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1. Introduction

Abstract. HsS is a major toxic compound that could be found in air, water, and
fossil fuels and causes some bad effects such as acidic rain and corrosion. In the present
work, SBA-3 (Santa Barbara University no. 3) with three different weight percentages
of ZnO, namely, 5%, 10%, and 15%, was synthesized via an in situ approach. All
synthesized samples were characterized using atomic absorption spectrometry, X-Ray
Diffraction (XRD), nitrogen adsorption, and Transmission Electron Microscopy (TEM).
The obtained results from XRD and nitrogen adsorption confirmed that all the samples
almost retained their ordered structure after incorporation of ZnO nanoparticles within the
mesopores of SBA-3. TEM images showed that ZnO nanoparticles were arranged along
the direction of mesopores of SBA-3. Then, adsorption of H2S from a model gas was
investigated. A three-factor Box-Behnken design with five center points and one response
was performed for the evaluation of effect of three process parameters, namely, ZnO wt%,
space velocity, and temperature, on the adsorption of H2S and a quadratic model (r2
0.9185) was developed to navigate the design space. Temperature had the largest and space
velocity had the lowest effect on the breakthrough of H>S. The optimum breakthrough time
(tep) was 588 min.

(© 2017 Sharif University of Technology. All rights reserved.

pore wall, and high thermal stability [3-5], mesoporous
silica materials have attracted great attention in many

Ordered mesoporous silica materials are formed from
the silica-coated micelles of a surfactant template via
sol-gel process. They have attracted much attention in
various areas since their discovery [1,2]. Due to their
unique properties, notably large surface area and pore
size, tunable pore size, chemical functionalization of
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fields such as catalysis [6], environmental purifica-
tion [7-9], air pollution [10-13], and desulfurization [14].
It has been noted that the principal feature of the
mesoporous silica materials, namely, their periodic and
ordered mesoporous structure, does not offer specific
advantages in some special applications, as it occurs
in catalysis, e.g. by acid catalyst [4,6]. To overcome
this problem, synthesis of mesoporous materials with
proper active phases has been the goal of alternative
ways [6].

There are many synthetic strategies for the in
situ or post-synthesis functionalization of mesoporous
materials by metallic nanoparticles. In the former case,
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the most usual method is doping of reaction mélange
with metal salts [15]. In post-synthetic approach,
the most common synthesis routes are: 1) incipi-
ent wetness impregnation [16]; II) ion exchange [17];
IIT) equilibrium adsorption [18]; IV) metal complex
immobilization [19]; V) vapor phase deposition [20];
and VI) sonication [21-24]. One of the interesting
applications of mesoporous materials is adsorption of
hazardous gases. Among them, hydrogen sulfide, HyS
(g), is a common gaseous pollutant, which is colorless,
odorous, and highly toxic [25-30]. Furthermore, during
the combustion of fossil fuels, sulfur-containing com-
pounds such as H>S, thiols, and thiophene derivatives
convert to SO,. It means that HyS has remarkable
contribution to the amount of emitted SO, into the
environment. Subsequently, emitted SO, reacts with
water vapor and causes formation of acid rain, which
is harmful to mammals and other living organisms [31-
33]. Removal of HoS from a gas stream could be
done by several methods, namely, adsorption onto a
solid adsorbent, absorption using a liquid solution, and
catalytic oxidation [34-38]. Adsorption by metal oxide
sorbents is recognized as an energy-efficient technology
for H>S removal. The adsorption capacity of adsorbent
depends on the nature of the adsorbent, e.g. functional
groups present, specific surface area, and pore size
distribution; the nature of adsorbate, e.g. molecular
weight and size, solubility, and pK, or pK, for weak
acids or bases; and solution conditions, e.g. pH, tem-
perature, and adsorbate concentration [39-42]. One of
the appropriate methods for the preparation of such
sorbent is embedding of proper metal oxides such as
ZnO (active part) on silicate mesoporous materials [43-
46]. Three-dimensional mesoporous materials are good
candidates for this goal [47-51]. SBA-3 has a peculiar
bimodal pore system, same as SBA-15, but can be syn-
thesized in two hours instead of two days [52]. It is well
known that bimodal three-dimensional arrangement of
a mesoporous material improves mass transfer of guest
species [53,54]. In this work, ZnO nanoparticles were
incorporated within the mesopores of SBA-3 via an in
situ approach. After that, adsorption of HyS using
ZnO/SBA-3 samples was investigated and the effect
of important process parameters was evaluated using
RSM methodology.

