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Abstract. This work focuses on the optimization of the acid treatment and calcination process factors
affecting the catalytic performance of the SmMnO3/cordierite monolithic catalyst for o-xylene oxidation,
using response surface methodology (RSM) analysis. A central composite rotatable design (CCRD) was used
to statistically visualize the complex interactions of acid treatment time, acid concentration, calcination
temperature, and calcination time for T50 and T90 values. And the validity of the models developed was
veriﬁed by experiments. Statistics showed the most signiﬁcant process factor which affects catalytic combustion activity is acid treatment time. It is also shown that the catalytic activity increases with increasing
acid treatment time or acid concentration and that a moderate calcination temperature or time is required to
increase the catalytic activity. Furthermore, it was found through SEM analysis that the acid treatment
process signiﬁcantly impacts the morphology of the SmMnO3/cordierite monolithic catalysts. Thus, RSM is
an effective technique for estimating the catalytic activity of monolithic catalysts.
Keywords. Catalytic
methodology.
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1. Introduction
Volatile organic compounds (VOCs) have recently
attracted great concern as air pollutants. This concern
is based on the contribution of VOCs on forming
ozone, greenhouse gases, and ﬁne particles, which
directly threaten human health and the ecological
environment.1 Extensive research efforts have been
devoted to developing alternative methods such as
membrane separation, adsorption, catalytic oxidation,
photocatalytic oxidation, and biological degradation2
to eliminate VOCs to achieve the purpose of curbing
air pollution and reducing VOCs emissions. Generally,
among all the governance methods, catalytic oxidation
is the most promising one for the complete elimination
of VOCs because of its low energy consumption, high
selectivity to harmless byproducts, and low operating
temperature.3–10 In the past few decades, researchers
have reported a variety of catalysts for the catalytic
oxidation of VOCs. These catalysts are usually
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composed of transition metal oxides and precious
metals.11–16 However, the application of precious
metal catalysts is limited due to the high cost and low
anti-toxicity ability. Compared to noble metal catalysts, the transition metal oxides have been widely
used due to their superior properties, such as low cost,
abundant reserves, and good thermal stability. When it
comes to transition metal oxide catalysts, the perovskite-type oxides are expected to be widely used for
VOCs oxidation, among which samarium manganese
perovskite (SmMnO3) delivers high performance in
thermal stability and oxygen mobility, and shows
higher activity in catalytic oxidation of toluene.17
Generally, the application of perovskite oxides is
often limited due to the lower speciﬁc surface area
which is caused by heat treatment of the preparation
process. There are two strategies for perovskite oxides
to resolve this trouble. One is to expand the speciﬁc
surface area through physical methods, such as dispersing ABO3 on carriers with large surface area,18,19
or creating ABO3 with the high speciﬁc surface area
through a hard template.20,21 But the above
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preparation processes are complicated, uneconomical,
and time-taking. Another approach is the chemical
method called surface modiﬁcation through acid/base
treatment. As we all know, the native surfaces of
perovskites have a stronger tendency to be occupied
by A-site cations, which are low in catalytic activity
and simple to be dissolved by acid due to the existence
of the longer A-O bond.22 Moreover, the B-site cations
get optimized simultaneously in this way. Take
SmMnO3 perovskite for example. The valence of Mn
in it is normally Mn3?, and dilute HNO3 could trigger
the disproportionation reaction of Mn3? to Mn2? and
Mn4?, while the latter eventually serves as the active
components due to its stability in an acid environment.23 In addition, the calcination process after the
acid treatment is necessary as the acid etching changes
the chemical composition of the perovskite surface.
Apparently, the calcination temperature and calcination time, which can affect the crystallite size, crystalline phase, speciﬁc surface area and pore volume,
are two important factors in the catalyst preparation
process.24,25 Yang et al. found that the acid-treated
LFO exhibited better CO oxidation performance after
thermal treatment at 600 °C, the main reason may be
that LFO-H-600 was activated by air at high
temperature.26
Currently, powder catalysts are used in the laboratory and hardly applied in industrial production,
because of its disadvantages of difﬁcult separation and
high-pressure drop.27 Therefore, monolithic catalysts
are used largely in industrial applications due to their
low pressure drop, high space velocity, and excellent
mechanical resistance.28 The ceramic and metallic
monoliths are widely used as supports to treat large
gas ﬂows with low-pressure drop.29 Ceramic monolith
is the most extensively used to support. It is composed
of parallel and non-intersecting channels of inert oxides such as cordierite (2MgO5SiO22Al2O3). It renders excellent thermal and chemical stability,
outstanding refractoriness, and coating adherence.30
Optimizing process parameters can not only
improve process performance but also reduce costs. It
majorly been carried out using a single-factor simultaneous method and Response Surface Methodology
(RSM). As the conventional method does not consider
such factors like optimum process setpoints and
interaction effects of parameters on the process output,
it is not easy to study the overall inﬂuence exerted by
each process parameter on the experimental results.31
Therefore, as a research method that can be widely
studied with a great focus on the interactions between
optimization of the process for various complex processes and different input parameters, can easily
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achieve this purpose.32–34 By planning accurate
experiments and using appropriate mathematical
models, RSM can easily predict the optimal process
parameters through conducting the least number of
experiments thus saving experimental cost and time.35
Here, RSM technology was used to establish a
mathematical model of the catalytic activity of
SmMnO3/cordierite monolithic catalyst during acid
treatment and calcination. The various factors (acid
treatment time, acid concentration, calcination temperature, calcination time) were investigated. This
SmMnO3/cordierite monolithic catalyst shows superb
catalytic performance for o-xylene oxidation. A central composite rotatable design (CCRD) was carried
out to research the common inﬂuence of the factors on
the catalytic activity of o-xylene oxidation.

