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ABSTRACT 
 

The development of magnetic nanoparticles has gained attention in the field of wastewater 
treatment but faced several challenges including instability and extremely sensitive to 
oxidation.  Hence, surface modification was generally used as by coating a layer of polymer 
on the surface of magnetic nanoparticles. The present study focuses on the synthesis and 
characterization of silica-coated iron oxide nanoparticles (IONPs) with different 
concentrations of IONPs and tetraethyl orthosilicate (TEOS). The IONPs were first 
synthesized by the co-precipitation method followed by the surface modification of silica on 
the IONPs through the modified Stober process. The effect of IONPs concentration (1000 
mg/L to 10000 mg/L) and TEOS concentration (1 wt% to 10 wt%) was studied through the 
hydrodynamic particle size and colloidal stability of silica-coated IONPs. The results showed 
that the IONPs have an average hydrodynamic particle size of 317.53 nm, and zeta potential 
of -14.33 mV. Besides, it was observed that the increase in concentration of TEOS and 
decrease in concentration of IONPs lead to nanoparticle agglomeration, thus resulting in 
large particle size. The optimized concentration of IONPS and TEOS is 5500 mg/L and 5.5 
wt%, producing silica-coated IONPS with the smallest particle size (228.23 nm) and high 
colloidal stability (-20.93 mV). 

 
Keywords: Silica-coated iron oxide nanoparticles, Tetraethyl orthosilicate, Iron oxide 
nanoparticles  

 
 

1. INTRODUCTION 
 
In the past decades, water pollution had raised public concern especially in developing countries. 
Several factors have influenced the increase in water pollution level and they mainly include 
global population growth, rapid industrialization, and over-exploitation of natural resources [1, 
2]. Due to the negative impacts of water pollution, the wastewater needs to be treated before 
discharged into the surface water streams. Conventional wastewater treatment such as chemical 
precipitation [3, 4], chemical coagulation [5], ion exchange [6, 7], electrochemical [8, 9], 
membrane filtration [10, 11], and biological treatment [12, 13] had been employed for the 
removal of pollutants in wastewater. However, those conventional treatments were found to have 
some limitations on the application. The chemical treatment such as chemical precipitation, 
chemical coagulation, ion exchange, and electrochemical method has been cited to have high 
capital and operating costs, as well as a large amount of sludge is produced. Additionally, physical 
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treatment such as membrane filtration also faced some challenges as the membrane fouling will 
restrict the removal efficiency of pollutants. 
 
Recently, much literature reveals that the physicochemical method using the adsorption process 
showed its advantages in the removal of pollutants including simple operation, cost-effectiveness, 
and high adsorbent efficiency. The advancement in nanotechnology had turned up to the 
development of magnetic nanoparticles in wastewater treatment [14]. The magnetic 
nanoparticles have responded very well to a high surface area, high adsorption capacity, and easy 
separation due to magnetic property [15]. Cheng et al. [16] studied the feasibility of iron oxide 
nanoparticles (IONPs) as the alternative replacement for conventional adsorbents. The results 
showed that the IONPs had successfully removed more than 90 % of lead ions (Pb2+) at a 
concentration of 50 mg/L of Pb2+ within 15 minutes. Furthermore, Jin et al. [17] also reported 
that the IONPs reached a maximum adsorption capacity for chromium (VI) (Cr6+) and copper (II) 
(Cu2+) at 8.67 mg/g and 18.61 mg/g in the mixture of 80 mg/dm3 Cr6+ and Cu2+. The IONPs had 
provided a promising performance in the pollutants removal and could be easily separated under 
the magnetic field. Subsequently, surface modification on the IONPS was studied extensively to 
improve their surface properties such as charge density, functionality, biocompatibility, and 
colloidal stability [18]. Typically, mesoporous silica is widely used as the protection layer of 
IONPs to prevent oxidation together with the improvement in the adsorption capacity. Nicola et 
al. [19] had used the tetraethyl orthosilicate (TEOS) as the silica source for the surface 
modification of IONPs to remove the Pb2+ from aqueous solution. The result showed that the 
silica-coated IONPs presented a maximum adsorption capacity of 14.9 mg/g. Other than that, 
Unob et al. [20] utilized the waste silica in the surface modification of IONPs to obtain an 
adsorbent for the removal of lead (II), copper (II), cadmium (II), and nickel (II). The adsorbent 
could achieve the removal efficiencies of heavy metals ranging between 62 to 89 %. This further 
proved that the silica-coated IONPs have a good performance in the pollutants removal. 
Moreover, the silica layer also can prevent the agglomeration of IONPs in solution without 
affecting the magnetic strength, thus enhance the dispensability in a suspension medium [15].  
 
