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Abstract
This article describes the synthesis of a nanosilica-cysteine composite (SiO2-Cys) and its application as a sorbent and 
carrier for arsenic(III) using different media. Attenuated total reflectance-Fourier-transform infrared spectroscopy, scan-
ning and transmission electron microscopy, X-ray diffraction, and thermogravimetric analysis were applied to character-
ize SiO2-Cys. Using the batch technique, the sorption of As(III) ions by SiO2-Cys was studied, and the effects of pH, sorb-
ent dosage, temperature, initial concentration, and contact time were all taken into consideration. According to kinetic 
studies, the pseudo-second-order equation adequately described the sorption of the As(III) ion. The spontaneity of the 
sorption process on SiO2-Cys is suggested by the negative values of Gibbs free energy (ΔG°). Positive values of enthalpy 
(ΔH°) indicate an endothermic adsorption process and positive values of entropy (ΔS°) for the adsorption of As(III) ions 
mean that adsorption is associated with increasing randomness. The Langmuir model, which has a maximum sorption 
capacity for SiO2-Cys of (66.67 mg/g) at 25 °C, provided a better fit to the sorption isotherm.
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1. Introduction
Arsenic, a group 15 metalloid element with an atom-

ic weight of 74.9216 amu and atomic number 33, is consid-
ered one of the most common elements in nature.1,2 Arse-
nic is an element of concern from both an environmental 
and human health perspective.3 Arsenic is in all its fea-
tures mostly recognized as a poison. Arsenic species can 
be found in all kinds of environments and can come from 
both natural and anthropogenic sources.4 The most toxi-
cologically potent arsenic compounds are in the trivalent 
oxidation state. This is due to their ability to produce reac-
tive oxygen species and their reactivity with compounds 
that contain sulfur. Nevertheless, humans are exposed to 
both trivalent and pentavalent arsenicals.5 Natural sourc-
es of arsenic include weathering, the activity of volcanoes 
and some biological processes. Anthropogenic sources 
are diverse from the burning of fossil fuels, smelting, and 
mining to different types of industrialization (pesticides, 
desiccants, pigments, and preservatives). However, these 
are all responsible for the presence of arsenic in water.6–8 
The World Health Organization (WHO, Geneva, Switzer-
land), Environmental Protection Agency (US-EPA, Unit-
ed States)9,10 and Central Pollution Control Board (CPCB, 

India)11,12 have established that arsenic in drinking water 
that is not to exceed a certain level of the range from 0.01 
to 0.05 mg L−1 due to its extreme toxicity.

Arsenic can be eliminated from aqueous solutions us-
ing many physical and chemical treatment methods. Over 
the past few decades, various techniques have been used, 
inclusive of sorption, ion exchange, chemical precipitation, 
and electrodialysis.13 Several variables, including the con-
centration of arsenic, pH, and the interference with compet-
ing ions, affect the effectiveness of each of these techniques. 
Sometimes, they are suitable for As(V), but not for As(III).14 
The efficiency, affordability, and ease of the technique, all 
play a role in selecting the best arsenic removal method.15,16 
Adsorption is one of the most promising techniques among 
all those that are currently in use.17 Moreover, current in-
frastructure and technologies for treating wastewater and 
water are at their capacity to provide water of sufficient 
quality to meet both environmental and human needs.18,19 
Nanoparticles are good options for water treatment appli-
cations due to their many diverse properties involving sur-
face area, specificity, and reactivity.20,21 In the past ten years, 
reports on the selective and effective adsorption of arsenic 
ions by silica that have been functionalized with amino 
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acids,22,23  surface ions-imprinted silica,24 or quaternary 
amines25 have all been made. The purpose of this research is 
to synthesize composite material using cysteine, where the 
thiol groups play a major role in the process of As(III) ad-
sorption, and to thoroughly investigate the effectiveness of 
As(III) removal from water and different media. The main 
goals are to (a) synthesize and characterize the composite 
nano-material, (b) to determine the kinetics of As(III) ad-
sorption, and (c) to study the impact of temperature, pH, 
time, and initial concentration on As(III) adsorption. This is 
the first novel work that deals with nanosilica-cysteine com-
posite (SiO2-Cys) and its application as a sorbent and carrier 
for arsenic(III) using different media.

2. Experimental
2. 1. Materials

Nano powder of SiO2 (99.5%), L-Cysteine (≥ 
98%) from a non-animal source and Luecocrystal violet 
(4,4ʹ,4ʹʹ-methylidynetris(N,N-dimethylaniline) from Sig-
ma Aldrich, Ninhydrin from Bio Basic Inc. Hydrochlo-
ric acid (37%) from VWR Chemicals, Arsenic trioxide 
(99.5%) from BDH Chemicals, England. NaOH pellets 
from Merck.

