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in the improvement of desulfurization activity of the catalysts.

INTRODUCTION

Sulfur dioxide is considered as significant atmospheric
pollutants not only for its toxicity but also causing acid rain.
More efficient desulfurization techniques are desired in SO,
removal'. The traditional gas desulfurization technology has
many disadvantages, such as secondary pollution and device
corrosion. Developing new catalytic flue gas desulfurization
technology with low cost, low pollution and high efficiency
has become an urgent task. Catalysis is a very effective method
for flue gas desulfurization technology. However, the key factor
of this technique is to develop an efficient catalyst. The use of
activated carbon as supports for desulfurization shows many
advantages. Activated carbon (AC) has high specific surface
area, abundant pore structure and good acid/base resistance’.
On the other hand, the surface functional groups on activated
carbon act as anchorage sites that interact with the active
components improving its dispersion’. Many researchers focus
on developing catalysts supported transition metal on activated
carbon (AC) for desulfurization, such as CuO/AC* and Fe/
AC®. In our previous study®, it is found that Ni loading on
activated carbon can efficiently improve the desulfurization
activity of catalysts and the species of active component play
an important role in the desulfurization process.

Impregnation is one of the most common catalyst prepa-
ration methods, but it has some disadvantages. For example,
the loading capacity is low and the active component cannot
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disperse uniformly on the support. Many researchers use some
supplementary methods to overcome these disadvantages and
to achieve a well dispersion of active components, such as
ultrasonic oscillation. Bianchi ef al.” has found that Pd is well
dispersed on the carbon supports prepared by ultrasonic-
assisted impregnation method. However, the change of metal
species and functional groups of activated carbon in the ultra-
sonic-assisted excessive impregnation were rarely reported
before. This study aims to explore the effects of ultrasonic-
assisted impregnation on the changes of Ni species and surface
functional groups in Ni-supported activated carbon catalysts.

In this study, Ni/AC desulfurization catalysts were prepared
by ultrasonic-assisted excessive impregnation method. The
effects of ultrasonic oscillation time on the desulfurization
activity of catalysts and the active component changes have
been investigated by scanning electron microscopy (SEM),
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS).

EXPERIMENTAL

Catalyst preparation: All original activated carbon
(Xingtong Chemical Ltd., Henan, China) was crushed into 10-
20 mesh and boiled in distilled water for 0.5 h. The obtained
activated carbon was washed with distilled water until the
washing liquid became neutral and dried for 12 h at 105 °C.
The samples were then immersed into HNO; (30 vol. %) solution
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for 2 h at 60 °C under stirring condition. Subsequently, the
samples were filtrated and washed with distilled water until
washing fluid became neutral. Finally, the samples were dried
in 105 °C for 12 h and denoted as NAC.

Catalysts were prepared by ultrasound-assisted excessive
impregnation method. The precursor was Ni(NOs),-6H,O (AR
grade; Kelong Chemical Reagent Factory, Chengdu, China).
NAC samples were completely immersed into an appropriate
concentration precursor solution to achieve Ni loading of 1
wt. %. During the impregnation, the mixtures were oscillated
in an ultrasonic water bath (40 kV) at 40 °C. The samples
were oscillated for 0, 20, 40, 60, 80, 100 and 120 min, respec-
tively and kept statically for 12 h. The solution was heated at 60
°C and constantly stirred until the liquid was completely elimi-
nated. Finally, all samples were dried at 105 °C for 12 h, they
were calcined at 800 °C for 2 h in a sealed oven under high-
purity nitrogen (99.99 %) atmosphere. The heating rate was 5
°C/min. The obtained catalysts were labeled as Ni/NAC-x. X is
defined as oscillation time. Thus, the prepared catalysts were
named as Ni/NAC-0, Ni/NAC-20, Ni/NAC-40, Ni/NAC-60, Ni/
NAC-80, Ni/NAC-100 and Ni/NAC-120, respectively.

