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Influence of cerium and cesium promoters on vanadium catalyst
for sulfur dioxide oxidation
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Abstract—We studied the catalytic performance of vanadium catalyst promoted with cerium and cesium for sulfur
dioxide oxidation. The catalyst samples were characterized by FI-IR, Raman, XRD, SEM, BET and XPS. The results
showed that the properties of the catalyst promoted with 4 wt% CeO, and 7 wt% Cs,SO, were superior to the commer-
cial V,05-K,SO,/SiO, and V,0;-K,SO,-Cs,SO,/SiO, catalysts, in terms of low temperature activity, thermal stability,
SO, oxidation efficiency and ignition temperature. The FT-IR, Raman, XRD and XPS results evidenced the formation
of V,05-Cs,S,0; pyrosulfate, CeVO, and CeO, crystalline phase in V,05-K,SO,-Cs,S0,-CeO,/SiO, catalyst. These
crystalline phases play an important role in redox reaction at low temperature and can increase the available oxygen for
the redox reaction. The characterization results also showed that cerium can promote the formation of pyrosulfate,
increase the proportion of large macropores, and improve stability of V" at high temperature. Due to its excellent low-
temperature and high-temperature activity, the V,05-K,SO,-Cs,SO,-CeO, /SiO, catalyst appears to be more efficient for
the conversion of SO, in a larger concentration range.
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INTRODUCTION

The sources of sulfur dioxide emission to the atmosphere include
mainly sulfuric acid manufacture, smelting of nonferrous metals,
coal-fired power generation and volcanic eruptions [1]. The cata-
lytic oxidation of sulfur dioxide over the supported liquid phase
catalyst is the key stage in the production of sulfuric acid [2]. Con-
ventionally, the industrial catalyst used for this process is vana-
dium catalyst, which is made by calcination of diatomite, V,05 and
alkali promoters [3]. At the operation temperature about 400-600 °C,
the reversible reaction of V'<>V"" is continually performed as a
reduction-oxidation reaction. The molecular structure of the spe-
cies present during the reaction can be well described with the
molten salt/gas system V,05-M,S,0,-M,S0,/SO,-O,-SO5-N,, where
M is usually alkali metals (Na, K, Rb, Cs) [4].

Detailed investigations of the effect of the alkali metals (Na, K,
Rb, Cs) showed that the activity of the V,O; catalysts increased with
the increase of the alkali atomic number, and the presence of Cs as
a promoter improves the low-temperature activity with the igni-
tion temperature decreasing below 400 °C [5]. The higher catalytic
activity of Cs-V catalyst at low temperature can improve the eco-
nomic benefits of sulfuric acid industry in turn [6].

With the implementation of the new pollutant discharge stan-
dards of sulfuric acid industrial and the increase of sulfur dioxide
concentration in the tail gas of metallurgical plants and coal-fired
power plants, the total amount of sulfuric acid produced by lower
concentration and higher concentration of SO, makes up a large
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proportion of sulfuric acid preparation. So, it is necessary to han-
dle such lower concentration and higher concentration of sulfur
dioxide gas directly to gain cheaper construction and operation.
However, the strong exothermicity during the reaction can lead to
high temperatures, which would easily cause thermal breakdown
and vanadium loss, resulting in pollution of the product acid [7]. In
addition, low-temperature activity is also an essential part of sul-
fur dioxide oxidation in this case, since it would increase the adia-
batic temperature range. To improve the conversion ratio of SO,,
development of the novel catalysts for sulfur dioxide oxidation in
this case has become necessary from the economic and ecological
point of view.

Due to the excellent properties of cerium oxide, some research-
ers have tried to utilize these oxides for the treatment of SO,. Chen
examined the catalytic reaction of SO, with CO over several metal
oxide catalysts supported on the CeO, nanomaterial and found
Cr,0;/mano-CeO, has the best catalytic performance [8]. Zhou stud-
ied the catalytic activity of cerium oxide cluster cations for the oxi-
dation of SO, and found the bond strength of Ce-O and oxygen
storage/release capacity of ceria are the key factors to the production
of the SO, [9]. Xu prepared Pt/CeO,/C composite catalysts and found
the CeO, nanoparticles with very small size can offer the nucleation
sites for Pt nanoparticle formation, effectively decreasing the aver-
age size, improving the dispersion of Pt nanoparticles and enhanc-
ing the SO, catalytic activity of Pt catalyst[10]. Mazidia studied the
V,0Os catalyst promoted by ceria at temperature from 410 to 570°C
and found 7 wt% load of the ceria can lead to maximum catalyst
activity [11]. Mathieu showed that an MCM-41 sorbent contain-
ing two metal oxides (CuO, CeO,) and an alkaline additive (LiCl)
had a high adsorption capacity of 130 mg SO,/g and found cerium
oxide partially oxidized SO, into SO; during the adsorption pro-
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cess [12]. These researches all show that ceria can be a potential
promoter in sulfuric acid preparation.

