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Thiolated Silica Gel: Synthesis and Immobilization of
Rhodamine B from Aqueous Solution
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Abstract: A thiolated silica gel was obtained by treating the as-prepared pristine silica gel with 7-
mercaptopropyltriethoxysilane through an impregnation route. The FTIR and Raman spectroscopy results indicate
that the thiolation of silica gel is achieved by attaching y-mercaptopropyldiethoxysilane onto the surface of silica
gel via a chemical linking. The results for batch removal of Rhodamine B(RhB) from aqueous solution by the
thiolated silica gel demonstrate that the thiolated silica gel can effectively adsorb RhB under a wide range of
conditions. The data of adsorption kinetics are fitted well with the pseudo-second-order model, and the
equilibrium data are well described by the typical Langmuir adsorption isotherm. The thermodynamic derivation
shows an exothermic and spontaneous nature of adsorption process with a high value of enthalpy change. The
adsorption kinetics, isotherm and thermodynamics suggest a mechanism involving chemisorptions of RhB on

thiolated silica gel as confirmed by FTIR and Raman spectroscopy.
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At present, more than 100 000 types of dyes are textiles and food industries!". Dyes can be noticed at

used in plastics, paper and pulp, cosmetics, leather, concentration even as low as 1 mg-L™, which makes
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it unfit for human consumption’. The complex aromatic
molecular structures owned by some dyes make them
toxic or carcinogenic and also limit  their
biodegradation!*.

Many techniques and methods for removing dyes
from water have been developed, including advanced
oxidation!®, photocatalytic oxidation, coagulation and
flocculation™,  membrane separation®. From the
economic and efficiency point of view, adsorption is
regarded as the most promising and widely used
method to treat dye polluted effluents. Adsorption of
dyes on a wide variety of materials has been

10 Silica gel has a large

comprehensively summarized
surface area, mechanical stability, chemical inert and
is easily to be modified". Silicious materials have
been widely applied to treat heavy metals in water!™*"l
At present, their application to adsorption of dyes
molecules has aroused more and more attentions!"").
Monash et al.™ synthesized a sulfated mesoporous
MCM-41 with a large surface area as a promising
adsorbent to treat polluted water containing dyestuff.
Arabinda et al.”! synthesized hollow silica nanoparticles
using anionic surfactant templating method, and the
fluorescence spectroscopy results show that the hollow
amounts

nanoparticles entrap the dye in trace

effectively. However, among the most of studies, the
adsorption mechanisms are less involved®.

In this study, a thiolated silica gel treated by
coupling of as-prepared pristine silica gel with -
mercaptopropyltriethoxysilane was synthesized, and
of modified

investigated. The removal of aqueous Rhodamine B

(RhB) by the adsorption of the modified silica gel and

the surface nature silica gel was

the effects of factors such as pH, initial concentration
of RhB, adsorbent dosage, and adsorption temperature
were evaluated. The adsorption kinetics, isotherms,
thermodynamics were studied and the adsorption

mechanism was proposed and discussed.
1 Experimental

1.1 Materials and methods
The tetraethylorthosilicate (TEOS, Tetraethoxy-
silane CAS No0.562-90-3) of analytical grade (AR)

used as the precursor of pristine silica gel was
purchased from Sinopharm Chemical Reagent Co.,
Lid. y-Mercaptopropyltriethoxysilane (MPTS, AR) was
supplied by Capatue Chemical Co., Ltd. (Nanjing,
China). The dye RhB was received from Sinopharm
Chemical Reagent Co., Ltd. The other chemicals used
were all of commercial analytical grade, and were
used without further purification. Deionized water was
used throughout.

The pH value of the solution was determined
with a PB-10 pH meter
Concentration of RhB was analyzed on a V-5100
China). SEM
images were obtained by a field emission S-4800 SEM

(Sartorius, Germany).

visible spectrophotometer  (Yuanxi,
(Hitachi, Japan). Infrared spectra of KBr powder-
pressed pellets were recorded on a Tensor 37
spectrometer (Bruker, Germany). Raman spectra were
obtained on an Invia laser Raman spectrophotometer
(Renishaw, England) with a laser resource used for
excitation at wavelength of 633 nm. The nitrogen
adsorption/desorption isotherms were measured at 77
K with an automatic physisorption analyzer ASAP
2020
determined by the Brunauer-Emmett-Teller (BET)