Evaluation of catalyst activity: Sulfur dioxide was removed
at 80 °Cin a fixed bed flow micro-reactor (i.d. 18 mm) containing
15 cm catalysts by passing a flue gas mixture. Gases were
controlled by a rotor flow-meter before entering blender. The
simulated flue gas contained 0.23 vol. % SO,, 10 vol. % O, 10
vol. % water vapor and N, as a balance gas. The space velocity
(SV) was 800 h™'. The flue gas before and after reactor passed
through a H,O, solution (3 %) and formed H>SO,4 was determined
by titrating with NaOH (0.01 mol/L) solution, using bromocresol
green and methyl red as an indicator to determine the end point.
When SO; concentration in the outlet reached to 100 mg/m?, it
could be considered that the catalyst bed had been penetrated.
The corresponding cumulative working time is regarded as the
breakthrough time and the cumulative amount of SO, removal
per unit mass of catalyst is the breakthrough sulfur capacity.

Catalyst characterization: The surface morphology of
samples was observed by scanning electron microscopy (SEM)
using a JSM-7500F electron microscope (JEOL Co., Japan)
at 5 kV. X-ray diffraction (XRD) was used to determine the
structural parameters with a DX-2007 diffractometer (Haoyuan
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instrument co., Ltd., Dandong Liaoning, China) using CuK4,
radiation (A = 0.15418 nm) at 40 kV and 30 mA. The XRD
data were recorded for 26 values between 10° and 70° with a
step size of 0.03. The crystalline phases were identified by
comparison with the reference data from the International
Center for Diffraction Data (JCPDs). X-ray photoelectron spec-
troscopy (XPS) was carried out on an XSAM-800 spectrometer
(KRATOS Co., UK) with Al K, radiation under ultra-high
vacuum (UHV) at 12 kV and 15 mA. Energy calibration was
done by recording the core level spectra of Au 4f, (84.00 eV)
and Ag 3ds, (368.30 eV). Peak areas including satellites, were
computed by a program which assumed Gaussian-line shapes
and flat background subtraction.

RESULTS AND DISCUSSION

Desulfurization performance of Ni/NAC catalysts: The
curves of the relation between SO, removal and working time
of NAC and Ni/NAC-x catalysts (a) and the corresponding
sulfur capacity (b) are shown in Fig. 1. All Ni/NAC-x exhibit
good desulfurization activity and high breakthrough sulfur
capacity compared to NAC, indicating that metal mixtures or
metal oxides on activated carbon can significantly improve
desulfurization performance. This is probably related to the
catalytic activity of metal species (active site) during the SO,
oxidation process. As shown in Fig. 1, the SO, removal effi-
ciency of catalysts gradually decreases with time prolonging,
revealing that the catalyst is a gradual deactivation process.
This may be that SO, molecules are firstly adsorbed on the
active sites of catalysts and then oxidized to SOs;, followed by
hydration to form H,SO, with H,O in the simulated flue gas'.
The generated H,SO4 may occupy the active site, resulting in
the decrease of desulfurization activity. At the same time, it is
found that the ultrasonic oscillation time significantly influence
the desulfurization activity of Ni/NAC-x. The breakthrough
sulfur capacity and breakthrough time of Ni/NAC-0 are 132
mg/g and 463 min, respectively. With the increase of the
ultrasonic oscillation time, the desulfurization activity
increases firstly and then decreases. When the oscillation time
is 80 min, the Ni/NAC-80 exhibits the best desulfurization
activity. It can keep 100 % desulfurization efficiency for 800
min and the corresponding sulfur capacity is 236 mg/g. When
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Fig. 1. Desulfurization working curves of NAC and Ni/NAC-x (a) and their breakthrough sulfur capacity (b)
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oscillation time is more than 80 min, the sulfur capacity of
catalyst decreases and the breakthrough time shortens to a
certain extent. This indicates that oscillation time of 80 min is
optimum in our experiments. The main reason of this case
could be that the surface physical structure of activated carbon
changes under the long time oscillation. The ultrasound
produces cavitation effect under the high energy situation and
forms the internal jet with strong impact force. The internal
jet can accelerate the diffusion rate of the loading and improve
the dispersion of active components. Thus, the catalyst can
provide more active sites to adsorb and transform the SO, from
the flue gas”'’. On the other hand, if the oscillation time is too
long, the energy will be too high, leading to the devastation of
activated carbon structure and the collapse of pore structure''.
They are not conducive to the anchor and dispersion of the
active ingredients, resulting in the decrease of desulfurization
activity.

