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 In the present study, a composite material consisting of silica gel 60 supported iron-zinc 
bimetallic nanoparticles (Si/Fe-ZnNPs) was prepared and characterized by SEM, EDX, FTIR, and 
XRD analysis. The adsorbent properties of the synthesized composite material were evaluated 
with the removal of Malachite Green (MG). According to characterization results, the cubic 
structures and agglomerated nano-sized spherical particles (≈30 nm) were formed. The FT-IR 
spectrum confirms the formation of Fe-Zn NPs through the observation of the Fe-O stretches 
and metal-metal stretching vibrations of (Zn2+ – O2ˉ) adsorption bands. Additionally, the FT-IR 
revealed the presence of Si-O-Si, Si-O-H stretching, and O-Si-O bending vibrations attributed to 
silica gel 60. The optimal environmental conditions for adsorption were determined to be a 
natural pH of 3.3, an adsorption temperature of 50°C, and an adsorbent concentration of 1.0 g/L.   
An increase in equilibrium uptakes of MG was observed with a linear correlation to initial dye 
concentrations. Thermodynamic studies indicated that the adsorption process was 
endothermic, non-spontaneous, and increasing disorder at the solid-solution interface during 
adsorption with positive ΔH, ΔG, and ΔS values, respectively. The experimental results revealed 
that the Langmuir isotherm model provided the best fit for the equilibrium data. The maximum 
monolayer coverage capacity of Si/Fe-ZnNPs was 666.67 mg/g at an optimum temperature of 
50°C. Further analysis displayed that the kinetic adsorption data adhere to the pseudo-second-
order kinetic model. Additionally, Weber-Morris model results revealed the effectiveness of 
both the film and intra-particle diffusion in the adsorption. 

Research Article 
 
 
Received: 03.01.2024 
Revised: 19.02.2024 
Accepted: 21.02.2024 
Published: 05.07.2024 
 

 

 
 

 

1. Introduction  
 

Today, the escalating worldwide contamination of 
natural water from chemicals is a foremost challenge that 
humanity confronts as it produces considerable and 
unpredictable short and long-term impacts on aquatic 
life and human well-being [1].  The most important 
sources of water pollution are industrial chemicals, 
pesticides, fertilizers, oil sludge, and radioactive, solid, 
and commercial wastes. The common source of water 
pollution is human activity, although some natural and 
anthropogenic sources can cause it [2]. Many pollutants 
with adverse health effects such as textile dyestuffs, 
pesticides, pharmaceutical compounds, plasticizing 
agents, disinfection by-products, polychlorinated 
biphenyls, and polycyclic aromatic hydrocarbons have 
been determined in wastewater discharge [3].    

Textile dyestuffs have attracted huge attention 
because of potential health and environmental hazards. 

Dyes possess intricate molecular structures that include 
chromophores and auxochromes. Chromophores are 
accountable for the color of the dye, while auxochromes 
comprising -NH3, -COOH, -HSO3, or -OH groups control 
the tint's intensity and make the molecule soluble in 
water [4].  The yearly global production of dyes 
surpasses 7x105 tonnes, and industrial pollutants expel 
10-15% of them into water sources. Even at a 
concentration of only 1 mg/L, dyes and their 
intermediates are the main and most dangerous 
pollutants found in the effluent produced by the textile 
industry [5]. 

Malachite green (MG) is a cationic dye that belongs to 
the triphenyl methane family. It is one of the most widely 
used industrial dyes in the manufacturing industries 
such as textile, paper, and food processing. Its 
uncontrolled discharge brings about harmful effects on 
the aquatic environment and human health due to its 
toxic, cancerogenic, and mutagenic characteristics [6]. 
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Different treatment methods such as adsorption, ion 
exchange, electrochemical, catalysis, ozonation, reverse 
osmosis, coagulation, chemical precipitation, membrane 
filtration, and biological process techniques have been 
used for discharging dyestuffs from wastewater [7]. 
Adsorption is still a well-known treatment method owing 
to its being cost-effective, ease of operation, high removal 
performance, and environment-friendly nature [8].  

As a consequence of rapid developments in the field 
of nanotechnology, the number of studies on the use of 
reusable, highly efficient, and low-cost nanoparticles as 
an adsorbent due to their large specific surface areas are 
increasing. Nanomaterials have many advantages, such 
as low diffusion resistance, easy access to the reactants, 
and a large number of active centers due to their large 
surface area [9]. Bimetallic nanoparticles prepared by 
adding other metal-based materials to iron-based 
nanoparticles to increase the adsorption capacity of them 
show more effective properties compared to mono-
metallic ones. Moreover, their nanostructure and 
magnetic properties contribute to adsorption 
performance collectively and synergistically in the 
treatment of various contaminants such as dyestuffs, 
phenolics, pharmaceuticals, and heavy metals [10].  

Various iron-based bimetallic nanoparticles have 
been reported as adsorbents. It has been indicated that 
the addition of a second catalytic metal such as Zn, Ag, Ni, 
Cu, or Pd may enhance the adsorption rate compared to 
using iron nanoparticles alone [11]. Additionally, 
incorporating bimetallic nanoparticles onto solid 
supports such as SiO2, activated carbon, multi-walled 
carbon nanotube, zeolite, alginate, hydroxyapatite, 
chitosan, and gum can enhance the mechanical 
robustness and enhance the uptake of adsorbent [12].   