In this study, the V,0s catalyst system was doped with cerium
and cesium to develop a wide-temperature catalyst for sulfuric acid
production whose ignition temperature is lower and operating tem-
perature range is wide. The effects of cerium and cesium on the
structure property and the activity of V,O; catalysts at low tempera-
ture and high temperature were also emphasized. The as-prepared
catalysts were characterized by FI-IR, Raman, BET, XRD, SEM
and XPS and the roles of cerium and cesium promoter on the cat-
alyst performance were justified by the characterization results.

EXPERIMENTAL

1. Catalyst Synthesis

All catalysts investigated were prepared by ultrasonic mixing
method using V,0s, H,SO,, and KOH, as well as Ce(NOs);-6H,0
and Cs,SO, as precursors and diatomaceous earth as the support
material [11,13]. In a typical synthesis, a total of 7.00 g V,0O, was
introduced stepwise into a solution of 12.95 g KOH (K/V=3/1) in
30ml distilled water during 30 min. After filtration, the solution
was heated to 40 °C under vigorous stirring and 9.90 g H,SO, was
slowly added. 10.10 g Ce(NO;);-6H,0O and 7.00 g Cs,SO, were dis-
solved in deionized water and impregnated in the orange-brown
solid under vigorous stirring. The mixture was further stirred for
2h at 40°C and then mixed with 61.94 g diatomite in a kollermill
for 3 h. TBL-2 catalyst extruder was used to extrude the paste into
a cylindrical rod of @ mmx(6.0-6.5) mm after 30 minutes of ultra-
sonic treatment. The cylindrical rods were dried at 110 °C for 1.5h
and were calcined at 550 °C for 3h. The prepared sample con-
tained 7 wt% V,0s, 20 wt% K,SO,, 7 wt% Cs,S0, and 4 wt% CeO,.
Other samples were also prepared by the same procedure except
the amount of Ce(NO,);-6H,0 and Cs,SO,.

2. Catalytic Performance

According to the method described in the Chinese Chemical
Industry Standard HG/T 2089-2007 (Test method of activity for oxi-
dizing sulfuric dioxide into sulfuric acid catalyst), the activity meas-
urement was carried out in a 32 mm id. fixed bed stainless steel
tube microreactor [14]. The height of catalyst bed was about 38
mm. The catalysts with the mesh size of 4-6 mm were loaded into
the microreactor. At atmospheric pressure, the commercial feed gas
(10£0.1% SO, (99.98%) and 90% air) with the gas hourly space
velocity (GHSV) of 3,600 h™ was used in the catalytic activity tests.
All gases were dried through P205 columns. The feed gas con-
centration and velocity remained constant in all tests.

The exothermic reversible reaction SO,+1/20,=SO; was carried
out in the whole liquid volume dispersed on the surface of the car-
rier. Active pyrosulfate-containing molten salt V30,(SO,),S,05
forming during catalyst activation is the key to high catalytic activ-
ity. The performance of the catalyst was tested at 310-570 °C and
was calculated according to the concentration change between inlet
and outlet of the reactor measured by iodometry method. SO,
Conversion is defined as the following Eq. (1):

(¢1_ ¢2)
E=Ga-00154) M

where ¢ is inlet volume fraction of SO, and ¢, is outlet volume
fraction of SO,.
3. Catalyst Characterization

The BET surface area and the pore size distribution of the cata-
lyst samples were measured at —196 °C in an AUTOSORB-iQ2-
MP apparatus by N, adsorption and desorption. Before the exper-
iments, the samples were treated under vacuum at 300 °C for 1 h
to remove moisture from the surface. FI-IR of KBr pellets was
performed by an AVATAR 370 Thermo Nicolet spectrophotome-
ter in a scanning range of 400 cm™ to 4,000cm ™ taking scan num-
ber of 32 with a resolution of 2 cm™. Raman spectra were measured
by Renishaw in Via with 532 nm Nd: YAG laser as excitation source.
The Raman spectra were collected in the range of 50-1,500 cm™
with a resolution of 1 cm™. To study the structure and crystallinity
of the samples, XRD was carried out by Rigaku D/max 2500 dif-
fractometer in the 26 scan range of 5-80°, using the radiation of
Cu Ko (1=0.15405 nm, step size 0.02°). Surface morphology of the
catalysts was studied by field-emission scanning electron micro-
scope (FESEM, Hitachi S-4800). Elemental analysis was performed
by EDX (NORAN-System7, Thermo Fisher Scientific, USA). X-ray
photo-electron spectroscopy (XPS) spectra of the catalyst were per-
formed using a Thermo ESCALAB 250 with Al Ko (hv=1,486.8
eV) as the excitation source. The binding energies were calibrated
using C 1s peak of contaminant carbon (284.6 eV) as standard.

