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ABSTRACT: Preparation of well-dispersed ZnO nanograins is necessary
to improve their reactivity toward room-temperature H2S removal.
However, the challenge to design such a ZnO-based adsorbent with high
ZnO loading is yet to be fulfilled. Herein, a facile sol−gel strategy is
reported for the preparation of ZnO/SiO2 adsorbents for efficient H2S
removal, by innovating a gel-drying method and simultaneously controlling
ZnO grain formation through optimizing the molar ratio of ethylene glycol
(EG)/nitrates in its precursors. The fabricated adsorbent embedded well-
dispersed ZnO nanograins, of approximately 10−15 nm, into a SiO2 matrix
(57 wt % ZnO loading) and thus yielded a high H2S removal capacity of
108.9 mg S/g sorbent. Therein, EG was used as a modifier for inhibiting
the formation of a denser SiO2 network during the gel drying process and
was used as a fuel for promoting the decomposition of nitrates and
increasing the surface area of the composites in the subsequent calcination.
Modulating the molar ratio of EG/nitrates ≤ 2 in precursors or traditional drying of the gel in an oven should be avoided
because these would lead to the oxidation of EG by metallic nitrates and form carboxylate complexes during the gel-drying
process. Although the produced ZnO grains had a very small size of less than 5 nm, a layer of monodentate ZnCO3 impurity
was formed on the ZnO surface, which will drastically decrease the reactivity of ZnO toward H2S. According to the encouraging
results from CuO and Co3O4, this strategy has proved to be versatile for the preparation of other metal oxide/SiO2 adsorbents.

■ INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs), as a green
power source, show great potential for residential and
industrial applications.1,2 However, the performance of
PEMFCs deteriorates when hydrogen fuel is contaminated
with impurities such as H2S, CO, and CO2.

1 The effects of
these impurities can contribute to three negative consequen-
ces: (1) poisoning electrocatalysts, which lead to kinetic losses;
(2) increasing the resistance of cell components, which result
in ohmic losses; and (3) transmuting the structure and
hydrophobicity of components, which yield mass transport
losses.2−5 H2S, which is more poisonous than CO toward the
performance of PEMFCs, can drastically damage electro-
catalysts even at concentrations as low as 0.1 ppm.2,6−8

Therefore, lowering the H2S content to below 0.1 ppm in
hydrogen fuels at room temperature is critical to improving the
durability and reliability of PEMFCs. Zinc oxide, which has
very favorable thermodynamics toward sulfidation reactions, is
widely used to remove H2S.

9−12 However, conventional bulk
ZnO-based sorbents possess very low sulfur capacity at room
temperature due to the kinetic limitations.13

Compared to bulk ZnO, nanoscale ZnO grains are
advantageous due to quantum size effects, which can
compensate for the slow sulfidation kinetics and reinstate

ZnO as a prospect for room-temperature H2S removal.14

Consequently, various strategies have been developed to
prepare nanoscale ZnO-based adsorbents. The prevailing
method is to embed ZnO into porous materials (e.g.,
carbon-based and mesoporous sieves) by impregnation
methods. This strategy can be easily implemented but with
minimal ZnO content, that is, below 30 wt %, which normally
yields an unsatisfactory sulfur capacity of less than 50 mg S/g
sorbent.15 In our previous work, a colloidal crystal template
method was employed to prepare zinc oxide−silica composite
adsorbents with three-dimensionally ordered macroporous
structures.11 The amorphous SiO2 matrix promoted greater
dispersibility of ZnO grains and confined 50 wt % more ZnO
within its pores. Moreover, the interconnected hierarchical
pore structure reduced the mass transfer resistance during
desulfurization. Therefore, the obtained sulfur capacity of the
sorbents was able to reach an impressive 135 mg S/g sorbent.
However, this preparation process is complex and tedious.
Therefore, a facile preparation strategy, which can synthesize
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ZnO-based adsorbents with high ZnO loadings, nanoscale
ZnO grains, and high sulfur capacity, is urgently needed.
The sol−gel method, which could prepare composites with a

