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ABSTRACT

In this study, ternary mixed metal oxide (Ce2O3/La,O3/Fes0s) catalysts were synthesized for reduction of SO» to sulfur by CHa.
The response surface method (RSM) was used to optimize the synthesis conditions. The XRD, FESEM, BET, BJH, EDX and
NH;-TPD analyses were performed to characterize the synthesized catalysts. The optimum conditions were obtained for an
activated catalyst with 8 wt% La, 16 wt% Fe, and calcination temperature of 650°C. The highest surface area was found to be
71.7 m2.g™!. The validation tests proved that the predicted model was well fitted with the experimental data. Furthermore, the
SO, conversions were compared at various temperatures (550-800 °C) and it was found that the highest reactivity was found for
optimum Ce»03/La,03/Fe;0;4 catalyst. The highest SO, conversion was found to be 93% at 800 °C. The catalytic results showed
that optimum ternary Ce,Os3/La,O3/Fe;04 catalyst had a better performance compared to pure cerium oxide.

Keywords: Ternary Cerium/Lanthanum/Iron oxides; Response surface method; Catalyst surface area, Catalytic activity; SO,

reduction.

1. Introduction

It is essential to develop effective methods for the
removal of sulfur dioxide from environment which is
discharged by various industries. Because acid rains are
generated from sulfur dioxide gas, they have serious
effects on human and animal health, reduce agricultural
productivity, cause mortality of fish by reducing the pH
of rivers, and lead to many other hazardous effects.
Simultaneous removal of SO, and NO has been
investigated for flue gases containing both gases [1].
Also, in catalytic reduction of NO, the influence of
presence of SO, was investigated [2-4]. One of the new
methods for the removal of sulfur dioxide is catalytic
reduction of sulfur dioxide to sulfur. The catalytic and
photocatalytic reactions are effective methods for
degradation of many pollutants [5-13]. The catalytic
reduction is an effective way to remove the sulfur
dioxide without the formation of any inappropriate by-
products and with the high sulfur selectivity.
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Several reducing agents have been investigated for SO,
reduction, including CO [14], H, [15], CH4 and
synthesis gas (CO+H,) [16]. The reduction reactions of
sulfur dioxide with these reactants are as follows:

2CO+80; —» 2C0O,*+05S; (1)
2Hy SO, —>  0.5S7+2H0 )
CH4+2S0O0, ——» S, +CO,+2H,O (3)

Among these reactants, CHy is more effective than CO
and H> due to its easy accessibility and low costs for
implementation of industrial processes. CHy4 also was
studied as reductant agent for production of sulfur from
H,S in catalytic reaction [17]. In literatures, bauxite
[18], alumina [19-21], metal oxides and sulfides
supported on alumina and activated carbon [22-28],
ferromanganese nodules [29], transition metal sulfide
[30], cobalt oxide on different supports [31], and ceria
based catalysts [32-34] have been investigated as
catalysts for SO, reduction with CHa.

Ceria-based metal oxide catalysts are widely used in
various industrial processes. However, it is essential to
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distinguish safety rules for the use of ceria, therefore,
the hazardous effects and cautions should be mentioned.
It may damage eyes, skin (itching and skin lesions),
digestive system and inhalation system. Also, cerium
salts can increase the rate of the blood coagulation.
Therefore, precautionary statements are presented as
follows. It is forbidden to eat, drink or smoke when this
product is using. It is necessary to wear proper
respiratory equipment such as air filter and provide
ventilation. The modification of cerium oxide with
second and third metals improves some catalytic
properties such as increase of specific surface area and
selectivity in catalytic reactions. From cerium binary
oxide catalytic applications, cerium-copper for
oxidation reactions [35], cerium-cobalt for ethyl acetate
oxidation [36], cerium-yttrium for photocatalytic
degradation [37], and cerium-tin for selective catalytic
reduction of NOx by NH3 [38] have been reported. The
addition of third metal on cerium binary oxide can
modify the composite properties such as catalytic
activity. Various ternary combinations of cerium oxide
such as Ce-Ti-Zr, Ce-Cu-Zr, Ce-Mn-Al, Ce-Zr-Nd,
Ce-Cu-V mixed oxides have been used for different
catalytic applications in literatures [39-44]. However,
little attention has been paid to the reduction of SO,
to sulfur over ternary metal oxides based on cerium
oxide. For example, Ce-La-Cu mixed oxide has
been used for the reduction of SO, to sulfur by methane
[32, 45].

It should be mentioned that the optimum conditions for
catalyst synthesis were obtained by experimental
design. In general, the goal of optimization is to find the
conditions that provide the best output [46-48]. Many
researchers have investigated the effect of one factor at
a time (OFAT) on an experimental response by varying
only one factor at a time and fixing other factors.
However, OFAT experiments have some disadvantages;
and a designed experiment is preferred because of less
resources such as time, material, experiments and costs;
higher accuracy for estimation of each factor effects and
significant interactions between factors [49, 50]. The
response surface methodology (RSM) is a powerful
statistical-based technique which is applied to interpret
the interactions between factors and understand the
complex system performance [51-56]. In RSM class,
central composite design (CCD) has been applied to fit
a quadratic surface which is an appropriate for the
optimization of process [52-54]. Thus, in the present
work, RSM was selected according to CCD for
experimental design.

