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Abstract−A modified SiO2 material (MSM) was successfully synthesized by using Na2SiO3 and a novel CO2SM in the
presence of CTAB through an innovative hydrothermal releasing treatment protocol. The MSM was systemically char-
acterized using several techniques, including N2 adsorption-desorption isotherm, thermogravimetric analysis (TGA),
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), transmission electron micros-
copy (TEM) and X-ray diffraction (XRD). The CO2SM as a platform for CO2 capturing and releasing can be reversibly
used for multiple cycles without significant loss of capabilities. The optimum conditions for the preparation of MSM
were identified as follows: Na2SiO3 concentration, 0.2 mol/L; hydrothermal temperature, 120 oC; CO2SM dosage, 6 g;
CTAB concentration, 24 g/L, reaction time, 12 h. Additionally, the MSM exhibited high efficiency for the removal of
phenol from aqueous solution: it showed a phenol adsorption capacity of 91.29 mg/g when shaken with the aqueous
phenol solution at 180 rpm for 1 h at 25 oC.
Keywords: MSM, CO2SM, Hydrothermal Releasing Method, Adsorption, Phenol

INTRODUCTION

Porous silica materials have been made via acid treatment [1-5]
of various silica sources, such as tetraethyl orthosilicate, pheny-
triethoxysilane, notyltrimethoxysilane, and propyltrimethoxysilane
[6-8]. However, this method suffers from various shortcomings,
including costly raw materials, generation of secondary pollutants,
and difficulty in large-scale industrial production. In contrast, hy-
drothermal methods have been extensively utilized to fabricate sil-
ica-related micro- and nanomaterials [9-21]. In particular, hydro-
thermal synthesis is amenable to treatments of mesoporous silica
during and after the reaction, and it thus gives products that are
superior in thermal stability, mesoscopic regularity, and structural
porosity [15-17]. Although hydrothermal methods have been ap-
plied extensively, the existing literature contains relatively few sys-
tematic studies on the silica chemistry under hydrothermal condi-
tions [16,19]. In this work, a novel and recyclable CO2 storage ma-
terial (CO2SM) was used as a raw material to synthesize the MSM
via an innovative hydrothermal releasing protocol employing cetyl-
trimethyl-ammonium bromide (CTAB) as a surfactant. The CO2SM
[22] was readily prepared in the medium of EDA+TEG under mild
conditions, and it exhibited remarkable CO2 capturing and releas-
ing capabilities over multiple cycles [23,24]. CTAB is generally used
to fabricate porous materials. Unger’s group [25] successfully pre-
pared ordered mesoporous silica spheres in the same synthesis
system as that of silica spheres by introducing C16TAB as template
in 1997. Yoo et al. [26] used CTAB as a surfactant after hydrother-
mal transformations; pseudomorphic products of parent silica spheres

synthesized in ethanol (HTSiO2-EtOH) are mesoporous through-
out and have smooth surfaces. Zhang group [27] successfully fab-
ricated HMSs through directed surface sol-gel process of TEOS on
the template of core shell microspheres of polystyrene-co-poly(4-
vinylpyridine) (PS-co-P4VP) in the presence of C16TAB in neutral
aqueous solution at room temperature. Accordingly, our hydrother-
mal releasing method is based on CTAB as a surfactant. In our
previous work, we reported the SiO3

2− leaching method that made
use of coal slag and coal gangue to recover silicon raw materials
from waste resources [28,29]. However, because the composition
of the SiO3

2− leaching solution is complex, in this work the MSM
was synthesized using Na2SiO3 as the raw material.

Phenolic compounds are almost ubiquitous pollutants due to their
widespread occurrence in industrial wastewater [30], and they can
cause severe damage to environment and organisms because of
their high toxicity [31-33]. Therefore, it is imperative to remove phe-
nolic compounds from industrial wastewater. Several conventional
methods are often employed for the removal, including chemical
precipitation, sorption, membrane processes, reverse osmosis, elec-
trolytic recovery, and liquid-liquid extraction [34,35]. Unfortunately,
these processes are costly in treating secondary toxic sludge, and
can become ineffective when the pollutants exist in wastewater at
low concentration [36]. In contrast, adsorption is an efficient and
simple method to treat wastewater. For example, Li [37] utilized
graphene as an adsorbent to remove phenol, and reported an
adsorption capacity of 53.19 mg/g. Similarly, Chen [38] prepared
PEI@SiO2 to adsorb phenol, and Sean [39] synthesized zeolite and
mesoporous silica nanomaterials to purge environmental pollutants.
However, the abovementioned adsorbents are difficult to synthesize,
costly in feedstock, and not fully satisfactory in adsorption capacity.