homogenous distribution of nanoscale particles, has been
widely used in catalyst preparation.16−18 Recently, sol−gel
strategies have also been designed for preparing ZnO-based
sorbents for H2S removal, yielding notable results.9,19 For
examples, Polychronopoulou et al. prepared a series of novel
ZnO/TiO2 adsorbents with titanium isopropoxide and
(CH3COO)2Zn as the Ti and Zn sources, respectively. The
H2S uptake was measured at 51 mg S/g sorbent when the ZnO
loading was 40 wt %; an even higher 80 mg S/g sorbent was
noted after modifications.20,21 Liu et al. fabricated ZnO/SiO2
nanocomposites, the optimal ZnO loading content was 30 wt
%, and the H2S removal capacity was 91 mg S/g sorbent.9

Recently, a new sol−gel method was successfully developed
using ethylene glycol (EG), metallic nitrates, and tetraethylor-
thosilicate (TEOS) as precursors to synthesize magnetic
materials, (Ni−Zn)Fe2O4/SiO2 and Ni−ZnO/SiO2 nano-
composites. The obtained ferrites were ultrafine spherical
nanoparticles (4−6 nm) that were homogeneously dispersed in
a SiO2 matrix with loadings up to 35 wt %.22,23 Therein, EG
was used as the reductant for the metallic nitrates to form a
stable carboxylate complex through a redox reaction during the
gel-drying process. The formed carboxylate complex could
effectively inhibit the agglomeration of metal oxides because of
its high decomposition temperature.24,25

In this paper, a facile sol−gel strategy using EG, metallic
nitrates, and TEOS as precursors was also reported to prepare
ZnO/SiO2 adsorbents for efficient H2S removal. Differing from
EG being utilized as a reductant, two new roles were observed
via innovating the gel-drying method and modulating the
molar ratio of EG/nitrates in the precursor in the new
developed sol−gel strategy. First, EG was used as a modifier
during the gel drying process to form developed mesoporous
SiO2 networks, which, in turn aid the dispersing of ZnO
nanograins. Second, EG was being used as fuel to promote the
decomposition of nitrates and increase the surface area of the
composites during calcination. As a result, well-dispersed ZnO
nanograins (10−15 nm) with loadings of up to 57 wt % were
embedded into the SiO2 matrix. More importantly, a
satisfactory H2S removal capacity of 108.9 mg S/g sorbent
was achieved. On modulating the molar ratio of EG/nitrates to
less than 2 in precursors or adopting the reported drying
method, EG, as reported,22 was oxidized by metallic nitrates to
form a carboxylate complex during the gel drying process.
However, although the produced ZnO grains were very small
(below 5 nm), a by-product layer of monodentate ZnCO3
would be formed on the ZnO surface, which significantly
decreased the reactivity of ZnO toward H2S. Additionally,
according to the encouraging results from the fabricated
sorbents, CuO/SiO2 and Co3O4/SiO2, this method was proven
efficient and versatile for preparing other high-loaded metal
oxide/silica adsorbents.

■ EXPERIMENTAL SECTION
Sorbent Preparation. All chemicals used were of analytical grade

and commercially available. The desired ZnO/SiO2 sorbents were
synthesized by the sol−gel method.
Typically, anhydrous ethanol (EtOH), H2O, and HNO3 were

added sequentially to TEOS at a molar ratio of 3:1.8:0.03:1 and
stirred for 1 h to obtain a clear SiO2 sol. Zinc nitrate was dissolved in
EG at different molar ratios, and methanol was added to get zinc

nitrate solution with concentration of 2 M. The zinc nitrate solution
was then added to the SiO2 sol and stirred for another 1 h. The mixed
solution was innovatively aged at 30 °C for 10 h and dried at 120 °C
overnight in a closed chamber to form a gel, which we will herein term
innovative drying. The gels were finally calcined in air initially at 300
°C for 2 h, then elevated at a rate of 1 °C/min up to and held at 500
°C for an additional 2 h. The schematic of the procedure is depicted
in Scheme 1. For comparison with ref 22, a sample with a molar ratio

of EG/nitrates = 3:1 in the precursors was prepared by transferring
the solution in oven, then aged at 30 °C for 10 h and dried at 120 °C
overnight to form a gel, which was called traditional drying. The
detailed molar compositions of the components are listed in Table 1.

