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Abstract

Mesoporous silica SBA-15 with zinc oxide (ZnO) nanoparticles was prepared via incipient wetness impregnation and ultrasonic method, followed
by in situ activation at 523 K. The mesoporous materials obtained were characterized by ICP, XRD, FTIR, nitrogen adsorption, TEM and XPS.
The prepared materials showed a superior ability to remove H2S down to parts per billion (ppb) from gas stream at lower temperature (298 K),
and the highest H2S breakthrough capacity, 436 mg S/g adsorbent, was observed for SBA-15 with 3.04 wt% zinc loading. The enhancement of
H2S removal capacity was attributed to the integration of the high surface area of the mesoporous material and the promising desulphurization
properties of ZnO nanoparticles. It was believed that ZnO-modified SBA-15 is a promising adsorbent for H2S cleaning at ambient conditions,

which will extend the application of the mesoporous materials to the environmental protection area.
© 2007 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays strict environmental regulations are driving forces
or scientists and engineers to seek efficient and economical
ays to remove pollutants either from gaseous or liquid phases

1]. Many industrial processes, such as natural gas processing,
etroleum refining, petrochemical plants, kraft mills, coke ovens
nd coal gasifiers, generate significant quantities of H2S. The
emoval of H2S from these gases is necessary to less than few
pm since they are extremely malodorous and toxic, and might
oison many industrial catalysts [2,3]. Its oxidation products
sulfur dioxide and sulfur trioxide) are considered to be the
ources of acid rain [4]. Furthermore, H2S in excess of 3 ppmv
auses pipeline corrosion and limits plant lifetime [5].

Concerns about H2S uptake at low temperature are grow-
ng because it is by-product of many of industrial processes,
uch as the Claus process and natural gas sweetening. At low

emperature (298–373 K), conventional treatment methods for

2S treatment for commercial processes include scrubbing,
dsorption, and biological treatment [6]. One important topic
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f current research is the removal of H2S by adsorption on var-
ous porous materials such as activated carbon [7], modified
ctivated carbon [8], �-Al2O3, modified clay [9], modified zeo-
ites [10], etc. These porous materials are used extensively as
dsorbents, catalyst support and separation media [11]. How-
ver, activated carbon suffers drawbacks of low mechanical
tability which induces the formation of fines during opera-
ion, and high tortuosity with the presence of a large amount
f micropores which could hinder the full accessibility of the
eactants to the active site [12]. The main drawbacks of Al2O3
re the chemical interaction between the support and the active
hase, leading to the decrease in catalyst performance by chem-
cal reactions and hindering the recovery of the active phase
13]. Microporous materials such as (pillared) clays and zeo-
ites present severe mass transfer limitations when large reactant

olecules are involved [14]. Therefore, attempts to improve the
iffusion of reactants to the catalytic sites have been focused
n increasing the zeolite pore sizes [15], on decreasing zeo-
ite crystal size, or on providing an additional mesopore system
ithin the microporous crystals [16]. A whole field of material
esearch was opened up due to the discovery of mesoporous
aterial, MCM-41 [17] in 1992. The narrow and uniform pore

ize of mesoporous materials with extremely high surface area
olds much promise for the development of novel solid catalysts.
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n many research applications mesoporous materials already
ave a comparable and superior performance compared to con-
entional microporous zeolites or amorphous silica–alumina
atalysts. However, reviewing literature, it is fair to say that so far
ittle information on the SBA-15 applications for H2S gas purifi-
ations was available. Therefore, well-ordered, hydrothermally
table mesoporous molecular silica, SBA-15 [18] was selected
s H2S adsorbent media in this study. It is characterized that the
ntra-wall micropores of SBA-15 form a continuous network
hat connects adjacent main channels [19]. Such a structure pro-
ides an ideal reactor where the mesopore channel acts as a pipe
or transport of reactant without significant diffusion resistance
nd micropores in the walls provide activation sites for reactions
20].

It is known that the performance of H2S adsorbents depends
n their porosity [21] and surface chemistry [22]. Addition-
lly, substitution of elements in the framework, impregnation
f active components, and immobilization of active species
ith pre-determined structure can create well-isolated sites
ith uniform properties. Therefore, it is an interesting route to

mprove desulphurization capacity by introducing active phase
n mesoporous materials. It has been known that ZnO has high
quilibrium constant for H2S removal at ambient temperature, in
he present study, it is for the first time that SBA-15 functional-
zed by ZnO nanoparticle is prepared through incipient wetness
mpregnation, ultrasonic treatment and in situ activation route.
he mesoporous materials were characterized by TEM, XPS,
TIR, XRD, and N2 adsorption to obtain detailed information

n the development of new adsorbents. H2S desulphurization
eaction to form ZnS was chosen as a probe reaction to exam-
ne the desulphurization performance of materials synthesized
n this study. The factors that have influence on H2S removal
ere also discussed. As expected, the material synthesized in

his study shows a satisfying desulphurization performance.