2. 2. Instruments
The RADWAG® AS 220.R2, Electronic Balance was 

used for the weighing. A BANTE pH-meter (PHS-25CW) 
was used to determine the pH of the solutions. The attenu-
ated total reflectance-Fourier transform infrared spectrum 
was recorded on a Bruker Vertex 70-FT-IR spectrometer 
at room temperature coupled with a vertex Pt-ATR-FTIR 
accessory. Centrifugation was done using (DJB Lab Care-
AIC PK 130) at 4000 RPM speed. DHP-9052 heating in-
cubator was used to heat the samples. Using a NETZCH 
STA 409 PG/PC thermal analyzer with a heating rate of 
20 °C/min from (0–1000 °C), thermal gravimetric analysis 
was performed. The Philips X-Pert PW 3060, running at 
45 kV and 40 mA, was used to measure X-Ray Diffraction. 
The 3D shape was examined using a scanning electron 
microscope NCFL’s FEI QUANTA 600 FEG. Shape and 
size distribution of the nanoparticles were obtained by a 
Formvar-coated copper grid (Electron Microscopy Scienc-
es, USA) using an FEI Morgagni 268 transmission elec-
tron microscopy (Eindhoven, The Netherlands) at a 60 kV 
accelerating voltage. GRIFFIN (1-150) vacuum oven was 
used to dry samples at 25 °C and 630 mm Hg. A 1.0 cm 
quartz cell and a METASH vis-spectrophotometer, model 
V-5100, were used to measure the As(III) concentration.

2. 3. Modification of Nanosilica with Cysteine
Dissolving 36 g ± 0.1 mg of the nanosilica powder in 

600.0 ± 0.1 mL of deionized water and adjusting the pH to 

5.60 ± 0.01. Add 36 g ± 0.1 mg of cysteine to the nanosili-
ca solution and shaking was done using a magnetic stirrer 
for 48 hrs. Then the mixture was filtered by centrifugation 
and dried in a vacuum oven at 25 ± 0.5 °C for 5 days (90% 
yield). The product is labeled as (SiO2-Cys).

2. 4. Characterization
Attenuated total reflectance-Fourier Transform 
Infrared (ATR-FTIR) Spectroscopy Analysis

SiO2-Cys and SiO2-Cys with As(III) (SiO2-Cys/
ATO) spectra of ATR-FTIR were recorded using a Vertex 
70-FT-IR spectrometer (Bruker, Germany) at room tem-
perature coupled with a vertex Pt-ATR-FTIR accessory.

Thermal Gravimetric Analysis (TGA)
The TGA of SiO2-Cys and SiO2-Cys/ATO was per-

formed using a Netzsch STA 409 PG/PC thermal analyzer 
(Selb Bavaria, Germany) in the temperature range (0–1000 
°C) at a 20 °C/min heating rate and 50 mL/min flow rate 
for nitrogen purging.

X-ray Diffraction (XRD) Analysis
Philips X pert PW 3060 diffractometer (PANalytical, 

United Kingdom) was used to investigate the crystalline 
phases of SiO2-Cys and SiO2-Cys/ATO. The XRD experi-
ments were operated with Cu Kα-radiation (λ = 1.5406 Å) 
in the 2θ range (6.0–60.0°) at 45 kV and 40 mA.

Scanning Electron Microscope (SEM)
Information about the surface topography and com-

position of the sample was examined for SiO2-Cys and 
SiO2-Cys/ATO using NCFL’s FEI QUANTA 600 FEG (FEI 
Ltd, Japan). Disperse 3 mg ± 0.1 mg of the sample on the 
carbon tape. Samples weren't further coated before being 
analyzed.

Transmission Electron Microscopy (TEM)
Shape and size distribution of SiO2-Cys and SiO2-

Cys/ATO were obtained by a Formvar-coated copper grid 
(Electron Microscopy Sciences, USA). The grid was left to 
dry overnight, and a FEI Morgagni 268 TEM (Eindhoven, 
The Netherlands) was used for imaging (60 kV accelerat-
ing voltage).

Point of zero charge (PZC) of SiO2-Cys
PZC was determined using two methods: Salt Addi-

tion and the pH drift method. PZC values by the salt ad-
dition method were determined in 0.1 M NaNO3 solution 
at 25 ± 0.5 ºC. In the Salt Addition method, SiO2-Cys (0.1 
g ± 0.1 mg) and 0.1 M NaNO3 (40 ± 0.1 mL) were mixed 
in different reaction flasks. The pH of the suspension was 
then adjusted to an initial pH value of 3, 4, 5, 6, 7, 8, 9, 
10, and 11 using either 0.1 M HCl or 0.1 M NaOH solu-
tions. Each flask was then  vigorously agitated in a shaker 
for 24 hr. After settling, the final pH of each suspension 
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was measured very carefully. In the drift method, 0.1 M 
HCl or 0.1 M NaOH, was used to change the pH of NaNO3 
solution to a range of 3 to 11. The pH was measured after 
SiO2-Cys (0.1 g ± 0.1 mg) was added to 20 ± 0.1 ml of the 
pH-adjusted solution and equilibrated for 24 hr then the 
final pH was measured.

2. 5. Removal of As(III) Ions from Water
Preparation of standard curve of As(III)

The stock solution of arsenic (1000 ppm) was pre-
pared by dissolving an appropriate quantity of arsenic tri-
oxide in 20 ± 0.1 mL of 2 ± 0.1 mg g NaOH, which was 
neutralized by adding dilute HCl to make acid. The solu-
tion was then made up to the mark in a 500 mL volumetric 
flask by adding deionized water. From the stock solution, 
a working solution of 100 ppm has been prepared. These 
two solutions were used to build up an analytical calibra-
tion curve with various concentrations (0.75, 1.25, 1.50, 
2.50, 3.00, 4.00 and 5.00 ppm).