The fabricated gels before calcination will be denoted as ZS-XG and
ZS-XG-C, and the sorbents after calcination will be shortened to ZS-X
and ZS-X-C, where ZS refers to ZnO and SiO2; X is the molar ratio of
EG/nitrates; G is the abbreviation of the gels; and C is indexed to
conventional drying.

The CuO/SiO2 and Co3O4/SiO2 nanocomposites were also
synthesized with only the type of metallic nitrates changed relative
to that of the sample ZS-3 to demonstrate the versatility of this
method.

Characterizations of Material. The crystalline phases of the
fabricated sorbents were determined on a Rigaku D/Max-2500
diffractometer with Cu Kα radiation. The data between 5 and 80°
were collected for wide-angle X-ray diffraction (XRD) studies
(scanning rate = 8 °/min). The thermogravimetry experiments were
performed on a thermal analyzer (Setaram SETSYS Evolution TGA)
coupled with a mass spectrometer (Hiden HPR20 QIC R & D). The
gels were heated up to 800 °C in air at a heating rate of 10 °C/min,
and the air flow rate is 100 mL/min. The gas products were analyzed
by the mass spectrometer. N2 adsorption−desorption isotherms were
measured at 77 K using a Nova 2000e instrument. The surface areas
were calculated by the standard Brunauer−Emmett−Teller (BET)
method, whereas the Barrett−Joyner−Halenda (BJH) model was
used to calculate the pore size distributions (PSDs) and the total pore

Scheme 1. Schematic Illustration for the Preparation of
ZnO/SiO2 Sorbents

Table 1. Composition of the Synthesized Gels

composition in precursors (mol)

samples Zn(NO3)2 EG methanol drying methods

ZS-3-C 0.04 0.12 0.20 conventional drying
ZS-3 0.04 0.12 0.20 innovative drying
ZS-0.5 0.04 0.02 0.45 innovative drying
ZS-1 0.04 0.04 0.40 innovative drying
ZS-2 0.04 0.08 0.30 innovative drying
ZS-5 0.04 0.2 0 innovative drying
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volumes. The Fourier transform infrared (FT-IR) spectra were
studied on a 670 FT-IR spectrophotometer (Thermo Nicolet, USA)
(600−4000 cm−1). The morphology of sorbents was collected on a
NanoSEM430 scanning electron microscopy (SEM) and on a Tecnai
G2F20 transmission electron microscopy (TEM). X-ray photo-
electron spectroscopy (XPS) measurements were performed using
an ESCALAB 250 spectrometer (VG Scientific Ltd., UK) equipped
with a monochromated Al Kα source (hν = 1486.6 eV, 150 W) and
under ultrahigh vacuum (7 × 10−8 Pa). The binding energy was
calibrated by the C 1s peak at 284.6 eV. UV−visible spectra were
recorded on a PerkinElmer Lambda 9 UV/vis/NIR spectropho-
tometer equipped with a RSA-PE-19 biconical optical bench for
diffuse reflectance measurement.
Performance Tests. The breakthrough tests of the prepared

samples were evaluated on a fixed bed. The typical process involved
initial grinding of the adsorbents into 40−60 mesh and loaded into a
U-tube reactor (inner diameter 6 mm) with the loading height of 2
cm. Then, the loaded sorbents were prehumidified with moist N2 (ca.
3% moisture) by bubbling N2 in water at 30 °C for 1.5 h. Finally, H2S
with a concentration of 850 mg/m3 in moist N2 is passed through the
U-tube reactor; the total flow rate was 100 mL/min. The inlet and
outlet H2S concentrations were detected by a gas chromatograph
equipped with a flame photometric detector. The tests were
completed when the outlet H2S concentration exceeds 0.15 mg/m3,
and the sulfur capacity of the sorbent can be calculated by integrating
the breakthrough curves area.