SEM: SEM patterns of selected samples are illustrated in
Fig. 2 to study the effects of ultrasonic oscillations on the surface
morphology of catalysts. For Ni/NAC-0, many white crysta-
lline particles are gathered on the surface of activated carbon
with an abundant pore structure, which may include catalytic
components and some impurities, indicating that the active
ingredient can be dispersed on the surface of supports via
impregnation method. After the ultrasonic assistance is intro-
duced, the surface of selected samples takes place changes.
This is mostly caused by the cavitation effect which is created
by the synergic effect of ultrasound shock waves. For Ni/NAC-
20, the white crystalline particles become small and are
uniformly dispersed on the surface of activated carbon and
activated carbon still has a well-developed pore structure.
These are main reasons for improving the desulfurization
activity of Ni/NAC-20. The results are in agreement with the
literatures®'>. When the oscillation time increases to 80 min,
the white crystalline particles on Ni/NAC-80 become smaller
and are more uniformly dispersed on the surface of activated
carbon. At the same time, the pore structure is not destroyed
by ultrasound but become smoother than other samples. The
reason may be that the cavitation effect caused by ultrasonic
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Fig. 2. SEM images of the catalysts, (a) Ni/NAC-0; (b) Ni/NAC-20; (c)
Ni/NAC-80; (d) Ni/NAC-120

oscillation which can remove the slight impurities from the
support surface, leading to form more active sites'>'* and has
high catalyst activity. When the oscillation time increases to 120
min, the white crystalline particles on Ni/NAC-120 become
scarce and pore structures of activated carbon are destroyed. This
may be that the ultrasonic wave with high energy plays mainly
wash role and the active ingredient could be washed off, resulting
in less active sites and the decrease of desulfurization activity.
Surface chemical properties of catalysts before desulfu-
rization: The XRD patterns of selected samples before desul-
furization are shown in Fig. 3. The selected samples exhibit
wide dispersion peaks around 20-30° and 30-40° in 26 range,
which is assigned to the characteristic peaks of graphite
structure of activated carbon, showing that the ultrasonic osci-
Ilation does not destroy carbon supports in preparation process.
The obvious peaks at 20 =20.86°,26.56° and 36.43° observed
on the broad carbon peaks are identified as silica (JCPDs 46-
1045). The diffraction peak at 35.20° is assigned to calcium
compounds (JCPDs 15-0012) which come from the original
activated carbon. For Ni/NAC-0, distinct diffraction peaks at
20 = 44.5° and 51.8° are due to Ni (JCPDS 04-0850) which
are corresponding to (111) and (200) plane and small charac-
teristic peak of NiO at 20 = 43.29° (JCPDs 78-0643) is obser-
ved, indicating that Ni and NiO coexist in catalysts. After the
ultrasonic assistance is introduced, the diffraction peaks of Ni
at 20 =44.3° and 51.6° are observed, but the diffraction peaks
of NiO are not clearly detected. This could be due to a high
dispersion of NiO, or diffraction peaks of NiO are too weak to
be masked by some impurity peaks and noise. Comparison
with the XRD patterns of Ni/NAC-0 catalysts, the diffraction
peaks of Ni in Ni/NAC-20 catalysts become diffuse and broad,
implying that Ni on activated carbon is more dispersed, which
is due to the cavitation effect of ultrasonic oscillation. Further-
more, the characteristic peaks of Ni for the Ni/NAC-20 slightly
shift to a lower angle of (111) and (200) plane. The pheno-
menon is attributed to the lattice swelling of Ni'. The inter-
planar spacing of Ni may expand with the decrease of grain
size which caused by ultrasonic oscillation and the expansion
of Ni leads to the improvement of lattice defect'®. This lattice
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Fig. 3. XRD patterns of the samples, (a) Ni/NAC-0; (b) Ni/NAC-20; (c)
Ni/NAC-80; (d) Ni/NAC-120; (e) Ni/NAC-80 after desulfurization
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defect is beneficial to the gas adsorption'’. This is another
reason that the catalysts prepared by ultrasonic assistance have
better desulfurization activity. For Ni/NAC-80 and Ni/NAC-
120, characteristic peaks of Ni at 20 =44.1° and 51.4° are still
observed. The former is more diffuse, showing a high disper-
sion and the latter becomes a bit sharp, indicating an aggre-
gation of active components and poor dispersion, which is
proved in SEM. This indicates that the oscillation time is too
long not to help the dispersion of the active ingredient but to
make them gather, resulting in the decrease of desulfurization
activity.