Ongoing through the published information, it is known that the IONPs and TEOS concentration 
had played an important role in the removal efficiency of the pollutants. As reveal from Li et al. 
[21], the magnetic strength of silica-coated IONPs reduces correspondingly upon the increase in 
TEOS concentration, thus making the mass proportion of IONPs smaller. The thick silica layer that 
hinders the magnetic strength may slow down the magnetic separation process and result in 
ineffective adsorbent recovery. Similar to IONPs concentration, the increase in IONPs 
concentration can lead to the formation of large particle size. As reported by Yean et al. [22], the 
magnetite nanoparticles with smaller particles size have a better adsorption capacity for As(III) 
and As(V) as compared to large magnetite nanoparticles. This is due to the small magnetite 
nanoparticles have a large adsorption surface area, hence exposed more adsorption sites to the 
heavy metal ions.  
 
Hence, this paper aimed to study on the effect of TEOS and IONPs concentration in the synthesis 
of silica-coated IONPs.  In this paper, the silica-coated IONPs with different concentrations of 
IONPs and TEOS were synthesized in two steps. First, the IONPs were prepared by the co-
precipitation method followed by coating with a layer of silica through a modified Stober process. 
The silica-coated IONPs were then characterized through Fourier transform infrared (FTIR) 
spectroscopy, hydrodynamic particle size, particle size distribution, and zeta potential. 
 
 
2. MATERIAL AND METHODS  
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2.1 Materials 
 

Absolute ethanol (C2H5OH) (purity: 99.8%), ammonia solution (NH3•H2O) (purity: 25%), and 
sodium hydroxide (NaOH) were supplied by Systerm, Malaysia. TEOS (purity: 98%), iron (III) 
chloride (FeCl3) (purity: 98%), iron (II) chloride tetrahydrate (FeCl2•4H2O) (purity: 99%) were 
purchased from Acros Organics, USA. On the other hand, hydrochloric acid (HCl) (purity: 32%) 
was obtained from Avantor, USA, respectively. All chemicals in this study were analytical grade 
and used as received without further purification.  
 

2.2 Synthesis of Silica-coated IONPs 
 

2.2.1 Synthesis of IONPs 
 
IONPs were synthesized through the co-precipitation method [23]. Prior to the synthesis of 
IONPs, HCl was diluted to 0.5 M and deoxygenated by bubbling it with nitrogen gas for 30 minutes. 
It was followed by the addition of 6.5 g of FeCl3 and 5.56 g of FeCl2•4H2O into the 50 mL of 0.5 M 
HCl [24]. The molar ratio of FeCl3 to FeCl2 was kept at 2:1. Next, the mixture was sonicated in an 
ultrasonic bath, WUC-A03H (Daihan, Korea) for 30 minutes. It was then transferred into a 1 L 
three-necked round bottom flask and bubbling with nitrogen gas for 30 minutes. Meanwhile, the 
mixture in the three-necked round bottom flask was heated to 80 ⁰C  under continuous stirring 
at 500 rpm [25]. Once the mixture in three-necked round bottom flask reached 80 ⁰C, 500 mL of 
1.5 M NaOH was added drop-by-drop into the mixture. The mixture was stirred continuously for 
15 minutes after adding NaOH. The black precipitate, IONPs was formed after the process. The 
precipitate was then isolated with a neodymium magnet and washed with reverse osmosis (RO) 
water followed by absolute C2H5OH until reach pH 7. The collected powder was further dried in a 
freeze dryer at -45 ⁰C for 1 day. The experimental set up for the synthesis of IONPs was shown in 
Figure 1. 

 

Figure 1. Experimental set-up for the synthesis of IONPs. 