Sorption experiments
Sorption experiments of As(III) implying kinetic 

studies were conducted in the following simple settings to 
establish the sorption equilibrium time by SiO2-Cys using 
batch technique; 0.05 g ± 0.1 mg of SiO2-Cys was shaken 
with 25.0 ± 0.1 mL of 50 ppm As(III) ion solution, pH 6 
is to be assured, the contact time was varied from 12 to 
108 hours at 25.0, 37.5 and 45.0 °C. A spectrophotometric 
method using Luecocrystal violet indicator to quantify the 
amount of As(III) ions that were still present in the filtrate 
was applied. The following equations have been used to 
calculate the sorption capacity (qe) and the percentage up-
take of As(III) ions:

� (1)

� (2)

where C0 is the initial As(III) ions concentration (ppm), 
Ce is the concentration of As(III) ions left in solution at 
equilibrium, V is the volume (L) of As(III) solution, and m 
is the mass (g) of SiO2-Cys.

Sorption isotherms and kinetics modelling
The following two models were used in kinetic eval-

uation to better understand how As(III) ions adsorb to 
SiO2-Cys:

Pseudo-first-order:

� (3)

and pseudo-second-order:

� (4)

where k1, k2 are the rate constants for pseudo-first-order 
and pseudo second-order adsorption process, respectively. 
qe and qt (mg/g) are the amounts of As(III) ions adsorbed 
onto SiO2-Cys at equilibrium and time t (min).26

The sorption of As(III) ions onto SiO2-Cys was in-
vestigated using three different isotherm models: Lang-
muir,27 Freundlich,28 and Dubinin–Radushkevich (D-
R).29 The sorption isotherms were carried out by shaking 
0.05 g ± 0.1 mg of SiO2-Cys with 25.0 ± 0.1 mL of solutions 
of variable concentrations (50, 100, 150, 200 and 250 ppm) 
for As(III) at pH 6.0 ± 0.01 and at 25.0, 37.5 and 45.0 °C. 
Samples were shaken for 96 hours, then centrifuged and 
the amount of As(III) ions left in solution was determined. 
The adsorption isotherms are studied using the following 
formulas:

• Langmuir equation (Form I):

� (5)

• Freundlich equation:

� (6)

• Dubinin–Radushkevich equations:

� (7)

where the Polanyi potential ε, can be calculated as:

� (8)

Desorption experiments
A 0.05 g ± 0.1 mg of SiO2-Cys was dissolved in 25.0 

± 0.1 mL of 50 ppm As(III) at pH 6.0 ± 0.01 and 25.0 ± 0.5 
°C, shaken for 96 hours, then centrifuged and dried in a 
vacuum oven. Adding to vessels containing 50.0 mL media 
solution (normal saline, dextrose, ringer lactate, water (all 
at pH = 7.4 ± 0.01), and 0.1 M HCl, then were shaken at 
250 rpm for 48 hr and 37.5 ± 0.5 °C. After that an aliquot 
was taken out for the determination of desorbed As(III) 
ions. The concentration of As(III) in each sample was de-
termined by comparison with a calibration curve based on 
the absorption maximum at 590 nm.

2. 6. Regeneration and Reusability of SiO2-Cys
The regeneration and reusability of SiO2-Cys after 

As(III) adsorption/desorption cycles were investigated. 
Four cycles were performed. 25 ± 0.1 mL of a 50 ppm 
As(III) solution at pH 7.4 was contacted with 0.5 g ± 0.1 
mg of SiO2-Cys with shaking at 37.5 ± 0.5 °C during 24 
hr. The suspension was centrifuged, the final solution was 
measured for As(III) content and the remaining solid was 
washed with 50 ± 0.1 mL of 0.1 M HCl followed by wash-
ing with deionized water. The washed adsorbent was then 
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dried at 25 ± 0.5 °C in a vacuum oven for 24 hr. The dried 
solid was weighted, and the process was repeated three 
more times. The amount of As(III) adsorbed was deter-
mined by Equation 2 and the removal % was calculated 
using Equation 1.

3. Results and Discussion
Nanosilica-cysteine composite (SiO2-Cys) was pre-

pared successfully. The yield percentage of the reaction 
was 90% and a well structural characterization of the syn-
thesized nanoparticles using ATR-FTIR, TGA, SEM, TEM 
and XRD was achieved.

3. 1. ATR-FTIR Analysis
The ATR-FTIR analysis was performed to establish 

the changes in the functional groups of SiO2-Cys to ensure 
the uptake of As(III). The spectrum of SiO2-Cys (Figure 
1b) shows distinctive peaks at three main wavenumbers: 
1077, 800, and 453 cm–1 which corresponds to the asym-
metric, symmetric modes of Si–O–Si, bending O-Si-O, 
respectively, and a characteristic peak at 962 cm–1 for the 
silanol group stretching vibration.30 The red shift in asym-
metric Si–O–Si band from original 1060 cm–1 on nanos-
ilica to 1077 cm–1 on SiO2-Cys indicated the interaction 
of amino acid with surface silanols of nanosilica.31 Other 
peaks: 1583 cm–1 (COO– asymmetric stretching), 1486 
cm–1 (N-H bending), and 1406 cm–1 (COO– symmetric 

Figure 1. ATR-FTIR spectra for a fine powder sample of a) SiO2-Cys/ATO, b) SiO2-Cys, and c) ATO. The spectra were recorded in the mid-infrared 
region (4000–400 cm–1) and show characteristic absorption bands corresponding to the sample's chemical composition and functional groups.
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stretching) were also observed. The existence of COO– and 
N-H peaks showed that cysteine is present as a zwitterion 
molecule.32