2. Experimental

2.1. Synthesis

All chemical compounds were purchased from Merck
and were used as received. The general procedure
for synthesis of SBA-3 was reported [45-48]. In this
work, zinc-containing SBA-3 was synthesized via an
in situ approach with some modifications [32]. In a
typical synthesis, 3 grams of cetyltrimethylammonium
bromide (CTAB) and 150 mL of water were mixed

to yield a clear solution. Predetermined amount of
Zn(acac)z, about 0.054 g for 5 wt.%, was added to
the micellar solution. After 10 minutes of stirring,
the hydrophobic Zn(acac)s was dissolved within the
core of CTAB micelles, which had hydrophobic na-
ture, and the solution became clear. After that, 50
mL of HCl (37%) and, then, 15 mL of Tetraethyl
orthosilicate (TEOS) were added to yield a light yellow
suspension. The suspension was stirred for two hours,
filtered, washed with sufficient amounts of water and
acetone, and dried in oven at 100°C over night. Four
samples were synthesized and denoted by Zny/SBA,
in which y represents the weight ratio of Zn/SBA in
the corresponding sample. Thermocalcination of as-
synthesized SBA-3 was carried out under flow of air up
to 550°C for 6 hours.

2.2. Characterization

X-Ray Diffraction (XRD) patterns were recorded on
a Seifert TT 3000 diffractometer using nickel filtered
Cu Ko radiation of wavelength 1.5405 A. Nitrogen
adsorption was measured at 77 K using a BEL-SORP-
mini porosimeter. Prior to analysis, the samples were
outgassed in-vacuo for 4 h at 463 K until a vacuum of
0.1 Pa was firmly reached. Determination of HyS was
carried out via argenometry.

2.3. H3S removal
The concentration of HoS in the feed model (helium)
was 5000 ppm. This concentration was taken as the
criterion for the HyS breakthrough during adsorption
of HyS. Adsorption measurements for H>S were per-
formed using a lab made apparatus. Scheme 1 displays
the lab-made adsorption apparatus used in this study.
H5S at outlet was adsorbed in the caustic solution
and analyzed via UOP-209 standard test method. In
brief, the caustic solution was added to isopropyl alco-
hol containing a small amount of ammonium hydrox-
ide. The solution was titrated potentiometrically with
alcoholic silver nitrate solution of known concentration
using a combined electrode consisting of glass reference
and silver-silver sulfide indicating electrode.
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Scheme 1. Schematic representation of the lab-made

apparatus used for removal of HS.
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2.4. Experimental design
Box-Behnken Design (BBD) is a class of rotatable or
nearly rotatable second-order designs based on three-
level incomplete factorial designs. A three-process-
factor design (A: temperature (°C), B: space velocity
(h™1), C: ZnO (wt%)) was used for the investigation of
the main effects and their interaction with HyS adsorp-
tion of synthesized samples. BBD was combined with
response surface modeling and quadratic programming.

Coding of actual variables (X;) was carried out as
follows:

X, — (X]ngh;Xlow)

Xi = (Xnigh — Xiow) ? (1)
3
where y; is the dimensionless coded value of the ith
factor, X; the uncoded value of the ¢th independent
variable, and Xy and X,y the high and low levels
of uncoded factors, respectively. The ranges of all the
three independent variables are given in Table 1.

The effect of variables and interactions on the
adsorption process was explained by the following
quadratic polynomial equation, which contained inde-
pendent variables, quadratic interactions, and squared
terms:

3 3 3 3
y=Bo+Y_ Bixi+Y_ Bixi+Y>_ D> Bixixs+e, (2)
i=1 i=1 i=1i<1
where 3 is predicted response of adsorption break-
through (#5,), Xx; and x; the coded factors, fy in-
tercept, §; linear coeflicient, 3;; quadratic coeflicient,
Bii squared coefficient, ¢ and j the index numbers
for variables, and ¢ the random error, which shows
different sources of variability.

3. Results and discussion

The concentration of zinc in the SBA-3 was determined
by atomic absorption spectrometry via classic wet
chemistry method. The results indicated that at least
95 wt% of zinc was incorporated into the mesopores of
SBA-3.

In the synthesis method, Zn(acac)s is a hydropho-
bic complex; thus, after addition to the CTAB solution,
it diffuses to the hydrophobic core of CTAB micelles
and dissolves in its core, which results in a clear solu-
tion. On the other hand, before addition of CTAB, the
complex dose not dissolve; it creates a suspension and

Table 1. Factors and levels for the BBD design.

