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Abstract

Heavy metal contamination in aqueous media poses significant risks to environmental
and human health. Effective removal of these contaminants from water sources is crucial
to safeguard ecosystems, ensure safe drinking water, and prevent bioaccumulation in
food chains. This study focused on the synthesis of a hybrid pigment by combining an
organic and an inorganic component. The resulting pigments exhibited the capacity to
absorb metal ions. Notably, for the first time, a Silica-Alizarin Red S hybrid pigment
(SC-ARS) was developed using porous silica powder. This hybrid pigment was evaluated
for its effectiveness in removing heavy metals, including lead (Pb(ll)), copper (Cu(ll)),
and cadmium (Cd(Il)), from aqueous media. The synthesis process comprised three key
steps: The initial step involved synthesizing the mineral component using the Stober

method and characterizing its surface properties and morphology. The second step
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focused on functionalizing the material to develop the SC-ARS hybrid pigment and on
optimizing the binding of Alizarin Red S to the silica substrate. Finally, a thorough
investigation was conducted to identify the optimal conditions for Alizarin Red S
adsorption. The results indicated that the maximum adsorption capacity was achieved at
298 K, pH 5, an initial dye concentration of 5 g/L, 0.04 g of adsorbent, and a contact time
of 10 minutes. The SC-ARS pigment exhibited notable removal efficiencies for heavy
metal ions, achieving 96% removal for Cu(ll), 84% for Cd(ll), and 99% for Pb(I1) from
aqueous solutions, as confirmed by ICP analysis. This outcome emphasizes its potential
as an effective adsorbent for environmental applications. The potential industrial
applications of these hybrid materials include wastewater treatment, environmental
remediation, water filtration systems, chemical manufacturing, coatings and paints,

agricultural applications, and electronics and battery production.

Keywords: Hybrid Pigment, mesoporous Silica, Alizarin Red S, Heavy metal ions,

Langmuir , pseudo-second-order.

1. Introduction

Heavy metal ions, including copper, cadmium, and lead, are harmful to the environment
and human health even at relatively low concentrations because they can be persistent in
vital human organs and transferred into an organism's chain as well as accumulating in
living organisms [1, 2]. Therefore, by advancing the technology, scientists have worked
on new types of material such as organic or inorganic compounds to produce hybrid

materialsdue toestablishing chemical and physical connection between organic and
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inorganic components[3-5]. There is a variety of approaches to reduce the concentration
of these contaminants in aqueous systems, such as precipitation [6], filtration [7], ion
exchange [8], reverse osmosis [9], and adsorption [10]. Among all existing methods,
adsorption has substantial advantages, including the efficient removal of metal ions with
low energy expense and appropriate selectivity [11, 12]. The adsorption can be improved
by surface functionalization of adsorbent with a particular surfactant [13, 14]. Alizarin
Red S (ARS) is an anionic anthraquinone dye known for its electrochemical and
spectrophotometric properties, making it useful as a surface-functionalizing agent. This
synthetic colorant is commonly employed in the textile industry; however, it also poses a
significant environmental concern as a persistent pollutant in aquatic ecosystems [15]. It
can enhances the bonding between heavy metal ions including Cu (1), Cd (1I) and Pb (1)
and negatively charged material.

Mesoporous silica materials are characterized by their ordered porous structures,
extensive surface areas, and tunable pore sizes, which render them exceptionally effective
for a range of applications, including adsorption. The functionalization of ordered
mesoporous silica with organic or hybrid functional groups opens up new avenues for
optimizing their chemical, physical, and mechanical properties [16]. Hybrid materials,
which integrate both organic and inorganic components, exhibit synergistic properties
that significantly enhance the adsorption of heavy metal ions. These materials can be
specifically designed with functional groups that effectively chelate heavy metal ions
[17]. Furthermore, Cetyltrimethylammonium bromide (CTAB) is a cationic surfactant
widely used for modifying materials [18]. The incorporation of CTAB during the

synthesis process enhances the interaction between the anionic dye Alizarin Red S and
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the porous silica. As a result, the material can be regarded as hybrid in two respects: 1)
the bonding of CTAB to the O-Si-O framework, and 2) the chemical bond formation
between Alizarin Red S and CTAB.

In recent decades, the adsorption Kinetics of organic material has been considered on
porous silica [19]. Zaggout et al. investigated the adsorption kinetics of ARS on silica
surface  [20]. Also, modification  of silica  surface  with  gamma
aminopropyltrioethoxysilane was carried out by Li et al. as well as investigation the
adsorption of ARS on modified silica [21]. Li et al. have prepared the hybrid material
from the silica gel and ARS to adsorb various ions, including Cu (Il) and Cd (II)
extracted from rice and water [22].