. Experiment

.1. Synthesis of mesoporous materials

Triblock poly(ethylene oxide)-b-poly(propylene oxide)–b-
oly(ethylene oxide) copolymer Pluronic P123 (MW = 5800,
O20PO70EO20) was purchased from Aldrich. Other chemicals
ere purchased from Shanghai Zhenxing Chemical Company.
ll chemicals were used as received.
Twenty grams of P123 was dissolved in 495 g of water and

M HCl solution (37 ml) while stirring, and then 45 ml of
etraethyl orthosilicate (TEOS) was added. The obtained sus-
ension was stirred at 313 K for 24 h and then at 373 K for 20 h.
he solid product was filtered, washed with distilled water, dried
t room temperature, and finally calcined at 823 K for 5 h. The
hite powder obtained, SBA-15 silica, was used as material for

urther modification. It is designed as S.
Three hundred millilitres of 2 M sodium carbonate was added
n 200 ml of 2 M zinc nitrate with stirring. Then a calculated
mount of SBA-15 was added in the suspension, and then treated
y ultrasonic machine for 20 min. The mixture was washed by
00 ml of 0.1 M ammonia then 100 ml of absolute ethanol, dried

t
w
H
g
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t 353 K for 4 h, and finally calcined at 523 K for 3 h. The sam-
le obtained in this way is designated as S/Z. Sample after
esulphurization experiment is designated as S/Z-E.

.2. Characterization of mesoporous materials

A 0.4 g of dry material was added to 20 ml of deionized water,
tirred overnight and filtered. The pH value of the solution was
easured using an Accumet Basic pH meter (Fisher Scientific,
pringfield, NJ). The chemical composing of sample was stud-

ed by an Inductive Coupled Plasma (IRIS ADVANTAGE/1000,
JA Corporation, USA). The structural characteristics were
etermined by Fourier transform infrared spectrophotometer
EQUINOX 55, BRUKER, Germany) (400–4000 cm−1). The
rystal structures were carried out by X-ray diffractometer
D8Advance, BRUKER, USA; Cu K� radiation, λ = 1.5406 Å)
ith a small-angle from 0.5◦ to 5◦ and a wide-angle from 10◦ to
0◦ before and after desulphurization experiment. The isotherms
f nitrogen adsorption/desorption were performed at 77 K using
Gas Absorption Analyzer (TriStar 3000, Micromeritics, USA).
he Brunauer–Emmett–Teller (BET) specific surface area was
valuated using adsorption data. The Barrett–Joyner–Halenda
BJH) model [23] was used to determine the pore size dis-
ributions from the desorption portion of the isotherm [24].
he surface morphology was checked using a transmission
lectron microscope (JEM-2100F, JEOL, Japan) with an accel-
ration voltage of 200 kV. Energy dispersive X-ray (EDX)
nalysis was performed in an EDAX (Model 6498, Oxford
nstruments, England). Binding energies were measured on PHI
000C ESCA System (PerkinElmer) with Mg K� radiation
hν = 1253.6 eV). Binding energies were calibrated by the car-
on (C 1s = 284.6 eV). The data analysis was carried out by
sing the RBD AugerScan 3.21 software provided by RBD
nterprises.

.3. Desulphurization experiment

The desulfurization experiment was carried out at ambient
onditions (298 K, 1 atm). The schematic diagram is presented
n Fig. 1. The gaseous mixture at 500 ml/min composed of 0.1%

2S and balance of air. The gas flow rates were controlled by a
ass flow controller system (FMA-700 series controllers cou-

led with an FMA-78P4 readout/power supply, Omega). Prior
o testing, the material was pretreated in flowing He at 303 K
o remove the excess moisture and adsorbed impurities from air
or 30 min. Adsorbent samples were packed into a U-type glass
olumn (length of 350 mm, diameter of 8 mm). The inlet and out-
et gas (H2S) was analyzed by gas chromatograph (Shimadzu,
C2010) equipped with a flame photometry detector (FPD).
ll outlet gases from the reactor were sampled with an online

uto-sampling system and analyzed every minute. The experi-
ent was terminated when outlet H2S concentration exceeded

0 ppm. In this study, the breakthrough time was defined as

he time from the beginning of the desulfurization to the time
hen the H2S concentration at the outlet reached 0.1 ppm. The
2S breakthrough capacity in terms of milligrams of H2S per
ram of material was calculated by integration of the area above
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Fig. 1. Schematic representation o

he breakthrough curve and from the H2S concentration in the
nlet gas, the flow rate, the breakthrough time, and the mass of

aterial.

