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ABSTRACT: SBA (Santa Barbara Amorphous)-15 nano mesoporous molecular sieve was
successfully synthesized by hydrothermal method and after its adsorption of Pb?* the prepared
material was used to adsorb S from aqueous solution. The surface and pore structure of SBA-15,
the (SBA-15)-Pb(ll), and the composite material of S? adsorbed by the (SBA-15)-Pb(ll)
were characterized by powder X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and
low-temperature nitrogen adsorption-desorption isotherm. The effects of solution acidity, S* concentration,
contact time, and temperature on the adsorption of S?* by the (SBA-15)-Ph(Il) were investigated.
The optimized adsorption conditions were obtained. The adsorption rate for S? by the (SBA-15)-Pb(ll)
reached 96.33 %. The change of Gibbs free energy in the adsorption process, AG°<0, can judge that
the adsorption process is spontaneous. The enthalpy change in the adsorption process is less than
zero, showing that the adsorption process is an exothermic reaction. The negative value of entropy
change indicates that the adsorption process is a process of entropy reduction. The adsorption of S%
by the (SBA-15)-Pb(ll) belongs to the pseudo-second-order Kinetics. Freundlich isothermal
adsorption equation can better describe the adsorption process. A novel method has been developed
to adsorb S from wastewater.

KEYWORDS: S%; Pb?*; SBA-15 nano mesoporous molecular sieve; Adsorption; Sulfur pollution;
Freundlich; Pseudo-second order; Thermodynamics.

INTRODUCTION

Air pollution, water pollution and soil pollution
prevention, and ecological restoration are important
research indexes of environmental control [1-11]. In
industrial areas, sulfur pollution is one of the main sources
of air, water, and soil pollution [12,13]. The sources of S*
pollution in water are numerous, including various
discharged sulfates. These sulfates will flow into the water
environment through various actions, their range of

activities will gradually expand, and finally, they enter
the bottom of the water environment to accumulate. The
lack of oxygen at the bottom of the water environment
makes anaerobic metabolism active because the oxygen
content is too low, such as sulfate-reducing bacteria, which
facilitates its growth. As a result of the metabolism of
sulfate-reducing bacteria, the sulfate ion will be converted
into sulfur ions and other substances. There are a large
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number of organisms living in the water environment, their
metabolic process can not be separated from the existence
of metal ions. Because of the existence of sulfur-
containing substances and their high activity in reacting
with metal ions, it is difficult for organisms in water
to obtain some necessary metal elements, resulting
in a large number of deaths of aquatic organisms. It causes
great harm to the ecological balance of water bodies.
Because of the wide distribution of sulfur, it is very
difficult to administer it. Several commonly used methods
to solve sulfur pollution have been studied, including
the chemical method, physical adsorption method,
physicochemical method, electrochemical method, and
so on [12-15]. Adsorption has been reported to be a
strategic method in solving various pollution problems,
such as heavy metals [8], including sulfur pollution [16,17].
The adsorption method is especially suitable for solving
the sulfur pollution problem and has many advantages, so
it has become the focus and hot spot of research.

A porous molecular sieve is a class of materials with
selective adsorption properties, large specific surface area,
strong adsorption capacity, and uniform pore size
distribution [7]. Compared with traditional microporous
materials, nano-mesoporous materials have a high specific
surface area and good adsorption performance. SBA-15
mesoporous molecular sieve is a new emerging class of
nanomaterials [18,19]. Because of its high hydrothermal
stability, large pore size, and specific surface area, SBA-15,
and other mesoporous molecular sieve materials
have been studied in many new fields, especially in the
fields of adsorption and separation and higher inorganic
materials [20-22].

In this study, mesoporous silica SBA-15 was prepared
using Pluronic P123 copolymer as the structure-directing
agent and TEOS as the silica precursor by hydrothermal
method and modified with Pb?* to adsorb S% in aqueous
solution to remove harmful sulfur ions in the environment.
The experimental conditions of adsorption of Pb2
by SBA-15 have previously been studied in detail [23]; on
this basis, the optimal adsorption conditions of S% in
aqueous phase by the (SBA-15)-Pb(ll) adsorption have
been explored to study the desulfurization performance.
The kinetic, thermodynamic, and adsorption isotherm
properties of the adsorption process have been investigated
in the hope of advancing the prevention and control of
sulfur pollution. This method can not only adsorb the
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harmful Pb?* ions [23], but also remove harmful
substances S, which has a very high application value.
A new method for S? adsorption was established.