In this work, through a novel hydrothermal releasing method,
the MSM was prepared from the CO2SM and Na2SiO3 in the pres-
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ence of CTAB. The obtained MSM was characterized by TGA,
FTIR, SEM, XRD, TEM, and N2 adsorption-desorption isotherm,
and its adsorption performance was assessed in aqueous solutions
containing phenol. Several operating factors were systemically inves-
tigated, including initial phenol concentration, dosage of adsorbent,
pH value of the solution, and temperature, to determine how they
affected the adsorption.

EXPERIMENTAL

1. Material
Na2SiO3 and cetyltrimethyl ammonium bromide (CTAB) were

purchased from Tianjin Wind Ship Chemical Technology Co., Ltd.
Synthesis method and detail information of CO2SM refer to our
previous work [40]. Phenol with a purity of more than 99.0 wt%
was purchased from Tokyo Chemical Industry Co., Ltd. All other
reagents used were analytical grade and were used without further
purification.
2. Hydrothermal Preparation of the MSM

The MSM was prepared by the hydrothermal releasing method.
Schematic representation for the MSM and adsorption of phenol
is shown in Fig. 1.

Typically, 25 mL Na2SiO3 solution (0.2 M) was pipetted into a
vial, and then 0.6 g of CTAB was dissolved into the Na2SiO3 solu-
tion. After that, 6 g CO2SM powder was transferred into a 100 mL
Teflon-lined autoclave. Finally, the autoclave was kept at 120 oC for
6-36h. White powder was obtained after reaction and washed sev-
eral times with deionized water and ethanol. The ultimate MSM
was dried at 100 oC overnight and ground into power for adsorp-
tion of phenol.

In this process, the optimum MSM preparing conditions, includ-
ing dosage of CO2SM, the mass concentration of the CTAB, hy-
drothermal temperature and reaction time, and the properties of
the final products, were also systematically studied.
3. Characterization

The phase structure of MSM and crystallinity of the sample were
checked by XRD analysis (Shimadzu, D/max-2200/PC) with Cu
K

α
 radiation operated at 40 kV and 40 mA. The phase transition

characteristics and functional groups of the samples were deter-
mined through FTIR technology, using the KBr pellet technique
(Nicolet, Nexus 670), in the frequency region of 4,000 to 400 cm−1.
The microstructure and morphology of sample was analyzed by
SEM analysis (HITACHI, S-3400N) with an energy dispersive X-
ray spectrometer (EDS). TEM analysis was by using a JEOL JEM-
2100F field emission electron microscope with an acceleration volt-
age of 200 kV. The BET specific surface areas of the samples were
calculated by N2 adsorption isotherms obtained from a Quadrasorb
SI-MP analyzer at 77 K. All the samples were degassed under vac-
uum at 300 oC for 3 h before testing. The pore size distributions in
the adsorption branches of the isotherms were obtained by using
the Barret-Joyner-Halenda (BJH) method. The pore size and total
volume were calculated based on pore size distribution curves.
The thermal stability of the sample was determined by thermo-
gravimetry and differential thermogravimetry (TG-DTG) analysis
by using an NETZSCH STA 409 PC/PG at a heating rate of 10 K/
min.
4. Adsorption Test

The adsorption experiments of phenol were carried out in 150
mL conical flasks. In a typical experiment, 0.2 g of the MSM was
added to 50mL of phenol solution. These flasks were sealed to avoid

Fig. 1. Schematic representation for the MSM and adsorption of phenol.
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evaporation, and then were shaken in an oscillation incubator at
170 rpm. This allowed the solution to equilibrate and to arrive at
practically the same uptake condition in every run. The concentra-
tion of phenol was then measured through the 4-aminoantipyrine
procedure [41] by a TU-1810 UV-V spectrophotometer. In the
batch mode, the stock NH4Cl-NH4OH buffer solution (0.5 mL) was
added to the phenol solution (50.0 mL) pending assay. The pH of
the solution was adjusted to 10.0 using the NH4Cl-NH4OH buffer
solution, and 4-aminoantipyrine solution (1.0 mL) and potassium
ferricyanide solution (1.0 mL) were then added. The resultant mix-
ture was shaken thoroughly and allowed to equilibrate for 10 min.
Absorbance of the resultant solution was then measured using the
spectrophotometer at 510 nm.
5. Models
5-1. Equilibrium Modeling Study

