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 Abstract: A nanocomposite of silica and zinc oxide was synthesized by a green route 
approach by utilizing aspartic acid as a reduction agent of Zn+2 in the precursor 
ZnSO4·7H2O. Different methods like FTIR, BET surface analysis, SEM, and XRD 
characterized the resulted Zn-Si NC. The adsorption efficiency of the sample was 
examined by adjusting some variables to remove methylene blue dye from an aqueous 
solution. The data were analyzed using different models for studying the behavior of the 
synthesized sample. The Freundlich model is a better predictor than the Langmuir model 
with a high R2. Also, Temkin and Dubinin-Radushkevich (D-R) isotherms were applied 
and reveal that the adsorption energy calculated using the D-R isotherm was less than 
8 kJ mol−1, indicating that the behavior of the process was physisorption. The kinetic data 
matched exactly with the pseudo-first-order model. The adsorption process is spontaneous 
due to a negative value of ΔG and exothermic, as the value of ΔH was −9.616 kJ mol−1. 
The Si-Zn nanocomposite was successfully biosynthesized as a clean adsorbent to remove 
MB dye from wastewater. 
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■ INTRODUCTION 

Contamination of water has been considered one of 
humanity's largest fears. Many pollutants can negatively 
affect the water resource, including heavy metals, 
antibiotics, pesticides, polycyclic aromatic hydrocarbons 
and dyes [1]. Methylene blue (MB) is one of the most 
widely used dyes for coloring materials in many industries 
such as textiles, papers, plastics, cosmetics, and foods. [2]. 
It is a highly soluble cationic dye in water due to its 
positive charge. Low dosages of methylene blue are 
harmless, but high levels can have negative effects, such as 
excessive hemoglobin and digestive disorders. Because of 
the possibility of drug interactions, it should only be 
administered under medical guidance [3]. To deal with 
this challenge, numerous technologies have been 
developed to clean wastewater, including reverse osmosis 
[4], chemical precipitation [5], membrane filtering [6], 
and photodegradation [7]. However, there are limitations 
to these treatments, such as high implementation and 
operation costs, weak removal effectiveness, and harmful 
residues [8]. Researchers have placed a lot of emphasis on 

the adsorption procedure since it is certainly one of the 
most successful techniques for eliminating 
contaminants from wastewater. In this instance, 
nanoparticles (NPs) have garnered a lot of interest due 
to their distinct qualities in contrast to bulk material [9]. 
Many advantages are associated with metal oxide NPs 
and silica-metal oxide nanocomposites, including high 
surface area, low concentration, easy separation after 
administration, and more [10]. 

Chemical and physical procedures represent the 
main routes for the synthesis of NPs using metal and 
metal oxide [11]. Precipitation [12], the sol-gel 
technique [13], and chemical reduction [14] are the most 
studied chemical synthesis methods, whereas 
indications of microwave-assisted combustion [15], 
laser evaporation [16], and pulsed laser deposition [17] 
were found in the physical synthesis routes. However, 
these techniques have several drawbacks, such as the use 
of hazardous materials, inefficiency in terms of cost, 
risky practices, and the creation of hazardous 
byproducts that are bad for the environment [18]. 
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Doping can also be used to improve the properties and 
surface area of metal NPs. Of all the coating materials, 
silica is certainly the most well-researched and widely 
utilized [19]. Besides making NPs more stable in aqueous 
solutions, silica provides a framework that may be 
customized to accommodate different functional groups. 
The green route, which employs materials with minimal 
or no toxicity, is the most promising method for 
producing metallic NPs. There are certainly multiple 
applications for the developed metallic NPs in medicine, 
agriculture, food, sensors, optics, biomedical sciences, 
drug delivery, cosmetics, light emitters, electronics, and 
water purification [20]. Additionally, materials based on 
nano-silica offer a non-toxic and environmentally 
acceptable adsorbent. Numerous researchers have looked 
into various silica-based NPs for the removal of dyes from 
wastewater. As an efficient adsorbent for the removal of 
crystal violet, Hasan et al. [21] reported the production of 
mesoporous silica NPs covered by a copolymer chain of 
L-ascorbic acid and polyaniline. Their results gave a 
maximal adsorption capacity of 88 mg g−1 at 298 K, and 
the Langmuir model was able to fit the experimental 
results. In another study, Alswieleh [22], investigated 
modifying mesoporous silica NPs with L-arginine to 
remove ionic dyes from aqueous solution and revealed 
that adsorption experiments were affected by different 
operation parameters. 