EXPERIMENTAL SECTION
Chemicals

Triblock copolymer, polyethylene glycol-block-
polypropylene glycol-block- polyethylene glycol (P123)
came from Aldrich. Ethyl orthosilicate (TEOS) was
purchased from Shanghai Reagent Factory, China.
Concentrated hydrochloric acid (12 mol/L) was obtained
from Beijing Chemical Plant, China. Sodium sulfide
nonahydrate (Na,S-9H,0), lead nitrate, and sodium
hydroxide were produced in Beijing Chemical Plant, China.
The reagents used in the experiment were analytically pure
and water was deionized water.

Instruments

The information on crystal phase structure and periodic
arrangement was determined by a D5005 X-ray
diffractometer (Siemens, Germany), with Cu-Ka target,
L= 1.540560 A, operating voltage 50 kV, operating current
(tube current) 150 mA. The scan range was 0.4° ~ 10° and the
step size was 0.02%step. Scanning Electron Microscopy (SEM)
images were taken using a Philips X130 field emission scanning
electron microscope to observe the particle morphology and
size of the sample. The sample was prepared by using
ethanol. The sample was dropped onto the slide for
conducting layer treatment and the operating voltage was
20 kV. At 77 K liquid nitrogen temperature, the pore
structure parameters of molecular sieve materials such as
N, adsorption-desorption isothermal curve and specific
surface area were determined by a Micromeritics
ASAP2010M adsorption analyzer. The specific surface
area was calculated using the BET (Brunner-Emmett-
Teller) method [24], while the pore size distribution was
calculated using the BJH (Barrett-Joyner-Halenda)
equation [25]. The relevant data involved in the calculation
of each parameter were obtained according to the
adsorption branch of nitrogen adsorption-desorption
isotherms of each sample prepared experimentally. S* was
determined by Ag,S gravimetric subtraction method.

Synthesis of SBA-15 adsorbent

Hydrothermal synthesis SBA-15 was used and the
details are as follows:
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P123 triblock copolymer template of 2 g was dissolved
in 15 g deionized water and 60 g 2 mol/L of hydrochloric
acid solution. 4.25 g TEOS were gradually added to the
mixed solution at 40°C and continuous stirring for 24 h.
Then, the mixed solution was added to the reactor and
continuously crystallized at 100 °C for 48 h. The prepared
product was dried at room temperature and white powder
was obtained. The obtained powder was calcined at
a relatively high temperature of 550 °C [26].

(SBA-15)-Pb(I1) preparation

Pb(NOs), of 1.5985 g was dissolved in water, 10 mL of
concentrated HNO3; (15.5 mol/L) was added, and the
mixture was diluted to 1 L. 40 mL of 1.000 mg/mL Pb?*
standard solution was poured into a 100 mL beaker.
0.1 mol/L NaOH solution was used to adjust the solution
to pH = 5. 0.1000 g SBA-15 molecular sieve was weighed,
placed in the above-mentioned mixed solution, and
magnetically stirred for 40 min at room temperature. The
resulting product was filtered, washed with deionized
water, and dried at room temperature. The obtained
product was nominated as (SBA-15)-Pb(ll).

Effect of pH on S* adsorption

A standard working solution of 15 mL of Na,S solution
with 0.20 mg/mL concentration was placed in 50 mL
beaker. The desired pHs (9-13) were adjusted with 0.1 mol/L
sodium hydroxide and the obtained solution was diluted
with distilled water to a volume of 30 mL. A mass of
0.0500 g (SBA-15)-Pb(Il) adsorbent was accurately
weighed and added to the above-mentioned beaker and
stirred for 40 min with a stirring speed of 200 rpm
at 25 + 1 °C. After filtering the suspension in the beaker,
the product was dried for 24 h at room temperature.
Weighing was made and the weight gain was calculated so
as to calculate the adsorption rate and adsorption capacity.
pH-adsorption rate curve and pH-adsorption capacity
curve were drawn to find the optimal pH.