RESULTS AND DISCUSSION

1. Catalytic Performance

Fig. 1 shows the catalytic performance for the oxidation of SO,
over the catalyst samples with different content of CeO,. Catalytic
performance is given as a percentage of SO, conversion. Generally,
the trends of SO, conversion versus the content of CeO, promoter
at most temperatures were similar, and the ceria loading of 4 wt%
led to the maximum catalyst activity, showing that 4 wt% is the opti-
mal content of CeO, in the catalyst. A certain amount of cerium
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Fig. 1. Effect of CeO, addition on the catalytic performance of the
V,05-K,S0,/Si0, catalysts for SO, oxidation.
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Fig. 2. Effect of cerium and cesium promoters on SO, conversion at
various temperatures.

can promote the formation of pyrosulfate and cerium exists in the
form of cerium oxide and CeVO,, which can increase the avail-
able oxygen for the reaction. When the content of CeQ, increases
by more than 4%, the activity of catalyst decreases due to the pore
blockage of diatomite carrier. Therefore, this sample (with ceria
loading of 4 wt%) was selected for more investigation in this study.
The catalytic performance for the oxidation of SO, over V,0;-
K,SO,/SIO, (V-K), V,05-K,SO,-Cs,S0,/SIO, (V-K-Cs), V,05-K,SO,-
4%Ce0,/Si0, (V-K-Ce) and V,05-K,S0,-Cs,S0,-4%CeO,/SiO,
(V-K-Cs-Ce) catalysts was compared at various temperatures be-
tween 310-570 °C as shown in Fig. 2. The catalyst of V,05-K,SO,-
Cs,S0,/Si0, contains 7 wt% Cs,SO, which is the same as the com-
mercial low temperature vanadium catalyst S107. The activity of all
catalysts gradually increased with the increase of reaction tempera-
ture before deactivation and reduced after deactivation tempera-
ture. The results showed that SO, oxidation on V-K and V-K-Ce
catalysts was ignited at 420 °C, and the ignition temperature of V-
K-Cs and V-K-Cs-Ce catalysts was 380 °C and 340 °C, respectively.
Addition of cerium in the cesium vanadium catalyst made the activ-
ity-temperature curve move about 40 °C towards low temperature,
which may be attributed to the oxygen vacancies of ceria structural
network and the formation of more pyrosulfate during the reaction.
Above the ignition temperature, the conversion of SO, over the
V-K catalyst rose from 430 °C to 470 °C and fell from 490°C to
530°C. The activity reduction might result from the thermody-
namic equilibrium limitation and the deactivation of V-K catalyst

at high temperature. Although V-K-Cs catalyst showed a higher
maximum catalytic activity compared with V-K catalyst, its perfor-
mance at high temperature was even worse as shown in Fig. 2.
The results demonstrated the significant effect of ceria loading on
the high-temperature catalytic activity. It was obvious that with
enhancing the ceria content of the V-K catalyst, the mean SO, con-
version increased from 67.0% to 73.9% and the deactivation tem-
perature rose from 490 °C to 530 °C. For the V-K-Cs-Ce catalyst, the
trend of SO, conversion at high temperature was similar to that of
V-K-Ce catalyst. At high temperature, V-K-Cs-Ce catalyst also
showed highest catalytic activity compared with the other catalysts,
and the mean conversion was about 79.7%.

When the temperature was lower than the ignition tempera-
ture, non-promoted V-K catalysts exhibited very low activities for
SO, oxidation. However, the V,0; catalysts promoted with Cs,SO,
and CeO, had a higher activity, which increased the mean SO,
conversion from 18.3% to 35.3% and 29.8%, respectively. Interest-
ing features were revealed from the low-temperature activity result
of V-K-Cs-Ce catalyst and its mean conversion of SO, was not as
high as expected, only slightly higher than that of V-K-Cs catalyst.
It is because the textural properties decreased with the addition of
both Cs,SO, and CeO, and this will be discussed in SEM and
BET parts.