ATR-FTIR spectra of the bare As2O3 (Figure 1c) 
shows the prominent peak of As–O stretching vibration at 
802 cm−1 and another peak at 474 cm−1 which is related to 
As–O bending.33

3. 2. TGA Thermogram
The TGA thermogram of SiO2-Cys in Figure 2 (line 

2) consisted of a main gradual weight loss starting at about 
180 °C attributed to decomposition loss (about 21 wt %) of 
the organic component, which is in our case is cysteine.34 
The thermogram showed a prior decomposition occurred 
around 100 °C, which has to do with the elimination of 
water that has been adsorbed (physically).35 TGA ther-
mogram for SiO2-Cys/ATO which is shown in Figure 2 
(line 1) showed two decomposition behaviours; the first 

occurred around 100 °C, which is related to the elimina-
tion of water, whereas the second (about 14 wt %) about 
220 related to the loss of cysteine. It is obvious from the 
residual mass percent that SiO2-Cys/ATO (line 1) retains 
more mass than SiO2-Cys (line 2) which can be explained 
by the existence of the arsenic-oxide in addition to the 
nanosilica.

3. 3. XRD Pattern
XRD pattern of SiO2-Cys and SiO2-Cys/ATO 

(Figure 3) illustrates important solid-state structural 
data, represented by the degree of crystallinty. Instead 
of distinct peaks, a broad hump or diffuse scatter-

ing over a range of angles appeared at 2θ = 22.50° for 
SiO2-Cys. This indicates the lack of long-range order 
characteristic of crystalline materials, this has to be a 
characteristic peak related to the amorphous silica.36 
The presence of three sharp peaks at 2θ = 19.22°, 2θ = 
28.34° and 2θ = 33.46° associated with the monoclin-
ic crystalline cysteine.37 The XRD pattern of SiO2-Cys/
ATO possesses two sharp peaks at 2θ = 29.56° and 2θ 
= 34.78° corresponding to monoclinic crystal of arse-
nic trioxide in which the intensity of the peaks indi-
cates the abundance of arsenic trioxide in the sample. 
Higher peak intensity suggests a higher concentra-
tion of ATO.38 This finding confirms the formation of  
SiO2-Cys/ATO.

Figure 2. TGA thermogram of [1] SiO2-Cys/ATO and [2] SiO2-Cys under a nitrogen atmosphere in the temperature range (0–1000 °C). The ther-
mogram shows the weight loss as a function of temperature, revealing the thermal stability and decomposition behavior of the samples.

Figure 3. XRD pattern of a sample of SiO2-Cys and SiO2-Cys/ATO 
obtained using a Cu Kα radiation source (λ = 1.5406 Å) in the 2θ 
range (6.0° – 60.0°).
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images (Figure 4) showed that the ATO particles had 
spread out over the SiO2-Cys system and created a 
smooth surface.

3. 4. SEM Spectroscopy
Using FEI Quanta SEM, the morphology of SiO2-

Cys and SiO2-Cys/ATO was examined. All of the SEM 

Figure 4. SEM micrographs at different magnifications: (a,c) 2500x-magnification image revealing the surface details and microstructure for  
SiO2-Cys and SiO2-Cys/ATO, respectively. (b,d) 1000x-magnification image showing the overall morphology of SiO2-Cys and SiO2-Cys/ATO, re-
spectively.

Figure 5. TEM images for (a) SiO2-Cys, scale bar: 200 nm (b) SiO2-Cys, scale bar: 100 nm; (c,d) SiO2-Cys/ATO, scale bar: 200 nm. Images showing 
the morphology of the samples in the atomic-level.
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The adsorption of ATO on nanosilica can involve 
binding interactions between the ATO molecules and 
the surface atoms or functional groups of nanosilica (i.e. 
cysteine). These binding interactions can promote the 
formation of stable surface species or bridging structures, 
which can contribute to the smoothness of the surface by 
reducing surface roughness and promoting surface uni-
formity. Additionally, ATO adsorption can contribute to 
surface energy minimization. Adsorbed molecules tend to 
redistribute and orient themselves to achieve a lower en-
ergy state, which can lead to a smoother surface in which 
the interaction between ATO molecules and the nanosilica 
surface can facilitate the rearrangement of surface atoms 
or molecules, reducing height variations and resulting in a 
more uniform surface.

3. 5. TEM Spectroscopy
TEM analysis was carried out to achieve the shape 

and size distribution of SiO2-Cys and SiO2-Cys/ATO. Fig-
ure 5 shows that the composite was observed to have dense 
nano-aggregates possessing a (16–24 nm) particle size and 
a morphology shape that is roughly spherical in appear-
ance.

Nanosilica particles may have a high surface ener-
gy, which can drive them to aggregate and minimize their 
surface area. Additionally, the presence of ATO can also 
affect the surface properties of the nanosilica particles, 

promoting their aggregation. Surface interactions between 
the nanosilica and ATO, such as van der Waals forces or 
chemical bonding, can contribute to the formation of the 
observed dense nano-aggregates.

3. 6. PZC of SiO2-Cys
PZC is traditionally known as the pH where one or 

more components of the surface charge vanishes at a spec-
ified temperature, pressure, and aqueous solution compo-
sition. PZC was obtained using two methods: Salt Addi-
tion and the pH drift method.