As mentioned above, little research literature
is available from SO, reduction over ceria-based
metal oxide catalysts. The catalytic performance of
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ternary Ce»03/La,03/Fe;04 oxides has so far not been
studied.

In this study, RSM was applied to optimize the surface
area of ternary Ce;0s3/La;0s3/Fe;O4 oxides which were
synthesized by co-precipitation method for SO,
reduction to sulfur depending on three parameters
containing calcination temperature, La content and Fe
content. The synthesized catalysts were characterized by
XRD, FESEM, BET, BJH, EDX and NH;-TPD
analyses. Furthermore, other goals of this research were
to study the catalytic activity and selectivity for SO,
reduction to sulfur in the presence of CHa; and also
determine the activation energy.

2. Experimental
2.1. Materials

All chemicals were obtained from Merck. Iron nitrate
nonahydrate (Fe(NO3)3.9 H,O), lanthanum nitrate
hexahydrate  (La(NO3);.6H,0), cerium  nitrate
hexahydrate (Ce(NOs3)3;.6H,0) and sodium hydroxide
(NaOH) were used as initial materials for the synthesis
of various catalysts.

2.2. Catalyst preparation

The co-precipitation method was used for catalyst
preparation [32, 45]. It should be mentioned that the
calculation was based on 10.0 g of metal. For example,
aternary catalyst with 76 wt% Ce, 8 wt% La and 16 wt%
Fe was synthesized with 7.6 g of Ce, 0.8 gofLaand 1.6
g of Fe which were different from their metal oxides.
This catalyst was designated as Ce»03/La03(8 wt%
La)/Fe;04(16 wt% Fe). Other catalysts with different
metal contents were marked as mentioned above. To
synthesize ternary catalysts, the specific amounts of
aqueous cerium nitrate, lanthanum nitrate and iron
nitrate were combined under stirring. Then, the
precipitated nanoparticles were obtained by addition of
NaOH solution as precipitation agent. For example,
ternary Ce>O3/La;O3/Fe;04 catalyst with 76 wt% Ce, 8
wt% La and 16 wt% Fe was synthesized as follows.
Firstly, 23.6 g of Ce(NO;3);.6H,O, 2.5 g of
La(NOs3);.6H,0O and 11.6 g of Fe(NOs);.9 H,O were
dissolved in 355 mL deionized water and then stirred for
10 min to obtain a homogeneous solution (solution A).
To prepare the solution of precipitation agent, 10.6 g of
NaOH was dissolved in 532 mL deionized water
(solution B). In this step, the solution of precipitation
agent (solution B) was slowly added to the solution A to
complete precipitation reaction. Finally, the precipitated
nanoparticles were dried overnight at 120 °C in an oven
and calcined at 650-780 °C for 3 h in a furnace which
can be used as catalyst.
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2.3. Catalyst characterization

X-ray diffraction (XRD) patterns of prepared nano-
catalysts were recorded on Equinox 3000 instrument
from Inel, with an acceleration voltage of 40 kV, and
scanning range of 10-118° with a resolution of 0.1°. The
average crystal size of catalysts was approximated using
both Scherer and Williamson-Hall equations as follows
[8, 57-59]:
092
" Bcosb

“)
3

where d (nm) represents the crystal size of catalysts; A
is the wavelength (0.15406 nm); P is the peak width at
the half maximum and 0 denotes the diffraction angle.
In Williamson-Hall equation, A and & are constants
which usually are equal to 1.0. It should be mentioned
that crystal size in Equation (5) is estimated from the
intercept of linear plot of B cos(0) versus 2sin(8). To
characterize the catalyst particles shape, a field-
emission scanning electron microscopy (FESEM)
(Hitachi S-4160 scanning microscope) was applied. The
specific surface area and N, adsorption isotherms of
synthesized nano-catalysts were evaluated using BET
method at 77 °K, by Autosorb-1MP apparatus from
Quantachrome. BJH pore size distributions were also
obtained from the N adsorption isotherms.
Furthermore, the presence of elements in the structure
of synthesized catalysts was evaluated by energy
dispersive X-ray fluorescence (EDX) analysis using a
Tescan Vega/Il/XMU instrument. To distinguish total,
weak, medium, and strong acidic sites, NH3;-TPD
analysis was used with a Nanosord NS91 apparatus.