Due to wide application of porous silica powder in the adsorption, the aim of this study
was first to synthesis porous silica followed by surface functionalization by cationic
surfactant. As a result, porous silica with a high surface area was synthesized by the
modified Stober method. Afterwards, the synthesized silica was bonded toARS dye to
make a hybrid pigment. The optimization factors including time, pH, concentration,
adsorbent dosage and temperature was investigated for adsorbing the dye. At last, this

hybrid materials were used for the adsorption of metal ions.

2. Experimental

2.1. Materials

This study aimed to investigate the effect of surface area and surface treatment of silica
on its removal capability. The Stober and modified sol-gel processes were utilized to

synthesize silica material to examine the effect of surface area. Additionally, the effect of
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Alizarin Red S (ARS) on silica's surface was studied. In this regard,
Cetyltrimethylammonium bromide (CTAB) >98%, Alizarin Red S> 95%, and
NaOH>%98 was provided from Merck and Tetraethyl orthosilicate (TEOS) >98% was
purchased from Daejung Chemicals. All of the materials were used without any further
purification. The pH adjustment was carried out with HCI and NaOH purchased from
Merck. The salts of Pb(NOz3)., Cu(NOz3)2, and CdCl, were used to study the adsorption of

heavy metal ions on the adsorbent and purchased from Merck.

2.2. Synthesis of the silica particles by stober (S) method

To prepare silica powder using the Stober method, 4 mL of ammonia was added to one
container, while another containing 20 mL of ethanol was added with 4 mL of distilled
water. Next, 1.6 mL of silica precursor (TEOS) was mixed with 14 mL of ethanol in the
second container. Then, the contents of the second container were slowly added to the
first container while stirring at 500 rpm for one hour at room temperature. After one hour,
the white silica powder was separated from the mixture and washed with water and

ethanol [23].

2.3. Synthesis of the silica particles by modified stober method (SCT & SC)

To synthesize porous silica using the modified Stober method, 0.5 g of CTAB cationic
surfactant was dissolved in 150 mL of distilled water at 353K. The Critical Micelle
Concentration (CMC) of CTAB is approximately 0.32 gL%, but 1.93 gL of CTAB was
used in this study to form more micelles and create more pores. After the formation of

CTAB micelles in the aqueous medium, 0.29 g of pentanol and 1 mL of NaOH (2 M)
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were added to the solution to bring the pH to 12. Then, 0.8 mL of TEOS was added as a
source of silica. The silica particles formed and grew gradually after 2 hours at 80°C.
After synthesis, the particles were filtered and washed seven times with distilled water to
remove extra CTAB. Ultimately, CTAB functionalized porous silica (SC) was prepared
using the cationic surfactant [1].

The presence of surfactant within the porous silica pores makes the exact volume and
diameter values of the pores and the wall between them unclear. In order to address this,
the functionalized silica particles (SC) were heat treated at 500°C for 5 hours to eliminate
the surfactant. The thermal treatment sample (SCT) was conducted to clarify the size and
volume of the pores and the wall separating them.

Based on the results obtained from the adsorption of ARS dye by the synthesized
adsorbents (S, SC, and SCT), the SC adsorbent showed the highest adsorption process,
while the S adsorbent had the lowest. As a result, further adsorption experiments were

conducted using the SC adsorbent.

2.4. Preparation the hybrid of SC silica and ARS dye (SC-ARS)

A simple mixing procedure was applied to synthesize the desired hybrid material and
create physical and chemical bonds between dye and silica. For this purpose, 0.3 g L™ of
the dye solution was prepared by dissolving ARS dye in distilled water. Then 0.25 g of
adsorbent was separately dispersed by sonicating in 87 mL of distilled water, followed by
adding 13 mL of Alizarin solution to the adsorbent dispersion. Finally, the hybrid

powders are separated, filtered, and washed three times with distilled water.
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2.5. Removing Heavy Metal by SC-ARS Hybrid Sorbent

The removal capability of synthesized hybrid material (SC-ARS) was investigated for the
removal of Pb?*, Cu?*, and Cd?*. For this purpose, 0.3 g of the SC-ARS hybrid material
was dispersed into 150 mL of water for the adsorption of metal ions (5 mL) with a
concentration of 15 ppm. After agitation for 35 min, the SC-ARS particles were separated
by centrifugation, and ICP analyzed the residual solution to investigate the removal of

metal ions by SC-ARS.

