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Abstract—A thiol-functionalized HMS mesoporous silica was synthesized with thiolsilane. FTIR character-
ization suggests that thiol group has been anchored on the surface of HMS. SH-HMS performs better than
HMS in adsorption of lead ion from water. The adsorption ratio on SH-HMS monotonously increases with
adsorption time, which is beyond 95.5% after 5 min of adsorption time and be close to the equilibrium state.
It decreases with pH value while increases with adsorbent dosage. Furthermore, the increment of lead initial
concentration leads to decrease the adsorption ratio while increase the adsorption quantity. Adsorption
ratioof 100 % can be obtained under following conditions: pH 6, 30 min of adsorption time, 8 g L~! of adsor-

bent dosage, and 40 mg L~! of initial lead concentration. The relationship between the adsorptive quantity
and equilibrium adsorption concentration is in good accordance with both of the Langmuir isotherm model

and the Freundlich model.
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INTRODUCTION

Over the past decades, we have gained much more
welfare from the fast economy development, and how-
ever, we also suffer from it accordingly. Environment
pollution is just one of the problems we have been sub-
jected to. It is well known that wastewater pollution
especially resulting from heavy metals has become a
serious environmental problem all over the world [1].
A large amount of heavy metals with high toxicity
including lead, cadmium and chromium and so on
enter water bodies which leads to immeasurable risks
and dangers human health and ecological systems [2].
As one of the most commonly concerned metals, lead
is often detected in textile dying, petroleum refining,
battery manufacture, and mining operations. It may
cause mental disturbance, retardation, and semi-per-
manent brain damage even in relatively lower concen-
trations [3, 4]. Therefore, developing an efficient
method or a novel agent to remove lead ions has
attracted much attention of many researchers.

To remove heavy metals from wastewater, many
techniques, such as ion exchange, precipitation,
adsorption, membrane processes, reverse 0OsSmosis,
sedimentation, and electro-dialysis, have been
employed [5, 6]. The adsorption process offers flexi-
bility and simplicity in design, convenience and ease
of operation and, effective in removing heavy metal
ions especially at low concentration [7]. Various
adsorptive materials, such as activated carbon, silica,

zeolites, clays and organic polymers are capable of
capturing metal ions from dilute aqueous solutions
[8]. Among them, porous silica especially mesoporous
silica functionalized with various organic chelating
ligands has received great interest for its large specific
surface area, fast mass transferring, high selectivity
and typical solid properties [9]. In the previous litera-
tures, studies on amino, thiol, and Schiff base func-
tionalized mesoporous silica such as MCM-41 and
SBA-15 has been widely reported [2, 9—12]. However,
thiol grafted on HMS mesoporous silica has been
scarcely investigated up to date.

In this paper, we prepare a novel adsorbent by
functionalizing the surface of HMS mesoporous silica
with thiol groups and discuss its performance in
removing lead ions from water solution.

EXPERIMENTAL
Preparation of the Adsorbent

Thiol-functionalized HMS mesoporous silica was
prepared following a method similar to that reported
by Li [13]. A reaction solution was prepared by mixing
150 mL of n-octane and 2.6 g of 3-mercaptopropyl-
methyldimethoxysilane under stirring. Then 7 g of
HMS mesoporous silica powder was added into the
solution in a 150 mL four-necked flask. The final mix-
ture was heated to boil and kept under stirring at 98°C
(boiling point) for 2 h. Finally, the mixture was
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cooled, filtrated, washed using acetone and ethanol
for 2 times, respectively, and the solid was dried at
50°C for 5 h. The final product was denoted as SH-
HMS. For a comparative purpose, an analog named as
HMS was prepared by the same procedure as SH-
HMS except without silane.

Infra-red (FTIR) Characterization of the Adsorbent

The adsorbent and KBr were mixed by triturating at
mass ratio of 1 : 99, and pressed into pellets, which
were scanned at 4000—400 cm~! with Thermo Nicolet
6700 Infrared spectrometer (instrument resolution of
0.4 cm™!). The data were analyzed with Omnic analy-
sis software to determine the functional groups.

Tests of Removing Lead Ion

A given mass of the adsorbent and 25 mL of lead
nitrate solution (100 mg L") were added to a conical
flask (50 mL) with cover. The conical flask was shaked
for a known time to fully adsorb and remove lead ions.
Herein, the adsorption time is defined as the shaking
time of the solution during the test. Then the mixture
was sucked and filtrated. The clear liquid was trans-
ferred to a volumetric flask to acquire a constant
100 mL of solution. The concentration of residual lead
ion in the solution was determined using an atomic
adsorption spectrophotometer (TEHRMO, USA).
Removing efficiency was evaluated on basis of the
adsorption quantity (Q,, mg g~') and the adsorption
ratio (R, %), which are calculated according to follow-
ing equations:

Qe = (CO - Ce)/cbv (1)
R=(-C,/Cy)x100%, )

where C, and C, are the initial and equilibrium con-
centrations of lead ion (mg L"), and C, is the dosage
of adsorbent (g L), respectively.