■ RESULT AND DISCUSSION

Desulfurization Performance. First, only considering the
two adsorbents, ZC-3 and ZC-3-C in Figure 1a,b, which were
prepared by different drying methods, both samples showed
high removal precision with the concentration of H2S in the

outlet below 0.08 ppm at the initial stage of reaction, however,
the H2S concentrations in the outlet increased dramatically
after reaching the breakthrough, implying the fast kinetics of
the adsorption process. ZS-3-C showed a breakthrough time
(BT) of 350 min and a corresponding breakthrough sulfur
capacity (BSC) of 63.5 mg S/g sorbent. Although ZS-3
showed a prolonged BT of 535 min, the sulfur capacity was
108.9 mg S/g sorbent, which was almost 1.7 times that of ZS-
3-C, demonstrating a significant influence on H2S removal
performance depending on drying methods.
Modulating the molar ratio of EG/nitrates in precursors also

led to a variation in the sulfur capacity of the sorbent. For both
lowering and increasing the EG content in precursors, the
samples showed a decrease in sulfur capacity in comparison
with sample ZS-3. Specifically, ZS-0.5 exhibited the shortest
BT (168 min), and its corresponding BSC was only 28.6 mg S/
g sorbent. In a nutshell, the H2S removal performance of the
prepared samples seriously relied on the drying methods and
the molar ratio of EG/nitrates in precursors, and the sample
ZS-3 demonstrated the highest sulfur capacity of 108.9 mg S/g
sorbent.

Morphology Characterization. The morphology of the
selected samples was studied and is shown in Figure 2. The
SEM images show that the obtained bulk sorbents are the
result of a large amount of nanoparticle agglomeration. Some
mesoporous voids formed due to the irregular arrangement of
nanoparticles. ZS-3-C (Figure 2a) showed smaller nano-
particles with a denser stack than that of ZS-3 (Figure 2b).
According to the TEM results, the nanoparticles shown in the
SEM images were composed of the ZnO grains and SiO2

Figure 1. The breakthrough curves and the corresponding BSCs of the prepared samples.

Figure 2. SEM and TEM images of samples ZS-3-C (a,e), ZS-3 (b,f), ZS-1 (c,g), and ZS-5 (d,h).
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networks. ZnO grains were embedded and well-dispersed in
the SiO2 matrix of both samples. However, ZS-3 showed larger
ZnO grains compared to ZS-3-C, demonstrating that the
drying methods have greatly affected the size of ZnO grains.
The SEM images also indicate that the size of nanoparticles

varied depending on the molar ratio of EG/nitrates. Compared
with ZS-3, a decrease in the nanoparticle size and a much
denser stack among nanoparticles were observed when
reducing the molar ratio of EG/nitrates. According to the
TEM images, ZnO grains with smaller size in ZS-1 (Figure 2g)
were also well dispersed in the SiO2 matrix compared with that
of ZS-3. Specifically, the size of ZnO grains averaged around
10−15 nm in ZS-3 (inserted in Figure 2f) based on the
statistical results, whereas the average size was below 5 nm
within ZS-1. Unlike ZS-1 and ZS-3, the ZnO grains in ZS-5
were partially isolated from the SiO2 matrix as observed in
Figure 2h. The size of the hexagonal ZnO grains was around
40 nm, which is far larger than those found in ZS-1 and ZS-3.
This may be caused by the absence of methanol in the
precursors of ZS-5, which led to an increase in terms of mixed
sol viscosity and hindered the movement of Zn(NO3)2 into the
SiO2 matrix.
Texture Analysis. Figure 3 shows the N2 adsorption

desorption isotherms of the sorbents and PSDs. All samples
reveal type IV isotherms accompanied with a typical H2 type
hysteresis loop, affirming the mesoporous features within these
materials.26,27 Compared with ZS-3-C, ZS-3 showed a sharper
increase in absorption when the relative pressure is in the range
of 0.7−0.9, suggesting more mesopores and with larger pore
sizes were uncovered in ZS-3. The PSD curves reveal that both
samples exhibited a bimodal PSD, one centered at approx-
imately 3 nm and the other was roughly at 8 nm. However, the
majority of the pore sizes of ZS-3-C were measured at 3 nm,
whereas those of ZS-3 were at 8 nm. The detailed textural
properties are listed in Table 2. The specific surface area
(SSA), Vt andWBJH of ZS-3 are both larger than those of ZS-3-
C.
ZS-0.5, ZS-1, and ZS-2 showed isotherms and PSDs similar