3. Results and Discussion

3.1. Characterization

The porosity and the surface area of adsorbent materials are essential to estimate their
removal capability. In this regard, the BET analysis (or adsorption-desorption of
nitrogen) was used to determine the porosity of synthesized particles. The adsorption-
desorption of nitrogen gas is examined at the temperature of 77 K for three samples,
namely, S, SC, and SCT. According to the patterns provided by IUPAC, the isotherm of
gas adsorption on S, SC, and SCT silica samples belongs to types Ill, V, and 1Va,
respectively. A high degree of porosity with high hysteresis and a low degree of porosity
with low hysteresis are attributed to the IVVa and V categories, respectively [24, 25]. The
results showed that S and SCT samples represent the lowest and the highest porosity,
respectively. The presence of CTAB in the SC sample is probably responsible for loading
the silica pores. Therefore, the porosity could be reduced compared to the SCT sample.
Meanwhile, after heat treatment of the SC sample at 773K for an hour (SCT sample), the

CTAB on the pores is degraded, and the actual porosity is achieved.
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Figure 1. Diagram of adsorption-desorption of nitrogen on samplesa :S, b: SCT ,C: SC.

Also, specific surface area (ABET), total pore volume (V%), primary pore volume (Vp),
pore diameter (calculated by the mathematical method) (W4), wall thicknesses between
cavities(calculated by mathematical method) (bg), pore diameter (calculated by BJH
method)(WKJS), the maximum of Bragg angle and crystallography of synthesized silica
samples were identified by BET and XRD experiments.

Equations 1 and 2 were used to calculate Wd and bd; as dioo is the distance between the
two layers and the density of the porous wall, nr is the initial porosity volume, and C is

the equation's constant.

Wd = ed100 (H";—”p]_ 1)
bd=a—wd 3 a=(§)§*dlﬂﬂ )

However, to simplify the equation, the shape of the particles was considered spherical.
Consequently, r and C for the spherical pores attained 2.2 and 1.213 g cm’, respectively.
The shape of the synthesized pores is another result of the diagrams of adsorption-
desorption of nitrogen gas. According to the IUPAC classification, SCT silica has

approximate cylindrical pores.
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Table 1. The BET constants for three samples of SC, SCT, S.

AseT Vm Wkus Vp W bd d100
Sample
(m?/g) (cm3/g) (nm) (cm3/g) (nm) (nm) (nm)
S 13.308 3.057 0.14
sC 12558 28.85 0.98
SCT 1174.2 269.78 4.28 1.32 4.09 0.36 3.85

According to these values, the high specific surface area and specific volume of SCT
silica compared to S silica is attributed to the presence of CTAB surfactant and pentanol
as a co-surfactant for synthesizing silica porous materials. Figure 2 displays the X-ray
diffraction patterns of the SCT silica powder, measured at 0-10° and 10-40° degrees.
These results confirm the proper synthesis of silica using the modified Stober method and
reveal the hexagonal structure of the silica powder (Figure 2). The small-angle diffraction
pattern (0-10°) provides evidence of the porosity of the synthesized silica and helps
determine the diameter and wall of the pores (Figure 2a). The figure also confirms that

the SCT sample pattern resembles mesoporous silica with a pore structure [24].

10
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Figure 2. X-ray diffraction pattern of SCT silica powder in a) 0°-10° and b)10°-40°

Furthermore, the high-angle pattern (Figure 2b) confirms that the synthesized silica is
amorphous [26]. As shown in Figure 2a, three XRD peaks are observed at a small angle
of 3.06, 4.14, and 5.12, which can be indexed as (100), (110), and (200), representing the
highly ordered hexagonal mesostructure. The results indicated that the micelle diameter
and volume were increased due to the presence of pentanol as the co-surfactant in the
synthesis procedure. The same results were reported by numerous researchers as
dissolving the moderate-chain alcohol (C4-Cs) in the palisade layer of the micelle (very
close place in the interface of water and micelle) causing a reduction in electrostatic
repulsion of CTA'[27]. Also, because of the presence of some residual CTAB, silica
powder (SC) is more suitable for the adsorption of external ions with pure silica than
SCT silica and S silica. Figure 3 illustrates pictures and a schematic for the synthesis of

silica particles by the modified Stober method.