Several iron-based materials, including zero-valent 
iron nanoparticles (nZVI FeNPs) [13–15], iron-
containing bimetallic nanoparticles such as Fe/Ni-NPs 
[16–18], Fe/Zn-NPs [11, 19],  and Fe/Cu–NPs [20, 21]  as 
well as porous materials containing iron, like zeolites, 
clays, activated carbon, carbon nanotubes, graphene-
based materials, biochar, mesoporous silica and metal-
organic frameworks (MOFs) have been tested as effective 
adsorbents for the removal of different types of textile 
dyestuffs [22–24]. 

Kumar et al. synthesized bimetallic Fe–Zn 
nanoparticles via a co-precipitation method and used 
them for the adsorptive removal of carcinogenic dye 
malachite green and Congo red. The Langmuir maximum 
adsorption capacity for MG and CR was found to be 21.74 
and 28.56 mg/g, respectively [11].  

Silica comes from a variety of sources including 
fumed silica, sodium metasilicate, silica gel, and 
tetraethyl orthosilicate [25]. Silica gel is a type of 
amorphous synthetic silica. It is a hydrophilic 
mesoporous material and is mainly composed of SiO2. It 
is a rigid, continuous network of colloidal silica 
connected to very small grains of hydrated SiO2. It is non-
hazardous, low cost, and has a specific surface area of 
about 100-1000 m2/g. Porous silica gels are widely used 
as adsorbent materials in various applications such as 
adsorption, cooling, dehumidification, gas separation, 
and desalination [26]. Moreover, mesoporous silica gel 
has wide applications as a catalyst and catalytic support 

due to its outstanding surface properties and porosities, 
which are higher than those of zeolites and clays [27]. 
Additionally, silica gel has been used as an adsorbent for 
treating wastewater due to its stability, large pore 
channels, possible reuse, lower price, excellent chemical 
stability, high surface area, and high mechanical 
resistance [28, 29]. The surface of silica gel exhibits high 
chemical reactivity due to the presence of silanol groups 
(Si-OH). Additionally, the large pore channels enable 
selective adsorption of specific pollutants [30]. Silica 
materials are considered effective adsorbents for 
cationic dye removal  owing to hydrogen bonding with 
silanol groups allowing cationic and non-ionic 
surfactants to adsorb onto the silica surface [27].  Many 
studies have reported that styryl pyridinium dyes are 
adsorbed on the silica gel surface [31]. 

Several studies have been reported on the synthesis 
of silica-based adsorbents and the adsorption of MG. 
Mansa et al.  carried out the preparation of modified silica 
NPs for MG adsorption [32]. In the study of Hasan-Zadeh 
et al. acid modified silica nanoparticles were employed 
for the treatment of MG in wastewater. The material has 
a diameter of approximately 20.12 nm and a pore volume 
of around 1.04 cm3/g. The adsorption capacity was 
determined to be 116.3 mg/g at optimum pH 6.5, 10 
mg/L initial dye concentration, and 60 min equilibrium 
time. The adsorption performance indicated that the 
process of MG adsorption may occur on a multilayer 
porous material [33]. 

Abderrahman [25] synthesized different zeolite 
nanostructures from waste aluminum cans by 
hydrothermal method using different silicon sources. 
The zeolite nanostructures were synthesized using 
fumed silica (ZF), sodium metasilicate (ZM), silica gel 
(ZS), and tetraethyl orthosilicate (ZT). The prepared 
zeolite nanostructures were utilized in the removal of MG 
dye from aqueous media.   The maximum adsorption 
capacities (mg/g) of MG dye on (ZF, ZM, ZS, and ZT) 
adsorbents were reported as 226.757, 239.234, 29.744, 
and 25.221, respectively.  

Samiey and Toosi [31] investigated the adsorption of 
MG on silica gel under varying conditions, including 
temperature (308-328 K), pH, NaCl concentration, and 
binary mixtures of 2-propanol with water. The maximum 
adsorption capacity was found to be 39.7 mg/g. 

To our knowledge, no study has been reported so far 
on the synthesis of silica gel supported iron-zinc 
bimetallic nanoparticles (Si/Fe-Zn NPs) composite 
material and its use as an adsorbent in MG removal from 
aqueous media. The study aims to synthesize a useful 
composite material with a high adsorption capacity for 
MG through a combination of silica gel and Fe-ZnNPs.  

Therefore, the purpose of this study was to synthesize 
and characterize a composite material consisting of silica 
gel 60 supported Fe-Zn bimetallic nanoparticles, and to 
investigate its effectiveness as an adsorbent in treatment 
of MG. The characterizations of the synthesized Si/Fe-
ZnNPs were carried out using XRD, FTIR, SEM, and EDX 
analysis methods. Subsequently, the Si/Fe-ZnNPs were 
tested as an adsorbent for MG treatment in a batch 
adsorption system. The study examined the effects of 
environmental conditions such as adsorbent 
concentration, initial dye concentration, and 
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temperature. The research also investigated the 
adsorption thermodynamics, and modeling studies of 
equilibrium, kinetic, and mass transfer for MG 
adsorption. 