Aspartic acid, an α-amino acid, is utilized in the 
formation of proteins, whereas L-aspartate is a glycogenic 
amino acid that can help increase energy generation 
through its Krebs cycle metabolism [23]. The use of α-
amino acids as capping and reducing agents in the 
synthesis of metal NPs has, however, been the subject of 
very few studies. In the previous work, functionalized 
AuNPs were synthesized using aspartic acid, which 
functions as a reductant and stabilizer, without the need 
for any further surface modification steps, where the 
product has the same good stability and optical 
characteristics as citrate-stabilized AuNPs [24]. By 
searching the previous works, no researchers were found 
who used aspartic acid as a reduction agent in the 
synthesis of modified silica NPs. This study aims to 
develop a process that uses silica as a matrix and aspartic 

acid as a green reduction component to enhance silica-
zinc oxide nanoparticles' size, shape, and chemical and 
physical properties. Various spectroscopic methods, 
including BET SEM, FTIR, XRD, and others, can be used 
to characterize the prepared nanocomposite. The 
obtained nanocomposite will then be employed in an 
adsorption method to remove MB dye from an aqueous 
solution. 

■ EXPERIMENTAL SECTION 

Materials 

Two precursors used in the synthesis procedure, 
namely tetraethoxysilane (TEOS) as a silica source and 
zinc sulphate (ZnSO4·7H2O) as a zinc source, were 
purchased from Sigma-Aldrich. Aspartic acid was 
purchased from BDH. 

Instrumentation 

UV-visible (UV-1800, Shimadzu) and FTIR 
(Prestige 21 Fourier Transform, Shimadzu) analyses 
were provided by University of Baghdad, Iraq. BET 
surface area (Micrometric ASAP2020 V3.04), scanning 
electron microscope (SEM, Oxford instruments model 
3200N), and X-ray diffraction (XRD, Siemens model 
D500) measurements were done in University of 
Kashan, Iran. 

Procedure 

The synthesis method of Si-Zn oxide NC was 
carried out by mixing 10 mL of aqueous solution of 1 M 
ZnSO4 with 10 mL of 1 M TEOS. The mixture was 
vigorously stirred for 3 h while 50 mL of 0.5 M aspartic 
acid was added dropwise. Then 25 mL of 1% starch was 
added gradually, and an aqueous solution of NaOH was 
slowly added to the mixture to adjust the pH to 8 to 
obtain an off-white precipitate. After filtering, the 
resulting precipitate was thoroughly washed with 
deionized water. The precipitate was dried for 24 h 
overnight, then in an oven at 100 °C, and crushed to fine 
powder using agate mortar for characterization. 

The efficiency of the synthesized Si-Zn NC as an 
adsorbent was examined to remove MB dye from 
aqueous solution using batch experiments. A specific 
amount of Si-Zn oxide NC was added to 50 mL of dye. 
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The dye solution's initial concentration was 10 mg L−1. A 
thermostatic shaker (Julabo SW23) was used to shake the 
mixture. The parameters evaluated in the batch studies 
were dye initial concentration (4–18 mg L−1), adsorbent 
dosage (0.05–0.25 g), and contact time (10–80 min). To 
remove the adsorbent from the aqueous solution, a 
sample (2 mL) of each solution is taken out of each flask 
and filtered using a centrifuge (R8C, REMI centrifuge, 
India). To determine the amount of dye that remained in 
the filtered solution, a double beam UV-visible 
spectrophotometer (Shimadzu (China) Co., Ltd.) was 
used at λmax = 556 nm. The quantity of the MB dye 
adsorbed by the Si-Zn NC has been determined using Eq. 
(1) [25]: 

( )0 e
e

C C V
q

w
−

=  (1) 

where qe is the quantity of the MB adsorbed to the weight 
of Si-Zn NC; C0 is the initial MB concentration and Ce is 
the concentration of the dye after attaining the 
equilibrium; V is the volume of the sample; and w is the 
quantity of the adsorbent Si-Zn NC added. 