Langmuir and Freundlich isotherm models were used to inves-
tigate the adsorption equilibrium between the solution phase and
the MSM phase. The linear form of Langmuir isotherm equation
[42] was represented by the following equation:

(1)

The linearized Freundlich isotherm equation [43], which was
based on adsorption on heterogeneous surface and active sites with
different energy [44], was represented by the following equation [45]:

(2)

5-2. Thermodynamic Modeling Study
Temperature dependence of adsorption process was associated

with several thermodynamic parameters, which were necessary to
determine whether the process was spontaneous or not. Gibbs free
energy change (ΔGo) of the adsorption process could be deter-
mined from the following equation:

ΔGo=−RTlnKe (3)

The Ke value was calculated using the following equation:

Ke=qe/Ce (4)

Relation among ΔGo, enthalpy change (ΔHo) and entropy change
(ΔSo) could be expressed by the following equation:

ΔGo=ΔHo−TΔSo (5)

Eq. (5) could be written as:

(6)

According to Eq. (6), ΔHo and ΔSo values could be calculated from
the slope and intercept of the plot of in Ke versus 1/T, respectively
[46-49].

RESULTS AND DISCUSSION

1. Effect of Preparation Conditions on the MSM
Based on the experimental results, Na2SiO3 can react with CO2

released from the CO2SM at high temperature to form SiO2 ac-

cording to the reaction represented by Eqs. (7)-(8). Furthermore,
to obtain the maximum adsorption capacity of MSM, we system-
atically investigated various preparation conditions, including Na2-

SiO3 concentration, CO2SM dosage, the concentration of CTAB,
hydrothermal temperature T, and reaction time t.

The main chemical reactions occurred in the hydrothermal releas-
ing processes were as follows:

SiO3
2−+CO2(Little)+nH2O=CO3

2−+SiO2 nH2O↓ (7)

SiO3
2−+2CO2(excess)+(n+1)H2O=2HCO3

−+SiO2 nH2O↓ (8)

1-1. Effect of CO2SM Dosage on the Yield of the MSM
A set of initial values were selected for the following variables, T

=100 oC, t=12 h, 0.2 M Na2SiO3 and without surfactant, to study
the effect of CO2SM dosage on the yield of MSM. According to
Eq. (7) and Eq. (8), low MSM yields were obtained at low concen-
trations of Na2SiO3. Consequently, a higher concentration of the
Na2SiO3 solution was employed to ensure the synthesis was as com-
plete as possible. Based on these results, the optimal concentration
of the Na2SiO3 solution was determined to be 0.2 M.

As shown in Fig. 2, when the dosage of CO2SM increased from 1
to 6 g, the yield of MSM improved considerably from 0 to 0.4031 g.
However, after the dosage of CO2SM reached 8 g, the MSM yield
did not increase further, which was in accord with Eq. (7) and Eq.
(8) and subject to conservation of mass. When 6 g CO2SM was
used, the CO2 released from the CO2SM reacted completely with
Na2SiO3 (reaction 8). Since the yield of MSM remained stagnant at
higher CO2SM dosage, to use more than 6 g CO2SM was not nec-
essary and only led to excessive material consumption.

Unfortunately, the product hence prepared exhibited minimal
adsorption capacity for phenol. Therefore, in the following investi-
gations, CTAB was employed as a surfactant in preparing the MSM.
1-2. Effect of CTAB Concentration on the Adsorption Capacity of
MSM

We next optimized the phenol adsorption capacity of the MSM
by using CTAB in the hydrothermal synthesis. The MSM was pre-
pared through hydrothermal reaction at 100 oC for 12 h using 6 g
CO2SM and 0.2 M Na2SiO3 in the presence of varying amounts of
CTAB (i.e., 1.5, 4.4, 7.3, 10.9, 16, 24, 40, 64, and 80 g/L). Fig. 3 shows

1
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1
Ce
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1
qmax
----------×
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Fig. 2. Effect of CO2SM dosage on the yield of the porous MSM.
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the effect of CTAB concentration on the phenol adsorption capac-
ity of the MSM.