PZC values using the salt addition method were de-
termined in 0.1 M NaNO3 solution at 298 K. The pH of the 
suspension was adjusted to an initial pH value in the range 
of 3 to 11. The addition of SiO2-Cys to the NaNO3 solution 
changes the pH. The final pH values were calculated, and 
the initial pH values were plotted against ΔpH as seen in 
Figure 6a. The PZC was chosen to represent the initial pH 
at which pH is zero.39 In the pH 5 to 11 range, the ΔpH 
values are positive with a maximum value at pH 10 and the 
PZC of SiO2-Cys is pH = 5.

In the drift method, the pH of the 0.01 M NaNO3 was 
adjusted to a value in the range of 3 to 11. The difference 
between the final and initial pH was measured and plotted. 
The PZC was determined to be the pH at which the curve 
crosses the pHinitial = pHfinal line.43 The PZC for SiO2-Cys 
using the drift method is given in Figure 6b. There are no 

Figure 6. PZC diagram for SiO2-Cys sample obtained through (a) salt addition method and (b) drift method using 0.1 M NaNO3 at 25 °C. The dia-
gram illustrates the variation in surface charge as a function of pH, indicating PZC.
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ions in the diffuse swarm to neutralize the surface charge 
at the PZC, so any ions that are adsorbed must be ad-
sorbed in surface complexes.40 The PZC achieved (pH = 
5), showed the existence of perfect charge balance in the 
acidic region in an aqueous solution.

3. 7. Effect of Adsorbent Dose
Adsorption capacity reaches a maximum as adsor-

bent (i.e. SiO2-Cys) dosage rises, while all other param-
eters remain constant. As(III) uptake decreases with in-
creasing adsorbent dosage, as shown in Figure 8. Since 
there are more active sites at lower adsorbent concentra-
tions, increasing the dosage of adsorbent causes particle 

aggregation, which lowers adsorption capacity and As(III) 
uptake. Figure 8 shows that 0.05 g of nanosilica has the 
highest adsorption capacity and achieves a 97% uptake.

3. 8. Effect of pH
Arsenic existing in different forms, alteration in the 

oxidation state, and solubility in aqueous solutions are 
all strongly influenced by pH.41 According to literature,42 
As(III) species are predominant in nature. Arsenite can be 
found in water as arsenous acid (H3AsO3) with pKa values 
as shown in Scheme 1.

H3AsO3 	     →	 H2AsO3
– + H+	 pKa1 = 9.22

H2AsO3
–     →	 HAsO3

2– + H+	 pKa1 = 12.13

HAsO3
2–	    →	 AsO3

3– + H+	 pKa1 = 13.40

Scheme 1: pKa values of arsenous acid

Arsenic can be soluble in water at pH levels between 
2 and 11 with the right chemical and physical conditions, 
but generally, it is soluble at low pH levels (less than 2).43 
Oxidation of the trivalent form of As to pentavalent hap-
pens rather slowly; days are needed. Oxidation occurs 
when air is present between 4 to 9 days. However, it takes 
2 to 5 days when pure oxygen is present.44

The impact of aqueous solution initial pH values, 
in the range of pH 3 to 8 on the adsorption behaviour of 

Figure 7. Adsorbent dosage effect on the adsorption of As(III) us-
ing SiO2-Cys at 25 °C. The graph shows the influence of varying 
SiO2-Cys dosage in the range of 0.05–0.25 g on the adsorption effi-
ciency of As(III).

Figure 8. % Uptake of As(III) by 0.05 g of SiO2-Cys at different (a) pH, (b) temperatures, (c) As(III) concentrations, and (d) contact times. % Uptake 
experiments were carried out in the range of 25, 37.5, and 45 °C
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SiO2-Cys for fixed As(III) concentration was investigated 
at different temperatures. It can be clearly observed from 
Figure 8a that the % uptake of As(III) was low at pH 3 to 
5, indicating the existence of competitive adsorption on 
SiO2-Cys surface between H3O+ and H4AsO3

+ at low pH, 
and its approach was constrained by the repulsive force 
that existed between the protonated surface and H4A-
sO3

+. After that, the % uptake of As(III) increased from 
pH 6 to pH 8, where pH 6 produced the highest level of 
uptake. The positive charges or the negative charges on 
SiO2-Cys may change depending on the H+ concentra-
tion so that H4AsO3

+ ions were more readily absorbed 
when placed on the silica surface. The percentage of As(I-
II) ions that are absorbed increases with increasing solu-
tion pH for this reason.45 The relation between PZC and 
the pH of high uptake comes into play when examining 
the uptake of ions onto a surface. The PZC of a particular 
surface can be used in the adsorption prediction of an ion 
onto that surface, with a higher PZC increasing the like-
lihood of adsorption. To complicate the matter further, 
the pH of a given solution also impacts ion adsorption. 
In a basic solution (higher pH) or acidic solution (lower 
pH), the adsorption of a given ion can be significantly 
altered or even reduced altogether. So in our case, pH = 
5 is the point at which a molecule or surface has neither 
a net positive nor negative charge, making it a neutral 
surface, with higher numbers indicating a more basic/
alkaline surface and lower numbers indicating a more 
acidic surface.