(Micromertics, USA). The surface area was

method and the pore size was obtained by the Barrett-
Joyner-Halenda (BJH) calculation. The surface zeta
potentials of the adsorbents were measured using a
Zetasizer (Malvern, England).
1.2 Preparation of pristine silica gel

Pristine silica gel (pSi0O,) was prepared through a
sol-gel route according to Pitoniak et al.”. In a
typical synthesis, 10 mL deionized water, 20 mL
ethanol and 10 mLL TEOS were mixed under vigorous
stirring. After further stirring for 10 min, nitric acid (1

mol - L™, 2 mL) and hydrofluoric acid (3wt%, 2 mL),

which were used as catalysts to increase the
hydrolysis rate of TEOS and to reduce the gelation
time, were added to this mixture solution dropwise
under magnetic stirring. The obtained sol was covered
and aged at room temperature for 24 h and dried in
an oven at 60 °C overnight, the resultant gel was
washed with deionized water repeatedly until the

supernatant was neutral, it was then ground and dried
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in an oven at 100 °C for 24 h, the obtained material
was finally calcined at 550 °C in a muffle furnace for
4 h.
1.3 Preparation of modified silica gel

Modified silica gel(mSiO,) was prepared by an
impregnation method as follows: 25 g pSiO, was mixed
with 250 mL N, N-dimethylformamide (DMF) solution
containing 25 mL MPTS into a three-necked flask.
The mixture was stirred and heated in reflux for 5 h
under nitrogen atmosphere. The resultant particles
were washed with ethanol several times to remove the
solvent or unconverted MPTS. The collected particles
were dried in an oven at 60 °C for 4 h.
1.4 Adsorption tests

Desired of pSi0, or
introduced into conical flasks with plug, to which 50

amounts mSi0, were
mL of RhB solution with various concentrations at
adjusted pH value was added. The solutions were
agitated in an orbital shaker at a constant speed of
150 r-min™ at different temperatures (25, 35 and 45
°C). The two phases were separated by centrifugation
at 4 000 r -min~". The final RhB concentration in
solution was analyzed on visible spectrophotometer by
monitoring their absorbance at the optimal wavelength
of 554 nm. The equilibrium RhB adsorption capacity
(R) were calculated for each
reported'.  All

experiments were conducted by batch technique and

(q.) and removal rate
sample by using the expression
the experimental data were the average of duplicate
determinations.
1.5 Modeling of adsorption data and

thermodynamics calculation

The adsorption kinetic data of RhB measured on
pSi0, and mSiO,, respectively, were analyzed in terms
of pseudo-first-order and pseudo-second-order adsorp-
tion equations. The two most common isotherms,
Freundlich and Langmuir models were employed for
modeling equilibrium adsorption of RhB obtained on
pSi0, or mSiO,. The changes in Gibbs free energies
were calculated based on the equation reported™, the
changes in enthalpies and entropies of adsorption
process were obtained from each intercept and slope

of linear form of Van't Hoff equations.

2 Results and discussion

2.1 FTIR and Raman spectroscopy
Fig.1 presents the IR spectra acquired on pSiO,
and mSi0O,. The bands at wave number around 3 425

1

em™ and 1 630 em™ correspond to the stretching and

bending vibrations of -OH (preferentially from the
adsorption of H,0), respectively, the peaks of -OH in
aggregative silanol groups (Si-OH) are overlapped with
the peak from H,0®!. The broad peak at about 1 105
em™ corresponds to the asymmetric stretching vibration
while the peaks around 805 and 470 cm™ are attributed

to the symmetric and deformation stretching vibration
of Si-0-Si, respectively!™. The band centered at 970

cm ™' represents the stretching vibration of Si-O in

silanol groups'.

pSio,

2940

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Fig.1 FTIR spectra for pSiO, and mSiO,

Compared to the spectrum on pSiO,, the peak at

around 970 cm™

, which represents the Si-O in silanol
groups, is not observed on the spectrum of mSiO,,
accompanying a significant decreasing in intensity of
peaks from -OH, this may be an evidence for the
reaction between silanol groups and coupling
molecules, and may imply a mechanism in scheme 1.

The spectrum on mSiO, shows a new weak band
at 2 935 em™ which represents the asymmetric stret-
ching vibration from -CH in -CH, or -CH; groups.
However, it is different from the results reported ™,
the absorption peak corresponds to mercapto groups is
neither observed on mSiO,, probably because of the
limited sensitivity of the instrument under our
measuring conditions.