11
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Fig. 3. a:Pictures , b: Schematic for the synthesis of silica particles by modified Stober method

Figure 4 shows the SEM and FESEM images of the S and SCT samples. Accordingly, the
presence of CTAB and alcohol not only influences the surface area and the porosity but
also affects the morphology of the synthesized particles. CTAB, as a template, leads to
the forming of oval-shaped micelles with two cores. By introducing alcohol into the
micellar system, it penetrates the palisade layer, and the electrostatic repulsion reduces,

consequently reducing micellar aggregation. Hence, the micelles become spherical with

12
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larger dimensions, increasing the pore diameter. Based on the inflation-reduction model,
TEQOS penetrates the micelles, and then the hydrolyzed Si(OH)x molecules transfer out of
the micelles. According to the SC morphology, it seems that the main reasons for the
formation of silica chiral structure by the surfactant are the factors including co-surfactant
with suitable chain length (Cs-Csg), reduction of Gibbs free energy for thermodynamic

stability (Gs) and flow intensity [28-31].

Figure 4. Morphology of S and SCT silica particles, imaged by SEM and FESEM

Figure 5 illustrates the FTIR diagram of the S, SC, and SCT samples. In Figure 5a, which
is related to the synthesized silica by the Stober method, the peaks located at 808, 1105,
472, and 1659 cm™ correspond to the symmetric Si-O-Si vibration, asymmetric Si-O-Si

vibration, Si-O group vibrations, and the O-H group vibrations, respectively.

13
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Figure 5. FTIR spectrum for the three silicas S, SC and SCT, at intervals of a) 1600-100 cm* and b) 3500-2000 cm,

The SC sample has two distinct peaks at 2854 cm™* and 2926 cm™, which correspond to
the vibrations of the R=CH>-CHz and -CH. alkane groups in the surfactant, respectively.
As shown in the figure, the intensity of these peaks is significantly reduced at these
points, confirming the removal of large values of surfactant from inside the pores. This
reduction in intensity is mainly due to heat treatment, which confirms the successful
removal of surfactant from the cavities. In the S sample, the Vibration of the -C=C- group
at 1594, 1549, and 968 cm™, and -CH group at 1494 cm™ and 1219 cm™ are related to the
presence of surfactant in synthesized silica that these groups are removed from silica after
heat treatment (SCT sample). The characteristic peak of silica, which is related to Si-O-
Si, appeared at 1100 cm?, but the presence of CTAB caused the shift in the peak to 1052
cm™ (SC sample). After heat treatment, this peak again moved to 1100 cm™ (1082 cm™)
and confirmed the removal of a significant value of CTAB.

In the SCT sample, the absence of the 636, 592, and 718 cm™* peaks occurred due to the

14
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removal of the C-Br and C=C groups in the surfactant, respectively. Accordingly, the
existing bonds in the cationic surfactant (CTAB) are disappeared after heat treatment and
are excreted as carbon dioxide and carbon monoxide. Ultimately, the 3442 cm™ peak is

also related to the O-H group in the three samples [32, 33].

3.2. Adsorption of ARS dye by adsorbent
The adsorption operation was performed using three adsorbents (S, SC, and SCT). The S
adsorbent has low adsorption due to repulsion between the dye and the adsorbent surface
groups and the absence of suitable pores on the surface (<0.01 mg g*?). Also, the
adsorption on SCT occurred due to electrostatic attraction and the presence of suitable
pores (< 0.1 mg g?), while a large amount of dye was excreted by washing. For this
reason, all adsorption experiments were carried out for Alizarin Res S dye by SC
adsorbent due to the appropriate adsorption of anionic dye on the positively charged

surface by the CTA* functional group and pore structure of the adsorbent surface.

3.3. Effect of contact time on the adsorption of ARS dye on SC
adsorbent

In order to study the adsorption of ARS on SC, 0.1 g of SC was utilized for the

adsorption of ARS (390mg L) at a solution pH of 5.5 and agitation speed of 500 rpm at

different time intervals (10, 20, 30, ..., 90 min) to attain the equilibrium condition. The

amount of ARS adsorbed on the SC was obtained by the below equation:

q= [Co—CelV (3)

w

Herein, ge is the value of dye adsorption by the adsorbent (mg g*), Ce and Co are the

15
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residual dye concentration after contact with the dye and the initial dye concentration (mg
L1), respectively. V is the total volume (L), and W is the value of the adsorbent (g).

According to the experiment results, the adsorption of ARS on the adsorbent increases
over time to attain the equilibrium. Figure 6 illustrates the relation between the contact
time and the adsorption capacity. The results show that most adsorption occurs at 10
minutes of the adsorption process, and afterward, no significant changes were observed.
The amount of ARS that was done in constant conditions (concentration, temperature,
adsorbent, pH), adsorbed on SC (qe), was obtained as 63.72 mg g*. Also, the adsorption

of ARS on SC silica is schematically shown in Figure 7.