Finally, the obtained results revealed that the V-K-Cs-Ce catalyst
had the highest activity among other as-prepared catalysts in this
work. Addition of CeQ, can reduce deactivation of the catalysts at
high temperature and the excellent stability results from reduction
of KV(SO,), and the improvement of the thermal stability which
will be discussed later. Furthermore, the low temperature perfor-
mance of the catalyst including the ignition temperature and the
SO, oxidation efficiency was also improved.

2. N, Adsorption/Desorption Analysis

The textural properties such as BET surface area and pore vol-
ume of the catalysts are summarized in Table 1. The V-K catalyst
had the highest surface area of about 4.0 m’/g, It can be observed
that with the promoters addition in V,O; catalyst, its BET surface
areas decreased gradually. Remarkably, the specific surface area of
V-K-Ce catalyst decreased not as obviously as that of Cs or Cs-Ce
doping catalysts. The relatively smaller surface area loss of V-K-Ce
catalyst might be due to the presence of small particles of CeO,,
the better dispersion of CeO, on the support, and the promotion
of CeO, to the dispersion of the active component, to some extent.
Furthermore, with the incorporation of cerium and cesium pro-
moters in V,0; catalyst, the pore volume of the V-K-Cs and V-K-
Cs-Ce catalysts decreased slightly compared to that of the V-K cat-
alyst. This could result from migration of promoters to the pores
of the catalyst and clogging some pores by the addition of promot-

Table 1. Textural properties of the prepared catalyst samples with various components

Sample Composition BET (m%/g) Pore volume (x107> cm’/g)
V-K V,05-K,S0,/Si0, 4.0 1.14
V-K-Cs V,0;:-K,S0,-Ce0,/SiO, 3.1 1.03
V-K-Ce V,0;-K,S0,-Cs,S0,/SiO, 37 1.32
V-K-Cs-Ce V,0,-K,S0,-Ce0,-Cs,50,/Si0, 2.9 0.98

May, 2019



Influence of Ce and Cs on V,0O; Catalyst for SO, Oxidation 653

0.020 4 —— S
) o V-K-Cs '.,_, &
A V-K-Ce 4
—~ 0.015- v— V-K-Cs-Ce
= =
£ p
=) 1 _/
3 R
2 0010 p, =
; ® o )
= :
S
00051 N =
.j'/r
o
wa
0.000 +—~ ; : ;
1] 50 100 150

Pore size(nm)

Fig. 3. Pore size distribution of the as-prepared catalysts.

ers into V,0; catalyst, which might cause the reduction of pore
size. However, the pore volumes of the cerium-promoted catalysts
increased, which indicates that the cerium promoter can improve
the thermal stability of diatomite and prevent the collapse of pore
structure at high temperature [15].

Fig. 3 shows the pore size distributions (PSD) of the prepared
catalysts. Both kinds of catalysts had a BJH pore-size distribution
in the range of 0-150 nm, and it slightly shifted to smaller sizes
with the addition of Cs promoter. In addition, PSD of V-K-Ce cat-
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Fig. 4. Nitrogen adsorption-desorption isotherms of the catalysts.

alyst was excellent, and the order of PSDs was V-K-Ce>V-K-Cs-
Ce>V-K>V-K>V-K-Cs. The addition of ceria shifted PSD to larger
pore size, which might be attributed to the improvement of ther-
mal stability. More importantly, the V-K-Ce catalyst had the high-
est proportion of large macropores, which was beneficial to the
diffusion of SO,. Although there was a sharp decrease in the pro-
portion of large macropores, the V-K-Cs-Ce catalyst showed the
best catalytic performance among all catalysts. It may be concluded
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Fig. 5. FT-IR spectra of fresh catalysts calcined in air for 3 h and the ones after activation in [SO,]=10 vol% for 2 h, GHSV=3,600 h™, P=107

kPa and T=25-470°C.
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Fig. 6. Raman spectra of fresh catalysts (a) and the ones obtained after activation (b), respectively.

that the positive role of adding CeO, and Cs,SO, to the catalyst can
overcome the negative effect of decreasing the textural properties.