The Ni 2p XPS spectra of Ni/NAC-0 and Ni/NAC-80
before desulfurization are shown in Fig. 4 to further clarify
catalytic active species of the metal additives in activated
carbon. Generally, the main peaks around 854.50-855.16 eV
with satellite peaks at 860.98-861.56 eV are attributed to the
spin-orbit split lines of Ni 2p3; and the ranges at 872.03-873.20
eV with satellite peaks at 878.39-879.97 eV correspond to the
spin-orbit split lines of Ni 2p,»'®. The Ni 2ps» binding energies
of 853.9-854.9 eV and the shake-up satellite peak at 860.8-
862.8 eV are assigned to NiO"? and the Ni 2ps» binding
energy of Ni’ appears at 852.7 eV?'. For Ni/NAC-0, the Ni
2psp binding energies at 854.50 and 860.98 eV and the Ni 2p,
» binding energies at 872.03 and 878.91 eV are attributed to
NiO, which is in agreement with the reference?*. For Ni/
NAC-80, the Ni 2ps, binding energies at 854.82 and 861.25
eV and the Ni 2p;,, binding energies at 872.57 and 879.33 eV
are also attributed to NiO, indicating that NiO has been
generated in Ni/NAC-80. There are no obvious peaks of Ni
species. The most probable reason is that the XPS is a surface
technique and then only gives an estimative of the chemical
composition of the uppermost surface layers (about 10-15 nm
in depth)*. The Ni on the surface could be oxidized to NiO
when it is exposed to the air. Another potential reason may be
that the change of morphology is induced by the oscillation
effect”®. Based on the results of XRD and XPS, it can be
concluded that the Ni and NiO coexist in activated carbon and
the state of active components has not been changed by the
ultrasonic oscillation. The coexistence of Ni and NiO in the
catalysts is conducive to the SO, removal®. According to the
metal oxide catalytic mechanism, the oxidative reactions firstly
utilize lattice oxygen and the lattice oxygen is replenished from
the gas phase oxygen. In our experiment, the SO, is oxidized
to SO; which will firstly utilize lattice oxygen from NiO on
the catalysts; Ni’ is oxidized to NiO by the gas phase oxygen.
In Fig. 3a and c, the diffraction peak of Ni’ in Ni/NAC-0 is a
little sharp and the intensity is higher than Ni/NAC-80, which
is due to the decrease of the crystallite size of Ni species in Ni/
NAC-80%. The results of SEM also prove that the active
components are well dispersed on activated carbon. That's to
say that the ultrasonic wave can improve the dispersion of
active component on the supports, leading to the enhancement
of the desulfurization activity of Ni/NAC-80.

The C 1s and O 1s XPS patterns of selected samples before
desulfurization are shown in Fig. 5 to investigate the influence
of ultrasonic wave on the surface functional groups. The C 1s
XPS spectra of Ni/NAC-0 and Ni/NAC-80 are similar but the
Ols peaks take place changes. The C 1s peaks of two samples
are deconvoluted into four peaks, including graphite carbon
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Fig. 4. Ni 2p XPS spectra of Ni/NAC-0 (a) and Ni/NAC-80 (b)

