rate constants decrease with an 
increase in pH values, 0.3917, 0.1393, 0.0217 and 0.0047 (mg/L)-1min-1   at pH 3, 6, 9 and 12, 
respectively. The second-order rate constant at the pH of 3 was 83 times higher than that at pH 12 
and 18 times higher than that at pH 9. Thus, the highest reaction rate of degradation is obtained at 
lower pH and these results are similar to what other researchers have previously reported [80,93]. 
Therefore, it can be inferred that acidic conditions are best suited for the degradation of MO by 
Fe/Ag/Zn trimetallic nanoparticles.  

 

Figure 8. The degradation efficiencies of 10 mg/L methyl orange dye using 10 mg Fe/Ag/Zn 5:0.1:5 nanoparticles 
at different pH values (a) and the second-order rate constants at different pH values (b). 

3.4.2. Effect of Initial Methyl Orange Dye Concentration 

The influence of initial MO dye concentration of the degradation efficiency by Fe/Ag/Zn system 
is shown in Figure 9a. The plot shows that the degradation efficiency of MO decreases with an 
increase in initial MO concentration. However, the lower initial concentrations (10, 30 and 50 mg/L) 
reached 100% degradation within 15 min into the reaction, though degradation occurs more rapidly 
at the initial MO concentration of 10 mg/L where 100% degradation is obtained within 2 min. When 
the initial concentration was increased to 150 and 300 mg/L, the degradation efficiency decreased. 
Furthermore, the results for the rate of reaction of MO degradation at different initial concentration 
are summarised in Figure 9b on the plot of k2 versus initial dye concentration. The second-order rate 
constants were 2.6069, 0.0799, 0.0141, 0.0020 and 2.296 × 10-4 (mg/L)-1min-1 for 10, 30, 50, 150 and 300 
mg/L, respectively. The second-order rate constants of MO degradation by the Fe/Ag/Zn 
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nanoparticles decreased drastically with an increase in the initial dye concentration. The rate constant 
at the initial dye concentration of 10 mg/L was 33 times higher than that at 25 mg/L, 185 times higher 
than that at 50 mg/L, 1291 times higher than that at 150 mg/L and 11351 times higher than that at 300 
mg/L. This shows that at lower dye concentrations; the rate of the reaction is extremely fast. Similar 
observations of decreasing degradation efficiencies with increasing initial pollutant concentration 
have been previously reported [94,95]. This trend can be attributed to the rapid occupation of all the 
trimetallic nanoparticles active sites by MO molecules at high dye concentration [95]. Furthermore, 
the particles’ adsorption capacity is limited and the increase in MO concentration leads to a 
competitive adsorption between MO molecules whereby the adsorbed molecules will impede the 
adsorption and reduction of other molecules in the solution [37,94].  

 

Figure 9. The degradation efficiencies of 10 mg/L methyl orange dye using 10 mg Fe/Ag/Zn 5:0.1:5 nanoparticles 
at different initial dye concentrations (a) and the apparent rate constants at different methyl orange dye 
concentrations (b). 

3.4.3. Effect of Initial Nanoparticle Dosage 

The effect of Fe/Ag/Zn trimetallic nanoparticle loading on the degradation of MO was studied 
with three different catalyst loadings (4, 7 and 10 mg). As depicted in Figure 10a, the degradation 
efficiency of MO increases with increasing nanoparticle dosage. The lowest loadings of 4 and 7 mg 
do not reach 100% degradation within the set reaction time of 30 min. On the contrary, the 10 mg 
nanoparticle loading reached 100% degradation within 2 min reaction. Moreover, the second-order 
rate constants increase with an increase in nanoparticle dosage as shown in Figure 10b. The 
degradation rate constants are 0.0212, 0.0343 and 2.6069 mg/L-1min-1 for 4, 7 and 10 mg nanoparticle 
loadings, respectively. The k2 at the initial nanoparticle dosage of 10 mg was 76 times higher than 
that at 7 mg and 123 times higher than that at 4 mg dosage. These observations may be ascribed to 
the fact that at a high nanoparticle dosage there are more particles that can provide more active 
surface sites for collision with MO dye molecules to achieve greater dye removal efficiency [91,96]. 
This was an expected observation as the same was found to be the case in previous studies involving 
degradation of organic pollutants by nZVI and nZVI-based particles [79,91].  
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Figure 10. The degradation efficiencies of 10 mg/L methyl orange dye using Fe/Ag/Zn 5:0.1:5 nanoparticles at 
different initial nanoparticle dosages (a) and the apparent rate constants at different initial nanoparticle dosages 
(b). 