■ RESULTS AND DISCUSSION 

Characterization 

FTIR 
The green reduction material's functional groups 

that support the bonding mechanism with SiO2 and ZnO 
NPs were identified using FTIR analysis. The FTIR 
spectra of the Si-Zn NC (Fig. 1) show a characteristic peak 

of the Zn–O bonding at 617 cm−1. It is reasonable to 
propose that the extract's functional groups provide 
electrons that could reduce zinc ions (Zn2+ to Zn+) and, 
eventually, zinc nanoparticles (Zn0) [26]. Strong and 
broad peaks are also apparent, reflecting the complicated 
structure of the stretching of the O–H bond, which is 
represented by the sharp peak with high absorption 
intensity at 3410 cm−1. Also, the biosynthesized Si-Zn 
NC's FTIR spectrum revealed a prominent spectral area 
(with respect to Si) at 1115 cm−1, with accompanying 
shoulders that are assigned to asymmetric stretching 
vibrations of Si–O–Si [27]. 

XRD 
Fig. 1(b) shows the synthesized XRD patterns for 

the Si-Zn NC. The strong diffraction peaks of the 
produced nanocomposite reflect its good crystallinity. 
Particularly (100), (002), and (101), the strong and narrow 
diffraction peaks demonstrated an excellent crystal 
structure and high-quality peak intensities. The diffraction 
peaks in the XRD pattern revealed the hexagonal crystal 
structure of Si-Zn NC [28]. The nanocrystallites' 
estimated sizes were between 7 and 25 nm. High 
extremely peaks of about 2θ at the numbers 32.5°, 34.5°, 
36.4°, and 47.6°, corresponded to the planes of (100), 
(002), (101), and (102), orientations, respectively. 

BET surface analysis 
BET analysis, employing physical gas adsorption of 

nitrogen at 77 K, is an optimal method for measuring and  
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Fig 1. (a) FTIR spectra and (b) XRD pattern for the biosynthesized Si-Zn NC 
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quantifying the specific surface area of nanoparticle 
materials. Fig. 2 shows the adsorption-desorption 
isotherm of the synthesized Si-Zn NC. The obtained 
isotherm is a typical type–IV isotherm and has H1 type 
hysteresis loop, which indicates the formation of 
cylindrical pores [29]. The values measured for BET 
surface area, Barrett-Joyner-Halenda (BJH) pore 
diameter, and pore volume were 10.424 m2 g−1, 14.02 nm, 
and 3.35 cm3 g−1 respectively. 

SEM 
This technique was performed for the aim of 

determining surface morphology, size, and three-
dimensional photographs of NPs [30]. Fig. 3 illustrates the 
agglomerated form of Si-Zn NC with various 
magnifications, which is evident that the tiny particles are 
stacked in different sizes, creating a multi-layered array. 
The image reveals a number of rough, uneven, and 
irregularly shaped pores. Higher contact areas and easy 
pore diffusion during the adsorption process are 
characteristics of these pores. There were also many cage-

like cavities, which were particularly effective at 
removing dye because they had more locations for the 
reaction to occur due to the porosity and number of 
cavities. 