Fig. 4 shows the N, adsorption-desorption isotherms of the cat-
alysts. These curves are similar to each other and can be identified
as type II. According to the TUPAC classification, type II is charac-
teristic of adsorption on macroporous adsorbents with strong adsor-
bate-adsorbent interactions. H3-type hysteresis loops were observed
in all catalyst samples at about P/P"=0.20-0.90, indicating the exis-
tence of the agglomerates of the particles with slit-shaped pores and
non-uniform size [16]. Compared with other catalysts, the H3-
type hysteresis loop of V-K-Cs-Ce catalyst occurred at a lower rel-
ative pressure (p/p’), which was attributed to a smaller macropore
in the sample [17].
3. FT-IR Characterization

FT-IR spectra of fresh catalysts calcined in air for 3 hours and
those of catalysts activated by SO, and air is shown in Fig 5. A large
amount of adsorbed H,O in the catalysts can be detected at 3,425
and 1,630 cm™' bands, and the wide band at about 3,608 cm™ may
result from O-H stretching vibration of free H,O in the environ-
ment [18]. All the spectra showed sharp and strong vibrational
bands at 1,092 and 800 cm™" due to the asymmetric and symmet-
ric stretching modes of Si-O tetrahedral, respectively [19]. The
other band around 474 cm™" is attributed to the Si-O-Si bridges
deformation [20]. The wide band between 1,250 and 1,000 cm™"
shows the adsorption of sulfur species on the surface of the cata-
lyst [21]. The existence of sulfate group can be proved by the two
bands at 1,139 and 615cm™ [22,23]. The more intense band at
800 cm ™' with a shoulder at around 737 cm™" in fresh V-K-Ce and
V-K-Cs-Ce catalysts is for the VO, units in the terms of orthova-
nadate [24]. The infrared spectrum of fresh V-K-Cs catalyst is almost
the same as that of V-K catalyst. However, V-K-Ce and V-K-Cs-Ce
catalysts showed a new band at about 640 cm™' and an increase in
the absorption at 615 cm ™" which may correspond the formation
of SOy [23]. Eventually, these bands indicate that cesium pro-
moter, like potassium, may exist in the form of sulfate and cerium
may exist in the form of cerium vanadate and sulfate in the fresh
catalysts.

May, 2019

For the activated catalysts, a small band displayed at 980 cm™"
can be assigned to the V=0 stretch vibration of polymeric vanadyl
species [25]. The bands at 1,380, 884 and 664 cm™" originate from
the formation of pyrosulfate S,05 [26]. The increase of the band
at 664cm™' indicates that cerium can be beneficial to the forma-
tion of pyrosulfate, which may result in creation of active interme-
diates composed of sulfate and pyrosulfate complexes of vanadium
compounds and increase the reaction rate of catalytic oxidation.
Compared with fresh catalysts, the band at 615 cm™" increases and
shifts to lower wavenumber, which may be attributed to the trans-
formation from VO(SO,), to KV(SO,), during SO, oxidation reac-
tion. The minimum shift of the band to the lower wavenumber in
V-K-Ce catalyst means there is a minimum formation of new cat-
alytic inactive phases KV(SO,), [22].

4. Raman Characterization

Raman spectroscopy was used to discriminate different struc-
tures of vanadium catalysts because it can directly detect structures
and bonds through its vibrational spectrum. Fig. 6 shows the Raman
spectra of fresh catalysts and catalysts activated by sulfuric acid
syngas, respectively. In Fig. 6(a), the bands at 150, 283, 305, 403,
700 and 994 cm™" correspond to V,0s orthorhombic phase [23].
Significantly; the bands at 487, 670, 785 and 1,049 cm™" are known
to originate from the presence of (V'0),0(S0,);” complex [27].
The results of spectral comparison show that the spectra of the V-
K-Cs, V-K-Ce and V-K-Cs-Ce catalysts have superposition bands
at 946, 880 and 615 cm ™" due to the presence of V,05-K,SO, molten
mixtures [28]. The characteristic band at 460 cm™" can be assigned
to the F2g mode of fluorite type cubic structure, which corre-
sponds to the symmetric vibration of oxygen ions around Ce*
ions in the cerium oxide [29]. The V-K-Ce and V-K-Cs-Ce cata-
lysts present a series of characteristic sharp bands at 860, 797 and
260 cm™" which are assigned to the CeVO, crystalline [30].