3. 9. Effect of Temperature
For the purpose of determining how temperature af-

fects the adsorption of As(III) by SiO2-Cys, experiments 
were performed at 25, 37.5, and 45 °C. Figure 8b shows a 
slightly increasing % uptake of As(III) ions as increasing 
the temperature from 25 to 45 °C, which demonstrated the 
energy-dependent and endothermic nature of the As(III) 
ion adsorption mechanism.46

3. 10. Effect of Initial Concentration
The initial As(III) concentration was varied from 

50 to 250 ppm in order to study the sorption of As(III) 
ions onto SiO2-Cys composite. As(III) ions were readily 
adsorbed at low initial concentrations of As(III) because 
there are a lot of adsorption sites available and the surface 
area is relatively large. As(III) ion removal percentages de-
cline at higher initial concentrations due to a limited num-
ber of total adsorption sites (Figure 8c).

3. 11. �Contact Time Effect and Models of 
Sorption Kinetic

It is evident from the findings in Figure 8d that the 
As(III) ions adsorption efficiency increases rapidly during 
the first 84 hours before gradually reaching equilibrium. This 
phenomenon indicates that, with increasing contact time, 
these binding sites gradually become fewer until reaching 
saturation, which resulted in decreased uptake and the ad-

Figure 9. (a) Pseudo-first order and (b) Pseudo-second order adsorption kinetics of 50 ppm As(III) on 0.05 g SiO2-Cys at pH 6 and different tem-
peratures (25.0, 37.5 and 45.0 °C).
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sorption reaction reaching equilibrium. The equilibrium time 
has been taken as 96 hours. The linear plots of [ln(qe–qt) vs. 
time] and [t/qt vs. time] were displayed in Figure 9a and Fig-
ure 9b for As(III), and the values of qe, k1, k2, and correlation 
coefficient (R2) are given in Table 1. The pseudo-second-or-
der kinetic model was better suited to explain the adsorption 
process of As(III) by SiO2-Cys due to its R2 values (R2 = 1.00) 
and its calculated adsorption capacity (qe) was close to the ex-
perimental equilibrium adsorption capacity. One could argue 
that the rate-controlling step is chemisorption.47

3. 12. �Initial Concentrations Effect and 
Models of Sorption Isotherm

To understand what is occurring in the adsorption 
process (i.e. the mechanism of interaction) we must deal 

with adsorption isotherms. Three distinct isotherm mod-
els were employed for the adsorption of As(III) onto SiO2-
Cys: Langmuir, Freundlich, and D-R.48 Isotherm models 
as shown in Figures: 10b, 10c and 10d for As(III). Table 
2 displays the isotherm parameter values that were deter-
mined. The adsorption of As(III) on SiO2-Cys show high 
correlation coefficients (R2 > 0.97) for both the Langmuir 
and Freundlich isotherm models. The fact that the adsorp-
tion process included both monolayer and multilayer ad-
sorption possibly contributed to that.

Figure 10a shows the effect of adsorption of the ini-
tial concentration of As(III) by SiO2-Cys. The adsorption 
capacities (qe) of As(III) were obviously increased as the 
initial concentration of As(III) increased at pH 6. The pro-
cess of adsorption may have been enhanced because an 
increase in the initial concentration of As(III) provided a 

Figure 10. Plots of (a) adsorption isotherm of As(III) on SiO2-Cys, (b) linearized Langmuir(I), (c) linearized Freundlich, (d) D-R isotherm. The 
sorption onto 0.05 g SiO2-Cys using the three isotherm models was investigated with solutions of variable concentrations (50, 100, 150, 200 and 250 
ppm) for As(III) at pH 6.0 and at 25.0, 37.5 and 45.0 °C.

Table 1. Kinetic parameters for adsorption of 50 ppm As(III) on 0.05 g SiO2-Cys at pH 6 and dif-
ferent temperatures (25.0, 37.5 and 45.0°C).

Kinetic models	 Parameters		  T (K)
		  298	 310.5	 318

Pseudo-first-order model	 k1 (L/min)	 0.0395	 0.0404	 0.0429
	 qe (mg/g)	 2.298	 2.341	 2.506
	 R2	 0.746	 0.741	 0.719
Pseudo-second-order model	 k2 (g/mg.min)	 0.748	 0.742	 0.735
	 qe (mg/g) calculated	 1.156	 1.161	 1.167
	 qe (mg/g) experimental	 1.157	 1.163	 1.168
	 R2	 1.000	 1.000	 1.000
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potent impact to overcome the mass transfer resistance be-
tween the solid phase and aqueous phase.49

With a finite number of identical centers evenly dis-
tributed across the surface of the sorbent, Langmuir ad-
sorption distinguishes monolayer adsorption from other 
types of adsorption. A high level of adsorption capacity 
(66.67 mg/g) was attained compared with other sorbents 
used with As(III) (Table 3). The separation factor (RL) and 
also known as the equilibrium parameter can be calculated 
using the Langmuir isotherm. As shown in Table 2, it was 
found that (0 < RL < 1), which can be explained that the 
adsorption of As(III) on SiO2-Cys was favourable.50 Addi-
tionally, despite the unity, which is considered a complete-
ly reversible case, the value of RL tended toward zero (the 
completely ideal irreversible case).51