Nitrogen gas 

Condenser 

NaOH solution 

Oil bath 

Hotplate stirrer 

6.5 g FeCl3 + 5.56 g 

FeCl2•4H2O + 50 mL 0.5 M HCl 



      International Journal of Nanoelectronics and Materials 

In Press, Accepted Manuscript – Note to user 
 

 

 
Note: Accepted manuscripts are articles that have been peer-reviewed and accepted for publication by the Editorial Board. 
These articles have not yet been copyedited and/or formatted in the journal house style. 

 

 

 

2.2.2 Synthesis of Silica-coated IONPs 
 
Silica-coated IONPs were synthesized through a modified Stober process [26]. Firstly, IONPs 
(1000-10000 mg/L) were added into the ethanol-RO water solution with a volume ratio of 10:1 
[27]. The mixture was then sonicated with an ultrasonic bath (Daihan, Korea) for 15 minutes. 
Next, the TEOS with different concentrations (1-10 wt%) was added to the mixture [28]. 
Ammonia solution was added slowly into the mixture with continuous stirring and pH was 
adjusted to 11. The reaction was continued at room temperature for 12 hours under vigorous 
stirring at 400 rpm. When the reaction is completed, the silica-coated IONPs was isolated by a 
neodymium magnet and washed with RO water followed by absolute C2H5OH until the 
supernatant turned neutral. The collected powder was further dried in freeze dryer at -45 ⁰C for 
1 day. 
 
2.2.3 Formulation of synthesized nanoparticles 
 

As shown in Table 1, different concentrations of IONPs and TEOS were used to prepare the 
synthesis of silica-coated IONPs. To determine the effect of particle sizes and silica-coating, the 
concentration of IONPs in the modified Stober process varied in the range of 1000 mg/L to 10000 
mg/L. Whereas, the concentration of TEOS was manipulated in the range of 1 wt% to 10 wt% 
[28]. The effect of particle sizes and silica coating was evaluated based on the achieved 
hydrodynamic particle size measured using Malvern Nano ZS light-scattering (Malvern 
Instrument Ltd., UK). 
 

Table 1 The formulation of silica-coated IONPs in the modified Stober process 
 

Sample nomenclature Concentration of IONPs (mg/L) Concentration of TEOS (wt%) 

1 1000.000 5.500 

2 2824.284 8.176 

3 2824.284 2.824 

4 2824.284 2.824 

5 2824.284 8.176 

6 5500.000 10.000 

7 5500.000 5.500 

8 5500.000 5.500 

9 5500.000 5.500 

10 5500.000 5.500 

11 5500.000 1.000 

12 5500.000 5.500 

13 5500.000 5.500 

14 5500.000 5.500 

15 5500.000 5.500 

16 8175.716 8.176 

17 8175.716 2.824 
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18 8175.716 8.176 

19 8175.716 2.824 

20 10000.000 5.500 

 

2.3 Characterization of Nanoparticles 
 
2.3.1 Functional Groups 
 
The functional groups that existed on the synthesized nanoparticles were ascertained using FTIR 
spectroscopy, Nicolet 6700 (Thermo Fisher Scientific, USA). The FTIR spectroscopy was coupled 
with a diamond crystal and operated at a wavelength ranging from 400 cm-1 to 4000 cm-1. Equal 
pressure was applied to the synthesized nanoparticles to avoid any difference caused by pressure 
or penetration depth. 
 
2.3.2 Hydrodynamic Particle Size and Particle Size Distribution 
 
The hydrodynamic particle size and particle size distribution of the synthesized nanoparticles 
were measured by dynamic light scattering (DLS) method with the use of Malvern Nano ZS light-
scattering (Malvern Instrument Ltd., UK). The nanoparticles were first prepared in RO water with 
the concentration of 10 mg/mL at pH 7. The nanoparticle suspension was then sonicated for 15 
minutes prior to analysis. The nanoparticle suspension was illuminated with a laser beam at 630 
nm wavelength. The light scattering detection angle was set at 173⁰. The autocorrelation function 
of the photocurrent was obtained every 10 seconds and each run consists of 15 acquisitions. The 
z-averaged hydrodynamic mean diameter (dz) and distribution profile of the nanoparticle 
suspension was calculated using Malvern Zetasizer software version 7.11. Each nanoparticles 
suspension was measured 3 times and the average hydrodynamic particle size value was 
reported.  
 