to those of ZS-3-C, whereas ZS-5 was similar to ZS-3. As seen
in Table 2, the SSA and Vt of all samples increased as the molar
ratio of EG/nitrate increased. Moreover, ZS-5 was measured
with the largest surface area and the Vt was about 2.2 times that
of ZS-0.5. The differences in the texture properties of these
samples were caused by SiO2 networks, which were readily
influenced by the addition amount of EG.28 On one hand, EG
could inhibit further condensation of Si−OH to a denser SiO2
network.28−30 On the other hand, EG could reduce the

capillary force during the gel drying process, decreasing the
crack of the gel, which helped develop the pore structure and
increase the surface area.31

FT-IR and XRD Analysis. Figure 4a shows the FT-IR
spectra of the prepared nanocomposites. All samples produced
the SiO2 characteristic adsorption bands at 800, 1080, and
1210 cm−1, which correspond to the symmetric stretching
vibrations of Si−O−Si in the SiO4 tetrahedron, the symmetric
Si−O−Si stretching mode, as well as the asymmetric
vibrational stretching mode of Si−O−, respectively.9,32,33 In
addition, the Si−OH band at 960 cm−1,11 and the adsorption
bands of −OH groups at 1610 cm−1 (deforming vibrations)
and 3440 cm−1 (stretching vibrations)34 were observed in all
samples. Specifically, ZS-3-C and ZS-3 showed analogous
spectra except at the wavenumber, 1430 cm−1, which is related
to the formation of monodentate carbonate species exhibiting
O−C−O stretching frequencies.35 This band clearly appeared
in ZS-3-C, but disappeared in ZS-3 and ZS-5, and yet, it was
also found in samples ZS-0.5, ZS-1, and ZS-2. In summary,
using the conventional drying method or modulating the molar
ratio of EG/nitrates ≤ 2 in the precursors could favor the
formation of monodentate carbonates during calcination.
Figure 4b shows the XRD pattern of the samples. ZS-3

displayed the characteristic peaks of hexagonal wurtzite zinc
oxide at 2θ = 31.5°, 34.2°, 36.0°, 47.3°, 56.4°, 62.7°, and
68.9°.36 Poor crystallization properties of ZnO nanograins in
sample ZS-3-C with a relatively wide diffraction peak was
observed at 2θ ≈ 35° in the XRD pattern; such phenomenon
was also found in ZS-0.5, ZS-1, and ZS-2. ZS-5 showed more
intensified diffraction peaks than those of ZS-3. As it is known,
the intensity of the diffraction peak within an XRD pattern is
related to the grain size of the crystal. Thus, the XRD pattern
demonstrated that larger ZnO grains was developed in ZS-3
and ZS-5 in comparison to the other samples. This further

Figure 3. N2 adsorption and desorption isotherms and PSDs of the samples.

Table 2. Texture Parameters of Samples Prepared with
Different Molar Ratio of EG/Nitratesa

sample SBET (m2/g) Vt (cm
3/g) WBJH (nm)

ZS-3-C 148.5 0.33 3.52
ZS-3 153.3 0.41 7.30
ZS-0.5 106.3 0.20 3.49
ZS-1 118.4 0.24 3.50
ZS-2 144.1 0.29 3.52
ZS-5 168.5 0.43 6.23

aSBET, BET specific area; Vt, total pore volume; WBJH, pore size
determined from BJH desorption data.
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illustrated that the conventional drying method or reducing the
EG content in the precursors favor the decrease of ZnO
crystalline sizes, which was consistent with the TEM results. In
addition, the characteristic halo of amorphous SiO2 at 2θ ≈
23° were observed in all samples. However, unlike the results
observed in the FT-IR spectrum, no diffraction peaks related to
carbonates could be found in the XRD spectra.
XPS and UV−Vis Characterizations. In order to identify

the phase composition of the nanocomposites, high resolution
XPS spectra of Zn 2p3/2 were collected and are shown in
Figure 5a. ZS-3 and ZS-5 highlighted only one peak at the
binding energy of 1022.1 eV, which was assigned to the
characteristic of ZnO.37,38 Although ZS-3-C, ZS-0.5, ZS-1, and
ZS-2 featured an additional peak at about 1024.7 eV, which
suggested that two different zinc species with divalent
oxidation states were formed in these samples. The latter
(1024.7 eV) showed a positive shift (3.6 eV) in comparison
with the former (1021.1 eV), indicating a decrease in the outer
electron cloud density of Zn2+. Such behavior was observed by
Tkachenko et al. and Mei et al., and they ascribed the peak
with the higher binding energy to ZnOx.