RESULTS AND DISCUSSION
Preparation and Characterization Results

Figure 1 displays FTIR spectra of HMS and SH-
HMS. Both of them have typical peaks attributed to
silica-based materials. The bands at 1643 and
3431 cm™~! are ascribed to water adsorbed on Si—OH;
Three bands at around 1082 and 950 cm~' are associ-
ated to internal and external asymmetric Si—O
stretching modes as well as two bands at 804 and
460 cm~! are assigned to symmetric stretching and tet-
rahedral bending of Si—O bonds, respectively. As is
shown in Fig. 1, SH-HMS indicates distinct differ-
ences from HMS in FTIR spectra. These bands are
assigned as follows: Si—C bond “strectching” at
760 cm~!, CH; groups “rocking” at 852 cm~!, Si—CHj,
bond “stretching” at 1260 cm~' and C—H “stretching”
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at 2966 cm~' [11, 14—17]. Meanwhile, the bands at
1643 and 3431 cm~! ascribed to water-adsorbed Si—
OH significantly decrease for SH-HMS [14], suggest-
ing that the lipophilicity of the silylated sample has
been increased due to the impact of methylsilyl groups
anchored on the surface of HMS. These FTIR results
indicate that thiolsilyl groups of organic silanes have
been really anchored on the surface of mesopores in
HMS [11, 14—17].

Effect of Adsorption Time on the Efficiency
of Removing Lead Ion

As is shown in Fig. 2, the adsorption time (0—
100 min) has a great influence on the efficiency of
removing lead under following conditions: 100 mg L™!
of initial concentration of lead ions, 8 g L' of adsorbent
and pH 7. The result shows that the adsorption ratio
increases with the adsorption time from 0 to 100 min,
which includes three necessary stages. It is necessary
to note that SH-HMS gives higher adsorption ratio
than HMS. The three states are described as follows.
Firstly, at the beginning of adsorption, the adsorption
ratio dramatically increases because that the adsorp-
tion mainly occurs on the surface of adsorbent (SH-
HMS). Then, at the second stage, the increasing speed
of adsorption ratio becomes slow, maybe because of
the decrease in the lead concentration in solution. The
other reason is that during this stage the adsorption
mainly works in the internal surface of adsorbent pores
to decrease the mass transfer rate. Finally, the adsorp-
tion reaches an equilibrium state when the lead ions
residue is much less. This law is approximately in
accordance with that of the adsorption of solution on
other porous materials [2, 18]. Based on the result in
Fig. 2, the adsorption ratio has been beyond 95.5%
after 5 min of adsorption time and be close to the equi-
librium state. Accordingly, the adsorption time is set as
30 min in the following tests for a purpose of full
adsorption.

Effect of pH Value on the Efficiency
of Removing Lead Ion

pH value of the lead-containing solution was
adjusted in the range of 2.5—11 by HCl and NaOH
solutions. The adsorption test on the pH value was
conducted under a condition of 100 mg L~! of initial
concentration of lead ion, 8 g L~! of adsorbent dosage
and 30 min of adsorption time. The result in Fig. 3
shows that the adsorption ratio monotonically
increases with pH of solution and SH-HMS displays
higher adsorption ratio than HMS. More importantly,
the adsorption performance of SH-HMS is dramati-
cally improved (R = 89—98%) compared with HMS in
the range of pH less than 7. It also suggests that thiol in
SH-HMS is resistant to dissolution of lead in acidic
condition. It is much valuable because that most of
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Fig. 1. (Color online) FTIR spectra of HMS and SH-HMS, respectively.
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Fig. 2. (Color online) Effect of adsorption time on the effi-
ciency of removing lead ion.

adsorption treatments in industries perform in acidic
condition. Both of SH-HMS and HMS indicate much
higher adsorption ratio in the range of pH more than 7
because that Pb(OH), precipitate may be formed in
alkaline condition. pH value of 6 was fixed in the fol-
lowing tests, considering that adsorption in industries
works in acidic condition and SH-HMS may be dis-
solved in condition of pH more than 8. On the hand,
the adsorption ratio on SH-HMS reaches 96.9% when
pH value is 6, which is enough for removing lead ion.
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Fig. 3. (Color online) Effect of pH value on the efficiency
of removing lead ion.