 
2. Method 

 
2.1. Materials 
 

FeCl3.6H2O (≥98.0%), ZnCl2.4H2O (≥98.0%), 
Malachite Green oxalate (C.I. 42000), and NaOH (pellets, 
anhydrous, ≥99%) were provided from Merck. Silica gel 
(Silica gel 60 (SiO2), for column chromatography, mean 
pore diameter 60 Å, 63–200 μm, spherical) was acquired 
from Sigma Aldrich.  MG was obtained in its commercial 
pure form. It is a cationic type with a molecular weight of 
365 g/mol and a maximum absorption wavelength 
(λmax) of 618 nm. Its chemical structure is depicted in 
Figure 1, [34].   

 

 
Figure 1. The molecular structure of Malachite Green. 

 

2.2. Synthesis of composite material 

 
Silica gel supported iron-zinc bimetallic 

nanoparticles composite material was synthesized by 
chemical co-precipitation and impregnation methods. 
Firstly, Fe-Zn bimetallic nanoparticles were produced 
through the chemical co-precipitation technique and 
silica gel 60 was mixed with the Fe-Zn bimetallic 
nanoparticles (Fe-ZnNPs) using the impregnation 
method.  Fe-ZnNPs were prepared according to the 
procedure reported previously by Kaya et al. At room 
temperature, 25 mL of 0.4 M FeCl3.6H2O and 25 mL of 0.2 
M ZnCl2.4H2O were mixed for 15 minutes. The solution's 
pH of 11 was adjusted by the inclusion of 25 mL of 3.0 M 
NaOH. The color of the resulting solution turned from 
transparent to deep black, indicating the formation of Fe-
ZnNPs [35]. Then, silica gel 60 was mixed with Fe-ZnNPs 
using a simple impregnation method [36].  0.5 grams of 
silica gel 60 were introduced into the bimetallic 
nanoparticles solution and the mixture was agitated for 
three hours at 25℃. The resulting composite material 
(Si/Fe-ZnNPs) was separated through centrifugation 
washed with deionized water and dried in an oven at 
105°C over 12 hours.  

 
2.3. Characterization studies 

 
Functional groups of Si/Fe-ZnNPs were identified 

using Perkin Elmer model Fourier Transform Infrared 

(FT-IR) spectrometer in the range of 4000–400 cm−1 
using a resolution of 4 cm− 1 and 32 scans. The crystal 
phase was determined using X-ray powder diffraction 
(XRD) analysis using nickel-filtered Cu Kα radiation in a 
Philips XPert MPD apparatus operated at 40 kV and 30 
mA, in the 2θ range of 10°–90°. The morphology was 
determined through Scanning Electron Microscope 
(SEM) analysis utilizing the Zeiss/Supra 55 SEM 
apparatus. The mean diameter of the Fe-Zn bimetallic 
nanoparticles was determined through Image J software. 
The recognition of elements and quantitative analysis of 
composite materials was carried out using the Energy 
Dispersive X-ray (EDX) technique using the Zeiss/Supra 
55 EDX device. The pH at the point of zero charge (pHpzc) 
of Si/Fe-ZnNPs was obtained by measuring the ζ (zeta) 
potential at different ranges of pH (2.0–7.0) with 
Zetasizer (Malvern Zetasizer Nano ZS model). The pH 
values of the Si/Fe-ZnNPs suspensions were adjusted 
from 2.0 to 7.0 by adding 0.1 M HCl or 0.1 M NaOH 
solutions as required. 

 
2.4. Adsorption studies 

 
The adsorption experiments were conducted using a 

shaking water bath (Memmert WB 29 model) and 250 
mL Erlenmayers with a volume of 100 mL of MG dye 
solution. MG solutions were prepared with a known 
initial dye concentration at the natural pH (≈ 3.3) of MG. 

Samples were taken before the addition of adsorbent 
for measuring initial MG dye concentrations. Afterward, 
0.1 g of adsorbent, except for adsorbent concentration 
experiments, was contacted with 100 mL of dye solution 
at the known initial dye concentration and natural pH of 
MG. Then, the flasks were agitated at a constant 
temperature and shaking rate for 180 min which is more 
than ample time for adsorption equilibrium. Samples (3 
mL) were withdrawn from the adsorption solution at 
pre-determined time intervals (2, 5, 10, 15, 30, 45, 60, 90, 
120, and 180 min) and subjected to centrifugation at 
3500 rpm for 5 min. The resultant supernatant was 
analyzed using a UV-vis spectrophotometer (Specord 
210 Plus, Analytic Jena, Germany) with a wavelength of 
618 nm employed to measure the concentration of 
unadsorbed dye present within the solution.  

According to the difference between the initial and 
residual concentration of MG solution before and after 
adsorption, the adsorption capacity at time t [qt; (mg/g)], 
equilibrium adsorption capacity [qe; (mg/g)], and the 
percentage of adsorption [Adsorption (%)] at 
equilibrium were calculated with Equations (1 – 3). 