The mercapto groups show a strong intensity on
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HC—CH, QCHCH,

OCH,CH,

pSio, y-mercaptopropyltriethoxysilane

Scheme 1

Raman spectra at the wave number of 2 600~2 500
em™ ™. As shown in Fig.2, an evident peak appears at
around 2 580 cm ' on the spectrum of mSiO,,

confirming the modification process in Scheme 1.

pSio,

mSio,

2300 2400 2500 2600 2700 2 800
Wavenumber / cm™!

Fig.2 Raman spectra acquired on pSiO, and mSiO,

2.2 Surface analysis

Fig.3 shows the SEM images of pSiO, and mSiO,.
The surface feature of modified silica gel and that of
the pristine are different, a rough and heterogeneous
surface is observed on pSiO,, while a uniform

aggregation of sphere-type particles are obtained on

OCH,CH,

o I
O—?i—CHZCHZCHZ-SH — O—Sli—CHZCH2CH2-SH

OCH,CH,
mSio,

Possible route for silica gel modification

mSi0, as shown in Fig.3(b).

As listed in Table 1, the mSiO, shows an overall
decrease in total pore volume, specific surface area and
the average pore diameter compared to that of pSiO,,
which could be atiributed to the chemical grafting of
MPTS molecules on the mSiO, that partially precludes
the adsorbing of nitrogen molecules™. The modification
process mainly changes the surface properties of the
material rather than enlarging the surface area or
changing the pore properties.

{ potential for pSiO, and mSiO, is shown in Fig.
(pHp) of

pSi0, is about 2.3, which is in accord with literature

4. The pH value at zero point for charge

report®. The pHyy of mSiO, shifts to a lower position

at approximately 1.5 because of the chemical linking

of acidic mercapto molecules.

2.3 Adsorption of RhB towards the as-prepared
adsorbents

2.3.1 Effect of contact time

Fig.5 presents the plots of removal percentage

versus contact time of RhB on pSiO, and mSiO,,

1) 530
Z.00urr

Fig.3 SEM images of pSiO, (a) and mSiO, (b)

Table 1 Surface characteristics from the N, adsorption/desorption measurement

Sample Total pore volume / (cm’-g™) Specific surface area / (m*-g™) Average pore diameter / nm
pSi0, 1.21 379 12.81
mSi0O, 0.88 305 11.5
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Fig.5 Removal of RhB from solution onto pSiO, and
mSi0, as a function of contact time at 100 mg-
L initial concentration of RhB, 1 g-1.!
adsorbents dosage, pH=6 and 7=25 °C

batch
conditions. The adsorption property of mSiO, is

respectively, under the same

adsorption

significantly improved as evidenced from the
comparison between the two curves in Fig.5, and the
mSi0, reaches the equilibrium stage within the first 5
minutes, which is very important for dye removal in
practical applications. The mSiO, saturated by RhB
can be quickly reproduced by stirring it in alcohol
solution (5 mol -L.™"), followed by washing it with 1
mol L. HCl and deionized water repeatedly, the
reproduced mSiO, maintains 90% of adsorption
capacity on fresh mSiO, after 10 consecutive cycles.
2.3.2  Effect of mSiO, dosage

Fig.6 shows the adsorption of RhB as a function of
mSi0O, dosage. It is observed that with the raise of
adsorbent dosage, the adsorption capacity decreases
while the removal rate increases. The increase in the

removal rate of RhB is mainly caused by the increase in

free active sites of mSiO, with the raise of mSiO,
dosage. The decrease in the adsorption capacity of RhB
on mSi0, is probably resulted from the aggregation of
mSi0, under its higher dosage. In this study, we choose
1 g-L™" as the adsorbent dosage for high removal rate

and acceptable adsorption capacity it gives.
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Fig.6 Removal of aqueous RhB as a function of mSiO,

dosage at 100 mg- L™ initial concentration of
RhB, pH= 6, 7=25 °C and contact time=1h
2.3.3  Effect of pH value

Fig.7 shows the adsorption of RhB as a function
of pH value on the modified silica gel. With the
increase in pH value, the removal percentage of RhB
increases significantly between pH values of 3~6 and
faintly at pH value of 6~7, the removal rate decreases
when pH value exceeds 7.