B cos 6 =%+2A£sin9

2.4. Optimization of surface area of catalysts with RSM
experimental design

RSM is an applicable method to find the optimal
response within the defined ranges of the effective
factors [60]. The quadratic regression models can be
used to evaluate the system performance [61]. In this
study, to obtain the maximum surface area of

factors including calcination temperature (X;) in the
range of 650-750°C, weight percentage of La (X), and
weight percentage of Fe (X3) in the range of 8-16 wt%
were intended to achieve the best synthesis conditions
of ternary catalysts. The factors and levels used for the
variables in RSM are given in Table 1. An optimal
number of experiments (N) in CCD method can be
determined as follows [62, 63]:

N=2K+2k+c, (6)

where k is the number of independent variables; 2" is the
factorial points; 2k denotes the axial points and c,
denotes the number of center points applied to evaluate
the standard deviation. CCD with 3 specified factors
contained 6 axial points, 6 replicates at the center points
and 2° (8) full factorial tests was used. To fit the
experimental data, the quadratic (second order)
polynomial model was employed. It is as follows [64-
66]:

Y =B+ Xy BiXi + XI5 X By XiX; +
o1 BuXi? (7)

where Y is the predicted response; z denotes the number
of factors; X; denotes the input variables; X;X;shows the
interactions between parameters; Xi? denotes the square
effect; 8, is the intercept parameter; f3; denotes the linear
term f;; is the second-order term and f3;; represent the
interaction effects. The adequacy of applied regression
models was evaluated by the analysis of variance
(ANOVA). The F value and P value at 95% confidence
level were used to check the statistical significance of
model. The data analysis was performed by using
Design-Expert software.

2.5. Catalyst performance tests

The experiments were performed in a fixed-bed
stainless steel tubular reactor. For each test, 300 mg of
catalyst was put in the catalytic bed. The schematic of
the experimental system is shown in Fig. 1. At first, the
reactor was purged by an inert gas stream (gas 1). Then,
the reactor was heated to reach a desired temperature.
The reactant gas (gas 2) is a combination of CHy, SO,,

synthesized ternary catalysts, RSM was applied and inert (argon) streams with predefined
according to central composite design (CCD). Three concentrations.
Table 1. The factors and levels used for the variables in RSM.
Levels
Factors Symbol
-0l -1 0 +1 +o
Calcination temperature (°C) X 616 650 700 750 784
Fe content (wt%) X2 53 8.0 12.0 16.0 18.7
La content (wt%) X3 53 8.0 12.0 16.0 18.7
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Fig. 1. Flow diagram of the catalytic performance test system.

The inlet concentrations of SO,, CHa, and argon gases
in the mixture were adjusted by 3 mass flow controllers
(MFC). The reaction outlet was analyzed continuously
by a mass spectrometer (MS) from Leda Mass. The
following expression can be used to calculate the SO,
conversion:

Vs02;,7Vs020y¢

XSOZ = x 100 (8)

Vsoz;,
While Vsgy,, and Vsgp, . are inlet and outlet SO,
velocities, respectively.

3. Results and Discussion
3.1. RSM method for BET surface area optimization

Calcination temperature (X;), La content (wt%) (X),
and Fe content (wt%) (X3) were three independent
variables which affected the surface area of ternary
catalysts. The simultaneous effects of X, X,, and X3
were investigated by using RSM according to CCD.
Table 2 gives the results of predicted and real BET
surface areas of synthesized ternary catalysts. The final
second order model was obtained from RSM which is
shown as follows:

Y = 55.57 — 6.748 x X; — 3.033 X X, + 3.715 X

X5 —1.650 X X, X, — 1.183 X X, X5 — 1.840 X

X, X5 +1.058 X X;% — 1.348 x X,* + 1.589 x X,*
9)

where Y is the BET surface area of ternary
Ce03/Lax03/Fe;0;4 catalysts. The analysis of variance
(ANOVA) was used for model validation; and the
results are given in Table 3. The calculated and critical
F-values were found to be 31.42 and 3.02, respectively
(Fear > F.). The greater Fu value confirmed that the
applied model was suitable for process modeling [67,
68].
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Also, P-value of the second order model was 3.59x 10°°
(<0.05) approving the good fitting of the model.
The F-value of (lack of fit) LOF can be applied to
investigate the variation in the experimental data
around the model. When this term is insignificant
(P-value >0.05 and Fca<F;), the fitted model
fits the experimental data well [67-69]. In this study,
the P-value, Fciy-value and F.-value of LOF term
were 8.34x107% 3.83 and 5.05, respectively. The
P-value greater than 0.05 (8.34x102>0.05) and lower
Fc-value of LOF compared to  Fca-value
(Fea=3.83<F=5.05) indicated that the fitted model was
statistically logic and it was adequate for prediction of
BET surface area.

Fig. 2 indicates three diagnostic plots for investigation
of the model goodness. Fig. 2 (a) indicates the normal
probability plot versus externally studentized residuals.
This plot denotes the normal plot of residuals.
As observed, the residuals distributed around the normal
straight line conforming an appropriate model.
The correlation coefficient (R*) was applied to evaluate
the fit of second order model. R? value of applied model
was found to be 0.97 showing that only 3 % of the
total variables were not clarified by the obtained BET
surface area. The obtained (S/N) adequate precision was
greater than 4 approving remarkably design space
[48, 70]. Fig. 2 (b) indicates the predicted versus actual
BET surface area of synthesized ternary
Ce03/La,03/Fe304  catalysts. As observed, the
most of points were close to the y=x line displaying the
correlation of the actual and predicted data.
Also, it confirmed that the applied second order
model was appropriate for the surface area prediction.
The plot of residual versus predicted surface area is
illustrated in Fig. 2 (c). As shown, a random scatter was
attained in a constant range of +4.146 that is an allowed
range.
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Table 2. The actual and predicted BET surface area of ternary Ce;03/La,03/Fe;Oy4 catalysts by using RSM according to CCD
method.