 

 qt (mg/g) = 
𝐶0−𝐶𝑡

𝑚
 ∙ V (1) 

  

qe (mg/g) = 
𝐶0−𝐶𝑒

𝑚
 ∙ V (2) 

  

Adsorption (%) = [
(𝐶0−𝐶𝑒)

𝐶0
] ∙100 (3) 

 
Where Co, Ct, and Ce represent the initial, time t, and 

equilibrium concentrations of MG solution, respectively, 
in units of mg/L. Additionally, m denotes the mass of the 
adsorbent in grams and V is the volume of the liquid 
phase in liters.  
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Experiments were carried out with different initial 
MG dye concentrations (100–500 mg/L), adsorbent 
concentrations (0.5–3 g/L), and temperatures (25–50°C) 
values at the natural pH (≈ 3.3) of MG solutions to 
determine the optimum adsorption conditions. The MG 
dye solutions ranging from 100–500 mg/L were 
prepared by diluting the 1.0 g/L stock solution of MG. 

 
3. Results and Discussion 
 
3.1. Characterization of composite material 
 
3.1.1. SEM analysis 
 

The morphology of Si/Fe ZnNPs was characterized by 
SEM analysis. In Figure 2 (a, b) and (c, d) the SEM images 

of the Si/Fe ZnNPs before and after adsorption are shown 
at different magnifications.   

The SEM images (Figure 2 (a, b)) demonstrated that 
the agglomerated spherical nanosized (≈30 nm) particles 
and the cubic structures were formed. After MG 
adsorption, as shown in Figure 2 (c, d), it was observed 
that the morphological structure changed, the spherical 
nanoparticles were more agglomerated and the 
structures in the cubic forms disappeared.  

 
3.1.2. EDX analysis 

 
The EDX spectra before and after adsorption are 

shown in Figure 3 (a), and (b), and the elemental and 
quantitative weight composition (wt%) of Si/Fe-ZnNPs 
is shown in the inset of Figure 3 (a).   

 

 
Figure 2. SEM images of Si/Fe-ZnNPs a) – 100 nm, 100 KX, b) – 100 nm, 200 KX before adsorption, c) – 100 nm, 100 KX, 

d) – 100 nm, 200 KX; after adsorption. 
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According to EDX analysis results, the weight 
composition (wt%) of Si/Fe-ZnNPs was determined as 
6.78% Fe, 44.07% Zn, 2.44%Si, 8.56% O, and 38.14% Cl. 
It is worth mentioning that the data are the points on the 
adsorbent surface and are not the average content [37]. 
The formation of Si/Fe-ZnNPs was approved by the 

signals in Fe, Zn, O, and Si regions. Furthermore, 
following the adsorption (Figure 3(b)), the signals of C 
and N elements were also detected. This result confirmed 
that the dye molecules were adsorbed onto the surface of 
the adsorbent.  

 
 

 

 
Figure 3. EDX spectra of composite material a) before adsorption and b) after adsorption. 

 

 
Figure 4. XRD pattern of synthesized Si/Fe-ZnNPs. 
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3.1.3. XRD analysis 
 
The XRD pattern of synthesized Si/Fe-ZnNPs is given 

in Figure 4.   
The peaks at 2θ = 34° and 45° correspond to the 

structures of ZnO and maghemite (α-Fe2O3), respectively 
Also, the weak peaks at 56°, and 66° corresponded to zinc 
oxide [38, 39].  The characteristic diffuse peak of silica is 
about 2θ = 21.6°. However, the characteristic peak of 
silica gel was not obtained in the XRD pattern.  

This could demonstrate that a high percentage of 
structure is amorphous [40]. Moreover, this may be due 
to the low content and relatively low diffraction intensity 
of SiO2 [41]. After adsorption, the XRD diagram showed 
that the material was completely amorphous. This was 
due to the change in crystallinity and phase. 
 
 
 

3.1.4. FT-IR analysis 
 

The FT-IR spectra of the Si/Fe-ZnNPs pre and post-
adsorption can be seen in Figure 5, while feasible 
assignments are found in Table 1. The FT-IR spectra of 
Si/Fe-ZnNPs before and after adsorption did not show 
any significant changes as shown in Figure 5. 
Accordingly, the bands at 3650 cm-1, 1618 cm-1, and 954 
cm-1 corresponded to O-H stretching vibration related to 
hydrogen bond, strain of ʋ(C-N) bond, and C – O 
stretching vibration, respectively. Furthermore, the 
absorption peaks at 522 cm-1 and 467 cm-1 correspond to 
Fe-O stretches of α-Fe2O3 and metal-metal stretching 
vibrations of (Zn2 + – O2- ) in the tetrahedral region, 
respectively, suggesting the formation of Fe-ZnNPs. At 
the absorption bands of 1067.8 cm-1   and 490.96 cm-1, Si-
O-H, Si-O-Si stretching, and O-Si-O bending vibrations 
were detected [42–45]. 
 