The dependence of removal quantity on pH value
of the RhB solution correlates mainly to the charge
state of mSiO, particles and RhB molecules. The
mSi0, is totally negatively charged within our pH
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Fig.7 Removal of aqueous RhB as a function of pH
values on mSiO, at 100 mg-L™" initial RhB
concentration, 1 g+L™" mSiO, content, =25 °C

and contact time=1 h
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value for the pHzpc of mSiO, as shown in Fig.4, 100
favoring the adsorption of cationic RhB. The negative- 90,

charge density on the surface of mSiO, increases with
the increase of pH value, thereby increasing the
adsorption quantity of RhB. On the other hand, RhB
is an amphoteric dye with the coexistence of amine
and carboxyl groups, and the pKa of -COOH in RhB
is about 4.0®, it will dissociate and reduce the its
positive-charge density with pH value above 4, thus
making it get on the state of adverse adsorption. If the
electrostatic attraction is the main interaction between
mSi0, and RhB, the maximum removal capacity
should be near the pH value of 4. But this is not the
case as illustrated in Fig.7, suggesting that other
mSiO, and RhB
hydrogen®! or covalent bonding™*! must be involved.

2.3.4 Effect of RhB initial concentration

interactions  between

through

Adsorption results of RhB on mSiO, as a function
of RhB initial concentration are shown in Fig.8.
Expected decrease is observed for removal percentage

of RhB along with the increase of initial RhB

1.5
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=
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604
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Fig.8 Removal of RhB as a function of RhB initial

concentrations at 1g+L™" mSiO, content, pH=6,
T=25 °C, contact time=1 h
concentration. The available sites on the surfaces of
mSi0, are constant, the competition among the RhB
ions increases with RhB concentration, and the

the

percentage because of the the electronic repulsion.

competition results in decrease of removal
However, more than 50% of RhB are absorbed even
the concentration of RhB reaches 300 mg-L™".

2.4 Adsorption kinetics

The kinetic adsorption data of RhB on mSiO,

0.10
Pseudo-second-order
fitting on pSiO,
0.08
o
£ 0.06
o0
& R*=0.999
=004
0.02
0.00 T T T T T
0.0 0.5 1.0 1.5 2.0
Time/h
0.0254
Pseudo-second-order
fitting on mSiO,
0.020
T\%o R*=0.999
o 0.0154 e
£
= 0.010-
0.0054
0.00+4
T T T T T
0.0 0.5 1.0 1.5 2.0
Time/h

Fig.9 Adsorption kinetics of RhB on pSiO, and mSiO,
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(shown in Fig.5) are simulated with two simplified
models: pseudo-first-order and pseudo-second-order
models, the results are shown in Fig.9.

Both the pseudo-first and second-order model fit
the experimental data well with high coefficient of
determination (R? for adsorption on pSiO,, however,
the pseudo-first-order model fits better with an
(21.17 mg -g™") and
matches closer to the experimental data (22.39 mg-g™)
than that from the pseude-second-order model (25.56
mg +¢7"). For the adsorption of RhB on mSiO,, the

adsorption capacity calculated

pseudo-second-order model adequately describes the
kinetics of sorption of RhB with high R and the
calculated ¢, is in good agreement with the experi-
(78.99 and 78.82 mg -g™', respectively),
that  chemisorptions
adsorption of RhB on mSiO,*!.
2.5 Adsorption isotherms

mental one

indicating may involve in

In order to further determine the mechanism of
RhB adsorption and evaluate the effect of temperature
on the adsorption capacity, the experimental data
(shown in Fig.10) are fitted to Langmuir " and
Freundlich® liner equations, the results are plotted in

Fig.11. As shown in Fig.10, a distinct diminution of

adsorption capacity is observed with the increase of
temperature. The obtained results shown in Fig.11
indicate that the adsorption isotherm of RhB on mSiO,

is better predicted by Langmuir isotherm.