3.5. Methyl Orange Degradation Products and Pathway 

The degradation pathway and products from MO degradation using Fe/Ag/Zn 5:0.1:5 trimetallic 
nanoparticles were determined using LC-MS analysis. The total mass chromatograms of MO and its 
degradation products at 0, 1 and 30 min of degradation are shown in Figure 11. According to the 
results obtained by UV-vis analysis, the degradation of MO occurs within 1 min. Similarly, from the 
LC-MS results, it can be seen that the peak for MO eluted at 2.02 min retention time on the 
chromatogram completely disappears within 1 min (Figure A3, Appendix). The mass spectrogram in 
Figure 11a at 0 min has an identified peak at m/z value of 306 corresponding to MO dye before 
degradation. Figure 11b shows the mass spectrogram at 1 min which shows peaks at m/z values of 
122, 157 and 171 which were identified as N,N dimethyl benzeneamine, benzenesulfonic acid and 
sulfanilic acid, respectively. These were due to the symmetrical cleavage of the azo-bond on the MO 
structure. In this case, the degradation occurred rapidly compared to some previous studies 
involving the degradation of MO dye [97–99]. Generally, before the appearance of peaks at m/z 157 
and 121, the total mass spectrogram from MO degradation shows peaks at m/z 172 and 136 which 
are directly due to the cleavage of the azo-bond [98,99].  

Moreover, Figure 11c and Figure 11d show the total mass chromatograms at 30 min at retention 
times of 5.51 and 5.00 min, respectively. Figure 11c has a peak at m/z 157 and Figure 10d has a peak 
at m/z 122 which were both identified above as products from MO degradation. However, these 
products have both reduced in intensity proving their disappearance as degradation duration 
increases. Thus, with an increase in reaction time and introduction of other parameters favouring 
mineralization, there is a possibility of formation of CO2 and H2O as the products from MO 
degradation are more prone to mineralization than MO itself [100–102].  The peak at m/z 256 on 
Figure 11c could not be identified as it does not correspond to masses of the products from MO 
degradation or the nanoparticles used in the study. Thus, it could potentially be due to impurity ions 
that can enter the mass analyser through the column, the sample itself or mobile phase solvents 
providing peaks with high intensities on the total ion chromatogram [103]. Using the above 
information, a degradation pathway was identified as shown in Figure 12.  The degradation starts 
with the cleavage of the azo-bond producing sulfanilic acid and N,N dimethyl-p-phenyldiamine 
which further degrade and possibly lead to mineralization.  
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Figure 11. Total ion chromatograms of methyl orange degradation at (a) 0 min, (b) 1 min, (c) 30 min at retention 
time of 5.51 min and (d) 30 min at retention time of 5.00 min. 
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Figure 12. Possible degradation pathway of methyl orange using Fe/Ag/Zn nanoparticles. 

3.6. Probable Methyl Orange Degradation Mechanism by Fe/Ag/Zn Trimetallic Nanoparticles 

The mechanism for degradation or removal of organic pollutants by trimetallic nanoparticles 
has not been identified and is deemed controversial [71]. However, herein, an explanation for a 
hypothetical possible degradation mechanism for the MO dye by trimetallic nanoparticles was 
attempted. Studies have shown that the degradation of dyes by nZVI is a redox reaction and can 
occur in two ways: oxidation in the presence of dissolved oxygen and reduction in anaerobic 
conditions [104,105]. The Fe/Ag/Zn system contains two reducing agents (Fe and Zn); which are both 
strong reducing agents [105,106]. Since the experiments were done in an open-batch system, before 
the invasion of oxygen into the mixture, the following reactions can take place:  𝐹𝑒଴ + 2𝐻ଶ𝑂 → 𝐹𝑒ଶା + 𝐻ଶ + 2𝑂𝐻ି (12) 𝐹𝑒଴ + 2𝐻ା → 𝐹𝑒ଶା + 𝐻ଶ (13) 𝑍𝑛଴ + 2𝐻ଶ𝑂 → 𝑍𝑛ଶା + 𝐻ଶ + 2𝑂𝐻ି (14) 