63.72 /
0.  (mg/e)

60{ s

401
301
20
107

qe (mh/g)

0 T T T T T 1
0 20 40 60 80 100

t (min.)

Figure 6. The effect of contact time (min) for the adsorption of ARS on SC adsorbent.

It seems that the adsorption process was occurred by the interaction of positively charged

groups on the surface of the porous modified silica (CTA") and OH groups of ARS.

16
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Figure 7. A schematic for the adsorption of ARS on SC.

3.4. Effect of pH on the adsorption of ARS

Various adsorption experiments were conducted at different pH levels ranging from 3 to
13 to determine the optimal pH. The experiments were performed at a temperature of
25°C for 10 minutes, using a dye concentration of 390 mg L and an SC dosage of 0.1 g.
Results indicate that adsorption occurred more effectively at an acidic pH than a basic
pH. The favorable pH range for adsorption was found to be between 3 and 5, with a
capacity of 60.58 mg g* (Figure 8a). Conversely, adsorption at basic pH decreased, with
the lowest adsorption observed at a pH of 13 under the same conditions. Additionally,
ARS is a suitable variable for pH. As shown in Figures 8b and c, the color hue changes
from yellow to red in acidic pH and purple in basic pH.

The zeta potential of SC was measured at different pH levels ranging from 2 to 11 (in
increments of 1). The results showed that the isoelectric point of SC lies between pH 4
and 5. Interestingly, dye adsorption remains almost the same due to the minimal
differences in the zeta potential observed at pH 3 to 5. Furthermore, the adsorption rate of
dye with (SOs)2 anionic group is highest at acidic pH levels (3 to 5) because of the more
positive surface charge. Conversely, when the pH level exceeds 5, the adsorption rate of

ARS decreases due to the surface charge becoming more negative.

17
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Figure 8. a) Study the adsorption capacity (mg g) of ARS on SC at different pHs, b) Color hue changes of ARS dye at

different pHs in aqueous medium, c) Color hue changes of ARS dye at different pHsWhen the powders are separated

Zeta Potential (mV)

from the liquid and dried at roomtemperature
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Figure 9. Study the value of zeta-potential in different pHs.

3.5. The effect of ARS initial concentration onthe adsorption
Different concentrations of dye ranging from 290 to 6700 mg/L were analyzed to
determine the maximum adsorption capacity of SC absorbent for ARS adsorption. The
experiments were conducted with 0.125 g of SC absorbent at a pH of 5.5, ambient
temperature, and an agitation speed of 500 rpm. The maximum adsorption capacity of
726.24 mg/g for ARS dye adsorption on silica adsorbent was achieved at a dye
concentration of 5000 mg/L. As the concentration of ARS molecules increases, the
driving force for adsorption also increases, resulting in higher adsorption by the
adsorbent (as shown in Figure 10). Due to equilibrium absorption at high concentrations,

experiments and calculations were continued at 390 mg/L.

19
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Figure 10. Maximum adsorption capacity (mg.g™) for the adsorption of ARSon SC.

3.6 The effect of adsorbent weight on the adsorption of ARS dye

Figure 11 demonstrates the impact of varying weights of silica powder on the adsorption
process. To this end, different quantities of the adsorbent powder (ranging from 0.04 to

0.5 g) were tested at pH = 5.5, ambient temperature, and concentration of 390 mg L.

The results indicate that

adsorbent, which could be attributed to the formation of silica agglomerates at higher

values.

dye adsorption reduces with an increase in the amount of

20
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Figure 11. The effect of SC amounts (g) on the adsorption capacity (mg g).

3.7. Adsorption isotherms
The adsorption isotherms explain the correlation between the concentration of the
adsorbate and the adsorbent in a solution once it reaches equilibrium. Additionally, the
adsorption isotherm provides insight into how the adsorbate molecules interact with the
adsorbent molecules to reach this equilibrium state. Two models of adsorption isotherms,
Langmuir, Freundlich, and Temkin, have been studied to analyze the adsorption of ARS

by silica.

3.7.1. Langmuir isotherm

The Langmuir isotherm describes an adsorption process in which the adsorbate molecules
are adsorbed equally on all adsorbent sites without any movement. As a result, all
molecules have the same enthalpy and activation energy. The Langmuir isotherm can be

expressed linearly using the following equation (Eq. 4) [34].

cC 1 ¢

- L 4)
. KQ Q

21
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where Ce (mg L) and ge (mg g?) are the concentration and adsorption at equilibrium
mode, respectively. The maximum adsorption value is defined as qm (mg g2), and also
Langmuir equilibrium constant is k. (I mg™?). Also, the dimensionless constant, known as
the separation factor (Rir), is defined in the Langmuir isotherm which is defined by

Webber and ChackraWortti (Eg. 5) [35].