Level
Factors -1 0 +1
A Temperature (°C) 25 187.5 350
B Space velocity (h™!) 2000 5000 8000
C ZnO (wt%) 5 10 15

Zn(acac)sa

ZnO
nanoparticles
CTAB Addition of  Addition of Calcinati
micelles Zn(acac)sa silica source alcination

Scheme 2. Proposed mechanism for synthesis of ZnO/SB
A3.

settles down. After addition of silica source, Zn(acac)y
complex is surrounded by the silica wall. Finally,
during calcination, organic part of zinc complex is fully
burned and it converts to ZnO nanoparticles. In this
mechanism, size of ZnO NPs is controlled by the size
of mesopores. The proposed mechanism of synthesis is
schematically illustrated in Scheme 2.

3.1. XRD

XRD is one of the best methods for the investigation
of structure of ordered porous materials. Figure 1(a)-
(d) shows the evolution of the low-angle XRD patterns
with increase in zinc content in calcined samples. In all
the samples, XRD pattern includes a strong diffraction
peak, which is characteristic of mesoporous materi-
als prepared through surfactant-templated procedure.
This strong peak is usually referred to as the djgg
reflection when a hexagonal lattice is present in the
corresponding sample. Higher order diffraction peaks
are also observable, of which number and intensity are
qualitative measures of higher structural order in the

—- (a) SBA-3
— (b) Zn5/SBA

—(c) Zn10/SBA
—(d) Zn15/SBA

Intensity (a.u.)

0w
=
(=)

Figure 1. XRD patterns of (a) SBA-3, (b) Zn5/SBA, (c)
Zn10/SBA, and (d) Zn15/SBA.
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corresponding sample. By comparing the Zny/SBA
(Figure 1(b)-(d)) with the corresponding parent SBA-
3 (Figure 1(a)), it can be observed that increase in
zinc content results in an increase in the broadness of
the dygo reflection along with a slight shift to lower
diffraction angles. It can be deduced that increase in
zinc content within the SBA-3 results in disordering
of CTAB cylindrical micelles. Subsequently, this leads
to the loss of structural order of synthesized SBA-3.
However, the obtained results indicated that up to
15 wt% of zinc content had no significant effect on
the structural order of SBA-3. Two other signals could
be indexed to the (200) and (210) reflections of the
typical hexagonal cell. Their observation constituted a
clear probe of the existence of a high structural order
in the mesopore system. However, these two signals
became very weak and broad after incorporation of
zinc within SBA-3, which could be associated with the
loss of structural order of corresponding sample. As
the amount of zinc increases, the structural order of
mesopore system decreases.

3.2. Nitrogen adsorption and TEM

In addition to the expected mesoporous system, the
hexagonal pore array characteristic of the SBA-3 ma-
terial can be appreciated through nitrogen adsorption
measurements. Nitrogen sorption of all the samples
exhibits type IV isotherm according to IOPAC nomen-
clature (Figure 2(a)-(d)).

Sharpness of the capillary condensation step de-
creases as the amount of ZnO increases. However, a
slight increase in the mean pore diameter can be seen
due to the swallowing of CTAB micelles by Zn(acac)s.
Textural properties of all samples were calculated via
geometrical (pressure-independent) method and are
given in Table 2 [50].

As can be seen in Table 2, as the loading of zinc
increases, pore volume of all the samples decreases
while pore diameter increases. According to this
observation, it can be suggested that most of zinc
nanoparticles are incorporated within the mesopore
architecture.

TEM is a powerful technique for direct obser-
vation of the pore architecture of porous materials.
TEM images of SBA-3 and Zn15/SBA are illustrated in
Figure 3(a)-(c), respectively. The hexagonal structure
is clearly visible in both samples, indicating that

301

Quantity adsorbed (mmol/g)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Relative pressure (P/Py)

Figure 2. Nitrogen adsorption isotherms of (a) SBA-3,
(b) Zn5/SBA, (c¢) Znl0/SBA, and (d) Znl5/SBA.

structural order is still presents in the SBA-3 support
after 15 wt% of metal loading. The presence of ZnO
nanoparticles is more visible in Figure 3(c).

For evaluation of the in situ incorporation of ZnO
within SBA-3 in terms of accessibility of active sites
(ZnO) to adsorption of H,S, a well-known wet im-
pregnation of SBA-3 with aqueous Zn(NOjz), solution
following the usual protocols was performed. Then,
a typical HoS adsorption test at 10 wt% Zn/SiOo,
300°C, and gas hourly space velocity of 5000 h™' was
carried out. Interestingly, ¢,, of in situ prepared
Zn10/SBA was higher (19%) than that of impregnated
Zn10/SBA. This result can be attributed to the well
dispersion as well as more accessibility of active sites
(ZnO nanoparticles) in the former adsorbent.