Effect of S* solution concentration on adsorption
efficiency

Na,S standard solution of 15 mL of 0.04, 0.10, 0.20,
1.00, 2.00 mg/mL was taken. Water was added to adjust
the volume to 30 mL and placed in a 50 mL beaker. The
pH solutions were adjusted to 10 using 0.1 mol/L sodium
hydroxide solution. Then, the adsorption experiment was
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carried out according to the previous method. Weighing
was made and its weight gain was calculated so as
to calculate its adsorption rate and adsorption capacity.
Concentration-adsorption rate curve and concentration-
adsorption capacity curve were drawn to find the optimal
starting concentration of S%.

Study on the effect of contact time on S* adsorption efficiency

Na,S standard solution of 15 mL of 0.20 mg/mL
was taken. Sodium hydroxide solution with a concentration
of 0.1 mol/L was respectively added to adjust the pH
value of the solution to 10 and water was added to adjust
the volume to 30 mL. 0.0500 g (SBA-15)-Pb(Il)
adsorbent was added in the above-mentioned beaker and
stirred for 10, 20, 25, 30, 35, 40,45, 50 min at 25+ 1 °C.
After filtering the suspension in the beaker, the product
was dried for 24 h at room temperature. Weighing
was made and its weight gain was calculated so as
to calculate its adsorption rate and adsorption capacity.
Time-adsorption rate curve was drawn to find the
optimal contact time.

Study on the effect of temperature on S* adsorption
efficiency

Na,S standard solution of 15 mL of 0.20 mg/mL
was taken. They were placed in five of 50 mL beakers,
respectively. 0.1 mol/L sodium hydroxide solution
was respectively added to adjust the pH value of the solution
to 10 and water was added to adjust the volume to 30 mL.
0.0500 g (SBA-15)-Pb(Il) adsorbent was accurately
weighed and added in the above-mentioned beaker and
stirred for 40 min at 20, 25, 30, 35, 40 °C. After filtering
the suspension in the beaker, the product was dried for 24 h
at room temperature. Weighing was made and the weight
gain of each sample was calculated so as to calculate
the adsorption rate and the adsorption capacity.
Temperature-adsorption rate curve was drawn to find the
optimal temperature.

Adsorption kinetics equation

Na,S solution of 15 mL of 0.20 mg/mL was taken and
placed in a 50 mL beaker. 0.1 mol/L sodium hydroxide
solution was added to adjust the pH value of the solution
to 10 and distilled water was added to adjust the volume
to 30 mL. (SBA-15)-Pb(Il) adsorbent with a mass of 0.0500 g
was accurately weighed and added in the above-mentioned
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beaker and stirred for 10, 20, 25, 30, 35, 40 min at
25 £ 1 °C on a magnetic stirrer with a stir speed of 200
rpm. After filtering the suspension in the beaker, the
product was dried for 24 h at room temperature. Weighing
was made and its weight gain was calculated so as to
calculate g (the adsorption capacity at equilibrium) and g,
(the adsorption capacity at time t). The pseudo-first-order
and pseudo-second-order kinetic equations were drawn,
respectively, and the

corresponding  parameters

were calculated.

Adsorption thermodynamic equation

Na,S solution of 15 mL of 0.20 mg/mL was taken
and placed in a 50 mL beaker, respectively. 0.1 mol/L
sodium hydroxide solution was added to adjust the pH
value of the solution to 10 and water was added to adjust
the volume to 30 mL. 0.0500 g (SBA-15)-Pb(1l)
adsorbent was weighed and added in the above-mentioned
beaker and stirred for some time at 25, 30, 35, 40, 45 °C
on a magnetic stirrer with a stir speed of 200 rpm. After
filtering the suspension in the beaker, the product was
dried for 24 h at room temperature. Weighing was made
and its weight gain was calculated so as to calculate
the corresponding concentration and its equilibrium
adsorption capacity. The pseudo-first-order and pseudo-
second-order  kinetic = equations were  drawn,
respectively, and the corresponding parameters were
calculated. The fit was carried out using In(q./c.) to 1/T,

and the corresponding parameters were calculated.