(BE=284.73 and 284.65 eV), carbon species in alcohol and/or
ether groups (BE =286.36 and 285.65 eV), carbon in carbonyl
group (BE = 287.69 and 287.32 eV), carboxyl and/or ester
groups (BE =290.07 and 289.87 eV) respectively””*. In Fig. 5a
and b, it is found that the relative content of different functional
groups changes a little after ultrasonic oscillation. The increase
of the relative content of C=0 on Ni/NAC-80 play a favorable
role in their improved SO, adsorption performance because
C=0 is the active center for SO, oxidation”. For Ni/NAC-0,
the O Ls peaks at 529.60, 532.17 and 533.55 eV are attributed
to NiO¥, C=0"*' and absorbed water®, respectively. For Ni/
NAC-80, the O 1s peaks at 529.59, 531.32, 532.99 and 534.35
eV are assigned to NiO*’, C=0 and/or O=C-OH>*', -O- and/or
-OH’*! and chemisorbed oxygen®'*, respectively, showing that
the active component NiO doesn't change but the chemisorbed
oxygen appears after ultrasonic assistance. This chemisorbed
oxygen is very important because NiO species can transfer
electrons to adsorbed molecule oxygen, resulting in formation™
of O%. The presence of oxygen species in the catalysts is
directly related to the oxidation reaction in the multi-phase,
because this involves reactive oxygen species. The "ionic"
oxygen is active in total oxidation, which can improve SO,
oxidation.

Surface chemical properties of catalysts after desulfuri-
zation: The Ni 2p XPS spectra of Ni/NAC-80 after desulfuri-
zation are shown in Fig. 6 a. The Ni 2ps, binding energies at
854.99 and 861.41 eV and the Ni 2p,, binding energies at
872.87 and 879.74 eV are attributed to Ni,O-°, indicating that
the active components Ni and NiO are transformed into Ni,O;
in SO, removal process. In Fig. 3e, the diffraction peaks of Ni
and NiO disappear after desulfurization, indicating that the
active components take place changes after desulfurization.
This is the most important reason for the catalyst deactivation.
Compared with the samples before desulfurization, many
diffraction peaks disappear, implying that most impurities are
eliminated during the desulfurization because many impurities
can be dissolved by the generated H.SOs.

The C 1s, O 1s and S 2ps,, XPS spectra of Ni/NAC-80 after
desulfurization are shown in Fig. 6 b, c and d. The C 1s binding
energies don't change significantly compared to the fresh
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Fig. 5. C 1s and O 1s XPS spectra of Ni/NAC-0 (a) and (c) and Ni/NAC-80 (b) and (d)

samples. The binding energies at 284.69, 285.77, 287.10 and
289.32 eV are attributed to the C-C, C-OH and/or C-O-C, C=0,
O=C-OH and/or O=C-O-C, respectively?’*®. The relative
content of C-OH and/or C-O-C, C=0, O=C-OH and/or O=C-
O-C are 17, 8 and 6 %, indicating that the amount of oxygen-
containing functional groups decrease compared to the Ni/
NAC-80 before desulfurization. The content of carbonyl
groups decreases after desulfurization, which is a factor for
the inactivation®. The distinct peaks for O 1s at 529.91, 532.07
and 533.19 eV are associated with Ni,O;, C=0 and H,0%,
indicating that surface oxygen species of catalysts after desul-
furization takes place changes, especially the disappearance
of NiO and chemisorbed oxygen, resulting in the deactivation
of catalysts.

The S 2ps» binding energy at 169.57 eV is assigned to S
of SO,*, indicating that the S mainly exists as SO, on Ni/
NAC-80 after desulfurization”. Combined with the Ni 2p XPS
spectra and XRD of Ni/NAC-80 after desulfurization, no NiSO,
is observed, proving that the SO, in simulated flue gas is oxi-
dized to SO,> by the catalyst and the SO,* hydrates with water

and forms H,SO,. The generated H,SO, existed in the pore
structure of activated carbon and covered active sites, resulting
in the deactivation of catalysts.

Conclusion

Ultrasonic oscillation can enhance the desulfurization
activity of Ni/NAC catalysts. The appropriate ultrasonic
assistance does not destroy the structure of activated carbon or
change the active component state but can create the chemisorbed
oxygen and improve the dispersion of the active component
on support, resulting in the improvement of the desulfurization
activity. Ultrasonic oscillation is a useful supplementary
method to prepare the high-efficiency desulfurization catalyst
and oscillation time is a key factor in affecting the desulfu-
rization performance.
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