. Results and discussion

.1. Material characterization

The TEM images of S/Z before and after the desulphurization
xperiment are presented in Fig. 2. The columnar framework
f the SBA-15 material was observed for S/Z, indicating that
rdered structure was maintained after modification of ZnO
anoparticle (Fig. 2b). The image of S/Z showed some distortion
n the spacing between channels. The particles (black shadow)
nd the mesopores (white columns) are visible, although they are
ot very clear. It possibly indicated that ZnO nanoparticle dis-
ersed inside the mesopore. From the image of S/Z-E (Fig. 2d),
he particles (the black dot which was tagged by circles) inside
he mesopores can be distinguished and dispersed highly on the

esoporous channel of the material. It is possibly the product of
esulphurization reaction. Therefore, it can be inferred that ZnO
anoparticle dispersed well in the material and the ultrasonic
reatment is an efficient method to scatter guests homogeneously
n the hosts.

Fig. 3 shows nitrogen adsorption/desorption isotherms for
arious samples. Structural properties of materials are depicted
n Table 1. For all samples, an approximate type IV isotherm

nd a H1 type hysteresis loop as defined by IUPAC [25], was
bserved, which is a characteristic of SBA-15 mesoporous
aterials with larger pore sizes and narrow size distributions

26,27]. The adsorption branch of each isotherm showed a sharp

s
d
h
r

able 1
tructural property of samples determined by nitrogen adsorption

ample d1 0 0
a (nm) SBET (m2/g) Smi (m2/g)

10.0 686.7 234.6
/Z 9.95 270.6 19.7
/Z-E 11.0 257.6 20.9

t: total pore volume; Vmi: micropore volume; SBET: BET specific area; Smi: micropo
rimary mesopore volume; TW: wall thickness.
a Determined by XRD.
b Calculated as follow: TW = a0 − WBJH.
lphurization experimental system.

nflection at p/p0 = 0.45–0.98, which means a typical capillary
ondensation within uniform pores [26]. For both S/Z and S/Z-E,
he hysteresis loop with a two-step desorption branch described
y Janssen et al. [28] for plugged SBA-15 material is observed.
hose are characteristics of inkbottle and cylindrical type meso-
ores, respectively. The size of the ZnO particles is smaller than
he pore diameter. Therefore, it can be inferred that several ZnO
articles are probably present in a mesopore, while few ZnO
articles are present in other mesopore. The overall amounts
f N2 adsorption decrease evidently resulted from the load-
ng of guests (Table 1). It can be explained that ZnO blocked
artially the mesopores and mostly micropores. The result is
n well harmony with TEM analysis. The remarkable decrease
bout 45% on surface area and 38% on pore volume of meso-
ores for S/Z was observed, whereas those of 92% and 93%
f micropores, respectively. Therefore, ZnO deposited on both
icropores and mesopores, which resulted in the disappearance

f micropores and the blockage of mesopore during modification
rocess.

Fig. 4 shows XRD pattern of all samples obtained in this
ork. In the small-angle range, all samples showed three well-

esolved diffraction peaks indexed as (1 0 0), (1 1 0) and (2 0 0)
eflections corresponding to p6mm hexagonal symmetry, iden-
ical to that of SBA-15 [18]. These patterns strongly verified
hat the characteristic hexagonal features were maintained after

2S immobilization process. The peaks of S/Z shifted slightly
owards bigger angle compared to SBA-15, indicating slight

hrinkage in the mesoporous framework possibly due to a higher
egree of silicate condensation after ZnO modification. It is in
armony with the data of nitrogen adsorption. In the wide-angle
ange (Fig. 4b), S/Z gives no obvious diffraction peak corre-

Vmi (cm3/g) Vt (cm3/g) WBJH (nm) TW
b (nm)

0.099 1.64 8.2 5.5
0.007 0.96 8.5 5.4
0.007 0.70 6.4 6.8

re area; WBJH: pore size determined from BJH desorption data; d: spacing and
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ig. 2. TEM images of (a) SBA-15, (b) S/Z, S/Z-E taken from the direction (c)
nd (d) corresponding to spectrum 1 and 2, respectively; the Cu peaks result fro
ponding to ZnO; such results imply good dispersion of the
uests [29] over SBA-15.