2.3.3 Zeta Potential 
 
The zeta potential of the synthesized nanoparticles was determined by laser Doppler velocimetry 
(LDV) technique with the aid of Malvern Nano ZS light-scattering (Malvern Instrument Ltd., UK). 
The nanoparticles were first prepared in RO water with the concentration of 10 mg/mL at pH 7. 
Then, the nanoparticles were sonicated for 15 minutes prior to analysis.  Next, 2 mL of 
nanoparticle suspension was injected into the folded capillary zeta cell (DTS 1070). The light 
scattering detection angle was set at 90⁰ and an electric field with a voltage of 4.96 ± 0.05 V was 
applied to the nanoparticles suspension sample. Each nanoparticles suspension was measured 3 
times and the average zeta potential value was reported. 
 
 
3. RESULTS AND DISCUSSION 
 

3.1 Physical Observation of IONPS and Silica-coated IONPS 
 
Figure 2(a) and Figure 2(b) show the images of IONPS suspension in RO water. It was observed 
that deep black monophasic dispersion of IONPS was obtained after co-precipitation process. 
Once the neodymium magnet was brought near to the dispersion, the IONPS started to attract 
each other and form aggregates which become visible at the wall near to the neodymium magnet. 
This confirms that IONPS with strong magnetic properties were obtained. Besides, it was also 
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observed that silica-coated IONPS (Sample 5) (Figure 2(d)) with IONPs concentration of 
2824.284 mg/L and TEOS concentration of 8.176 wt% appeared to be brownish as compared 
with black pristine IONPS (Figure 2(c)). This is due to the nucleation of formed silica on the 
surfaces of IONPS based on the hydrolysis and polycondensation of TEOS in the presence of water 
and alkaline media (ammonia). The silica coating layer is expected to improve the surface charge 
and reactivity of IONPS. 

 
(a)   (b)  

 
(c)   (d)  

Figure 2. Image of (a) IONPs in suspension, (b) IONPs attracted to neodymium magnet, (c) freeze-dried 
IONPs, and (d) freeze-dried silica-coated IONPs (Sample 5). 
 

3.2 Functional Group 
 

Figure 3 presents the FTIR spectra of IONPs and silica-coated IONPs represented by Sample 7. As 
shown in Fig 4(a), a wide peak was observed around 570 cm-1 corresponds to the stretching 
vibration of the Fe-O bond and no additional peaks were seen [29]. This was due to the large 
particle size of IONPs would affect the intensity and area of IR and caused the other peaks showed 
insignificantly [30, 31]. The adsorption band at 570 cm-1 further proved that the magnetite IONPs  
with the tetrahedral and octahedral sites were successfully synthesized [32]. 
 
Compared to IONPs, the Fe-O bond also detected around 580 cm-1 in the silica-coated IONPs 
(Sample 7). The characteristic peaks at 1082 cm-1 and 455 cm-1 were assigned to the symmetric 
and asymmetric stretching vibration of Si-O-Si by the hydrolysis and condensation reaction of 
silicone alkoxides [33]. These vibrations are believed to have strong IR absorption, which is 
matched with their appearance in the spectra. The weak peak around 960 cm-1 was attributed to 
the Si-OH stretching vibration due to the deformation of Si-OH from the incomplete condensation 
of the TEOS solution. Besides that, two broad peaks have appeared around 3410 cm-1 and 1635 
cm-1 corresponds to –OH bond in the surface water molecules. Since most of the functional groups 
appear in the spectra of silica-coated IONPs, it is proved that the silica was successfully coated on 
the surface of IONPs [34]. 
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Figure 3. FTIR spectra of nanoparticles (a) IONPs and (b) silica-coated IONPs (Sample 7). 