Another model, Freundlich isotherm, is used to 
describe the adsorption on a solid surface. This model 
describes heterogeneous surface adsorption. Freundlich 
constant KF and n are distinctive features related to the 
relative sorption capacity of the sorbent and the intensity 
of sorption, respectively. The values of n, represent the de-
gree of favorability of adsorption. As illustrated in Table 2, 
the values of n are greater than 1.0, which shows that the 
adsorption of As(III) on SiO2-Cys is a successful process 
across the entire temperature and concentration range.52 
KF (mg/g) for the adsorption of As(III) increased with 
temperature, demonstrating the endothermic nature of the 
adsorption process.53

To calculate the apparent free energy of adsorption, 
the D-R isotherm was used.50 This isotherm model is more 
general than Langmuir isotherm as it rejects the homoge-
nous surface or constant adsorption potential. It is possible 
to get a good idea of the general mechanism of the sorp-

Table 2. Langmuir, Freundlich and D-R isotherm parameters for SiO2-Cys towards As(III) at different temperatures (25.0, 37.5 and 45.0 °C).

T(oC)	 Langmuir Isotherm	 Freundlich Isotherm	 D-R Isotherm
	 R2	 qm	 KL	 RL	 R2	 n	 KF	 R2	 Β	 qm	 E
		  (mg/g)	 (L/mg)	 		  (L/mg)	 (mg/g)		  (mol2/kJ2)	 (mg/g)	 (kJ/mol)

25.0	 0.997	 66.667	 0.060	 0.250	 0.986	 1.776	 6.026	 0.853	 3 × 10–6	 38.939	 0.408
37.5	 0.995	 62.500	 0.080	 0.199	 0.976	 1.908	 7.379	 0.868	 2 × 10–6	 39.805	 0.500
45.0	 0.994	 58.824	 0.105	 0.160	 0.989	 1.976	 8.035	 0.839	 1 ×10–6	 39.173	 0.707

Table 3: Comparison of adsorption capacities of different adsorbents for the removal of As(III)

	 Adsorbent	 qm (mg/g)	 Year of publication	 Reference

1	 Waste rice husk	 0.02	 2006	 55
2	 Non-immobilized sorghum biomass	 2.765	 2007	 56
3	 Immobilized sorghum biomass	 2.437		
4	 Calix arene-appended functional material	 0.412	 2012	 57
5	 Thioglycolated sugarcane carbon	 0.085	 2013	 58
6	 Fe-Mn binary oxide impregnated chitosan beads	 54.2	 2015	 59
7	 Recombinant E. coli expressing arsR 	 2.32	 2018	 60
8	 Iron-olivine composite	 2.831	 2018	 61
9	 Graphene Oxide and Granular Ferric Hydroxide	 0.023	 2023	 62

tion process from the amount of free energy of adsorp-
tion (E). Typical values for E range from 8 to 16 kJ/mol, 
if the adsorption follows ion exchange, and < 8 kJ/mol, if 
physical adsorption dominates. The calculated E values are 
reported in Table 2 and indicate that As(III) ion uptake by 
SiO2-Cys follows physical adsorption rather than chemical 
ion exchange.54 The same outcomes were observed when 
examining the values of RL, KF, and n.

3. 13. Thermodynamic Studies
The following equations were applied to determine 

the system's thermodynamic functions, such as changes 
in Gibbs free energy (ΔG°), enthalpy of adsorption (ΔH°), 
and entropy of adsorption (ΔS°):

� (9)

� (10)

The values of Kd (distribution coefficient) are shown 
in Table 4, which were calculated from the intercept of 
ln(qe/Ce) vs. qe. Results revealed that Kd rises with T, indi-
cating the endothermic nature63 of As(III) adsorption on 
SiO2-Cys.

Table 4. Distribution coefficient for As(III) SiO2-Cys at pH 6.0 at 
different temperatures.

T (°C)	 Kd	 lnKd

25.0	 3.262	 1.182
37.5	 4.088	 1.408
45.0	 4.895	 1.588
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Figure 11 illustrates how ΔH° and ΔS° were deter-
mined from the slope and intercept of the plot of ln Kd vs 
1/T for As(III) ion, while ΔG° values were calculated using 
equation 9.

ΔG° measures the degree of the spontaneity of the 
adsorption process. More negative values of the Gibbs free 
energy represent adsorption processes that are more en-
ergetically advantageous.64 Results in Table 5 show a neg-
ative value of ΔG°, which indicated that the adsorption of 
As(III) onto SiO2-Cys is energetically and agreed with Kd 
values.

Table 5. Thermodynamic parameters for adsorption of As(III) by 
SiO2-Cys.

ΔG° (kJ/mol)	 ΔH° (kJ/mol)	 ΔS° (J/mol K)

–2.931	 15.763	 62.629

The positive values of ∆H° (Table 5) demonstrated 
that As(III) on SiO2-Cys is adsorbed through an endother-
mic process. In addition, the type of adsorption can be ac-
cepted as a physical process when the value of ∆H° is less 
than 40 kJ/mol.65

Van der Waals force and electrostatic force between 
adsorbate molecules and atoms that make up the adsor-
bent surface are the main causes of physical adsorption. 
The As(III) ions are well solvated, so they must lose some 
of their hydration to be adsorbed, which is one explana-
tion for ∆H° being positive. The energy needed to carry 
out the ions process of dehydration outweighs the exother-
micity of the ions attachment to the surface.54,66