Fig. 3 shows that the adsorption capacity of MSM increased
sharply to 91.82 mg/g when the use of CTAB increased up to 24 g/
L. However, a slight decrease in the adsorption capability was ob-
served in the concentration range of 24g/L to 80g/L. Thus, it is rea-
sonable to set the concentration of CTAB at 24 g/L to avoid exces-
sive material consumption.
1-3. Effect of Hydrothermal Temperature on the Adsorption Capac-
ity of MSM

The effect of preparation temperature on the adsorption capac-
ity of MSM was studied at the Na2SiO3 concentration of 0.2 M, t=
12 h, the CO2SM dosage of 6 g, and the CTAB concentration of
24 g/L. Fig. 4 unambiguously displays that the maximum adsorp-
tion capacity of MSM was obtained at the hydrothermal tempera-
ture of 120 oC. At 120 oC, CO2 was slowly released from the CO2SM
and could react completely with Na2SiO3. When the temperature
exceeded 120 oC, CO2 was released too quickly. The resulting MSM

product was precipitated spontaneously and its molecules were
compactly arranged, which significantly reduced the surface area
and adsorption capability. Hence, the optimum hydrothermal tem-
perature was determined to be 120 oC.
1-4. Effect of Preparation Time on the Adsorption Capacity of MSM

The effect of preparation time on the adsorption capacity of
MSM was examined at the concentration of 0.2 M Na2SiO3, T=
120 oC, the CO2SM dosage of 6 g, and the CTAB concentration of
24 g/L. Fig. 5 clearly illustrates that the maximum adsorption capac-
ity of the MSM was obtained at the hydrothermal time of 12 h.
When the preparation time was less than 12 h, the CO2 released
from the CO2SM was insufficient for the reaction to complete. Fig.
5 shows that the optimum reaction time was 12 h.

Therefore, the optimum preparation conditions of MSM were
determined to be as follows: the Na2SiO3 concentration of 0.2 M,
the CO2SM dosage of 6 g, the CTAB concentration of 24 g/L, the
hydrothermal temperature of 120 oC, and the hydrothermal time
of 12 h.
2. Orthogonal Experiments of MSM Preparation Conditions

We designed a set of orthogonal experiments (DOE) to deter-
mine the relative impact of each factor on the adsorption capability
of MSM under the optimum preparation conditions. The orthogo-
nal experiments shown in Table 1 were utilized to reduce the num-
bers of experiment and to reveal more information. The results of
orthogonal experiments are shown in Table 2.

As shown in Table 2, the order of major three factors is: B (reac-
tion time)>A (CCTAB)>C (temperature). The optimal combination
is A1B1C1, which represents reaction temperature at 120 oC, reac-
tion time of 12 h, and CTAB concentration (CCTAB) of 24 g/L. This

Fig. 5. Effect of preparation time on the adsorption capacity of the
MSM.

Fig. 3. Effect of CTAB concentration on the adsorption capacity of
the porous MSM.

Fig. 4. Effect of hydrothermal temperature on the adsorption capac-
ity of the MSM.

Table 1. Factors and levels of orthogonal experiments

Factors A (CCTAB)
(g/L)

B (Reaction time)
(h)

C (Temperature)
(oC)

1 24 12 120
2 16 06 100
3 40 18 140
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agrees with previous results from one-factor-at-a-time (OFAT)
experiments.
3. Characterization of the MSM
3-1. FTIR Analysis

Fig. 6 shows the FTIR spectrum of the MSM. The bands at 459
cm−1, 783 cm−1, and 1,065 cm−1 were assigned to the bending vibra-
tion of Si-O-Si [50], characteristic absorption of SiO3

2−, and anti-
symmetric stretching vibration of Si-OH [51], respectively. In add-
ition, the absorption bands at 2,925 cm−1 and 2,848 cm−1 were at-
tributed to -CH2- stretching vibrations [52]. The absorption bands
at 3,442cm−1 and 1,627cm−1 corresponded to the O-H antisymmet-
ric stretching vibration and H-O-H bending mode of the water

molecule [53], respectively, which indicated that adsorbed water
and crystal water existed in the material MSM.
3-2. Thermogravimetric Analysis

The thermal stability of the MSM was assessed using thermal
gravimetric analysis (TGA) analysis under a nitrogen atmosphere,
and the results are displayed in Fig. 7. Thermal decomposition of
the MSM was carried out at a heating rate of 10 K·min−1 in the
temperature range of 30 oC to 1,400 oC. A total mass loss of 0.584mg
was observed, which accounted for 51.73 wt% of the total weight.