The Raman spectrum of activated V-K catalyst shows the char-
acteristic bands of V,0s at 150, 196, 283, 305, 403, 474, 525, 700
and 994 cm ™. The weaker characteristic V,O; bands and the shift
of some bands in other samples indicate that V,0s is low in crys-
tallinity and has better dispersion [31]. In addition, a broad band at
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964 cm™" in V-K-Cs catalyst is very noticeable, which can be at-
tributed to the V" complex V"'O(SO,);” formed during reaction [6].
It is well established that below a certain temperature, V""O(SO,);~
crystalline might be a plausible compounds which can lead to cat-
alyst deactivation by depleting the active molten phase of vana-
dium [32]. This band became much weaker with adding cerium
in V-K-Cs-Ce catalyst. The V-K-Ce and V-K-Cs-Ce catalysts pres-
ent a series of characteristic bands for CeVO, crystalline, as dis-
cussed above. These two samples also present a feature at 710 cm™
attributed to the V-O-Ce stretching mode, simila.r to cerium vana-
date species [33]. A stronger band at 1,078 cm™ due to the 14(S,05)
mode appears in V-K-Ce and V-K-Cs-Ce catalysts, indicating a
slight excess of molten pyrosulfate [34]. Indeed, the superposition
of bands of V'O,(SO,);” (1,036 and 942cm™) appears in the
spectrum of V-K-Cs catalyst. Characteristic bands at 1,047, 1,003,
and 845/770 cm™ in the spectrum of V-K-Ce and V-K-Cs-Ce cata-
lyst correspond to V30,(SO,),S,0; and the bands of V'0,(SO,);~
became weaker [35,36]. Thus, the addition of cerium into vanadium
catalyst can promote the conversion of mononuclear V'0,(SO,);”
to binuclear V30,(S0O,),S,0; species, which is considered to be
an active species in sulfur dioxide catalytic oxidation cycle of V,0s
catalyst [28,32].
5. XRD Characterization

Fig. 7 shows the XRD patterns of diatomite, fresh catalysts and
activated catalysts. The XRD patterns of diatomite show a broad
reflection at 20-25°, which is characteristic of amorphous silica
phase, the diffraction peaks at 26.7° for the presence of quartz (SiO,),
diffraction peaks at 22.0, 24.1 and 28.1° correspond to albite
(Na(AlSi;O5)) and diffraction peak at 35-36° corresponds to cris-
tobalite, which was transformed from the amorphous silica phase
at high temperature [37,38]. Due to the pretreatment of diatomite,
no diffraction peaks of alumina and iron oxide appear on the XRD
patterns [39].

The fresh V-K catalyst shows diffraction peaks at 21.3, 29.7,
30.8, 35.6, 37.1 and 43.3° for potassium sulfate (K,SO,, PDF No.
72-0354), diffraction peaks at 11.5, 25.7, 27.9, 29.8, 31.8 and 41.0°
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for potassium vanadium oxide (KV;0,, PDF No. 22-1247), and
diffraction peaks at 12.4, 27.8, 28.4, 38.0, 40.6, 44.9 and 51.0° cor-
respond to vanadium oxide (V,Os, PDF No. 53-0538). Compared
with the fresh V-K catalyst, V-K-Cs catalyst shows new diffraction
peaks at 25.3, 31.4, 32.0 and 40.6° due to the formation of cesium
vanadium oxide (Cs,V,0,,, PDF No. 37-0105) and diffraction peaks
at 19.7, 253, 27.6, 33.9, 379, 434 and 49.4° for cesium sulfate
(Cs,SO,, PDF No. 21-0854). V-K-Ce catalyst shows the new dif-
fraction peaks at 28.4, 33.0 and 47.5°, which is characteristic of
cerium oxide (CeO,, PDF No. 65-5923), diffraction peaks at 18.1,
24.0, 33.0, 34.3, 39.0, 43.5, 47.9, 49.2 and 55.6° for cerium vana-
dium oxide (CeVO,, PDF No. 12-0757) and diffraction peaks at
11.5, 12.6, 13.8, 20.5, 23.5, 26.3, 28.4, 29.0, 29.8, 30.8, 32.6, 41.7,
43.9 and 47.2° correspond to potassium cerium sulfate (KyCe,(SO,);»
PDF No. 39-0646). The XRD pattern of V-K-Cs-Ce catalyst shows
all the new diffraction peaks mentioned in the V-K-Cs and V-K-
Ce catalysts.