 
3.3 Hydrodynamic Particle Size and Particle Size Distribution 
 
Figure 4 shows the hydrodynamic particle size for IONPs, Sample 7, Sample 11, and Sample 20.  
Sample 7, Sample 11, and Sample 20 were discussed here to compare the effect of IONPs and 
TEOS concentration on the particle size as well as the dispersivity. As shown in Figure 4, the 
IONPs have an average hydrodynamic particle size of 317.53 nm. The particle size of synthesized 
IONPs are comparatively larger as compared to other literature works. With the same synthesis 
method, Behera et al. [35] reported that the particle size of IONPs has detected at a range of 10 
nm to 120 nm and a mean particle size of 66 nm. Besides, Maggioni et al. [36] also reported that 
the synthesized IONPs have a hydrodynamic particle size of 104 nm. This can be explained by the 
magnetic dipole-dipole attractions between IONPs, the IONPs tend to agglomerate and form large 
clusters, thus resulting in large particle size. Carter [37] also claimed that the electrostatic 
interactions and surface tension force between the IONPs contributed to the agglomeration effect 
in IONPs. Therefore, the surface coating of silica on the IONPs was made to reduce the 
agglomeration size and on the other hand favor the colloidal stability. Sample 7, 11, and 20 for 
silica-coated IONPs have the hydrodynamic particle size of 228.23 nm, 314.67 nm, and 493.07 nm 
respectively. By comparing Sample 7 and IONPs, the surface modification of silica on Sample 7 
reduced the agglomeration effect, thus reducing the hydrodynamic particle size. Reddy [38] 
explained that the surface modification of silica reduced the surface force of hydroxyl groups and 
prevent the formation of oxygen bridge bonds, thereby minimize the agglomeration effect.  On 
the other hand, the effect of IONPs concentration in particle size can be observed in Sample 7 and 
20. When the IONPs concentration increases from 5500 mg/L to 10000 mg/L, the particle size 
had increased from 228.23 nm to 493.07 nm, which the particle size had been double up. This is 
because the TEOS is insufficient to fully coat the IONPs, making the silica coating process 
incomplete. With this, the magnetic dipole-dipole interaction between uncoated IONPs caused 
the agglomeration of the nanoparticles and resulting in larger hydrodynamic particle size [33].  
For the effect of TEOS, it can be studied in between Samples 7 and 11. When the TEOS 
concentration decreases from 5.5 wt% to 1.0 wt%, the particle size had increased from 228.23 
nm to 314.67 nm. This can be explained by the sufficient concentration of TEOS used in Sample 
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7. The IONPs were expected to be fully coated, thus reduce the van der Waals force in attracting 
the nanoparticles. 
 

 
Figure 4. Hydrodynamic particle size for (a) IONPs, (b) Sample 7, (c) Sample 11, and (d) Sample 20. 

 
Table 2 show the particle size distribution for IONPS, Sample 7, Sample 11, and Sample 20.  
Polydispersity (PDI) index represents the indicator for the particle size distribution with the 
range from 0.0 to 1.0. Theoretically, the nanoparticle was considered as monodisperse when the 
PDI index is less than 0.1 whereas the PDI index at the range of 0.1 to 0.2 showed the nanoparticle 
has a narrow particle size distribution [39]. For the PDI index range from 0.2 to 0.5, the 
nanoparticle was said to have a moderate dispersity with a narrow particle size distribution 
whereas the PDI index greater than 0.7 indicates the nanoparticle has very broad particle size 
distribution. In other words, the PDI index also represents the colloidal stability of nanoparticles 
in the liquid. As shown in Table 2, the IONPs have an average PDI index of 0.431, which close to 
the typical PDI index that ranges from 0.1 to 0.4 [40]. The IONPs were expected to have a 
moderate dispersity with a narrow particle size distribution. Besides, Sample 7, 11, and 20 for 
silica-coated IONPs have the PDI index of 0.225, 0.499 and 0.431 respectively. A significant 
comparison can be observed between IONPs and Sample 7. When the silica was modified on the 
IONPs, the reduction in the PDI index indicates the improvement of dispersivity, thus reduce the 
agglomeration effect. Moreover, the effect of IONPs concentration in particle size distribution can 
be observed in Sample 7 and 20. When the IONPs concentration increases from 5500 mg/L to 
10000 mg/L, the PDI index had increased significantly as the insufficient TEOS in the surface 
modification of IONPs. For the effect of TEOS, it can be studied in between Samples 7 and 11. 
When the TEOS concentration decreases from 5.5 wt% to 1.0 wt%, the PDI index increases as 
Sample 11 was expected to be coated with incomplete silica and caused insignificant 
improvement in the agglomeration. 
 