Runs Factor X; Factor X, Factor X3 Real area (m?/g) Predicted area (m%/g)
1 1 1 -1 47.0 44.8
2 -1 -1 1 71.2 71.7
3 0 0 0 55.5 55.6
4 0 0 0 54.5 55.6
5 0 0 o 65.3 64.0
6 0 0 0 55.0 55.6
7 1 1 1 47.1 46.1
8 0 o 0 45.6 48.6
9 -1 1 -1 58.8 59.2
10 0 0 441 48.2
11 0 0 0 54.7 55.6
12 -1 1 65.8 65.3
13 0 0 0 56.4 55.6
14 0 0 -a 523 53.5
15 1 -1 -1 51.7 50.4
16 0 -a 0 55.5 57.2
17 0 0 0 57.8 55.6
18 -1 -1 -1 59.1 58.3
19 -a 0 0 70.5 67.2
20 1 -1 61.4 59.2

Table 3. The ANOVA analysis of the fitted second order model for optimization of Ce,O3/La;O3/Fe3O4 BET surface area.
Source Sum of Squares DF Mean Square F-value (Fca) Fc  P-value (Prob> F)

Model 1081.03 9 120.11 31.42 3.02 3.59x10° significant
X1 621.78 1 621.78 162.68 1.64x107
X 125.59 1 125.59 32.86 1.90x10*
X3 188.47 1 188.47 49.31 3.62x107
Xi1Xa 21.78 1 21.78 5.69 3.81x107
XiX;3 11.18 1 11.18 2.92 1.17x10™
X2 X3 27.08 1 27.08 7.08 2.38x107
(X1)? 16.14 1 16.14 4.22 6.69x102
(X2)? 26.16 1 26.16 6.84 2.58x1072
(Xs)? 36.37 1 36.37 9.51 1.15x10
Residual 38.21 10 3.82
Lack of Fit 30.30 5 6.06 3.83 5.05 8.34x10? not significant
Pure Error 7.91 5 1.58
Cor Total 1119.24 19
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Fig. 2. Three diagnostic plots for the applied quadratic model (a) normal probability plot of residuals; (b) predicted versus actual
BET surface area values for ternary Ce,O3/La,0s3/Fe;O4 catalysts; (c) residuals versus predicted BET surface area values for

ternary Ce»Os3/La,03/Fes0y4 catalysts.

It should be mentioned that Pareto analysis was applied
to investigate the importance of each term (P;) on the
BET surface area as response. It is represented as
follows [68, 70]:

P, = (zbliz) x 100 ; (i # 0)

(10)

The results of Pareto analysis are shown in Fig. 3. As
observed, the relative importance of singular factor was
in the order of X;(calcination temperature, 55.9%) > X3
(Fe weight percentage, 16.9%) > X, (La weight
percentage, 11.3%). The relative importance of
interaction terms was as follows: X>X3 (4.2%) > X;X»
(3.3%) > XiX3 (1.7%); while the following sequence
was for relative importance of quadratic terms: X3?
(3.1%) > Xo? (2.2%) > X (1.4%). Thus, the calcination
temperature had the most important influence on the
BET surface area of ternary Ce;Os/LayOs/Fe;04
catalysts according to Pareto analysis. Also, the sign of
calcination temperature coefficient in Equation 8 was
negative which stated that the surface area decreased
with the increase of calcination temperature. So, a
decrease in calcination temperature had a synergistic
effect. This can be due to the sintering of ternary metal
oxide nanoparticles, blockage of smaller pores and pore
collapse at higher calcination temperatures [32, 71]. The
importance of calcination temperature can be explained
by F-value and P-value of applied second order model.
As shown, the highest F-value with P-value lower than
0.05 was obtained for calcination temperature (X1)
confirming that this parameter had the most important
influence on the BET surface area (Table 3).
Furthermore, P-values predicted for variables including
X1, X, X3, X1 X2, X2X3, X27, and X5” were less than 0.05,
showing the importance of these variables in the surface
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area. On the other hand, the variables containing X; X3,
and X,*> were the insignificant terms in the applied
second order model because their p-values were greater
than 0.05.