The reaction of ZnO with HsS is as follows:

ZnO + HyS — ZnS + H»O.

H->S at outlet was adsorbed in the caustic solution and
analyzed via UOP-209 standard test method. In brief,
the caustic solution was added to isopropyl alcohol con-
taining a small amount of ammonium hydroxide. The
solution was titrated potentiometrically with alcoholic
silver nitrate solution of known concentration using a
combined electrode including glass reference and silver-
silver sulfide indicating electrode.

Table 2. Textural properties of Zn/SBA samples containing different weight percentages of ZnO (0, 5, 10, and 15).

Sample ag SBET Pore size Total pore volume Pore wall

name (nm) (m® g™ (nm) (ecm® g™1) thickness (nm)

SBA-3 3.2 833 2.03 1.41 1.018
Zn5/ SBA 3.32 716 2.14 1.36 1.022
anO/ SBA 3.41 634 2.21 1.24 1.038
Z1115/ SBA 3.58 502 2.31 1.11 1.10
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3.3. Statistical analysis

As obtained from BBD method with three main factors
and 5 times of replication in center point, 17 runs were
designed and the obtained results are given in Table 3.
tyn for bare SBA-3 at 25°C and gas hourly space velocity
of 5000 h™" was found to be 36 minutes.

However, adsorption of HoS on bare SBA-3 at
higher temperature was negligible because chemisorp-
tion did not take place as a result of absence of ZnO
active site. Furthermore, at higher temperatures, i.e.
187 and 300°C, physisorption did not occur [24,25].

Sequential model sum of square, lack of fit test,
and model summary statistics were utilized to decide
on the adequate model for explanation of adsorption
process parameters. Model summary statistics showed

Table 3. The design matrix and experimental data of 14,

from the BBD design.

St. run

Run A?® BY (O tpp (min)
order
3 1 25 2000 10 92
12 2 350 2000 10 370
4 3 25 8000 10 85
13 4 350 8000 10 265
11 5 25 5000 99
8 6 350 5000 220
1 7 25 5000 15 109
9 8 350 5000 15 541
15 9 187.5 2000 5 150
7 10 187.5 8000 5 175
16 11 187.5 2000 15 360
17 12 187.5 8000 15 239
6 13 187.5 5000 10 170
5 14 187.5 5000 10 190
10 15 187.5 5000 10 188
14 16 187.5 5000 10 193
2 17 187.5 5000 10 163

aTemperature (°C); PSpace velocity (h™1); <ZnO (wt%).

A. Vahid et al./Scientia Iranica, Transactions C:
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Figure 3. TEM images of (a) SBA-3 and (b) Zn15/SBA. Scale bar represents 50 nm.
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that quadratic model was better for further analysis of
obtained results, because it had maximum “adjusted R-
squared” and the “predicted R-squared” values; also, it
had p value lower than 0.01. Data are given in Table 4.

The ANOVA (analysis of variance) table is
given in Table 5. Among three quadratic terms, two
quadratic terms, i.e. A% and B?, were not significant
and, therefore, they were omitted from the model; thus,
the model was refitted to the data again. After that,
the only significant quadratic term was C2. As can
be deduced from ANOVA table and the statistical F-
test, all the three factors are statistically significant.
As a general rule, the term which has a higher F
has larger effect on the response. Among three main
factors, temperature has the largest effect on t,, and
increases it; however, space velocity has the lowest
effect on t;,. Among three interactions, AC has the
largest effect on ¢, while AB has the lowest one. The
obtained quadratic model is statistically significant and
can explain the relation between the factors and their
interaction with #,,. The lack of fit term of model is
also significant. This means that the data are well
fitted to the model and can explain the behavior of
the system during adsorption process.

The regression equation obtained after ANOVA
in terms of actual factors is as follows:

thp = + 131.40705 4 (0.072051 = Temp.)
+(0.025090 x S.V.) — (27.41731 x ZnO)
— (5.02564E~°*% x Temp. x S.V.)

+ (0.095692 x Temp. x ZnO)
- (2.43333E‘°03 x 8. V. x Zno> +1.83833

x ZnO?. (3)

Figure 4(a)-(c) illustrate the 3D graph of interactions
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Table 4. Adequacy of the model.