The FTIR spectra of the material before and after H2S desul-
hurization experiment are provided in Fig. 5. Those bands are

a
o
c
p

al and (d) parallel to the channel axis; EDX analysis of the region shown in (c)
use of copper support grid.
ssigned to the asymmetric and symmetric stretching vibrations
f Si–O–Si framework at 1228, 1080, 801, and 465 cm−1 asso-
iated with the condensed silica network [30]. The absorbed
eaks are associated with non-condensed Si–OH groups in the
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ZnO introduces unfavorable chemistry for H2S desulphuriza-
Fig. 3. Nitrogen adsorption–desorption isotherms of S, S/Z, S/Z-E.

ange between 940 and 970 cm−1 [31], which are overlapped
ith that of ZnS. The fairly sharp peak at 466 cm−1 region is
ue to ZnO [32]. The band at 546 cm−1 region is associated with
ouble six-membered ring [33], which confirmed the presence
f microporous structure. The IR spectrum of carbonate, which
s quite characteristic with a very intense broad band centering
t 1450 cm−1 [34], has not been observed. Therefore, it can be
nferred that no carbonate on S/Z was present.

On the basis of the discussion, it can be seen that the mate-
ial prepared by wetness impregnation and ultrasonic treatment
rocedures retain the features of mesoporous materials, such as
ell-order, extremely high surface area, abundant mesoporous

nd microporous structure, etc.

.2. Desulphurization performance
The desulphurization activity of S/Z was determined using
reakthrough capacity measurement described earlier. The
reakthrough curves of examples were presented in Fig. 6.

Fig. 4. Small-angle (a) and wide-angle (b) XRD patterns of samples.

t

F
t
5
t

ig. 5. FTIR spectra of S/Z before and after H2S desulphurization experiment.

he breakthrough capacity of material obtained was reported
n Table 2. It is remarkable that outlet H2S concentration can
e effectively controlled below 0.1 ppm before breakthrough
oint. To understand the role of ZnO on the material desulphur-
zation capacity, zinc content was analyzed. With the increase
f ZnO loading, the desulphurization performance of S/Z first
ncreased and then decreased. The 3.04% zinc resulted in sig-
ificant increase of S/Z-3 performance. The material exhibits
superior affinity to H2S and the breakthrough capacity is up

o 436 mg S/g sorbent. It can be inferred that low ZnO loading
esults in low desulphurization efficiency. However, excessively
igh ZnO is also detrimental to the desulphurization reaction.
he results possibly suggest that excess of ZnO may block the
ctive centers for desulphurization. It is also possible that besides
ion. Indeed, a perceptible increase of pH is observed with the

ig. 6. H2S breakthrough curves for S/Z with different ZnO loading. Opera-
ion condition: 1 atm; 298 K; inlet gas mixture: 0.1 vol% H2S in air (55% RH);
00 ml/min; mass of adsorbent from S/Z-1 to S/Z-5: 102, 101, 114, 109, 115 mg;
he average density of the beds: 105 mg/cm3.
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Table 2
H2S desulphurization capacity and pH values of materials

Sample Zn loading (wt %) Breakthrough time (min) H2S breakthrough capacity (mg S/g material) pH

S/Z-1 0.50 6 36.7 7.9
S/Z-2 1.24 10 95.0 8.2
S/Z-3 3.04 39 436.0 8.3
S/Z-4 4.45 7 49.9 8.4
S

O H); 5
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t
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e

F
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o
s
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T
f
q

/Z-5 9.00 6

peration condition: 1 atm; 298 K; inlet gas mixture: 0.1 vol% H2S in air (55% R
he average density of the beds: 105 mg/cm3.

ncrease of zinc content. As the reaction progresses, it can be
upposed that reaction product was plugging the pores limiting
he gas diffusion and, as an outcome, the H2S capture decreased.

.3. Reaction process analysis

The whole spectra of all the elements and XPS spectra of Zn
p3/2 for S/Z and S/Z-E are shown in Fig. 7. A high-resolution
PS curve in the region of 1020–1025 eV was recorded, which
hows an intense peak at a binding energy of 1022.5 eV. This
eak is characteristic of the 2p3/2 transition of ZnO [35], indicat-
ng the introduction of ZnO into SBA-15. After desulphurization
xperiment, the BE of Zn 2p3/2 shifts to a lower region of

ig. 7. XPS spectra of the (A) whole spectra and (B) Zn 2p3/2 narrow spectra
or S/Z and S/Z-E.
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38.9 8.7