2. Experimental
2.1 Catalyst preparation
Through cutting a commercial cordierite honeycomb
monolith which has a square cell density of 400 cpsi
(cells per square inch) and average wall thickness of
0.21 mm, the monolithic materials with a diameter of
8 mm and length of 24 mm were prepared. Then, the
monolithic substrates were pretreated in a 50% acetic
acid solution for 1 h and calcined at 500 °C in the air
for 2 h to remove impurities.
The SmMnO3/cordierite was prepared by the modiﬁed citric acid method.36 Appropriate amounts of Sm
(NO3)36H2O and Mn (NO3)2 (50.0 wt% solution)
were dissolved in deionized water and stirred at room
temperature to obtain a clear solution. Then citric acid
(CA) and ethylene glycol in a molar ratio of 3:2 were
introduced into the solution while having a molar ratio
of (Sm3? ? Mn2?): CA equals 1: 1.5. The solution
was brought to pH 7.0 by a 30% ammonia solution and
heated to 80 °C and continuously stirred until it
became a sol. The pretreated cordierite monoliths were
then dipped in the sol for 4 h to facilitate the interaction of the catalyst with the substrate, and deionized
water was continuously added in between to ensure no
gel formation. Then, the excess suspension in the
channels was removed under air a ﬂow of and then the
samples were dried overnight at 80 °C, followed by
calcination at 350 °C for 2 h and then at 700 °C for 3 h
in a mufﬂe furnace. The monolithic catalysts were
then taken out and weighted. This immersion-blowingdrying-calcining process was repeated as many times
as necessary to achieve the desired loading, and in the
whole batch of prepared monolithic catalysts, the
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Table 1. Experimental ranges and levels of independent factors.
Experimental range and level
Factor
Acid treatment time
Acid concentration
Calcination temperature
Calcination time

Unit

-2

-1

0

1

2

h
mol/L
°C
h

1
1
350
1

2.25
1.5
400
1.5

3.5
2
450
2

4.75
2.5
500
2.5

6
3
550
3

Table 2. Central composite rotatable design matrix and
experimental responses
Design matrix

Figure 1. The curve for o-xylene conversion vs. the
reaction temperature of selected samples in Table 2.

catalysts whose active components accounted for
about 10% by weight of cordierite were screened out
for experimental use.
In the acid treatment process, the monolithic catalysts were put into a 10 mL dilute HNO3 solution of
different concentrations at room temperature for a
given period and then washed by deionized water.
Then, the samples were dried overnight and calcined.
2.2 Catalytic evaluation
The catalytic performance of all these monolithic
catalysts was evaluated for o-xylene oxidation in a
ﬁxed-bed quartz tubular reactor (inner diameter of
10 mm). Typically, a monolithic catalyst enfolded
with quartz wool was loaded into the middle of the
reactor, and a thermocouple was inserted near the inlet
and outlet of the catalyst to ensure that the catalyst was
measured at a constant temperature zone of the quartz
tube reactor. Then a reactant mixture was fed to the
reactor which was a mixture of air and o-xylene (about
1000 ppm by volume) that was produced by air