 
Figure 5.  FT-IR spectrum of Si/Fe ZnNPs a) before b) after adsorption. 

 
Table 1. FTIR spectra with suggested assignments. 

Frequency (cm-1)                Assignment 

3650 O-H stretching vibration related to hydrogen bond 

2977.79 C-H stretching vibration  

2889.4 C-H stretching vibration 

2310.1 C-O bending  

1618 Strain of ʋ(C-N) bond  

1458 C–C stretching vibration 

1386.82 Aromatic amine (C-N) stretching  

1067.8 Si-O-H and Si-O-Si stretching vibrations 

954 C – O stretching vibration 

522 Fe-O stretches of α-Fe2O3  

490.96 O-Si-O bending vibration 

467 Metal-metal stretching vibration of (Zn2 + – O2- ) in tetrahedral region 

 
3.1.5. Determination of pH of zero point of charge 
(pHzpc) 
 

The isoelectric point (point of zero charge ((pHpzc)) of 
Si/Fe-ZnNPs was determined by zeta potential 

measurement at different pH (2.0 – 7.0) values and the 
change of the zeta potential with pH is presented in 
Figure 6. 

The point of zero charge (pHpzc) of Si/Fe-ZnNPs was 
determined to be 4.30, as shown in Figure 6.  The point of 
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zero charge (pHpzc) is the pH of the solution where the 
charge of the positive surface sites equals that of the 
negative sites, meaning the adsorbent surface charge is 
zero. The surface charge is negative at pH>pHpzc and 
positive at pH<pHpzc [46].  

 

 
Figure 6. The isoelectric point of Si/Fe-ZnNPs. 

 
3.2. Influence of environmental conditions  

 
The effect of process parameters on adsorption was 

examined in a batch system, considering the initial pH of 
the solution, initial dye concentration, adsorbent 
concentration, and temperature. The results are 
presented in the following sub-sections. 

 
3.2.1. Influence of initial pH 

 
The initial pH of the solution is an important factor 

that affects the adsorption. The initial pH of the solution 
can alter the surface charge of the adsorbent, the degree 
to which the contaminants are ionized, and the structure 
of the dye molecules [47].  

The determination of the point of zero charge (pHpzc) 
of the adsorbent is necessary to gain a better 
understanding of the pH effect. The pHpzc of Si/Fe-ZnNPs 
was determined to be 4.30, as indicated in Figure 6.  This 
indicates that when adsorption occurs at pH values 
above the pHpzc of the adsorbent, the surface of the 
adsorbent becomes negatively charged and the 
adsorption capacity increases due to the strong 
electrostatic attraction between the negatively charged 
surface of the adsorbent and the cationic dye. However, 
no pH adjustment was made in this study since; it was 
observed that dyestuff molecules collapsed when the 
adsorbent-free solutions of MG were adjusted to basic pH 
values over the pHpzc of the adsorbent. The attitude of 
obtaining high adsorption capacity at a natural pH of 3.3, 
can be explained by the natural pH of the solution being 
near the pHpzc of the adsorbent. 

 
3.2.2. Influence of initial dye concentration 

 
The influence of initial dye concentration on 

adsorption was investigated within the range of 100 – 
500 mg/L MG dye concentration.  

The initial dye concentration effect on adsorption is 
illustrated in Figure 7. 

As seen from Figure 7, the equilibrium adsorption 
capacities increased linearly (qe=0.9745*Co, R2=0.999) in 
the studied dye concentrations as a result of the increase 

in the driving force (∆C) to get over mass transfer 
resistances of the dye molecules between the aqueous 
and solid phases [48]. Moreover, obtaining high 
equilibrium uptakes allows working in the wide dyestuff 
concentration ranges.  

 

 
Figure 7.  The effect of initial dye concentration (initial 

pH= natural pH≈ 3.3, X0 =1 g/L, T= 50°C, t=180 min). 
 

3.2.3. Influence of adsorbent concentration 
 
The effect of adsorbent concentration was 

investigated in the range of 0.5 – 3.0 g/L adsorbent 
concentration.  The adsorbent concentration effect on the 
equilibrium adsorption capacity and the percentage of 
adsorption was demonstrated in Figure 8. 

 

 
Figure 8. The impact of adsorbent concentration (initial 

pH= natural pH≈ 3.3, C0 =100 mg/L, T=50°C, t=180 
min). 

 
Figure 8 illustrates the equilibrium adsorption 

capacities and adsorption percentages obtained for the 
adsorbent concentrations in the range from 0.5 g/L to 3 
g/L.  According to Figure 8, the equilibrium adsorption 
capacities decreased as the concentration of the 
adsorbents increased from 0.5 g/L to 3 g/L. Nevertheless, 
there was a marked increase in the adsorption 
percentage up to an adsorbent concentration of 1.0 g/L, 
which then became relatively constant with a further 
increase in adsorbent concentration. The decline in 
adsorption capacities as the adsorbent concentration 
increases could result from the agglomeration of 
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adsorbent particles caused by high adsorbent 
concentration. The agglomeration can cause a reduction 
in the active surface area of the adsorbent and an 
increase in the length of the diffusional pathway [48]. 
Thus, the reason for achieving lower adsorption 
capacities at 2 g/L and 3 g/L of adsorbent concentrations 
could be agglomeration.  As a consequence of the 
experiment, the optimum adsorbent concentration was 
determined to be 1.0 g/L for the MG adsorption. 