As shown in the TGA of MSM (Fig. 7), the pyrolysis process can
be divided into three stages. The first stage in the range of 35-180 oC
corresponds to the removal of physically absorbed water and
interlayer water [54]. The second stage in the range of 180-295 oC
represents removal of the organic groups in the material [55]. Ac-
cording to the literature [56-58], the decomposition of alkyl groups
should occur at 473-573 K. In this temperature range, the MSM
exhibited a 30.38% weight loss. In the third stage between 295-
621 oC, the mass loss was attributed to the dehydration of the
material [59].
3-3. XRD Analysis

Fig. S1 shows the XRD pattern of MSM. The XRD pattern of

Table 2. The results of orthogonal experiments

Num.
Factors Adsorption capacity

of MSM (mg/g)A B C
1 1 1 1 91.29
2 1 2 2 88.14
3 1 3 3 87.67
4 2 1 2 86.51
5 2 2 3 80.79
6 2 3 1 89.21
7 3 1 3 88.57
8 3 2 1 86.27
9 3 3 2 83.80

K1 267.10 266.43 266.77
K2 256.51 255.20 258.45
K3 258.64 260.68 257.03
k1 089.03 088.81 088.92
k2 085.50 085.07 086.15
k3 086.21 086.89 085.68
R 003.53 003.74 003.24

Order B>A>C
Optimal level A1 B1 C1

Optimal group A1 B1 C1

Fig. 6. FTIR spectrum of the MSM.

Fig. 7. TGA curve of the MSM.

Fig. 8. N2 adsorption-desorption isotherm at 77 K and the BJH ad-
sorption pore size distribution (inset) of the MSM.
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MSM shows a broad diffraction peak in the range of 2θ=15-30 o,
indicating that MSM mainly has amorphous silica structure [60-
62], consistent with the results of SEM.
3-4. N2 Adsorption-desorption Isotherm Analysis

The N2 adsorption-desorption isotherm is shown in Fig. 8, and
the pore size distribution determined by BJH analysis from the
adsorption branch of the N2 adsorption isotherm is depicted in
the inset image.

As shown in Fig. 8, the MSM seems to have a combination of
type-I and type-II isotherms, and is hence an irregular mesoporous
material. The pore diameter of the materials was centered between
3 to 30 nm, and the average pore diameter, calculated by using the
BJH method, was 3.412 nm. The BET specific surface area and the
pore volume of the material are calculated from the isotherm to
be 14.43 m2·g−1 and 0.038 cm3·g−1, respectively.
3-5. SEM and TEM Analysis

Representative SEM and TEM images of the MSM are presented
in Fig. 9. As can be seen in Fig. 9(a), the SEM image revels that
the prepared MSM was 100-500 nm in size and had a stack-up
irregular spherical structure. As shown in Fig. 9Aa of energy spec-
trum (inset), the surface of the MSM predominantly consisted of
C, O and Si. The distribution of the particle size and morphology
of the prepared materials could be directly observed through TEM
characterization, which showed massive narrow channels and rep-
resented irregular mesoporous structure (Fig. 9(b)). Possible syn-
thesis mechanism is explained as follows:

(9)

SiO3
2−+CO2(Little)+nH2O=CO3

2−+SiO2 nH2O↓ (10)

SiO3
2−+2CO2(excess)+(n+1)H2O=2HCO3

−+SiO2 nH2O↓ (11)

In this study, the water medium contributed to the transforma-
tion of Na2SiO3 into SiO2 and CTAB was added as surfactant. In
our previous work [22], we reported solid CO2-storage materials
(CO2SMs) could be employed as an effective CO2 capturing/releas-
ing platform in detail. The CO2 released from the solid CO2-stor-

age materials (CO2SM) under higher temperature and the system
of EDA+TEG exhibits remarkable CO2 capturing and releasing
capabilities for multiple cycles that can be recycled to offer CO2 for
Eqs. (10)-(11) consistently.
4. The Adsorption test of MSM

A series of batch adsorption experiments were conducted to
assess the adsorption behavior of the MSM.
4-1. Effect of Adsorbent Dosage on the Removal of Phenol