The 3D surface plots for BET surface area of ternary
Cex03/Lay03/Fes04 catalysts are indicated in Fig. 4. It is
possible to find the optimum levels of two
corresponding variables based on 3D surface plots. The
interaction between calcination temperature and La
content (wt%) are illustrated in Fig. 4 (a). As observed,
the predicted surface area decreased with increasing the
calcination temperature from 650°C to 750°C. The
reason can be explained as follows. Indeed, higher
calcination temperature led to the sintering of ternary
metal oxide nanoparticles, blockage of smaller pores
and pore collapse [32, 71]. Also, BET surface area
decreased with increasing the La content.

;(Q: X1= Calcination Temperature
X1-2 X>=La content (wt%)
X2X3 X3=Fe content (wt%)
3 X1X3
m Xi1Xo
—— D, €
X2
;Xl

Percentage of each term model

Fig. 3. Pareto analysis to indicate the importance of
parameters in the applied quadratic model.
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Fig. 4. The 3D surface area plots (a) combined effects of calcination temperature and La content, (b) calcination temperature and
Fe content, and (c) La and Fe contents on the prediction of BET surface area for ternary Ce,O3/La;O3/Fes;O4 catalysts.

This decrease can be due to the formation of larger
crystals for ternary catalysts synthesized with higher La
content (> 8wt%) which was confirmed by XRD
analysis. Indeed, the nucleation process was slower, and
the growth rate was faster at higher La content leading
to a decrease in surface area. Furthermore, the
agglomeration of nanoparticles may occur during
synthesis process higher La content. The highest surface
area was achieved at 650°C and La content of 8.0 wt%.
Fig. 4 (b) shows the interaction between calcination
temperature and Fe content (wt%) on the BET surface
area. As shown, the surface area of ternary catalysts
increased with the increase of Fe content (wt%) and
decrease of calcination temperature. As mentioned
above, the sintering of ternary metal oxide
nanoparticles, blockage of smaller pores and pore
collapse were stopped at lower calcination temperatures
leading to an increase in surface area of catalysts [32,
71]. Really, the crystal growth in ternary catalysts was
inhibited in the presence of higher Fe oxides leading to
a faster nucleation process. The crystal growth was
retarded at higher Fe content because the Fe atomic
radius 126 pm is smaller than La (187 pm) and Ce (182
pm) atoms leading to the formation of smaller crystals.
The final 3D plot is attributed to the interaction between
La and Fe contents on the prediction of BET surface
area. As observed, the surface area of ternary catalysts
increased with a decrease in La content and an increase
in Fe content. The reasons were mentioned above. The
optimum BET surface area for ternary catalysts was
found to be 71.7 m*.g" which achieved at calcination
temperature 650°C, La content of 8 wt% and Fe content
of 16 wt%. The confirmation experiment was performed
under the optimum conditions to validate the applied
model. The experimental value of surface area under
optimum conditions was found to be 73.5 (m?.g™") that
was in accordance with the predicted value within 2.4%
of error. This estimated and acceptable error indicated
the validity of the model.
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3.2. Characterization of synthesized catalysts

Fig. 5 indicates XRD patterns of Ce;0s,
Cex03/Lax03(8wt%  La)/Fe;0O4(16wt%  Fe)  and
Ce,03/LaxO3(12wt% La)/Fe;04(12wt% Fe) catalysts. It
should be mentioned that the Miller indexes ((hkl)
crystal surfaces) and corresponding peaks were reported
according to JCPDS files. As shown, for all samples, the
distinct crystal surfaces of cerium oxide phase included
(111), (200), (220), (311), (222), (400) and (331)
according to JCPDS card no. 65-5923 [72]. A very weak
peak at around 20=30.7° was attributed to the one of the
crystal surfaces of La oxide, namely (101). Also, two
other peaks at around 26 =28.5° and 57.0° related to the
(002) and (201) crystal surfaces of La oxide,
respectively which were overlapped with the cerium
oxide peaks. These crystal surfaces of La oxide were
detected according to JCPDS card no. 05-0602 [73]. The
crystal surfaces of (311) and (400) were attributed to the
weak peaks at around 20 =35.0 and 43.0, respectively
confirming Fe oxide phase according to JCPDS card no.
19-0629 [74]. The XRD results represented that the
main structure of ternary catalysts included Ce oxide
phase and also confirmed the presence of La and Fe
phases as mentioned above. Therefore, XRD results
showed that ternary catalysts were successfully
synthesized. The average crystal size of ternary
Ce,03/Lax03(8wt% La)/Fe;04(16wt% Fe) catalyst
obtained from Scherer equation (Equation 4) and
Williamson-Hall equation (Equation 5) was found to be
8.4 and 10.2 nm, respectively.

Fig. 6 shows the nitrogen adsorption isotherms of pure
Ce;O; and ternary catalysts. As shown, ternary
Ce,03/Lax03(8wt% La)/FesO4(16wt% Fe) catalyst had
the highest nitrogen adsorption. The total pore volume
(Vt) of Ce203, Cezo3/Lazo3(8Wt% La)/F6304(16wt%
Fe) and Ce;03/La;03(12wt% La)/Fe;04(12wt% Fe)
were found to be 0.125, 0.176 and 0.041 cm®/g,
respectively.
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Fig. 5. XRD npatterns of Ce;0;, Cey03/La03(8wt%
La)/Fe;04(16wt% Fe), and Cex03/La03(2wt%

La)/Fe304(12wt% Fe) catalysts.