 
3.2.4. Influence of temperature 

 
The effect of temperature was studied at three 

different values: 25°C, 35°C and 50°C values. The impact 
of the temperature is shown in Figure 9 below. 

Figure 9 illustrates that a higher adsorption capacity 
was achieved with a temperature increase from 25°C to 
50°C leading to the determination of the optimum 
temperature for MG adsorption as 50°C.  The results 
indicate that the studied adsorption process is 
endothermic, given the high operation temperature.  

The influence of environmental conditions such as 
initial pH, initial dye concentration, adsorbent 
concentration, time, and reaction temperature are 

summarized in Table 2. It presents a summary of the 
various adsorbents documented in scientific papers for 
the adsorption of MG. From Table 2, we can see that the 
value obtained in our study is significantly higher than 
the adsorption capacity observed in studies using silica 
gel and Fe-ZnNPs separately as adsorbents for MG 
removal.  

 

 
Figure 9. The effect of temperature (initial pH= natural 

pH≈ 3.3, C0 =300 mg/L, X0 =1 g/L, t=180 min). 

 
Table 2. Effect of adsorption parameters of various adsorbents for MG removal in the literature. 

Adsorbent Initial pH 
Initial 

Dye Conc. 
(mg/L) 

Adsorbent 
Conc. 
(g/L) 

Time 
(min) 

Temp. 
(°C) 

Adsorption 
Capacity 
(mg/g) 

Removal 
Eff.  
(%) 

Reference 

Acid-functionalized 
silica nanoparticles 

6.5 10 2.0 60 22 116.3 – [33] 

Mesoporous magnetic 
corn straw-derived 

biochar supported nZVI 
composite  

6.0 100 0.25 20 25 515.77 99.9 [50] 

Cellulose nanofibers and 
silver nanoparticles 

composites 
8.0 100 0.5 100 30 142 78 [51] 

Polymer hybrid bio-
nanocomposite 

7.0 150 1.0 40 50 384.615 99.79 [52] 

GO@ZnO-NiFe2O4-
αAl2O3 nanocomposites 

7.0 1500 2.0 90 25 607.66 82 [53] 

Calcium silicate 
nanopowders from 

waste materials 
6.5 10 0.7 60 30 59.95 100 [54] 

Multi-walled Carbon 
nanotube modified with 

Carboxylate group 
MWCNT-COOH 

9.0 
 

50 1.0 10 55 11.73 91.36 [55] 

SDS/CTAB@Mt 
composite 

7.0 1200 1.0 140 25 1021.45 99.32 [56] 

Carbon dots/silica nano 
aggregates 

6.0 200 0.05 2880 35 4091 – [57] 

Silica gel 60 
 

2.3 
 

29.2 3.5 1200 35 39.7 – [31] 

Fe-ZnNPs 9.0 25 3.0 60 30 28.56 92 [11] 

Si/Fe-ZnNPs 
No pH 

adjustment  

 
100 

 
1.0 180 50 666.67 96.81 This work 

 
3.2.5. Thermodynamic studies 
 

The effect of temperature was confirmed through 
thermodynamic parameters, including the change in 
Gibbs’ free energy (ΔG), the change in enthalpy (ΔH), and 

the change in entropy (ΔS), which were calculated using 
the Van't Hoff equation. The Equations 4-5 were 
employed to determine ΔG, ΔH, and ΔS [49].  

ΔH and ΔS were obtained by determining the slope 
and intercept of the linear plot of ln Kc against 1/T, by 
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Van’t Hoff Equation 4. Furthermore, ΔG was computed 
following Equation 5. 

The equilibrium constant (Kc) values were calculated 
utilizing Equation 6. 
 

ln Kc  = (
ΔS

R
)− (

ΔH

R
 ) · 

1

𝑇
 (4) 

  
ΔG = − RT ln Kc = ΔH – TΔS          (5) 

  

Kc = 
𝐶𝑎𝑑,𝑒

𝐶𝑒
   (6) 

 
Where Cad,e, and Ce represent the equilibrium 

concentrations (mg/L) of adsorbed and unadsorbed 
dyestuff ions, respectively. Cad,e is equal to qe at the 
studied temperature when the adsorbent concentration 
is 1.0 g/L. In this study, we found the linear form of the 
Van't Hoff equation for adsorption to be ln Kc = - 
2348.9*1/T + 3.8537, with a regression coefficient of 
0.999 (data not shown). Additionally, the calculated 
corresponding thermodynamic parameters are 
presented in Table 3.  

As seen from Table 3, the positive ΔH value indicated 
the adsorption system was endothermic. The positive ΔG 
values showed that adsorption was non-spontaneous. 
Furthermore, a decrease in ΔG values with an increase in 
temperature showed that adsorption was more 
favorable at higher temperatures. The positive ΔS value 
reflected the irreversibility of adsorption and the 
randomness of the dye species adsorbed at the 
solid/solution interface.  
 