Adsorption isotherms

(SBA-15)-Pb(I1) adsorbent of 0.0500 g was weighed
and placed in a 50 mL beaker. 15 mL of 0.040, 0.10,
0.16, 0.20 mg/mL NaS solution was added,
respectively. 0.1 mol/L sodium hydroxide solution was
added to adjust the pH value of the solution to 10 and
water was added to adjust volume to 30 mL. The
mixture was stirred and contacted for some time at 25,
30, 35, 40, 45 °C on a magnetic stirrer with a stir speed
of 200 rpm. After the equilibrium process was achieved,
the suspension in the beaker was filtered. The product
was dried for 24 h at room temperature. Weighing was
made and its weight gain was calculated so as to
calculate its equilibrium concentration and equilibrium
adsorption capacity. Langmuir adsorption isotherms
and Freundlich adsorption isotherms were drawn.
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RESULTS AND DISCUSSION
Effect of adsorption condition on adsorption efficiency
Fig. 1 shows a relationship between pH value and S*
adsorption rate (Fig. 1A) or adsorption capacity (Fig. 1B).
It can be seen from the figure that from pH 8-10 as the pH
value increased, S* adsorption rate and adsorption
capacity increased. When pH > 10, as the pH value
increased, S% adsorption rate and adsorption capacity
decreased. At pH = 10, S* adsorption rate and adsorption
capacity are the largest, reaching 96.33% and 57.81 mg/g,
respectively. At pH > 10, as the pH value increased, OH"
concentration in the solution increased gradually, and then
inhibited S% adsorption [27-29]. Fig. 2 shows a
relationship between the initial concentration of S and
adsorption rate or adsorption capacity. It can be seen from
the figure that the adsorption rate increased with the initial
concentration of S2. The maximum was reached at the
initial concentration of 0.1 mg/mL S%. And the adsorption
capacity increased gradually with the increase of the initial
concentration of S2. So the optimal solution concentration
is judged by the curves of adsorption rate and adsorption
capacity, and the optimal starting concentration was
selected to be 0.1 mg/mL. The adsorption was then
revealed contact time-dependent (Fig. 3) until the
equilibrium was reached (40th minute). The influence of
contact time was attributed to the diffusion force, as
suggested by other studies [9,10]. Fig. 4 shows a
relationship  between adsorption temperature and
adsorption rate. From the figure, it can be seen that the
adsorption rate increased with the increase of temperature.
At 25 °C, the maximum was reached and then decreased
with increasing temperature. So the optimal adsorption
temperature is determined by the adsorption rate curve,
and the optimum adsorption temperature was 25 °C. When
the temperature was in the range of 25 ~ 45 °C, the
adsorption of S* onto (SBA-15)-Pb(ll) at different
temperatures showed a decrease in the adsorption rate and
capacity with an increase in temperature. The adsorption
process was an exothermic reaction.

Property of adsorption system

Kinetics of sorption describing the solute uptake rate
which in turn governs the residence time of sorption
reaction is one of the important characteristics defining the
efficiency of sorption. Hence, in this study, the adsorption
kinetic model which is currently commonly used, namely
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Fig. 1: Effect of pH on S? adsorption: (A) adsorption rate; (B) adsorption capacity (adsorbent dosage: 1.67 g/L,
initial concentration of S2: 0.1 mg/mL, stirring time: 40 min, temperature: 25°C).
60
- 60 -
e — [ ]
S s = /
g b 2 |
= N Tosop f
2 - 5 |
£ 50 ™ = | ]
2 A £ a0
4 ., £ ‘f
3 a5 % s |
- % Z
2 |
oo
s
-
E 5 i0 i E E 5% 02 04 0% i
pH Solution concentration (mg/mL)
Fig. 2: Effect of initial concentration of solution on adsorption rate of S?* (A) and adsorption capacity
(B) (Adsorbent dosage: 1.67 g/L, pH = 10, stirring time: 40 min, temperature: 25 °C).
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Fig. 3: Effect of contact time on S adsorption rate (Adsorbent
dosage: 1.67 g/L, pH = 10, initial concentration of S2: 0.1
mg/mL, temperature: 25 °C).
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Fig. 4: Effect of temperature on S?* adsorption rate (Adsorbent
dosage: 1.67 g/L, pH = 10, contact time: 40 min, initial

concentration of $2: 0.1 mg/mL).
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Table 1: Adsorption Kinetic parameters.
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Fig. 5: Pseudo-first-order kinetic equation (Adsorbent dosage:
1.67 g/L, pH =10, S?- jnitial concentration: 0.1 mg/mL,
temperature: 25°C).

pseudo-first-order Kkinetics and pseudo-second-order
kinetic adsorption rate model is used to describe the
adsorption rate of adsorbent toward solute. The adsorption
mechanism of (SBA-15)-Pb(ll) toward S* can be
discussed.