Furthermore, BJH pore size distributions of prepared
catalysts are depicted in Fig. 7. It is observed that the
greatest amount of mesopores was obtained for
Ce203/La203(8wt% La)/FegO4(16wt% Fe). The N,
adsorption at higher relative pressure (p/po) displays the
mesoporous  adsorption according to IUPAC
classification [75, 76]. Therefore, N, adsorption of
Ce203/Lax03(8wt% La)/FesO4(16wt% Fe) catalyst at
higher p/po was greater than that of Ce,Os; and
Ce,03/LaxO3(12wt% La)/Fe;04(12wt% Fe) catalysts
confirming the higher mesopores of optimum catalyst.
The morphology of pure Ce;O; and optimum
Ce,03/LaxO3(8wt% La)/Fe;04(16wt% Fe) catalyst was
investigated by FESEM analysis (Fig. 8).

7.00E-03
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Fig. 6. N, adsorption isotherms of Ce;Os and ternary
Cex03/La03(8wt% La)/Fe;04(16Wt% Fe), and
Ce,03/Lay03(2wt% La)/Fe304(12wt% Fe) catalysts.

As shown, the particle size of ternary Ce;O3/LayO3(8
wt% La)/Fe3;04(16 wt% Fe) catalyst was lower than that
of pure Ce;O; catalyst due to the difference in
crystallization step.

Fig. 9 shows the EDX analysis of pure Ce;O; and
ternary Ce;03/La,03(8 wt% La)/Fe;04(16 wt% Fe)
catalysts. The presence of Ce, La, O and Fe elements in
the ternary Ce,03/La,03/Fe;04 catalysts was confirmed
by EDX analysis. As observed in Fig. 9 (a), distinct Ce
and O peaks existed in EDX analysis of Ce;Os.
Furthermore, La and Fe peaks appeared in EDX analysis
of Cex03/La03(8 wt% La)/Fe304(16 wt% Fe) catalyst.
The presence of these peaks confirmed that ternary
catalyst was successfully provided.
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Fig. 7. BJH pore size distribution of Ce>Os3 and ternary Ce,O3/La,03(8wt% La)/Fe;04(16wt% Fe), and Ce,03/La,O3(2wt%
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Fig. 8. FESEM images (a) Ce;O3 and (b) ternary Ce,O3/LayO3(8wt% La)/Fe;04(16wt% Fe) catalysts.

However, based on quantitative analysis, Ce, La and Fe
weight percentage was found to be 61.02, 6.13 and
1229  wt% for ternary CeyO3/La,03(8 wt%
La)/Fe304(16 wt% Fe); and Ce percentage was found to
be 82.6 wt% for pure Ce,O; catalyst. It is necessary to
mentioned that the values obtained from EDX analysis
were lower than respected values. This can be due to the
presence of excess sodium during co-precipitation
method and the presence of impurity peaks.
Furthermore, gold coating of sample surfaces led to the
existence of Au peak in EDX analysis.

NH;-TPD analysis was applied to determine the weak,
moderate, and strong acidic sites of synthesized Ce,O3
and ternary Ce>O3/LaO3(8wt% La)/Fe3O4(16wt% Fe)
catalysts (Fig. 10). As observed, three temperature
regions were assigned to the weak, moderate, and strong
acidic sites. The first temperature region at lower
temperature corresponded to the weakly bonded NH3,
the second temperature region was attributed to the
moderate acid sites, and the third higher temperature
region was assigned to the strongly bonded NH3. The
details of temperature regions and the amount of acidic
sites are shown in Table 4. As can be seen, weak,
moderate and total acid sites of ternary
Ce203/Lax03(8wt% La)/Fe;O4(16wt% Fe) catalyst was
greater than that of pure cerium oxide. This can be due
to the electron structure of cationic sites (Ce, La and Fe)
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exposed on the catalyst surface. The highest change in
acidic sites was assigned to the moderate acid sites. The
moderate acid sites were found to be 0.283 and 0.758
mmol/g for pure Ce;O; catalyst and ternary catalysts,
respectively. Furthermore, the total acid sites of Ce;O;
and Ce;03/La,03(8wt% La)/Fe;04(16wt% Fe) catalysts
were 0.683 and 0.988 mmol/g, respectively.

3.3. Catalysts activity comparison tests

Methane is a suitable reactant for sulfur dioxide
reduction to sulfur. The main reaction between methane
and sulfur dioxide is given as follows:

CH4+2S0O;, ——» S, +CO,+2 H,O (11)

The main side reaction for this process is given by the
following reaction:

SO, +2CHy — H,S+2CO+3H,  (12)

This side reaction can produce H,S, which is a very
dangerous by-product.