Adsorption Behavior of Methylene Blue on Si-Zn 
Oxides Composite 

Effect of Si-Zn oxides NC dosage 
Different dosages of Si-Zn oxide nanocomposite 

were taken (0.05, 0.10, 0.15, 0.20, 0.25 g) to examine 
which is the best to evaluate a higher adsorbed quantity 
of MB dye. Each of these doses was added to 50 mL of 
10 mg L−1 of MB dye at 25 °C. Fig. 4(a) shows that dye 
uptake at equilibrium (qe) decreases as the dosage of Si-
Zn nanocomposite increases and the maximum amount 
of MB dye adsorbed was reached when 0.05 g of Si-Zn 
nanocomposite, so this dosage was used in all remaining 
experiments. This is mainly because there is less of a 
driving force between the concentration of the MB dye 
in the solution and the particle surface of the Si-Zn 
nanocomposite [31]. As a result, there is less competition 

 
Fig 2. (a) BJH analysis and (b) adsorption-desorption isotherm of Si-Zn NC 

 
Fig 3. SEM image of Si-Zn nanocomposite, magnification in (a) 2 μm and (b) 200 nm 



Indones. J. Chem., 2025, 25 (5), 1451 - 1461    

 

Shahad Luay Maatoq and Inaam Hussein Ali 
 

1455 

 
Fig 4. Adsorption of MB with variation of (a) Si-Zn NC doses, (b) time and concentration, and (c) initial concentration 
and temperature 
 
for the available binding sites for MB dye adsorption as 
the dosage of the Si-Zn nanocomposite increases. 

Effect of MB dye initial concentration 
Fig. 4(b) illustrates the evaluation of the influence of 

contact time on MB dye adsorption at varied time 
intervals and different dye concentrations. The 
adsorption process was seen to be rapid during the initial 
contact period and then slowed down after that. It took 
60 min to reach the equilibrium for MB adsorption on the 
Si-Zn NC surface. This could be because there are initially 
a lot of adsorption sites available, but as time goes on, the 
number of adsorption sites decreases [32]. 

Adsorption Isotherm of MB on Si-Zn Oxides 
Composite 

Adsorption isotherms can be employed to 
investigate the relationship between the amounts of dye 
adsorbed on the adsorbent at equilibrium. Fig. 4(c) 
illustrates the relationship between the quantity of MB 
adsorbed and its concentration at equilibrium at four 
temperatures. These curves start off with a slight slope and 
then rise sharply, showing that the curve is an S-shape 

curve in accordance with Giles' categorization [33]. 
These isotherms show that the surface's affinity for the 
adsorptive is low at low concentrations and increases at 
higher concentrations. 

The Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R) isotherm equations were fitted to 
the adsorption data to compare the equilibrium results. 
A monolayer of homogeneous, adsorbing molecules is 
assumed to not interact, and a constrained site is 
assumed by Langmuir's adsorption isotherm, which is 
represented in Eq. (2) [34]; 

e e

e L 0 0

C C1
q K q q

= +  (2) 

where KL is the energy adsorption constant, and q0 is the 
maximum adsorption capacity. q0 and KL were 
calculated using the slope and intercept of a linear plot 
of Ce/qe versus Ce. The application of the Langmuir 
isotherm equation to MB dye adsorption is shown in Fig. 
S1(a). 

Freundlich isotherm [35], this model assumes a 
heterogeneous surface with adsorption capacity and is 
based on the Langmuir isotherm (Eq. 3); 
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e f e
1lnq lnK lnC
n

= +  (3) 

where Kf is the Freundlich constant, which represents the 
adsorption capacity, while the dimensionless constant n is 
associated with the efficiency of adsorption. The value of 
n indicates the degree of nonlinearity between the dye 
concentration and the adsorption process. The intercept 
and slope of the fitted line of ln qe against ln Ce, as shown 
in Fig. S1(b), were used to get the values of Kf and n, 
respectively. 

A parameter in the Temkin isotherm adequately 
accommodates interactions between the adsorbent and 
the adsorbate. By ignoring low and high concentration 
values, this model predicts that adsorption heat will 
decrease linearly with coverage instead of logarithmically. 
Plotting adsorbed qe versus ln Ce yields the constants. As 
a result, binding is distributed uniformly throughout the 
derivation of Eq. (4). The following is a linear equation 
that represents the Temkin model [36]; 

e T eq BlnK BlnC= +  (4) 
where B = RT/b, where b is in joules per mole; R is the gas 
constant in joules; and KT is the equilibrium binding 
constant of the Timken isotherm. The slope (B) and 
intercept (B ln KT) of the qe versus ln Ce plot can be used 
to figure out B and KT, as illustrated in Fig. S1(c). 