The pseudo-first-order kinetic model formula [30,31] is:

Ky
t 1
2.303 @

In(de —q¢) =Inq, -

The pseudo-second-order dynamic model formula
[30,31] is:

T @

Q¢ - kzqs Qe

Where g. (mg/g) is the adsorption equilibrium mass
concentration, g: (mg/g) is the adsorption amount at t time,
ky is the pseudo-first-order rate constant, and k;
[9/(mg-min)] is the pseudo-second-order adsorption rate
constant [8, 32-34].

According to the experimental data, the adsorption
kinetic data are calculated, and the results are shown

3012

4 t (min) a: (mg/g) [a-a] (mg/g) In(Qe-a) t/ )
10 21.882 35.918 3.581 0.456
20 32.864 24.936 3.216 0.608
25 35.267 22.905 3.131 0.716
30 36.568 21.232 3.055 0.820
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Fig. 6: Pseudo-second-order kinetic equation (adsorbent
dosage: 1.67 g/L, pH = 10, SZ initial concentration: 0.1 mg/mL,
temperature: 25°C).

in Table 1. The Kkinetic curves were made according to the
calculated data, as shown in Fig. 5 and 6. It was calculated
from Eqgs. (1) and (2) and obtained that the pseudo-first-
order kinetic equation In(qe-gr) = -0.02539t + 3.79061
(R? = 0.9670), rate constant k; = 0.05851 min?. The
adsorption capacity obtained is q. = 44.283 mg/g, which is
quite different from that obtained by the experiments.

The rate constant calculated from pseudo-second-order
Kinetic equation t/q;= 0.0179t + 0.26931 (R? = 0.9947) was
k, = 0.001189 [g/(mg-min)] and the adsorption capacity
was ge = 55.866 mg/g. This is not significantly different
from the adsorption capacity (qe = 57.811 mg/g) value
obtained from the experiment. Therefore, the process
of adsorption of S* by (SBA-15)-Pb(ll) is considered
a pseudo-second-order kinetics [35-39].

Thermodynamic of adsorption
The thermodynamic parameters of adsorption process
can be calculated by the following formula [40]:

Je
Ky =—& 3
ey 3
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(T Co(mg/mL) a(mg/g) T G/Ce n@/c) )
298 0.003667 57.801 0.003354 15762.20344 9.665370
303 0.006205 56.277 0.003298 9069.621273 9.112685
308 0.007258 55.645 0.003245 7666.712593 8.944643
313 0.01527 50.838 0.003193 3329.273084 8.110509
\_ 318 0.023385 45.969 0.003143 1965.747274 7583627 )
Table 3: 4G° values at different temperature.

é T(K) 298.15 303.15 308.15 313.15 318.15 )
AG°(kd/mol) -24.121305 -23.162370 -22.203435 -21.244500 -20.285565
AH°(kJ/mol) 81.3026 81.3026 81.3026 81.3026 81.3026

\_ AS%(kJ/mol -K) -191.787 -191.787 -191.787 -191.787 191787 )

AG® = -RTInK, 4) 100

InK, =-AG® /RT = -AH® /RT + AS /R 5) ]

Where Ky is the adsorption equilibrium constant related
to temperature, AGP is the free energy variable value
of the adsorption process (kJ/mol), R is the ideal gas constant
(8.314 J/mol.K), T is the absolute temperature (K), AHC is the
enthalpy change of adsorption process (kJ/mol), 4S° is the
adsorption entropy change value (J/mol.K).

The adsorption thermodynamic data are calculated
according to the experimental data, as shown in Table 2.
The thermodynamic curve is made according to the
calculated data, as shown in Fig. 7. The enthalpy change
AH®= -81.3026 kJ/mol, entropy change AS°= -191.787
J/(mol-K) was obtained by calculation. Gibbs free energy
change at different temperatures is calculated from the
formula AG® = AHC- TAS® and the results are shown in
Table 3. The calculated AG°® show that the Gibbs free
energy changes AG° < 0 during the adsorption process and
it can be judged that the adsorption process is spontaneous.
When the temperature is 25 ~ 45 °C, the adsorption is
an exothermic entropy reduction reaction process [41, 42].