Table 2 PDI index for (a) IONPs, (b) Sample 7, (c) Sample 11, and (d) Sample 20 
 

Sample PDI index  

(a) (b) 

(c) (d) 
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IONPs 0.431 

Sample 7 0.225 

Sample 11 0.499 

Sample 20 0.431 

 
3.4 Zeta Potential 
 
Figure 5 shows the zeta potential of IONPs and silica-coated IONPS at different concentrations of 
IONPs and TEOS. In theory, the nanoparticles are considered to have great stability in the 
suspension when the zeta potential is lower than -30 mV or greater than +30 mV [41]. This is due 
to the nanoparticles have sufficient electrostatic repulsion force to repel each other, thus avoiding 
agglomeration to occur [42]. As seen, the IONPs have the zeta potential value of -14.33 mV, which 
showed the IONPs is unstable in the colloidal stability. This is due to the presence of magnetic 
property in the IONPs to attract the nearby nanoparticles, shorten the distance between each 
nanoparticle, thus caused the aggregation or agglomeration process easily to occur [43]. Also, 
Mokadem et al. [44] reported that the isoelectric point (IEP) of IONPs was found to be around pH 
6.45. As the zeta potential of IONPs was close to the IEP, it is expected to have low stability and 
dispersibility.  
 
For the silica-coated IONPs, Sample 7, 11, and 20 have the zeta potential of -20.93 mV, -15.60 mV, 
and -23.77 mV respectively. By comparing Sample 7 and IONPs, the surface modification of silica 
on Sample 7 increased the colloidal stability and dispersivity in the suspension medium, thus 
increasing the zeta potential. On the other hand, the effect of IONPs concentration in particle size 
can be observed in Sample 7 and 20. When the IONPs concentration increases from 5500 mg/L 
to 10000 mg/L, the zeta potential decrease from -20.93 mV to -23.77 mV, which showed a 
significant improvement in the colloidal stability. However, the magnetic dipole-dipole attraction 
force is stronger and dominant in the interaction between nanoparticles. Hence, although there 
is a slight increase in repulsion force between the nanoparticles, agglomeration still exist as it 
does not able to overcome the magnetic dipole-dipole attraction force [45].  For the effect of TEOS, 
it can be studied in between Samples 7 and 11. When the TEOS concentration decreases from 5.5 
wt% to 1.0 wt%, the zeta potential increases from -20.93mV to -15.60 mV. The increment in the 
zeta potential also indicates the reduction in the colloidal stability. The insufficient TEOS 
concentration in Sample 11 limits the surface modification process, hence did not improve much 
on the colloidal stability.  
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Figure 5. Zeta potential measurement of IONPs and silica-coated IONPs at different concentrations of 
IONPs and TEOS. 
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4. CONCLUSION 
 

In summary, magnetite IONPs were synthesized through the co-precipitation method and coated 
with silica in the modified Stober process. It was found that the concentration of IONPs and TEOS 
had a significant effect on the particle size and silica layer. This can be observed through the 
nanoparticle characteristics such as hydrodynamic particle size, zeta potential. For the 
hydrodynamic particle size, the IONPs, Samples 7, 11, and 20 showed a hydrodynamic particle 
size of 317.53 nm, 228.23 nm, 314.67 nm, and 493.07 nm respectively. It was realized that Sample 
7 has a smaller particle size as compared to the Sample 20 because the TEOS is sufficient to coat 
at a lower IONPs concentration, thus resulting in a lower particle size. For the effect of TEOS 
concentration, the particle size showed a reduction in particle size when the concentration of 
TEOS increased. Besides, the zeta potential analysis demonstrated that the surface coating of 
IONPs with silica has reduced the agglomeration effect between the synthesized nanoparticles, 
thus resulted in better dispersity in liquid. It proved that the increase in the concentration of 
IONPs and TEOS had shown an improvement in colloidal stability. Moreover, the presence of Si-
OH and Si-O-Si group in silica-coated IONPs proved that the silica was successfully coated on the 
surface of magnetite IONPs. Furthermore, this paper suggests the functionalization of chitosan on 
the silica-coated IONPs in future work. Chitosan functionalization is expected to enhance the 
performance of nanoparticles in the aspect of adsorption efficiency, adsorption capacity, 
dispersity, and stability in the wastewater treatment. Optimization of the functionalized silica-
coated IONPs is encouraged to conduct in the future for the maximization of the adsorbent 
performance. 
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