00 ml/min; mass of adsorbent from S/Z-1 to S/Z-5: 102, 101, 114, 109, 115 mg;

021.8 eV (Fig. 7B) which is assigned to the binding energy
f ZnS [36]. To obtain further reaction information, XPS analy-
is for S 2p3/2 was also conducted to identify reaction product.
s expected, the presence of ZnS was detected at around 162 eV

37]. In addition, the surface atomic percentage ratios derived
rom XPS data shows that the O/Si atomic ratio of S/Z-E was

greater value than that of the stoichiometric one for SiO2.
his discrepancy might be attributed to contribution arising

rom adsorbed oxygen, whose typical position (at 532.5 eV) is
uite close to that of lattice O in SiO2. So, the desulphuriza-
ion reaction occurred over the material in this study follows the
rocess:

nO + H2S → ZnS + H2O.

his is supported by TEM and XRD analyses. The image of
/Z-E obtained by TEM showed that material surface became
omplanate (Fig. 2c) after exposure to H2S/air gas mixture. It
an be deduced that reaction product is formed as an overlayer
38] on the surface. XRD results show that the new peak with
ow intensity appears at 36.1◦ (Fig. 4b) is assigned to ZnS. The
and at 961 cm−1 region which is assigned with ZnS for S/Z-E
trengthened slightly (Fig. 5), confirming the judgment either
Table 3).

The characterization results of S/Z-E revealed some interest-
ng information. Firstly, XRD pattern of S/Z-E showed that the
haracteristic hexagonal features were maintained after desul-
hurization process (Fig. 4a). Furthermore, the peaks of S/Z-E
hifted slightly towards bigger angle compared to S/Z, indicating
he same trend of slight shrinkage in the mesoporous framework
uring desulphurization process as that during ZnO modifica-
ion process. However, it exhibits broader diffraction peaks with
ower intensities compared with those of S/Z (Fig. 4b). It is due
o a decrease of the crystalline long-range order and is associ-

ted with decreasing crystalline domain size and/or accumulated
train [39]. The bands of siliceous framework (Fig. 5) indicated
hat desulphurization procedure did not induce the collapse of
ore structure. From the data of N2 adsorption (Table 1), both

able 3
PS binding energy (eV) of S/Z and S/Z-E

ample O 1s Si 2p3/2 Zn 2p3/2 S 2p3/2

/Z 533.3 103.3, 104 1022.5 –
SiO2 SiO2 ZnO –

/Z-E 533.2 103.8 1021.8 162
SiO2 SiO2 ZnS ZnS
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he surface area and pores volume of mesopores decreased but
hose of micropores increased slightly for S/Z-E. It seemed that
eaction occurred on mesopores. At the same time, the mesopore
iameter reduced. Namely, the blockage occurred on mesopores
ue to the desulphurization product with much bigger crystalline
ize (the ratio between the molar volume of ZnS and ZnO is 1.6
40]).

The image taken from the direction parallel to the chan-
el axis (Fig. 2d) of S/Z-E showed clearly the distribution of
anoparticles inside the mesopores. Therefore, the homoge-
eous distribution of the ZnO nanoparticles inside the pore
ystem contributes a lot to the desulphurization capacity. Besides
he fitting mesoporous structure, the outstanding desulphuriza-
ion capacity is derived from the high surface area which is much
igher than commercial ZnO used widely for H2S capture from
as stream.

From the results of FTIR, XRD and XPS analysis, it can be
ell assessed that the H2S removal over SBA-15-supported ZnO

t room temperature occurs due to gas–solid reactions in a thin
ydrated lattice of metal oxides and ZnS was main product at
ower conditions.

. Conclusions

Loading of mesoporous solids with metal oxides is effec-
ive by incipient wetness impregnation and ultrasonic treatment,
ollowed by in situ activation procedure. Ultrasonic treat-
ent is an efficient way to scatter guests homogeneously into

ores of hosts. The anchor sites of ZnO nanoparticle over
BA-15 synthesized in this study are both mesopores and
icropores.
A new H2S adsorbent consisting of SBA-15 supported ZnO

anoparticles was prepared and studied. This material efficiently
emoves H2S from gas streams. The SBA-15-supported material
ith 3.04% zinc loading shows higher catalytic activity for H2S

emoval compared with the commercial desulfurizer.
The as-prepared material has a large number of microp-

res and mesopores leading to high H2S adsorption capacity.
nother crucial factor is the well-proportioned distribution of

ctive phase inside the mesoporous material. Desulphurization
eaction occurred mainly in mesopores and reaction product
ccumulated in the channels of mesopores and on the surface
f adsorbent material.
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