Effect of Adsorbent Dosage on the Efficiency
of Removing Lead Ion

Figure 4 shows the effect of adsorbent dosage (1—
12 g L~') on the efficiency of removing lead ions under
conditions including 100 mg L~! initial concentration
of lead ions, pH 6 and 30 min adsorption time. Obvi-
ously, HMS performs not effective in adsorption com-
pared with SH-HMS. The adsorption on SH-HMS
quickly increases with the adsorbent dosage to reach a
high number 0f 96.4% at 7 g L~! of dosage and almost
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Fig. 4. (Color online) Effect of adsorbent dosage on the
efficiency of removing lead ion.

keeps unchangeable with increasing the dosage from 7
to 12 g L., It suggests that it is enough for the adsorp-
tion process when 7 g L~! of adsorbent dosage was
used. However, 8 g L~! adsorbent dosage is utilized in
the subsequent test for the purpose of full adsorption.
Non-increment of the adsorption ratio with more
adsorbent dosage could result from a too low concen-
tration of the left lead ion in solution after adsorption
ratio of 96.4% has been obtained. It also indicates
adsorption equilibrium has reached.

Based on the above results, SH-HMS gives notable
superiority in adsorption compared with HMS. It is
because that SH-HMS possesses porous property as
well as the chelating property from thiol, both of which
are beneficial for adsorption lead. Accordingly, it is
valuable to note that thiol-functionalizing is really an
effective means to enhance adsorption performance
for HMS materials.

Effect of Initial Lead Ion Concentration
on the Removing Efficiency

Under conditions of 8 g L~! SH-HMS dosage,
pH 6 and 30 min adsorption time, the effect of lead ion
initial concentration on removing efficiency was car-
ried out. It could be observed from Fig. 5 that the
adsorption ratio decreases while the adsorption quan-
tity increases with the initial concentration of lead ion.
Obviously, the removing ratio can mostly reach the
optimum value of 100% at the ion initial concentration
of 40 mg L. The results may be interpreted as follows.
Firstly, adsorption quantity on adsorbent will be a
constant when a given mass of adsorbent is used. Then
the amount of residual lead ion can be increased at a
higher initial concentration, which leads to a decrease
of the removing efficiency. The above-mentioned rea-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 93

1807
L 18
100y .\ / 1
99 | \ /' 114
. 112 %%
R
98 F E
. {110
97 | / 18
" 16
9 | / T~ .
1 1 4

40 60 80 100 120 140
Gy, mg/L

Fig. 5. (Color online) Effect of initial solution concentra-
tion on the efficiency of removing lead ion.

sons are also described as follows. The absolute
amount of removed lead ion is increased while the
removing ratio is decreased with the initial concentra-
tion of lead ion before the adsorption process does not
still attain an equilibrium state. As a result, the adsorp-
tion ratio is increased while the adsorption quantity is
decreased.

Isotherms of the Removing Lead lon Process

The two most commonly used isotherms, namely
Langmuir and Freundlich, were adopted to further
describe the removing laws between equilibrium con-
centration (C,) and adsorption quantity (Q.) during
removal of lead ion using SH-HMS, From the linear
form of these two isotherms, equations can be written
as follows:

I/Qe = 1/Q0 + 1/QOKLCe7
logQ. =log Kg + logC, /n.

As shown in Figs. 6 and 7, the adsorption law
accords well with both of the Langmuir isotherm
model (r = 0.99995, here r stands for the linear cor-
relation coefficient) and the Freundlich model (r =
0.99989).

CONCLUSIONS

FTIR characterization result suggests SH-HMS
has been successfully synthesized by thiol group being
anchored on the surface of HMS. SH-HMS performs
better than HMS in adsorption of lead ion from water.
The adsorption ratio on SH-HMS monotonously
increases with adsorption time, which is beyond
95.5% after 5 min of adsorption time and be close to
the equilibrium state. It decreases with pH value while
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Fig. 6. (Color online) Langmuir adsorption isotherm for
removing lead ion.
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Fig. 7. (Color online) Freundlich adsorption isotherm for
removing lead ion.

increases with adsorbent dosage. Furthermore, the
increment of lead initial concentration leads decreas-
ing the adsorption ratio while increasing the adsorp-
tion quantity. 100% of adsorption ratio can be
obtained under a condition including 6 of pH, 30 min
of adsorption time, 8 g L~! of adsorbent dosage, and
40 mg L~! of initial lead concentration. The relation-
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ship between the adsorption quantity and equilibrium
adsorption concentration is in good accordance with
both of the Langmuir isotherm model and the Freun-
dlich model.
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