39,40 However, no
further evidence in this study confirmed the formation of a
ZnOx species. According to the FT-IR results showed in Figure
4a, this peak was confirmed to be related to the monodentate
ZnCO3 species. Such similar species was also found in the
preparation of CeO2.

35 The formed monodentate ZnCO3
originated from the coordination of CO2 molecules with
surface defect sites (such as steps, kinks, and edges),41,42 the
needed CO2 molecules were produced by the decomposition
of the precursors during calcination. The amount of
monodentate ZnCO3 species quantified from greatest to

least: ZS-0.5 > ZS-1 > ZS-2 > ZS-3-C, and finally, nonexistent
in ZS-3 and ZS-5. This can be attributed to ZS-0.5, ZS-1, ZS-2,
and ZS-3-C expressing a narrow, average pore size compared
to that of ZS-3 and ZS-5 (shown in Figure 3b). More
specifically, the produced molecular CO2 during calcination
was hindered in its diffusion, and consequently, coordinated
with surface defect sites to form a monodentate ZnCO3
species. The samples with smaller ZnO grain sizes resulted
in more surface defect sites, thus more monodentate ZnCO3
species were produced.
The amount of ZnO in the fabricated samples was further

determined by the UV−vis spectra (Figure 5b). The
absorbance band observed at around 360 nm corresponds to
the characteristic ZnO phase, and its intensity can be related to
the concentration of ZnO.39,43 Clearly, the concentration of
ZnO was found highest in ZS-3, then gradually decreased in
order of ZS-5 > ZS-3-C > ZS-2 > ZS-1 > ZS-0.5. This trend
was in agreement with the XPS results. Notably, ZS-5 showed
concentrations of ZnO lower than those of ZS-3, which was
because of the larger ZnO grains and inhomogenous
dispersion.44

From the above characterizations, the breakthrough results
could be readily interpreted that although the samples, ZS-3-C,
ZS-0.5, ZS-1, and ZS-2, possessed smaller ZnO grains, the
generation of monodentate ZnCO3 species on the ZnO surface
inhibited the reaction between ZnO and H2S, thereby resulting
in lower sulfur capacities than that of ZS-3. This observation
was verified by ZS-0.5 forming the largest amount of
monodentate ZnCO3 species and exhibiting the lowest sulfur
capacity (28.6 mg S/g sorbent). By reducing the amount of the
ZnCO3 species, ZS-1 and ZS-2 showed an improvement in the

Figure 4. FT-IR spectrums (a) and XRD patterns (b) of the samples.

Figure 5. XPS spectra of Zn 2p3/2 and UV−vis spectra for ZS-X samples.
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BSCs. ZS-3 and ZS-5 had a pure ZnO phase according to the
XPS results, and therefore, demonstrated a higher sulfur
capacity. In addition, because of the smaller ZnO grains in ZS-
3 than that in ZS-5, ZS-3 manifested a sulfur capacity higher
than that of ZS-5.
Insight of the Mechanism Involved in the New Sol−