In this work, D–R is another isotherm expression. 
The D-R isotherm for solid-liquid interaction has the 
following linear form (Eq. 5) [37]. 

2
e mlnq lnq= −βε  (5) 

Here (ε) is the Polanyi probability which equals; 

0

1RTln 1
C

 
ε = + 

 
 (6) 

where β is a constant associated with adsorption energy 
(mol2 Kj−2), qm is a measure of the adsorbent's capacity, 
The D-R model can be used to predict the type of 
adsorption process by determining the mean adsorption 
energy ε. 

1E
2

=
β

 (7) 

Fig. S1(d) displays an application for the D-R model, and 
Table 1 shows the values of qm, E, and R2 for this model 
at four different temperatures. 

When comparing the results shown in Table 1, and 
based on the values of R2, we find that the Freundlich 
model was more consistent with the results than the 
Langmuir model. The n values from the Freundlich 
model greater than unity showed a heterogeneous 
character of the adsorption and a positive cooperative 
interaction [38]. Additionally, the Langmuir equation's 
estimate of the maximal monolayer capacity (q0) 
increased as the temperature increased, suggesting that 
the adsorption capacity increased at high temperatures. 

The Temkin equation is useful for predicting 
equilibrium in the gas phase, but it is often not 
appropriate to represent the liquid-phase adsorption 
isotherms. Values for the b parameter in the Temkin 
model show performance that is distinct from what was 
observed for q0 and qs. Because there are more exposed 
adsorption sites in this temperature range (293–323 K), 
the  interaction   between   the   MB   dye   and  Si-Zn NC 

Table 1. Parameters of MB adsorption isotherm models onto Si-Zn NC 
Models Langmuir model Freundlich model 

Temperature R2 q0 (mg g−1) KL (L mg−1) R2 Kf (L mg−1) n 
293 0.8129 3.6680 5.8880 0.9435 3.2770 1.4350 
303 0.8298 3.7380 5.2400 0.9874 3.4850 1.1960 
313 0.8518 5.5130 4.9690 0.9423 4.5440 1.3660 
323 0.7317 6.8170 3.9860 0.8838 5.3430 1.3700 

Models Temkin model D-R model 
Temperature R2 B bT (J mol−1) KT (L g−1) R2 qm (mg g−1) E (kJ mol−1) 

293 0.9266 5.8440 386.3000 1.6240 0.9901 1.8620 3.1620 
303 0.9693 5.6160 420.6000 1.6470 0.9869 1.9410 3.5350 
313 0.9885 5.4380 467.2000 2.3190 0.9871 1.9740 3.5350 
323 0.9546 4.4890 588.9000 3.5420 0.9872 2.0110 3.5350 
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adsorbent is probably stronger [39]. Adsorption energy 
(E) calculated using the D-R isotherm was less than 
8 kJ mol−1, indicating that physisorption clearly illustrated 
the binding behavior of the adsorption of MB dye onto Si-
Zn NC. 

Kinetics Study 

Kinetic adsorption studies predict how the dyes will 
adsorb and their way to reach equilibrium. Furthermore, 
the adsorption mechanism estimate is crucial to examine 
MB using intra-particle diffusion, pseudo-first order, and 
pseudo-second order models. 
The linear equation form of the pseudo-first-order kinetic 
model is as follows in Eq. (8) [40]. 

( ) ( )e t e 1log q q logq k 2.303 t− = −  (8) 
In the above equation, qe and qt are the amount of MB 
adsorbed on the surface at equilibrium and at any time, 
respectively, while k1 is the rate constant of the pseudo-
first order kinetics. When plotting log (qe − qt) versus.t, qe 
and k1 are frequently determined via the intercept and 
slope, respectively, as shown in Fig. S2(a). 

Eq. (9) is the linear form of the pseudo-second order 
kinetic model [41]; 

2t e2 e

t 1 1 t
q qk q

 
= +  

 
 (9) 

where k2 is the rate constant for pseudo-second-order 
kinetics. As illustrated in Fig. S2(b), k2 and qe are 
calculated from the intercept and slope of plots of t/qt 
against t, respectively. 