The increased randomness at the solid/solution in-
terface during the adsorption process is indicated by the 
positive value of ∆S° for SiO2-Cys. Adsorbent affinity for 
the As(III) ions used is also reflected. The presence of ran-
domness in the system is made possible by the fact that 

the adsorbed water molecules, which the adsorbate species 
displace, gain more translational energy than is lost by the 
adsorbate ions. Dehydration of As(III) ions also makes the 
system more random.66,67

3. 14. Desorption and Stability Experiments
When dealing with aqueous media solutions, vari-

ous biological media are options that could be used. The 
most popular ones were chosen as shown in Table 6. The 
stability of the sorbent is being compared in these different 
solutions. Based on the % removal of As(III) by SiO2-Cys 
in these solutions, the stability is evaluated. SiO2-Cys ex-
hibits the highest stability in Ringer lactate, as indicated 
by the % removal value of 6.22. This suggests that Ringer 
lactate is effective as a media when delivering As(III) using 
SiO2-Cys with a relatively low percentage of the substance 
released. On the other hand, the sorbent shows the low-
est stability in 0.1 M HCl (stomach acidic environment), 
as indicated by the % removal value of 21.70. This implies 
that the sorbent is less effective at removing As(III) in 0.1 
M HCl compared to other media. A higher percentage of 
As(III) is released after the sorption process in this solu-
tion. Based on these findings, it is concluded that SiO2-Cys 
exhibits superior stability and performance in physiolog-
ical conditions (represented by Ringer lactate), making it 
more suitable for the desired drug delivery application. 
It could be further optimized SiO2-Cys formulation and 
drug loading process to enhance its stability in physiolog-
ical environments, ensuring effective drug release and tar-
geted delivery to cancer cells.

3. 15. �Regenerability of SiO2-Cys in Multiple 
As(III) Adsorption/ Desorption Cycles

The reuse of a functionalized adsorbent is of para-
mount importance from economic and synthetic points of 
view. Because of this, the feasibility of reusing SiO2-Cys 

Figure 11. Plot of ln Kd vs 1/T for 50 ppm As(III) on 0.05 g SiO2-Cys at pH 6.0 and different temperatures (25.0, 37.5 and 45.0°C).
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after four reuse cycles was assessed in this work. Results 
(Figure 12) showed that SiO2-Cys loses about 35% of the 
As(III) removal efficiency in the Ringer lactate media 
(from ~94% to 58%), about 45% in both the Dextrose and 
water media, and about 50% in the Normal saline media. 
These results are encouraging in applying this adsorbent 
for As(III) in drug delivery and biological systems.

4. Conclusions
The modification of silica nanoparticles with 

cysteine (SiO2-Cys) has been carried out and further char-
acterized by ATR-FTIR, TGA, XRD, SEM, and TEM tech-
niques. Using batch sorption experiments under different 
experimental conditions, the removal of As(III) ions by 
SiO2-Cys from aqueous solutions was studied. Was found 
that the As(III) sorption onto SiO2-Cys is highly depend-
ent on pH. Kinetic studies indicate that sorption needs 96 
hours to reach equilibrium, and its data complied with the 
pseudo-second-order model well. High correlation coeffi-
cients (R2 > 0.97) of the two isotherm models, Langmuir 
and Freundlich, for the adsorption of As(III) on SiO2-

Cys are achieved, which can be explained by the fact that 
both monolayer and multilayer adsorption is included in 
the process. Thermodynamic parameters demonstrated 
the endothermic and spontaneous nature of the sorption 
process.SiO2-Cys represents a featured sorbent in which 
it works in harmony with the biological environment; this 
could have a practical application in drug delivery and bio-
logical systems (promising candidates for ATO delivery in 
medical therapy applications). In addition, this sorbent has 
a high adsorption capacity (66.67 mg/g) and can be reused 
without significant loss of performance. This characteristic 
reduces the overall cost and environmental impact asso-
ciated with using this sorbent. The prepared composite is 
thus an effective, efficient, and biologically compatible for 
As(III) adsorption and could be used for ATO delivery in 
cancer therapy applications.
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Povzetek
Ta članek opisuje sintezo nanosilicijevega dioksida in cisteinskega kompozita (SiO2-Cys) ter njegovo uporabo kot sorben-
ta in nosilca za arzen(III) z uporabo različnih medijev. Za karakterizacijo SiO2-Cys so uporabili infrardečo spektroskopi-
jo oslabljene popolne odbojnosti s Fourierovo transformacijo, vrstično in transmisijsko elektronsko mikroskopijo, rent-
gensko difrakcijo in termogravimetrično analizo. S šaržno tehniko smo proučevali sorpcijo As(III) iona s SiO2-Cys, pri 
čemer smo upoštevali vplive pH, odmerka sorbenta, temperature, začetne koncentracije in kontaktnega časa. Glede 
na kinetične študije je enačba psevdodrugega reda ustrezno opisala sorpcijo iona As(III). Na spontanost sorpcijskega 
procesa na SiO2-Cys nakazujejo negativne vrednosti Gibbsove proste energije (ΔG°). Pozitivne vrednosti entalpije (ΔH°) 
kažejo na endotermni proces adsorpcije, pozitivne vrednosti entropije (ΔS°) za adsorpcijo ionov As(III) pa pomenijo, da 
je adsorpcija povezana z naraščajočo naključnostjo. Langmuirjev model, ki ima največjo sorpcijsko kapaciteto za SiO2-
Cys (66,67 mg/g) pri 25 °C, je zagotovil boljše prileganje sorpcijski izotermi.
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