Gel Strategy. Based on the above description, the drying
method and the molar ratio of EG/nitrates are key to
successfully preparing high efficient ZnO/SiO2 adsorbents
using the new sol−gel strategy. In order to understand how
these two parameters influence the physicochemical properties
of the fresh composites, the characterizations of gels before
calcination were carried out.
Figure 6 shows the FT-IR spectra of the gels before

calcination. Clearly, all of the gels produced the SiO2

characteristic adsorption bands at 475, 800, 1080, and 1210
cm−1, as depicted in Figure 4a. This indicates that the TEOS
had hydrolyzed and cross-linked to the SiO2 networks during
the drying process. In addition, the Si−OH band at 960
cm−1,11 and the adsorption bands of −OH groups at 1610
cm−1 (deforming vibrations) and 3440 cm−1 (stretching
vibrations)34 are also present in all gels.
Contrasted with ZS-3G, ZS-3G-C showed no characteristic

peak of NO3
− ion centered at 1380 cm−145 but presented some

new adsorption bands, such as νs(CO) at 1311 cm−1, δ(OH)
at 1360 cm−1, νs(COO) at 1430 cm−1, νas(COO) at 1680
cm−1,22,34,46 as well as the characteristic δ(OCO) + ν(MO)
vibration peak at 780 cm−1.25,34 These newly appeared
adsorption bands suggest that the redox reaction between
EG and nitrates occurred and formed carboxylate complex
using the conventional drying method during the gels drying
process, which was consistent with other literature.22,46−48

Interestingly, these similar results were obtained when
modulating the molar ratio of EG/nitrates ≤ 2 in the new
developed strategy. Besides NO3

− at 1380 cm−1, ZS-3G also
produced an additional peak at 880 cm−1 corresponding to the
vibration of δ(CH2) in EG,22 which confirms the presence of
NO3

− and EG in ZS-3G. Consequently, these results suggest
that the redox reaction between EG and nitrates actually did
not occur in ZS-3G. More importantly, it was found that the
absorption band at 3440 cm−1, attributing to the OH groups in
ZS-3G, became weaker and broader in comparison to that of
the other gels. Furthermore, the wavenumber of Si−OH band
red shifted from 960 to 1000 cm−1, which strongly

demonstrates the formation of hydrogen bonds between EG
and silanol or between EG and H2O within the gels.49,50

Therefore, the rationale for the lack of redox reaction in ZS-3G
is reasonable: the innovative drying method and proper molar
ratio of EG/nitrates favor the formation of hydrogen bonds in
the gels during the drying process, which deterred the
oxidation of EG by nitrates under similar conditions.
Figure 7 shows the thermogravimetry (TG)−mass spec-

trometry (MS) results of the gels during heat treatment. Figure
7a shows that ZS-3G-C lost a total weight of 31%, which is far
less than that in ZS-3G (59%). According to the previous FT-
IR results (Figure 6), this was caused by the redox reaction
between EG and nitrates in ZS-3G-C during the gel-drying
process. ZS-0.5 G, ZS-1G, and ZS-2G showed similar total
weight loss percentages averaging 28%. From derivative
thermogravimetry (DTG) results showed in Figure 7b, two
main weight loss peaks centered at 100 and 350 °C were
observed in ZS-3-C, ZS-0.5, ZS-1, and ZS-2, demonstrating
similar thermal behaviors from these samples. The first
significant weight loss in the gel samples occurred at 100 °C,
which can be ascribed to the evaporation of the physically
adsorbed water. The second significant weight loss was
observed at 350 °C, which represents the evolution of large
amounts of CO2 and water, originating from the decom-
position of carboxylate.22,46

ZS-3G and ZS-5G revealed more complex thermal behaviors
than those of the above gels. More specifically, both gels
produced three weight loss peaks noted at 140, 155, and 350
°C. Because of the release of large amounts of gases, such as
CO2, NO2, and H2O, the first two peaks were considered to be
the result of auto-combustion of EG and NO3

− on the surface
and in the pore channels of the silica gels, respectively.35,51

Comparatively, ZS-3G released less gas compounds (CO2,
NO2, and H2O) at 140 °C than at 155 °C, whereas ZS-5G
released more gases at 140 °C than at 155 °C. These results
demonstrate that more zinc nitrates and EG in ZS-5G were
enriched on the surface of SiO2 rather than being embedded in
the SiO2 matrix. This affirms the results of TEM, where a phase
isolation was observed in ZS-5. The peaks at 350 °C can be
attributed to the decomposition of the carboxylate species,
which was generated by the incomplete combustion of EG and
nitrates at the earlier stage.
Based on the FT-IR and TG−MS results, although the