The following equation represents how the Weber-
Morris intra-particle distribution calculation is expressed 
in Eq. (10) [42]; 

0.5
t iq k t C= +  (10) 

where C is intercepted and ki is the intra-particle diffusion 
rate constant. This model illustrates how the adsorbent's 
porousness contributes to pore diffusion. Being can 
calculate the rate constant of the intra-particle diffusion  
 

(ki) by estimating the slope of the linear section of the 
plot of the quantity of solute adsorbed (qt) against the 
square root of time (t1/2) as shown in Fig. S2(c). 

Table 2 indicates that the pseudo-first order 
equation's R2 value is somewhat higher than the pseudo-
second order kinetic model's R2 value. This implies that 
the adsorption system's kinetics were more accurately 
modeled by the pseudo-first order kinetic model than by 
the pseudo-second order model. The slope was linear 
due to the intraparticle diffusion model, but the line did 
not pass through the origin, suggesting that intraparticle 
diffusion had a role in adsorption. But that wasn't the 
only rate-determining aspect, though; additional kinetic 
models may also be used to alter the adsorption rate [43]. 

Thermodynamic Parameters 

Adsorption studies were conducted at four 
temperature ranges (293–323 K) to examine the 
thermodynamic functions, which are free energy change 
(ΔG°), enthalpy change (ΔH°), and entropy change 
(ΔS°) related to the interaction between MB dye and 
nanocomposite. The thermodynamic aspects have been 
obtained using Eq. (11) and (12) [44]; 

LG RTlnKΔ = −  (11) 

c
S HlnK
R RT

Δ Δ= −
 

 (12) 

where Kc is the equilibrium constant related to KL. The 
slope and intercept of the van't Hoff plot of ln (Kc) 
against 1/T were used to estimate the values of enthalpy 
change and entropy change. This relationship is plotted 
in Fig. S3, and Table 3 displays the thermodynamic 
functions that were determined at four temperatures. 
The negative values of ΔG° confirm the feasibility and 
spontaneous adsorption nature. Since ΔH° was negative 
(−9.616 kJ mol−1), the adsorption reaction was 
exothermic. Additionally, in practice, ΔH° is less than 
40 kJ mol−1. This demonstrated that the mechanism of 
MB's adsorption onto Si-Zn NC was physisorption [45].  

Table 2. Kinetics parameters of MB adsorption onto Si-Zn NC 
Kinetics models Pseudo-first-order Pseudo-second-order Diffusion model 
Temperature (K) R2 k1 (min−1) qe (mg g−1) R2 k2(g mg−1 min−1) qe (mg g−1) ki (mg g min−0.5) R2 

298 0.9851 0.0555 11.303 0.9474 0.0014 15.65 1.3386 0.964 
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Table 3. Thermodynamic parameters of MB adsorption onto Si-Zn NC 
Temp. (K) ΔG° (kJ mol−1) ΔH° (kJ mol−1) ΔS° (J K−1 mol−1) 

392 −4.318 

−9.616 −17.915 303 −6.095 
313 −4.172 
323 −3.713 

 
A decrease in adsorption capacity and a less irregular 
solid/liquid interface are the result of increasing 
temperature, that was indicated by negative value of ΔS°, 
which is −17.915 J K−1 mol−1. 

■ CONCLUSION 

Using aspartic acid as a reduction agent, Si-Zn 
nanocomposite was biosynthesized as a clean adsorbent 
to remove contaminants from wastewater. Various 
techniques, including FTIR, BET, SEM, and X-ray 
diffraction, were used to analyze the nanocomposite and 
ensure a successful doping process. In order to remove 
dye from aqueous solution, the synthesized sample's 
adsorptive performance was evaluated, and MB was 
selected as the toxic environmental dye. Fitting the 
adsorption parameters to various adsorption isotherms 
produced high agreement with the Freundlich isotherm 
and the thermodynamic investigation revealed excellent 
outcomes. Additionally, the experimental data closely 
match the pseudo-first-order kinetic model. 
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