B= L+;l:,_r ()

3.7.2. Freundlich isotherm

The Freundlich isotherm was the first model developed to explain reversible non-ideal
adsorption. This model is used to study monolayer adsorption and can describe
homogeneous and multilayer systems with non-uniform enthalpy distributions. The
isotherm works on the principle that sites with stronger bonds get filled earlier, followed
by the filling of other sites. Additionally, the adsorption process reduces exponentially

until it is completed. The equation is expressed as (Eqg. 6) [10, 36].
1
log g, = log K¢ +Hlog C. (6)

where kil mg?) and 1/n are the equilibrium constant and adsorption intensity,

respectively.

3.7.3. Temkin isotherm
Temkin isotherm is another isotherm that represents the interaction ofadsorbate and
adsorbent and is expressed as (Egs. 7 and 8) [37, 38]:

g. =BIn A+BInC, (7)

22
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Where: B :FLT (8)

Table 2 presents the parameters obtained from the Langmuir, Freundlich, and Temkin
isotherms. The regression coefficients (R2) for the Langmuir, Freundlich, and Temkin
isotherms are 0.99, 0.96, and 0.98, respectively. By comparing the values of these
isotherms, we can conclude that the Langmuir isotherm is a better fit for describing the
absorption of ARS on silica than the Freundlich and Temkin isotherms. We also
calculated the separation factor (RL = 0.00048) and found that the adsorption process is
highly desirable. As the number tends to zero, the process moves towards irreversibility.

Figure 12 displays the graphs of the three isotherms (Langmuir, Freundlich, and Temkin).

Table 2. The values of Langmuir, Freundlichand Temkinisotherms for the adsorption of ARS on SC.

Langmuir constants Freundlich constants Temkin constants
Ki gm R2 ks 1/n R2 A B R?
(L.mg) (mg.g™) (mg**".g.L")
0.172 68.96 0.99 41.68 0.9 0.97 0.176 19.55 0.98

23
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Figure 12. Graphs of three a) Langmuir, b) Freundlich and ¢) Temkin isotherms

3.6. Adsorption kinetics of ARS dye on SC
This study reviews the adsorption kinetics of ARS dye on SC. The optimal time for dye
adsorption on the adsorbent is defined as the appropriate time, after which the adsorption
rate remains constant. The adsorption kinetics of dye on SC were investigated under
optimum conditions, including ambient temperature, 0.125 g adsorbent dosage, 390 mg
L initial dye concentration, 5.5 pH of solution, and 500 rpm agitation speed. The
adsorption kinetics were examined at various intervals (10, 20, 30, ..., 90 min) to
determine the equilibrium time. The Kinetics adsorption of ARS on the adsorbent was

examined using the pseudo-first-order and pseudo-second-order models.
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3.7.1. Pseudo-first-order kinetic
The pseudo-first-order kinetic model illustrates the relationship between reaction speed
and concentration as below equation (Eg. 9) [39]:

kl

2.303 ®)

log (g, —q,)=log(q,)-

As, K1 (min?) is the constant of the pseudo-first-order equation and q: (mg g) is the dye

adsorption capacity at time t.

3.7.2. Pseudo-second-order kinetic
Pseudo-second-order kinetic model is defined the adsorbent surface as the adsorption

limiting factor and describe as follows (Eqg. 10) [40]:

t 1 N 1 ¢
=T o, T 1
oh kqez Oe (10)

where, k2 (@ mgmin™) is the constant of the pseudo-second-order kinetic equation. Table
3 displays the kinetic values of two equations used to study the adsorption of ARS by
silica sorbent. The R-squared regression constant for the pseudo-first-order and pseudo-
second-order kinetics models are 0.8 and 0.99, respectively, as shown in the table. This
indicates that the adsorption of ARS by silica sorbent follows the pseudo-second-order
kinetics. Figure 13 illustrates the plots of the two kinetics models: Pseudo-first-order and

Pseudo-second-order.

Table 3. The kinetics values for the adsorption of ARS on SC.

Pseudo-first-order kinetic Pseudo-second-order kinetic
Cle(cal) Qetexp) (MQ.g™Y) K1 R? Cle(cal) K2 R?
(mg.g™) (min') (mg.g?) (g-mg*t.min)
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Figure 13. Plots of a) Pseudo-first-order and b) Pseudo-second-order kinetics.