Equations (12-14) show the corrosion of Fe0 and Zn0 in the presence of water and H+. In this case 
there are various potential reducing agents for the MO dye in the system (Fe0, Zn0, Fe2+, Zn2+ and H2) 
[105]. As the reaction continues in the presence of dissolved oxygen, the corrosion of Fe0 can happen 
as follows: 𝐹𝑒଴ + 𝑂ଶ + 2𝐻ା → 𝐹𝑒ଶା + 𝐻ଶ𝑂ଶ (15) 𝐹𝑒଴ + 𝐻ଶ𝑂ଶ + 2𝐻ା → 𝐹𝑒ଶା + 2𝐻ଶ𝑂 (16) 𝐹𝑒ଶା + 𝐻ଶ𝑂ଶ → 𝐹𝑒ଷା +• 𝑂𝐻 + 𝑂𝐻ି (17) 

Equations (15-17) explain the oxidation of iron in the presence of dissolved oxygen to produce 
H2O2 which further reacts with water to produce hydroxyl radicals (•OH) [107]. The •OH then acts 
as an oxidizing agent for the MO dye or its products. Lastly, the purpose of the Ag in the 
nanoparticles was to form Ag-H structure after the corrosion of Fe and/or Zn in aqueous solution; the 
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Ag-H structure also has a potential to act as a reducing agent that can cleave the azo-bond of the MO 
structure [108]. 

Thus, in summary, the first step in the degradation of the MO would be the cleavage of the azo-
bond as a result of reduction by the reducing agents described above. Thereafter, aromatic amines 
are produced with further protonation from water, which is a proton donor and electrons released 
from corrosion [109,110]. Finally, with the introduction of the dissolved oxygen in the system, the 
•OH radicals will lead to mineralization of the products. Thus, the degradation of MO using 
Fe/Ag/Zn probably occurs via a combination of processes. 

4. Conclusions 

In this study, three trimetallic nanoparticles (Fe/Ag/Zn, Fe/Zn/Ag and Fe/(Zn/Ag)) with different 
metal addition sequences were successfully synthesized, characterized and tested. The TEM, XRD, 
SEM and XPS analyses confirmed the successful synthesis of these nanoparticles with TEM and EDS 
mapping images showing chain-like structure of the particles due to magnetic interactions between 
them. The catalytic activity of the Fe/Ag/Zn was found to be higher than those of the other trimetallic 
systems with the TOF value of 0.7461 min-1. This showed that the performance of the trimetallic 
nanoparticles was affected by the sequence of metal addition onto the surface of nZVI. The 
degradation efficiency of MO by the Fe/Ag/Zn 5:0.1:5 nanoparticles and the reactivity of the 
nanoparticles were shown to be greatly affected by the pH, initial MO dye concentration and 
nanoparticle dosage. The k2 at pH 3 was 83 times higher than that at pH 12 and 18 times higher than 
that at pH 9. At the initial nanoparticle dosage of 10 mg the k2 was 2.6069 (mg/L)-1min-1 which was 76 
times higher than that as 7 mg and 123 times higher than that at 4 mg dosage. The k2 at the initial dye 
concentration of 10 mg/L was multiple times higher than the ones at higher initial dyes 
concentrations. In general, the process was proven to be highly acid-driven. The results of LC-MS 
analysis show that MO degradation occurred within 1 min and products formed were prone to 
mineralization than the MO dye. Thus, the Fe/Ag/Zn trimetallic nanoparticles can be very effective 
at degrading textile wastewaters polluted with dyes such as MO.  
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