Fig. 11 shows the effect of reactor temperature on SO,
conversion for cerium oxide, optimum, and minimum
mixed oxide catalysts. As observed, for all catalysts,
SO, conversions increased sharply with the increase of
temperature. The performance of cerium oxide did not
differ significantly from ternary Ce»O3/La>O3(12wt%
La)/Fe;04(12wt% Fe) catalyst.

0 (b)

3.9

13 2.6 5.2 6.5 7.8 9.1 104 117 13.0

Fig. 9. EDX of (a) Ce;O; and (b) ternary Ce,O3/LaO3(8wt% La)/FesO4(16wt% Fe) catalysts.
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Fig. 10. NH3-TPD profiles of Ce,O3 and Ce,03/La,03(8wt% La)/Fe;O4(16wt% Fe) catalysts.

Table 4. The amount of total, weak, moderate, and strong acid sites of catalysts

Samole Weak acid sites moderate acid sites Strong acid sites Total acid sites
p (mmol/g) (mmol/g) (mmol/g) (mmol/g)
25-410 °C 410-700 °C 700-950 °C
Ce:03 0.6834
0.0108 0.2829 0.3896
Ce-La-Fe 25-451 °C 451-800 °C 800-950 °C
: 0.9875
Oxide 0.1462 0.7583 0.0830
While the best catalytic performance was obtained for
+ e +
optimum Ce;04/LaxOs(8wt% La)FesOs(16wt% Fe) 12 T 502 HoS + 2H:0 (15)
catalyst. The higher specific surface area and so, higher 2H,+S, ——» 2H,S (16)

active sites of optimum catalyst were available for the
reaction. These active sites led to a sharp increase in
conversion rates.

The partial pressure curves for H,S and COS
undesirable by-products at different temperatures were
compared for all catalysts in Fig. 12 (a) and Fig. 12 (b).
As shown in Fig. 12, the amount of H,S and COS for all
catalysts increased with the increase of temperature. It
should be mentioned that H»S production was much
higher than COS production. But the increase rate of
COS with temperature was higher.

This increase may be due to CS; production as follows
[27, 32]:

CHs+ S, —» (CS;+2H, (13)

This produced CS; can react with the water produced
from reaction (11) and produces H,S and COS as shown
in reaction (14).

CS; +H,O —» COS +H,S (14)

Moreover, H>S can be produced by other side reactions:

144

For COS, the other side reaction can also produce COS
as follows:

CS,+C0, —— 2COS (17)

It should be noticed that reaction (16) can be accelerated
around temperature of 650 °C. The required hydrogen
for reaction (15) and (16) can be supplied by reaction
(13) and methane decomposition reaction:

CHy —» C+2H, (18)

The required CO; for the reaction (17) can be supplied
by the reaction (3).

In all temperatures, the amount of H>S was higher than
COS amount, and H,S was the main side product,
because carbonyl sulfide is converted to hydrogen

sulfide by the following reaction:
COS+H, 0O — CO>+H,S (19)

It is given that water is readily available due to reaction
1, the occurrence probability of this side reaction is high.
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Fig. 11. SO, conversion as a function of temperature for
different catalysts (feed compositions = 2% SO,, 1% CHa,
97% Ar; space velocity = 3000 mL/h™").

In terms of the production of side products, selectivity
and conversion, the optimum catalyst of
Ce,03/La,03/Fe;04 showed the best performance. This
can be due to the higher active area of optimum catalyst.
So, the reaction of sulfur dioxide with methane (reaction
1) is preferred (Fig. 11). This leads to a lower
availability of methane and sulfur dioxide and thus, side
reactions such as reaction (12) are less likely to occur.
As a result, inappropriate side products were less
produced for optimum catalyst.

The following mechanism was suggested for
SO, reduction over ternary Ce>O3/La;03/Fe304 catalyst.
A methane molecule adsorbs on the catalyst surface in
the operating temperatures and then reacts with
lattice oxygen atom which is neighbor of La or Fe

atoms to form an activated methyl radical.
25
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"
<
B
g 1s
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o
g
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=
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o
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0
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Temperature (°C)
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Partial pressure COS (atm) * 10°5

The mentioned La and Fe atoms act as Lewis acid
sites. The produced methyl radical (CH;") has
free electron which occupy these Lewis acid
sites. Indeed, after CH4 adsorption, a dissociation of
C—H bond occurs leading to the formation of Fe—CH3
(CH;") or La—CH; (CHs*) and O—H (H") species.
La—CH; (CH;3") and Fe—CH; (CH3") react with SOs>
ions that are produced from SO, adsorption on ceria
[77].

3.4. Determination of activation energy

Activation energies can be determined by Arrhenius
equation [78]:
log(k;) = log(4;) —

where R = 8.314 J/mol.K is the gas constant, T (K) and
A; are absolute temperature and pre-exponential
constant, respectively.

; 20

Ej
T

Arrhenius plot obtained from SO, conversion for
Ce,03/Lax03(8wt% La)/FesOs(16wt% Fe) catalyst is
presented in Fig. 13. The activation energy obtained
from Fig. 13 in temperature range of 550-800°C was
estimated to be 29718 kJmol™.