3.8. Thermodynamic studies
In order to determine the optimal temperature for adsorption, the effect of temperature
was studied within the range of 298-335K under constant conditions. Temperature is a
crucial factor in the adsorption process, and to investigate its impact, some experiments
were conducted at a pH of 5.5, a concentration of 390 mg L-1, and an adsorbent content
of 0.125 g. The temperature range of the experiments was 298-335K. The

thermodynamic parameters were defined as follows (Egs. 11-13) [41]:

AG® = AH® — TAS® (12)
C
Ko ==2 12
°TC (12)
Lnkc = '% - ';iq_ (13)

AG® (kJ molt) and AH® (kJ mol™?) arethe Gibbs free energy and enthalpy, respectively.

Also, entropy AS° (kJ mol* K1) could be studied by equilibrium constant (Kc). Ca is the
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adsorbed dye on SC (mol L) and Cs is the solutiondye concentration atequilibrium (mol

L D).

The straight plot of InKC versus T is presented in Figure 14. The thermodynamic
constants are shown in Table 4. The positive values of AH suggest that the adsorption
process is endothermic. Additionally, the negative values of AS, which accompany the

endothermic process, result in positive values of AG, indicating a nonspontaneous

process.
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Table 4. Thermodynamics parameters for the adsorption of ARS on SC.

AH°® (kJ mol?)

AS° (kJ molt K1)

T(K) AG°(KkJ mol?)
298 3.81893
308 4.66681
318 5.42015
328 5.76445
335 6.88402

3.334

-0.00174

3.9. Study the binding of ARS on SC by adsorption

In(ke)

Figure 14. Thermodynamic study for the adsorption of ARS on SC adsorbent.
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In order to understand how ARS binds to the adsorbent, we conducted an FTIR analysis
to examine the interaction between the dye and the adsorbent. Figure 15 displays the
FTIR spectra of ARS, pure silica (SC), and the adsorbed dye on the adsorbent (ARS-SC).
The FTIR spectrum revealed a peak shift indicating the presence of the Si-O-CHz3
chemical group, which is responsible for the physical bonds between the cationic
surfactant and the silica powder. Additionally, SC became an appropriate powder for
adsorbing anionic dye by creating this bond and positive sites on the surface of silica. The
asymmetric stretching vibration was observed at 3800-3000 cm™ for all three samples of
SC, ARS, and ARS-SC.

The H-C vibration at 2850-2920 cm™ indicates the presence of the alkane group and
confirms the existence of CTAB in both SC and ARS-SC samples. Additionally, the
methyl and methylene groups in the CTAB are also vibrated at 1440-1490 cm™, which
may be related to the presence of an aromatic ring in the ARS structure. The vibration at
730-700 cm™ is also related to the Ar-Si-O-CHs chemical group. The peak shift at the SC
sample from 1400 to 1348 cm™ represents the vibration of the C-H and OH chemical

groups, indicating the establishment of a chemical bond between ARS and SC.
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o ARS-SC |

Figure 15. FTIR spectra of a) ARS, b) SC and ¢) ARS-SC.

3.10. Study the metal ion adsorption By ARS-SC hybrid

As previously discussed, hybrid pigments effectively eliminate heavy metal ions. To
achieve this, SC-ARS adsorbent is utilized to remove heavy metals such as Pb?*, Cd?*,
and Cu?*. The results of removing these three heavy metal ions on SC and ARS-SC, as
obtained by the ICP instrument, are presented in Table 5. Although synthesized silica
through the modified Stober method can remove large amounts of dye due to its negative
sites and proper pore, the removal of heavy metal ions by SC adsorbent is less effective
than ARS-SC due to the presence of positive sites on the surface.

When the ARS dye binds to the positive site on the silica, it reduces the number of
positive sites on the silica surface. As a result, the amount of negative charge on the silica
surface increases, which can be very helpful in removing heavy metal ions.

Based on the ICP results, there is no significant difference in the removal of Cu (lI)

heavy metal by SC and SC-ARS. Hybrid materials are only 0.6% more efficient than pure
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silica. However, the difference between the two sorbents is pronounced when removing
the other two metals. The removal percentage of Cd (I1) ions by SC and ARS-SC is about
42.7% and 84.1%, respectively. This means that more negative sites increase the removal
of Cd (II) ions by 41%. The best result is related to removing heavy metal Pb (11). The SC
silica removed about 47.2% of heavy metal Pb (I1), whereas the ARS-SC hybrid removed
99.87%. Thus, SC-ARS increased removal efficiency by 52.6%.