180
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Equilibrium concentration / (mg-L™")

Fig.10  Adsorption isotherm of RhB on mSiO,

The Langmuir adsorption model assumes that the
adsorbed layer is one molecule thick and the sites are
homogeneous. As shown in Fig.11, the Langmuir
isotherm hasa higher R* for the adsorption of RhB,
suggesting that the adsorption process is dominated by
a monolayer formation rather than a multilayer, and
more importantly, implying a predominant status of
the chemical adsorption . The maximum adsorption

capacity of RhB on mSiO, reaches 166 mg-g™.
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Fig.11 Langmiur (left) and Freundlich (right) isotherms fitted from the experimental data

2.6 Adsorption thermodynamics

The thermodynamic parameters of the adsorption
process are obtained from adsorption results at various
temperatures (298, 308 and 318 K). Plot of Inb versus
1/T is shown in Fig.12. The negative of values of all

AG® (-8.25, -7.87 and -7.19 kJ -mol™" at 298, 308
and 318 K, respectively) indicate that the adsorption
process has a feasible and spontaneous nature, and
the absolute value of AG® decreases with the increase

in temperature, suggesting that the spontaneous nature
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of adsorption is inversely proportional to temperature.
The negative value of AS® (=52.0 J-mol™-K™) indicates

the randomness decreasing during the adsorption of

RhB molecules onto mSiO,. The negative value of
AH® (-23.9 kJ -mol™) indicates the exothermic nature

of adsorption and the numeric size reflects the

3.4 adsorption  process is  probably  controlled
- .
331 chemically™.
= 3.2 . .
L 2.7 Adsorption mechanism
2] R-oss s |
g In the preceding discussion, a chemical
= 3.0
3 291 adsorption mechanism involved in the adsorption
=
2.8+ process between RhB and mSiO, are proposed. To
274 ™ . . .
. , , , , verify this assumption, the FTIR and Raman
0.00315 0.00320 0.00325 0.00330 0.00335 K
T /K spectroscopy analysis are performed and the results
Fig.12 Inb versus T plot for RhB adsorption on mSiO, are displayed in Fig.13.
mSiO,-RhB mSiO,-RhB
Fresh mSiO,
1588 1408 134
T T T T T T T T
1700 1 600 1500 1 400 1300 2300 2 400 2500 2 600 2700 2 800

Wavenumber / cm™

Wavenumber / cm™

Fig.13  FTIR and Raman spectra: FTIR spectra for pure and immobilized RhB (left);
Raman spectra for fresh and RhB adsorbed mSiO, (right)

The following principal bands in the FTIR
spectra of pure RhB are assigned according to
literature®: the peak at about 1 693 cm™ is assigned
to the stretching vibration of the carboxylic group, the
peak around 1 644 cm ™ is due to the C-N bond,
peaks in the region of 1 450~1 600 cm™ are from the
heterocycle and aromatic ring vibrations, and
absorbance at around 1 341 em™ is attributed to the
C-aryl bond vibrations.

Differences the FTIR
immobilized RhB  (RhB-mSi0,). The peak assigns to

stretching vibration of carboxylic group which is

are observed in on

shifted to a higher frequency centered at 1 717 ¢cm™,

suggesting that RhB are bonded to the surface of
mSiO, through ester-like linkage. The peak from C-N
vibration is overlapped in that of silanol Si-OH

(bending vibration) locates near 1 648 c¢m™.

A new
peak appears around 1 627 em™, this might be due to
the vibration of C-N in a structure which is established
through the electrostatic interaction between RhB and
mSi0,¥L

The ester-like linkage between mercapto groups
on the surface of mSiO, and carboxylic groups in RhB
during the adsorption process are further verified by
Raman spectra acquired on fresh and RhB loaded
mSi0, (mSiO,-RhB). The band of mercapto group
locates in 2 578 cm™
mSiO-RhB,
through the covalent linking by esterification between
-SH and -COOH. The two probably interactions
between RhB and mSiO, the

following schematic diagram.

vanishes from the spectrum on

suggesting an adsorption mechanism

are illustrated in
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3 Conclusions

This study has shown a successful modification
of pristine silica gel achieved by grafting mercapto
groups onto silica gel through a covalent linking. The
modified silica gel can be a good candidate for
remediation of dyes in industrial effluent due to its
high adsorption capacity. The adsorption capacity of
modified SiO, is superior to pristine one due to the
attaching of -SH groups on modified SiO,. The
adsorption process is dependent on factors such as
initial RhB

concentration, adsorbents dosage and temperature.

solution pH value, contact time,

The adsorption kinetics, equilibrium and thermody-

namics studies suggest that the chemisorptions

dominate the uptaking of RhB by thiolated silica gel,
and the FTIR and Raman spectroscopy analyses

indicates that both electrovalent and covalent

interaction are involved in the adsorption mechanisms.
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