Compared to fresh V-K catalyst, the activated V-K catalyst shows
new diffraction peaks at 11.3, 23.8, 31.3 and 49.9° for potassium
vanadium sulfate (KV(SO,),, PDF No. 25-0692), and diffraction
peaks at 24.4, 254, 31.3, 38.1 and 39.7° correspond to potassium
sulfate (K,S,0,, PDF No. 22-1239). After activation, the diffrac-
tion peaks of K,SO, and KV;0, become weaker, which resulted
from the conversion to KV(SO,), and K,S,0,. Activated V-K-Cs
catalyst shows diffraction peaks at 24.2, 252, 26.0, 27.8 and 37.8°
for cesium vanadium oxide sulfate (Cs,V,0,(SO,),S,0;, PDF No.
36-0709), diffraction peaks at 11.7, 21.2, 23.7, 244, 27.0, 29.2, 37.8,
42.2 and 43.9° correspond to cesium vanadium oxide (Cs,V4O,,
PDF No.40-0456), diffraction peaks at 28.5, 32.2 and 37.5° corre-
spond to cesium vanadium oxide sulfate (Cs;VO,(SO,),, PDF No.
36-0707). V-K-Ce catalyst shows diffraction peaks at 104, 12.7,
16.0, 17.0, 19.2, 23.3, 25.6, 264, 27.0, 28.6, 30.4, 30.8, 32.7, 33.0 and
43.9° for potassium cerium sulfate (KCe(SO,);, PDF No. 40-026),
diffraction peaks at 26.3, 27.7, 27.9, 30.1, 32.0, 32.3, 39.6, 46.0, 46.1
and 46.3° for cerium oxide (Ce,O,;, PDF No. 32-0196), diffrac-
tion peaks at 24.0, 39.0, 49.2 and 55.6° for cerium vanadium oxide

4 Activated catalysts

Wl |

-~ TVl TN V-K-Cs-Ce
; ""’w\...uA..rJ :Il "'IM-»WJ\AMW-(W‘—_
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Fig. 7. XRD patterns of the fresh catalysts and the activated catalysts. Symbols: (A) Cs,V,0;,, (O) Cs,SO,, () CeO,, ((J) CeVO,, (3%)
K;Ce,(SO);, (A) Cs,V,04(50,),5,0;, (@) Cs,VO, (‘) Cs;VO,(SO,),, (Hl) KCe(SO,);, (¥) CesOy;.
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(CeVO,, PDF No. 12-0757), more intense diffraction peaks for
K,S,0; and do not show peaks for KV(SO,),. V-K-Cs-Ce catalyst
shows all the new diffraction peaks mentioned in the V-K-Cs and
V-K-Ce catalysts except diffraction peaks for KV(SO,),.

Consequently, adding cerium and cesium promoters into V,0s
catalyst has caused notable changes in the catalyst patterns. Cesium
vanadium oxide and cesium sulfate were observed in V-K-Cs and
V-K-Cs-Ce samples, which was related to cesium promoter. Cerium
oxide, cerium vanadium oxide and potassium cerium sulfate were
also seen in V-K-Ce and V-K-Cs-Ce samples, which was related
to cerium promoter. The target component cesium sulfate trans-
formed to active liquid phase pyrosulfate molten salt during the
reaction. Adding cerium to catalyst can promote the formation of
pyrosulfate, reduce the formation of the inactive low-value vana-
dium phase and the precipitation of V,O; crystal phase.
6. SEM Micrographs

Fig. 8 shows the SEM micrographs of vanadium catalysts with
different components. SEM micrographs of all the catalysts show a
highly complex carrier structure with numerous fine microscopic
pores, cavities and channels which correspond to the skeletons of
diatoms. This diatomite mainly contains cylindrical straight-chain
diatoms, which is the most ideal carrier for vanadium catalyst. The
diameter of the cylinder was about 10-15 um and was about 8-
20 um long, with a part of the cylinder having a central hole. Due
to the load of the active component, the channels distributed on
the outer wall of the cylinder were smaller than that of the chan-
nels described in literature [40,41]. After the addition of cerium
promoter, the porous texture of diatomite still remains well com-

pared with the V-K catalyst, which further confirmed the excellent
dispersion of cerium and the improvement of thermal stability of
diatomite as concluded in the BET part. However, adding cesium
sulfate to the V,O; catalyst clogged partial pores and reduced pore
size, and the fragmentation of the diatomite also became more
serious. Therefore, a considerable pore blockage can be seen in the
SEM micrograph of V-K-Cs-Ce catalyst, which caused sharp de-
crease in BET area and pore volume, but the original geometry was
mostly preserved because of the addition of cerium and the improve-
ment of thermal stability under calcining temperature. The results
of SEM analysis are consistent with those of BET.

Fig. 9 shows the coarse surface of V-K-Cs-Ce catalysts. It was
observed that cerium and cesium promoters had excellent distri-
butions on the V-K-Cs-Ce sample. The elemental mapping in Fig.
9 confirmed the joint existence of cesium, vanadium and oxygen,
which were related to CeVO, and the existence of cerium, sulfur,
potassium and oxygen, which might be related to KyCe,(SO,),.
Also, the simultaneous existence of cesium, sulfur and oxygen could
be related to cesium sulfate or cesium pyrosulfate. These results are
consistent with those of XRD and FT-IR.