Adsorption isotherm
Langmuir curve is described by the following Equation [43]:

&:L{LJCE ©)
qe Qob QO
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Fig. 7: Thermodynamics equation diagram (Adsorbent
dosage:1.67 g/L, pH = 10, S* initial concentration: 0.1 mg/mL).

Where C. (mg/L) is the equilibrium concentration,
ge (mg/g) is the amount of adsorbate adsorbed by
adsorbent, and Qo and b are Langmuir constants associated
with the adsorption ability and the adsorption rate,
respectively.

Freundlich linear form equation [44] is:

Ing, =In KF+£|nCe @)
n

Where g. (mg/g) is the adsorption amount at
equilibrium, and C. (mg/L) is the concentration of
adsorbate solution at equilibrium. Kg and n are Freundlich
constants. Kg is the adsorption isotherm constant,
indicating the degree of adsorption. And 1/ n represents
the adsorption strength. 1/ n is usually less than 1 because
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Table 4: Langmuir isothermal equation data.

/ T (K) Equation qm (Mg/g) b R? \
298.15 C¢/0e = 0.0455C, + 0.000224915 21.95 202.57 0.8917
303.15 Ce/g. = 0.1044C, + 0.000717567 9.57 588.12 0.8728
\ 308.15 C¢/0.=0.0732C. + 0.000619709 13.66 118.13 0.8565 j
42
0.00040 |
‘. = 208 15K 4.0 |- -
000030 | 36
jr 34| -
D 000025 - .
o & s2p
O 0.00020 | T a0l
0.00015 |- = 28
a = 298.15K
26 ® 303.15K
0.00010 - . sal A 308.15K
o

0.00005 L I I I L I
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Fig. 8: Langmuir adsorption isotherm (Adsorbent dosage:1.67
g/L, pH = 10).

mesh with the highest binding energy is utilized first,
followed by the weaker mesh in turn.

The fitting curves of Langmuir and Freundlich
equations are shown in Fig. 8, 9, and the relevant
parameters are listed in Tables 4 and 5. It can be seen that
the Freundlich adsorption isotherm equation fits well and
has a high correlation coefficient, indicating that the
Freundlich model can better describe the adsorption of S
by (SBA-15)-Ph(ll), which is heterogeneous adsorption.
Fig. 10 represents the adsorption mechanism of this
system. The major reason for this system should be
heterogeneous adsorption. The adsorption should be
carried out inside the channels of the molecular sieve.

Sample characterization

Fig. 11 shows the XRD figure of the sample. As can be
seen from the diagram, there are four distinct diffraction
peaks for the mesoporous material SBA-15, corresponding
to the diffraction of (100), (110), (200), (210) crystal
planes, respectively. With an increase in the number of
adsorbed ions Pb?*, S%, the main characteristic diffraction
peak (100) is invariant, which explains that the original
skeleton of the SBA-15 has not been destroyed. However,
the diffraction of (110), (200), (210) crystal planes

3014
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Fig. 9: Freundlich adsorption isotherm (Adsorbent dosage:
1.67 g/L, pH = 10).

disappeared, indicating that the framework arrangement
order of SBA-15 mesoporous materials in the composites
decreased or disappeared. Fig. 12 shows the scanning
electron microscopic analysis of SBA-15, (SBA-15)-
Ph(ll), (SBA-15)-Pb(I) adsorption SZ composite. It can be
seen from the diagram that the sample has a spike-like
structure with grain fibers. Its diameter is approximately
333, 356, 344 nm. As can be seen from the diagram, with
an increase in the number of adsorbed ions Pb%*, S%, the
order of the material is reduced. Fig. 13, 14 show the N,
adsorption-desorption isotherms and pore size distribution
patterns for the samples at low temperatures, respectively.
Table 6 shows the pore size parameters of the samples and
their related structural parameters. As can be seen from the
diagram, the N adsorption-desorption isotherms of the
three samples belong to the 1V type isotherm in the IUPAC
classification (Bruno definition) and the H1 hysteresis
loops are similar [45], which indicates that they still have
mesoporous size and the pore shape of the sample is
cylindrical. The three stages of curve adsorption are
consistent with the adsorption characteristics of
mesoporous materials. With an increase in the number of
adsorbed ions Pb?*, S, the relative partial pressure range
on the adsorption isotherms gradually decreases.
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Table 5: Freundlich isothermal equation data.