This hybrid material has several advantages over its components, such as ease of
synthesis and changing the color of dye by changing pH, which can be used to design a
sensor for detecting heavy metal. For example, by adding ARS-SC to an unknown Cu (I1)
sample, the color changes to light pink. It also easily collects the adsorbent after heavy

metal removal. Figure 16 illustrates a comparison of removing the three heavy metals of

Pb (I1), Cu (I1), and Cd (11).

II
)
p l I

Lussi CuARS Cd-si CAARS bl Fo-ARS

WoRemoval

&

Figure 16. Comparison of removing the three heavy metals of Pb (11), Cu (11) and Cd (1)

3.11. Thermal stability of SC-ARS hybrid
The TGA/DTG analysis was conducted to assess the thermal stability enhancement of the
ARS-SC hybrid pigment compared to its individual organic and inorganic components.

After chemical bonding between ARS dye and porous silica, the thermal stability of
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ARS-SC was investigated in comparison to SC and ARS at different weight loss
percentages (Figure 17). During TGA/DTG analysis, a sample containing 84 mg g* of
ARS dye was tested. The spectra of SC, ARS-SC, and ARS were compared at T1s0, T30%,
and Tao%. At T7%, weight loss was observed for SC, SC-ARS, and ARS due to the
removal of water at 168°C, 126°C, and 275°C, respectively. The degradation
temperatures of SC, ARS-SC, and ARS (Tis%) were found to be 172°C, 190°C, and
334°C, respectively.

The results of the study showed that the hybridized sample (ARS-SC) had increased
thermal stability at Tises compared to SC and ARS by approximately 18 °C and 5 °C,
respectively. At Tso%, the degradation temperatures for SC, SC-ARS, and ARS samples
were found to be 225 °C, 245 °C, and 354 °C, respectively. The ARS-SC sample was
observed to be more stable than pure SC and pure ARS, with a difference of 20 and 10
°C, respectively.

At Taow, the degradation temperature of three materials was measured. The materials
were SC, ARS-SC, and ARS. The degradation temperature of SC was 257 °C, the
degradation temperature of ARS-SC was 288 °C, and the degradation temperature of
ARS was 364 °C. This indicates that the thermal stability of ARS-SC was increased by

about 31 and 22 °C compared to SC and ARS, respectively.
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Figure 17. a) TGA and b) DTG for SC, ARS and SC-ARS.
Table 5. Weight loss at different temperature for SC, ARS and ARS-SC.
sample T79% (°C) T1s% (°C) T3o0% (°C) Ta0% (°C)
SC 168 172 225 257
SC-ARS 126 190 245 288
ARS 275 334 354 364

4. Conclusion

In recent years, hybrid pigments have been introduced to promote the characteristics and
benefits of organic materials and minerals, as well as to decrease the weaknesses and
defects of each component. In this study, the mineral substances with high pores and high
specific surface area was prepared by the modified Stober method applying cationic
surfactant (CTAB). Using this method, amorphous powder is synthesized with a specific
surface area of 1174 m?/g, pore diameter of 4.09 nm, very high adsorption and helical

morphology and use as the mineral part of hybrid material. Then, ARS dye was used as
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an adsorbent for the adsorption of heavy metal ions after making bond to the mineral part
and increasing the thermal stability of the hybrid dye towards the pure dye. Meantime,
the operational condition including the initial dye concentration, temperature, adsorbent
amount and pH was studied as well as the adsorption kinetics of ARS dye by silica
sorbents. According to the results, the best consequences was obtained for the adsorption
of5 g L*of dye with 0.04 g of adsorbent at pH 5 for 10 min at 25° C and the maximum
adsorption capacity was obtained as 726.24 mg gX. Also, the adsorption process wasbest
fitted to the Langmuir adsorption isotherm and pseudo-second-order adsorption Kinetics.
Furthermore,the adsorption ability of synthesized material (ARS-SC) was tried for the
removal of three metal ions namelyPb?*, Cd?*and Cu?* from their metal salts. ICP results
indicated thatARS-SCwas able to removeCu?*, Cd?*, and Pb?" ions from the aqueous
medium up to 96%, 84% and 99%, respectively. TG/DTG experiments was applied under
oxygen to assess the thermal stability. According to the results, the presence of CTAB
surfactant made the prepared hybrid more stable by approximately 23° C. Also, this

hybrid is 12° C more thermally stable than the pure ARS dye.
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