The effect of adsorbent dosage on the removal of phenol (Fig.
10) was evaluated in 1,000 mg/L phenol aqueous solutions and at
T0=25.0 oC. It showed that the removal rate of phenol was in-
creased with increasing dosage of adsorbent. In the aqueous solu-
tion of phenol (1,000 mg/L), the rate of phenol removal arrived at
a plateau when the dosage of the MSM adsorbent exceeded 16 g/
L. This is because the exchange equilibrium was reached between
phenol in aqueous solution and phenol adsorbed on the MSM
[63].
4-2. Effect of Reaction Time and Temperature

The phenol adsorption capacity of MSM increased dramatically
at the initial period of approximately 5 min. This phenomenon is
because large numbers of vacant sites are available during the ini-
tial period. After that, the remaining vacant sites are difficult to be

Fig. 9. TEM and SEM images and the energy spectrum (inset) of the MSM.

Fig. 10. Effect of adsorbent dose on the adsorption of phenol.
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occupied by the phenol molecules due to the repulsive forces be-
tween the adsorbed solute molecules on the surface and solute in
solution phase.

Fig. 11 shows that the adsorption capacity of MSM decreased
slightly from 56.64 mg/g to 51.34 mg/g when temperature was in-
creased from 25 oC to 45 oC. This is because the adsorbate tends to
escape from the solid phase into the solution when the adsorption
is exothermic [61].
4-3. Effect of the Shaking Speed

To investigate the effect of shaking speed of shaker on the ad-
sorption of phenol, we carried out a series of experiments with var-
ious shaking speeds in 1,000 mg/L phenol aqueous solution and at
T0=25.0 oC. The results are shown in Fig. 12.

It was found that the shaking speed directly affected the removal
rate of phenol. Fig. 12 shows that the rate of phenol removal in-
creased with rising shaking speed, which is a typical characteristic
of outer diffusion [65]. To obtain a relatively higher phenol removal
rate and escape excessive energy consumption, we chose the shak-
ing speed of 170 r/min for the following investigations.
4-4. The Adsorbent on the Removal Rate of Phenol with Various

Concentrations
Fig. 13 shows the effect of the MSM adsorbent on the removal

rate of phenol. The removal rate of phenol at C0=400 mg/L, 600
mg/L, 800 mg/L, 1,000 mg/L, 1,200 mg/L, and 1,400 mg/L and T0=
25.0 oC were found to be 92.63%, 90.90%, 89.36%, 86.72%, 84.10%,
and 79.62%, respectively. Apparently, the removal rate of phenol
decreased with the increase of the initial concentration of phenol.
4-5. Effect of pH Value

The effect of the pH value of solution on the adsorption of phe-
nol was also examined in a series of acidic and alkaline solutions
at T0=25.0 oC. As shown in Fig. 14, the phenol adsorption capac-
ity of MSM at pH=2.54, 4.96, 7.11, 9.36 was 52.55 mg/g, 51.49
mg/g, 52.90 mg/g, 47.47 mg/g and 32.26 mg/g, respectively. Fig. 15
clearly shows that the MSM attained maximum adsorption capac-
ity at pH=7.11. In addition, the maximum desorption of phenol
was achieved at pH>11. The pH value of the solution is hence crit-
ical to the adsorption of phenol onto the MSM. These results are
consistent with the previous report by Özkaya, who noted that
sodium hydroxide facilitated desorption of phenolic compounds
[66]. Moreover, this result demonstrates that pH value of the solu-

Fig. 12. Effect of the shaking speed on the adsorption of phenol.

Fig. 11. Effect of reaction contact time and temperature. Fig. 13. Effect of the initial concentration on the adsorption of phe-
nol.

Fig. 14. Effect of pH on the adsorption of phenol.
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tion is critical to the adsorption process of MSM. Table 3 summa-
rizes the comparison results of the phenol adsorption capacity of
MSM with other adsorption materials [25,67-78]. On the basis of
the above results, it is evident that the MSM has a high capacity
for the removal of phenol from the aqueous solution. Two differ-
ent types of adsorption sites exist on the surface of MSM: less polar
Si-O-Si (siloxane) groups and polar Si-OH (silanol) groups with
strong hydrogen-bonding Si-OH group’s interactions between them

[79,80] corresponding to FTIR, which are effective for the adsorp-
tion of organic compounds due to their high adsorption energy. In
addition, MSM also possesses organic groups according with vibra-
tions at 2,925 cm−1 and 2,848 cm−1 in FTIR, which favors the organic
phenolic compound adsorption on MSM [7,81].
5. Adsorption Isotherms