Vol. 41, No. 9, 2022

/ T (K) Equation n k R? \
298.15 Ing. = 2.15134InC+16.11742 0.465 2.779 0.9990
303.15 Inge = 3.38775InC,+21.36095 0.295 3.062 0.9983

\ 308.15 Ing. = 2.70857InC+17.47635 0.369 2.861 0.9978 /
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Fig. 10: Mechanism diagram of adsorption.
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Fig. 11: X-ray diffraction pattern of sample a) SBA-15; b)
(SBA-15)-Pb(I1); c) (SBA-15)-Pb(I1)-S(11).

This is because the Pb?*, S% in the composite spread into
SBA-15 channels, made the channels narrow and the pore
volume decrease. The gradual decrease of BET-specific
surface area indicates that the Pb?*, S% has entered the
SBA-15 pores rather than adsorbed on the outer surface
of the SBA-15. By comparing the pore size distribution
of the three samples, it can be seen that with the increase
of the number of adsorbed ion Pb?*, S% the most probable
pore diameter is reduced. This is because when the Pb?*,
S was introduced into the SBA-15 channels, the most
probable pore diameter was reduced, indicating that
the Pb2?*, S2 entered the SBA-15 channels.

Note : cell parameter a, =(2/ \@)dmo ; average pore

diameter D, =4V, s /Sger » Vmes mesoporous volume,

Sger BET surface area; hole thickness = ao - Dy

Research Article

CONCLUSIONS

In the present work, (SBA-15)-Pb(ll) adsorbent
was used to study the optimal adsorption conditions,
thermodynamic and kinetic properties of (SBA-15)-Pb(Il)
for S% adsorption and adsorption isotherm equations.
The prepared materials have provided new solutions
for removing S% from the aqueous solution.

Under the obtained optimal conditions (the temperature
at 25+ 1 °C, S% solution volume is 30 mL, pH 10, 0.05 g
adsorbent dosage, 0.1 mg/mL initial concentration of
Na,S solution, 40 min contact time), the adsorption
rate reaches 96.33 % and the adsorption capacity is
57.811 mg/g.

Adsorption kinetic studies showed that the adsorption
of S% by (SBA-15)-Pb(Il) belonged to pseudo-second-
order Kkinetics, the rate constant k = 0.001189 g/(mg min),
the experimental adsorption capacity ge = 57.811 mg/g,
and theoretical adsorption capacity q. = 55.866 mg/g.

The thermodynamic study of adsorption showed that
according to the calculated AG° it can be known that
when the temperature is 25 - 45°C, AG® < 0, the
adsorption enthalpy change AH® = -81.3026 kJ/mol,
the adsorption system is exothermic, and the adsorption
entropy change 4S° = -191.787 J/(mol -K).

The results of linear fitting of Langmuir and
Freundlich isothermal adsorption equations found that
the adsorption accords with the isothermal adsorption
equation established according to the multi-molecular
layer adsorption model, and Freundlich isothermal
adsorption equation can better represent the adsorption
process. The method for the adsorption of S? by the
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Table 6: Structural parameters of sample holes.

sample Spacing of crystal |Cellular parameter,| Hole thickness BET surface area Mesoporous Average hole )
P face, dioo(nm) ao(nm) (hm) (m2/g) volume (cm®/g) diameter, Dp(nm)
SBA-15 10.26 11.85 4.15 613 1.04 7.70
(SBA-15)-Pb(11) 10.33 10.76 3.42 555 0.91 7.34
\(SBA-15)-Pb(I1)-S(1) 8.99 10.39 3.15 510 0.89 7.24 Yy,

Fig. 12: SEM of samples, a) SBA-15; b) (SBA-15)-Pb(l1); c) (SBA-15)-Pb(11)-S(I1).
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Fig. 13: N2 adsorption-desorption curve of sample at low temperature,
a) SBA-15; b) (SBA-15)-Ph(ll); c) (SBA-15)-Ph(11)-S(11).

(SBA-15)-Pb(Il) is likely to become a very viable
alternative to other traditional treatment methods.
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