Table 3. Thermodynamic parameters of adsorption. 

T(K) 
ΔG 

(J/mole) 
ΔH 

(kJ/mole) 
ΔS 

(J/mole.K) 
298 9968.582  

19.530 

 
32.039 308 9681.758 

323 9170.201 

 
3.3. Modelling studies 
 
3.3.1. Modelling adsorption equilibrium  
 

The experimental equilibrium data for MG adsorption 
at the investigated temperatures were fitted with the 
renowned linearized forms of the Langmuir and 
Freundlich isotherm models.  

The Langmuir isotherm presumes that the species 
adsorbed are in equilibrium with the adsorbent. The 
model relies on primary presumptions i) Adsorption 
occurs in a monolayer.  ii) No interaction exists between 
the adsorbed molecules. iii) The surface is homogeneous, 
with identical binding sites [58]. 

The Freundlich isotherm model is a modification of 
the Langmuir isotherm that describes multilayer 
adsorption on heterogeneous surfaces [59]. 

The linearized forms of models are given in Equation 
7: 
 

Langmuir:  
1

qe
 = 

1

𝑄° 𝑏
 ·

1

𝐶𝑒
+

1

𝑄° (7) 

  

Freundlich: lnqe = lnKF   + (
1

𝑛
) lnCe   (8) 

 

where: 
qe is the adsorbed amount per unit mass of adsorbent 
(mg/g); 
Ce is the unadsorbed dyestuff concentration at 
equilibrium (mg/L); 
Qo is the maximum monolayer coverage capacity of 
adsorbent (mg/g); 
b is a Langmuir constant associated with binding site 
affinity (L/mg); 
KF is the adsorption capacity indicated by the Freundlich 
constant ((mg/g)/(L/mg)1/n); 
1/n is the Freundlich constant indicative of adsorption 
intensity. 

The isothermal constants and their corresponding 
regression coefficients (R2) were presented in Table 4 
and the comparison of experimental and modeled 
isotherms at 50°C was given in Figure 10. Table 4 and 
Figure 10 demonstrate that the Langmuir isotherm 
model is in good agreement with the experimental 
equilibrium data, as indicated by the higher regression 
coefficients. The results show that a monolayer coating of 
MG was formed on the surface of Si/Fe-ZnNPs, indicating 
that the process took place at specific homogeneous sites 
within the adsorbent.  

 

 
Figure 10. The comparison of the experimental and the 

predicted isotherms. 
 
The maximum monolayer coverage capacity (Q°) of 

the adsorbent was determined to be 666.67 mg/g at 50 
°C, which is the optimum temperature. As shown in Table 
4, the maximum monolayer coverage capacity values of 
the adsorbent for MG increased with increasing 
temperature because of the adsorption process is 
endothermic. The maximum adsorption capacity (Q°) of 
Si/Fe ZnNPs was contrasted with that of Q° values of 
different adsorbents reported for MG adsorption. The 
comparison of Q° values is given in Table 5. Table 5 
shows that the adsorption capacity of Si/Fe-ZnNPs was 
good when compared with other studies. 

 
3.3.2. Kinetic modelling 
 

Adsorption kinetics were explained by correlating 
adsorption kinetic data using linear forms of Lagergen's 
pseudo-first-order (PFO) [71] and pseudo-second order 
kinetic (PSO) models [72]. Equations 9 and 10 give the 
linearized forms of models: 



Turkish Journal of Engineering – 2024, 8(3), 510-523 

 

  519  

 

Table 4.  The constants of the isotherm models with the values of the regression coefficient (R2). 

T (oC) 
Langmuir isotherm model   

[qe= QobCe / (1+bCe)] 
Freundlich isotherm model  

[qe=KF Ce 1/n ] 
Qo  b  R2 KF 1/n R2 

25 476.19 0.1468 0.999 60.327 0.549 0.942 
35 625.00 0.0994 0.999 80.356 0.544 0.944 
50 666.67 0.05395 0.998 98.612 0.373 0.909 

 
Table 5. Maximum adsorption capacity (Q°) of Si/Fe-ZnNPs with other reported adsorbents in the literature for MG dye 

adsorption. 
Adsorbent   Langmuir isotherm model Q°(mg/g) References 

Modified rice husk 996.97 [60] 

Fe3O4/β-CD/GO 740.74 [61] 

nZVI magnetic composite supported by straw biochar (nZVI/BC) 515.77 [50] 

Magnetic CuFe2O4 nano-adsorbent 197 [62] 

ZnS: Cu nanoparticle-loaded activated carbon 168.1 [63] 

Graphene oxide/aminated lignin aerogels 113.5 [64] 

Natural zeolite 98.04 [65] 

Rattan sawdust 62.71 [66] 

Multi-walled carbon nanotubes functionalized with carboxylates 49.45 [67] 

Sodium alginate-coated superparamagnetic Fe3O4 nanoparticles 47.84 [68] 

Montmorillonite/PVDF/PEO microporous membranes 33.4 [69] 