To investigate the mechanism of phenol adsorption on the MSM,
we analyzed the experimental data by fitting them to the Lang-
muir and Freundlich isotherm equations. The fitting results are
shown in Figs. 15 and 16. The constant parameters and correla-
tion coefficients (R2) are summarized in Table 4. Langmuir model
is suitable for the characterizing the experimental adsorption iso-
therms according to the results in Table 2. It was found that the
correlation coefficients at 25 oC, 35 oC, and 45 oC were 0.99875,
0.99382, and 0.99499, respectively. The Langmuir adsorption iso-
therm for monolayer adsorption [70] on a homogeneous surface
was successfully fitted to this adsorption process, and the saturated
adsorption capacity reached 90.50 mg/g. Compared with Langmuir
model, the Freundlich model gave inferior fitting, and it still gave
correlation coefficients of greater than 0.9 in all cases. When n=
2.0143, 1.9051 and 2.0247, their corresponding correlation coeffi-
cients were all more than 1, indicating the adsorption of phenol is
a favorable process [82].
6. Adsorption Thermodynamic Studies

To further understand the adsorption process taking place be-
tween the MSM and the phenol adsorbate, we also conducted ther-
modynamic studies. The results are shown in Fig. 17. Thermody-
namic parameters were evaluated in Table 5. The ΔG values were

Fig. 15. Langmuir adsorption isotherm of phenol onto MSM at
25 oC, 35 oC and 45 oC. Fig. 16. Freundlich adsorption isotherm of phenol onto MSM at

25 oC, 35 oC and 45 oC.

Table 3. The comparison results on the phenol adsorption capacity
of other adsorption materials

Adsorbent Adsorption
capacity (mg/g) Reference

Activated carbon nanofibers 251.6 67
Rice husk 22 68
Graphene 53.19 69
Commercial activated carbon 49.72 70
Chemically modified green macro alga 20 71
Apricot stone shells 120 72
Modified diatomite 92 73
RCP 142.5 74
S800/A800 87/89 75
MCM-41 23 76
DTAB modified Silica 30 77
SBA 15 78
PAM 63.78 25
MSM 90.50 This work

Table 4. Parameters of Langmuir isotherm models at various temperature values

T (K)
Langmuir Freundlich

qm (mg/g) b (L/mg) R2 KF n R2

298.15 90.50 0.0115 0.99875 4.5851 2.0143 0.96859
308.15 88.42 0.0097 0.99382 3.6461 1.9051 0.99409
318.15 85.62 0.0084 0.99499 3.8365 2.0247 0.95507
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negative across all temperatures, implying that the adsorption was
favorable and spontaneous. The adsorption of phenol onto the
MSM appeared to have a negative enthalpy, which corresponds to
an exothermic adsorption that decreased the uptake of phenol with
rising temperature. On the other hand, the adsorption process had
positive entropy [83], which was attributed to an increase in ran-
domness at the interface between the solid and the solution and
an increase in the degree of freedom of the adsorbed species [84].

CONCLUSION

A novel approach employing hydrothermal releasing treatment
was successfully developed for the preparation of the MSM, which
accomplished the utilization of recyclable CO2SM through multi-
ple CO2 capture and release cycles. The preparation method devel-
oped herein has two remarkable features: readily available raw
materials and simple process. On the basis of the results of this
study, the following main conclusions can be drawn.

(1) The optimum preparation conditions of MSM were identi-
fied as follows: Na2SiO3 concentration, 0.2 M; CO2SM dosage, 6 g;
CTAB concentration, 24 g/L; hydrothermal temperature, 120 oC;
and reaction time, 12 h.

(2) The MSM was mainly comprised of three elements: Si, O
and C. Some adsorbed water and crystal water were also detected.
Specifically, the adsorption capacity of SiO2 towards phenol was
100.76 mg·g−1 under the following conditions: temperature, 25.0 oC;
phenol solution concentration, 1,000 mg/L; MSM dosage, 10 g/L;
and shaking speed, 170 rpm.

The adsorption process of phenol on MSM occurred on a homo-
geneous surface through a monolayer adsorption mechanism. The

calculated thermodynamic parameters, including ΔGo, ΔHo, and
ΔSo, confirmed that the adsorption process of phenol on MSM is a
favorable, spontaneous and exothermic adsorption, which is con-
sistent with the experimental results of thermodynamic investiga-
tions.
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Fig. S1. XRD image of the SASM.
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