developed preparation strategy in this article used the similar
precursors system (EG−metallic nitrates−TEOS) as that in ref
22, the involved formation mechanism of ZnO nanograins was
completely different. In the previous work, ZnO nanograins
were formed by the decomposition of the intermediate
carboxylate complex, which was produced through the redox
reaction between nitrates and EG during the drying process.
Whereas in our strategy, ZnO nanograins was formed by the
auto-combustion of EG and nitrates, wherein EG is not solely
used as a modifier to form a developed mesoporous SiO2
matrix during the gel drying process, but also as a fuel to
promote the decomposition of nitrates and increase the surface
area of the composites during calcination. In a word, a new
sol−gel strategy for the preparation of ZnO/SiO2 adsorbents
was developed by modifying a gel-drying method and
simultaneously controlling ZnO-grain formation through
optimizing the molar ratio of EG/nitrates in its precursors.

Facility and Versatility of This Strategy. Considering
the facility of the designed sol−gel method, the sample ZS-3
with different solvents (W: H2O, M: CH3OH, E: CH3CH2OH,

Figure 6. The FT-IR spectra of gels before calcination.

Langmuir Article

DOI: 10.1021/acs.langmuir.9b00853
Langmuir 2019, 35, 7759−7768

7764

http://dx.doi.org/10.1021/acs.langmuir.9b00853


and B: CH3(CH2)3OH) were synthesized and will be denoted
as ZS-3-Y, where Y is the type of solvent used in the Zn(NO3)2
preparation. The H2S removal performance was measured, and
the results are shown in Figure 8a. An insignificant decrease in
the H2S removal capacity was observed after changing the type
of solvent, illustrating the facility of this strategy. The versatility
of this method was also evidenced by the preparation of other
metal oxide/SiO2 adsorbents, such as CuO/SiO2 and Co3O4/
SiO2 sorbents; their adsorption results are shown in Figure 8b.

The CuO/SiO2 and Co3O4/SiO2 sorbents displayed high
BSCs with 145.6 mg S/g sorbent and 114.3 mg S/g sorbent,
respectively.
The H2S removal performance of the sample was also

compared to the reported results prepared by different
methods, and the corresponding results are shown in Table
3. Clearly, the designed strategy in this work highlights many
advantages, such as greater MxOy loadings, BSCs, and even
MxOy utilizations. Notably, the BSCs improved an order of

Figure 7. TG (a), DTG (b), and TG−MS (c−f) of the gels after overnight drying at 120 °C.

Figure 8. The BSCs of the samples.
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magnitude through this method compared with those prepared
by the incipient wetness method. To conclude, this sol−gel
strategy demonstrates promising potential in desulfurization
due to its facility, versatility, and high efficiency.

■ CONCLUSIONS

In summary, a facile and versatile sol−gel method for the
preparation of highly loaded ZnO/SiO2 nanocomposites was
designed using TEOS−EG−nitrates as the precursors. The
crucial step in this methodology is the innovative drying
method and the ability to control the ZnO formation
mechanism by modulating the molar ratio of EG/nitrates in
the precursors. While modulating the molar ratio of EG/
nitrates ≥ 3, EG is not solely used as modifier to form a
developed mesoporous SiO2 matrix by inhibiting the crosslink
of hydrolyzed silanol during the gel drying process, but also as
a fuel to promote the decomposition of nitrates and increase
the surface area of the composites during calcination. Such
fabricated adsorbent possessed both well-dispersed ZnO
nanograins and high ZnO loadings (57 wt %), resulting in a
high H2S removal capacity of 108.9 mg S/g sorbent.
Contrastingly, the conventional drying method or modulating
the molar ratio of EG/nitrates ≤ 2 favor a redox reaction
between EG and nitrates, which form intermediate carboxylate
species during the gel drying process. Although the formed
ZnO grains were less than 5 nm in the subsequent calcination,
monodentate ZnCO3 impurities were formed and covered the
ZnO surface, which greatly decreases the reactivity of ZnO
toward H2S. Finally, the fabricated CuO/SiO2 and Co3O4/
SiO2 sorbents displayed high BSCs with 145.6 and 114.3 mg
S/g sorbent, respectively, confirming the versatility and high
efficiency of this method.
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