Source Std. dev. R-squared Adjusted R-squared Predicted R-squared PRESS
Linear 58.50001934  0.80086756 0.754914 0.607674 87651.64
2F1 35.46692743  0.94369671 0.909915 0.812613 41865.09
Quadratic  18.06753205 0.9897722 0.976622 0.882805 26183.13
Cubic 13.40522286  0.99678268 0.987131 +
Table 5. Analysis of variance of the response surface model for the prediction of 4.
Source Sum of squares Degree of Mean square F' value p value Remark
freedom Prob > F
Model 2.20E+05 7 31397.45 7.7 < 0.0001 Significant
A-temp. 1.28E+05 1 1.28E+05 316.48 < 0.0001 Significant
B-S.V. 5408 1 5408 13.4 0.0052 Significant
C-ZnO 45753.13 1 45753.13 113.33 < 0.0001 Significant
AB 2401 1 2401 5.95 0.0374 Significant
AC 24180.25 1 24180.25 59.9 < 0.0001 Significant
BC 5329 1 5329 13.2 0.0055 Significant
c? 8945.65 1 8945.65 22.16 0.0011 Significant
Residual 3633.37 9 403.71 — — Significant
Lack of fit 2914.57 5 582.91 3.24 0.1386 —
Pure error 718.8 4 179.7 — — Not significant
Cor total 2.23E+05 16 — — —

of three main effects, i.e. AB, AC, and BC, on t,.
As can be seen, AC interaction has the largest effect
on tp, and AB has the lowest effect. AB interaction
is between these two interactions. In Figure 4(a), at
lowest temperature, ?,, does not change with increase
in space velocity. However, increase in ¢, is observable
with the evolution of temperature; its reaches the
maximum value at 350°C. This increase is almost
linear and no curvature can be seen. This might be
due to the change in the type of adsorption of HsS
at different temperatures. At low temperatures, the
main process is physisorption and as the temperature
increases, chemisorption becomes the predominant pro-
cess. Figure 4(b) (AC) shows the similar behavior of
AB. At low temperatures, increase in ZnO content has
no considerable effect on t,,. But, as the temperature
increases, the effect of ZnO content becomes very
important. It can be suggested that ZnO is activated
at high temperature, which results in higher #;,. Effect
of BC is displayed in Figure 4(c). Decrease in space
velocity causes increase in {p,. However, at high
Zn0O content, this phenomenon is more noticeable. In
comparison with the recent studies, the effect of space
velocity is low in this study. This could be due to the
three-dimensional and bimodal pore structure of SBA-
3, which leads to less constrained diffusion of guest
molecules into the pores in comparison with the two-

dimensional unimodal pore system of other mesoporous
materials such as MCM-41 [42-44]. When there is low
diffusion limitation, the effect of temperature becomes
predominant, even with respect to ZnO content. An
experimental run was also carried out at optimum
condition, i.e. ZnO = 15 wt%, Temp. = 350°C, and
space velocity = 2000 h™'. The obtained t,, was 588
min.

4. Conclusion

In this work, an in situ approach was used to incor-
porate ZnO nanoparticles into the mesopores of SBA-
3. In the reported method, a hydrophobic complex,
i.e. Zn(acac)y, was used as metal precursor. This hy-
drophobic complex diffuses into the hydrophobic core
of CTAB micelles (template) and is then surrounded
by hydrolyzed silicate species during synthesis. After
calcination, Zn(acac)s converts to ZnO nanoparticles,
the size of which is smaller than the size of mesopores
of the SBA-3. The obtained results from XRD, TEM,
and nitrogen adsorption revealed that zinc containing
samples retained their well-ordered structure after
incorporation of ZnO up to 15 wt%. Adsorption of
H,S using the synthesized samples was carried out
and effect of process parameters was investigated using
response surface methodology via Box-Behnken design.
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Figure 4. 3D plots describing the response surface tp;, in
minute as a function of (a) temperature versus space
velocity (ZnO = 10 wt%), (b) temperature versus ZnO
(space velocity: 5000 h™!), and (c) space velocity vs. ZnO
(temperature = 187.5).

Among three factors, i.e. temperature, ZnO wt%, and
gas hourly space velocity, the latter had the highest
effect and temperature had the lowest effect on t,.
According to the obtained results from adsorption
of H,S, it can be inferred that method of synthesis
results in well dispersion and well accessibility of ZnO
embedded in the SBA-3 and it can be used as good
adsorbent for removal of H»S.
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