3.5. Characterization of catalysts after catalytic tests

The XRD patterns of all catalysts after catalytic tests are
indicated in Fig. 14. The results showed that the main
peaks and structure of pure Ce;O; and
Cey03/LaxO3(8wt%  La)/Fe;O4(16wt%  Fe) and
Ce,03/LaxO3(12wt% La)/Fe;04(12wt% Fe) catalysts
were preserved after catalytic tests. Nevertheless, the
peak intensity of all catalysts after reactor tests was
slightly lower than that of fresh catalysts. Furthermore,
the EDX results of all catalysts after reactor tests are
shown in Fig. 15.

% Ce203/Lax03(8wit% La)/FeiO4(16wt% Fe)

——  Ce:03/La203(12wt% La)/FezO4(12wt% Fe)

Cesz03

(b)

650 700 750
Temperature (°C)

550 600 800

Fig. 12. Partial pressures of H»S (a) and COS (b) versus temperature for different catalysts (feed compositions = 2% SO», 1%

CHa, 97% Ar; space velocity = 3000 mL/h™").
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Fig. 13. Arrhenius plots for SO, reactions with CH4 for
Ce;03/La03(8wt% La)/Fe;04(16wt% Fe) catalyst.

The results indicated the presence of the Ce, La, Fe and
O in the structure of catalysts. The weight percentage of
Ce, Laand Fe was 60.12, 5.93 and 12.02 wt% for ternary
Cex03/Lax03(8 wt% La)/FesO4 (16 wt% Fe) which did
not change significantly compared to quantitative
analysis before reactor tests. This confirmed that the
structure of spent catalyst was preserved after tests.

3.6. Comparison of different ternary catalysts

SO, conversion and sulfur selectivity for different
ternary oxide catalysts have been compared in Table 5.
In a study reported by Zhu et al. [33], full SO,
conversion rate was obtained for Ce/La(4.5)/Cu(5) and
Ce/La(4.5)/Ni(5) catalysts at 725 °C. But sulfur
selectivity for Ce/La(4.5)/Cu(5) and Ce/La(4.5)/Ni(5)
catalysts were found to be 31 and 41%, respectively. In
other study conducted by Mousavi et al. [32], SO,
conversion was found to be 85 and 93% at750 °C for
Ce/La(15)/Cu(5) and Ce/La(10)/Ni(5) catalysts,
respectively; and the selectivity for these catalysts was
low. In our previous study, SO, conversion was found
to be was 85% for Ce/La(10)/Co(8) catalyst at 750 °C,
while the selectivity for the desired product was high
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Fig. 14. XRD patterns of spent Ce;O; and ternary
Ce,03/Lay05/Fe;04 catalysts.

(98%). In this study, by replacing iron with cobalt, the
selectivity remained at the appropriate level of 98%,
while the conversion rate increased to 87%.

4. Conclusions

Ternary Ce;03/La,03/Fe;04 catalysts synthesized by
co-precipitation method were optimized by using RSM
for SO, reduction. The optimum surface area was
obtained at calcination temperature of 650°C, La
content of 8.0 wt% and Fe content of 16.0 wt%. The
ANOVA results indicated that the applied quadratic
model was adequate for prediction of BET surface area.
Among three factors applied in RSM method, the
calcination temperature had the most important
influence on the BET surface area of ternary catalysts
according to Pareto analysis. Also, the surface area of
ternary catalysts increased with a decrease in La content
and an increase in Fe content. Furthermore, the
synthesized pure Ce;Os and ternary catalysts were
characterized by BET, BJH, XRD, FESEM, EDX and
NH;-TPD analysis. Therefore, characterization results
showed that ternary catalysts were successfully
synthesized.
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Fig. 15. EDX patterns of spent (a) Ce,O3 and (b) ternary Ce,O3/La;O3(8wt% La)/FesO4(16wt% Fe) catalysts.
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Table 5. SO, conversions and sulfur selectivity for different ternary oxide catalysts.

Catalyst Conversion (%) Selectivity Temperature (°C) Ref.
Ce/La(15)/Cu(5) 85 31 750 [32]
Ce/La(10)/Ni(5) 93 47 750 [32]
Ce/La(4.5)/Cu(5) 100 56 725 [33]
Ce/La(4.5)/Ni(5) 100 34 725 [33]
Ce/La(10)/Co(8) 85 98 750 [78]
Ce/La(8)/Fe(16) 87 98 750 Current study

The results of catalytic tests showed that SO, conversion
for ternary Ce>03/La,03(8 wt% La)/Fe;04(16 wt% Fe)
catalyst was greater than pure cerium oxide. Moreover,
the sulfur selectivity for the mentioned optimum catalyst
was greater than other catalysts. The lowest undesired
by-products such as H,S and COS were obtained for
ternary Cex03/La,03(8 wt% La)/Fes04(16 wt% Fe)
catalyst. The results confirmed that an increase in
specific surface area led to an improvement in catalytic
performance for the optimum catalyst.
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