7. XPS Analysis

X-ray photoelectron spectroscopy (XPS) was used to character-
ize the inclusion of cerium and cesium promoter in the V-K-Cs-
Ce catalyst and to study in more detail the changes in the nature
of catalyst in the presence of Cs and Ce ions.

The O 1s peak at about 532.0 eV and the Si 2p peak at about
103.6 eV correspond to O and Si elements in diatomite, respec-
tively [42]. Due to the formation of oxides of cerium and vana-

Fig. 8. SEM images of the prepared catalysts.
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Fig. 9. SEM analysis of the V-K-Cs-Ce catalyst.
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Fig. 10. XPS survey spectra of V-K-Cs-Ce catalyst.

dium, the O 1s peak position was a little lower compared with the
literatures [43,44].

Fig. 11 shows the high resolution spectrum of Cs, V and Ce.
There are two prominent peaks at 724.0eV and 738.0eV in Fig,
11(a), which corresponds to Cs 3ds;, and Cs 3d,, core level peaks,
respectively [45]. The binding energies of elemental Cs were reported
at 726.0eV (Cs 3ds;,) and 739.9 eV (Cs 3d,,), and the significant
shift (~2eV) of the Cs 3d core level peaks in the catalyst with

respect to the corresponding elemental positions clearly indicates
the presence of Cs in the bonded form [46]. According to the lit-
erature data, the observed Cs 3d core level binding energies (724.0
eV and 738.0 eV) can be for cesium sulfate (Cs,SO,) compounds [47].

Fig. 11(b) shows the binding energy of V 2p,, and V 2p,, at
517.5eV and 524.7 eV, respectively, which are characteristic of at
V** in the catalyst, and peaks of the lower oxidation state of vana-
dium V* (516.4eV) and V' (515.5 eV) were not detected. These
results are in good agreement with those in the literature [48,49].
The low percentage of V** and V** on this sample may result from
the more available oxygen and the higher stability of V** after the
addition of cerium.

The Ce 3d high-resolution XPS spectra of V-K-Cs-Ce catalyst
are shown in Fig. 11(c). The bands of Ce 3ds, (882.2 eV), Ce 3ds,
(887.4¢eV), Ce 3d;, (893.4¢€V), Ce 3d, (901.3eV) and Ce 3d;,
(9074 €V) can be attributed to surface Ce*', whereas Ce 3d,, (884.9
eV) and Ce 3ds/, (904.4 €V) correspond to surface Ce™ [11,50-52].
Ce’ can lead to the formation of unsaturated chemical bonds and
oxygen vacancies, thus promoting the oxidation of SO, to SO; espe-
cially at low temperatures. After a series of calculations, the mass
ratio of CeO, on the surface of the catalysts is 3.4 wt%, as some
CeO, might enter into the channels of diatomite. This speculation
has been verified in a further step by the experiments above, espe-
cially by BET analysis and SEM.

CONCLUSION
V,0; catalysts promoted with different composition of Cs,SO,
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Fig. 11. High resolution spectrum of Cs, V and Ce in V-K-Cs-Ce catalyst.

and CeO, were studied for oxidation of SO,. The results show that
V-K-Cs-Ce catalyst has superior catalytic performance in terms of
low temperature activity, thermal stability and SO, oxidation effi-
ciency. Also, the ignition temperature of the modified catalyst is
340°C, which is 80 and 40°C lower than that of commercial vana-
dium catalyst and cesium vanadium catalyst commonly used in
sulfuric acid preparation. Therefore, the V-K-Cs-Ce catalyst is well
suited for the oxidation of sulfur dioxide and will hopefully shorten
the existing process flow of sulfuric acid preparation.

The positive effects of the modified catalyst on catalytic activity
arise from the formation of CeVO, and CeO,, and the existence of
these crystalline phases can be confirmed by FT-IR, Raman and
XRD analysis. CeVO, and CeO, play an important role in redox
reaction at low temperature and can increase the available oxygen
for the redox reaction. Besides, adding a certain amount of ceria
can promote the formation of pyrosulfate and improve the tex-
tural properties of catalysts, which is conducive to improving the
catalytic activity. Finally, it was found that the formation of inac-
tive phases KV(SO,), and catalytically inactive V" complex spe-
cies is minimum in V-K-Cs-Ce catalyst during SO, oxidation.
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