Zeolite synthesized using silica gel (ZS) 29.744 [25]  

ZnO nanorod-loaded activated carbon 20 [70] 

(Si/Fe-Zn NPs) 666.67 This study 

 

PFO: log(qe − qt) = log(qe) − 
𝑘1 𝑡

2.303
 (9) 

  

PSO: 
𝑡

𝑞𝑡
 = (

1

  qe 
2 k2

) + 
𝑡

𝑞𝑒
 (10) 

 
where: 
qe is the adsorbed amount per unit mass of adsorbent 

(mg/g); 
qt is the adsorbed amount per unit mass of adsorbent 

at any time (mg/g); 
k1 is the pseudo-first-order kinetic rate constant 

(1/min); 
k2 is the sseudo-second-order kinetic rate constant 

(g/mg.min) 
The parameters with regression coefficients of the 

PFO and PSO kinetic models are shown in Table 6.  

The nomenclatures shown in Table 6 are as follows: 
qe,exp  is the experimental adsorbed amount per unit 

mass of adsorbent (mg/g); 
qe,cal₁  is the calculated amount of adsorbed substance 

per unit mass of adsorbent from the pseudo-first-order 
kinetic model (mg/g); 

qe,cal₂  is the calculated amount of adsorbed substance 
per unit mass of adsorbent from the pseudo-second-
order kinetic model (mg/g).  

From Table 6, an excellent fit of the PSO kinetics was 
shown by the higher R2 values and the agreement 
between experimental and calculated equilibrium 
adsorption capacities. If the adsorption data conforms to 
the PSO kinetic model, chemisorption via electron 
exchange or sharing between functional groups on the 
sorbent and dyestuff ions predominantly occurs [72]. 

 
Table 6. Model parameters with R2 values for kinetics and mass transfer. 

Co 

(mg/L) 
qe,exp 

(mg/g) 

PFO PSO Weber-Morris Model 
k1 

(min-1) 

qe,cal₁ 

(mg/g) 
R2 

k2 

(g/mg.min) 
qe,cal₂ 

(mg/g) 
R2 

Ki 

(mg/g.min0.5) 
Intercept R2 

100.96 97.75 0.0304 10.73 0.649 0.01553 97.75 0.999 0.1593 95.778 0.999 
199.89 194.49 0.0278 24.67 0.575 0.01000 193.95 0.999 0.2026 189.95 0.998 
300.53 292.75 0.0232 53.80 0.725 0.00031 275.99 0.999 4.7475 253.06 0.997 
402.57 378.43 0.0315 138.36 0.913 0.00111 373.48 0.999 13.096 272.14 0.997 
509.00 496.21 0.0039 361.83 0.910 0.00023 379.11 0.994 14.400 323.75 0.996 

 
3.3.3. Mass transfer modelling 

 
The Weber-Morris model was used to examine the 

interfacial layer and intraparticle diffusion mechanism 
between dye and adsorbent, and the model parameters 
and regression coefficients were summarized in Table 6. 
The Weber-Morris model is defined by Equation (11) 
[73]. 
 

qt = Ki .t0.5 + I (11) 
 

In the Weber-Morris equation, I is the cut-off point 
associated with the interfacial effect, and Ki is the rate 
constant of intra-particle diffusion ((mg/g.min1/2)). The 
Ki value can be obtained by determining the slope of the 
linear graph of qt versus t0.5.  This model suggests that if 
a linear plot of qe versus t0.5 lies through the origin, it 
suggests that intra-particle diffusion is the only rate-
controlling step. Nevertheless, the line may not always 
cross the origin, as the diffusion kinetics of adsorption 
can be controlled simultaneously by film diffusion and 
pore diffusion. In this case, multilinear plots can be 
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obtained with an intercept value.  Based on the results, a 
multilinear plot was observed in this study. This suggests 
that pore and film diffusion play a role in the adsorption 
process. 

 

4. Conclusion  
 

A composite material of Si/Fe-ZnNPs was synthesized 
and subsequently used in this study for MG adsorption. 
The material was characterized by means of SEM, EDX, 
FTIR, and XRD analyses. Adsorption studies were 
performed to determine the influence of operating 
parameters over the adsorption of MG. The study 
revealed that an adsorption percentage of 96.81% was 
obtained in 180 minutes, utilizing natural pH of solution 
(≈ 3.3), an adsorbent concentration of 1.0 g/L, and a 
temperature of 50°C with a 100 mg/L of MG.  The 
Langmuir isotherm model was employed to model the 
adsorption equilibrium. This model assumes of 
monolayer adsorption on a homogeneous surface. 
According to the thermodynamic parameters, positive 
values of ΔG, ΔH, and ΔS indicate that the process was 
non-spontaneous and endothermic and that the disorder 
at the solid/solution interface increased during the 
process. The kinetic data are consistent with the PSO 
kinetic model, and mass transfer modeling studies 
showed that both intraparticle and film diffusion appear 
to be effective. 

Consequently, the research findings demonstrate that 
the Si/Fe-ZnNPs composite material synthesized is an 
effective adsorbent for eliminating MG dye from aqueous 
solutions. 
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