Experimental result

No. of sample

x1

x2

x3

x4

T50 (°C)

T90 (°C)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

-1
-1
-1
-1
-1
-1
-1
-1
1
1
1
1
1
1
1
1
-2
2
0
0
0
0
0
0
0
0
0
0
0
0

-1
-1
-1
-1
1
1
1
1
-1
-1
-1
-1
1
1
1
1
0
0
-2
2
0
0
0
0
0
0
0
0
0
0

-1
-1
1
1
-1
-1
1
1
-1
-1
1
1
-1
-1
1
1
0
0
0
0
-2
2
0
0
0
0
0
0
0
0

-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
-1
1
0
0
0
0
0
0
-2
2
0
0
0
0
0
0

285
289
295
298
279
282
283
288
273
275
278
280
288
293
289
294
296
284
285
286
285
284
277
286
278
281
282
281
279
282

335
357
371
388
321
329
331
343
309
313
317
326
339
338
345
355
375
332
339
345
341
339
313
331
314
324
329
320
318
327

through a saturator containing bubbling o-xylene at
0 °C. The total ﬂow rate of air was 200 mL/min (space
velocity was 10000 h-1). The catalyst bed was operated at a temperature in between 100 °C and 450 °C
during the catalytic reaction. Then, when the reaction
temperature reaches the set temperature, rotate the sixway valve, and leave it open for 30s. The inlet and
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Table 3. Results of ANOVA analysis for the initial models.
T50 model
Source

Sum of
squares

Model
1072.75
x1
117.04
x2
26.04
63.37
x3
x4
92.04
x 1x 2
540.56
18.06
x 1x 3
x 1x 4
0.063
x 2x 3
18.06
x 2x 4
3.06
x 3x 4
0.063
x 12
158.81
x 22
45.03
x 32
29.17
x 42
2.17
Residual
74.75
Lack of ﬁt
61.25
Pure error
13.50
Total
1147.50
0.9349
R2
Adj-R2
0.8741
Adeq
15.495
Precision

Degree of
freedom
14
1
1
1
1
1
1
1
1
1
1
1
1
1
1
15
10
5
29

Mean
square

T90 model
F-value

P-value

76.63
15.38 \0.0001
117.04
23.49
0.0002
26.04
5.23
0.0372
63.37
12.72
0.0028
92.04
18.47
0.0006
540.56 108.47 \0.0001
18.06
3.62
0.0763
0.063
0.013
0.9123
18.06
3.62
0.0763
3.06
0.61
0.4453
0.063
0.013
0.9123
158.81
31.87 \0.0001
45.03
9.04
0.0089
29.17
5.85
0.0287
2.17
0.44
0.5194
4.98
6.12
2.27
0.1894
2.7

outlet gas contents of o-xylene in the reactor were
analyzed by an online gas chromatograph equipped
with a ﬂame ionization detector (FID) and a SE-30
column. Collecting data from the gas chromatograph,
the software helped outline the characteristic peak.
The conversion rate was calculated by the peak area of
o-xylene before and after the reaction using the peak
area normalization method. The conversion of
o-xylene was deﬁned as in the following equation,
where X is the conversion of o-xylene, [o-xylene]in
and [o-xylene]out are the contents of o-xylene before
and after the reaction, respectively.
½oxylenein  ½oxyleneout
 100%
X¼
½oxylenein

2.3 Experimental process design
RSM, a combination of statistical and mathematical
modelling techniques, could optimize the acid treatment and calcination process conditions that enable
enhanced catalytic properties of SmMnO3/cordierite
monolithic catalysts. A four-factor and ﬁve-level

Degree of
freedom

Mean
square

Fvalue

P-value

9607.55
1998.38
0.38
715.04
570.37
3570.06
138.06
85.56
105.06
33.06
14.06
1643.00
649.07
522.50
0.50
829.92
667.92
162.00
10437.47
0.9205
0.8463
14.600

14
1
1
1
1
1
1
1
1
1
1
1
1
1
1
15
10
5
29

686.25
1998.38
0.38
715.04
570.37
3570.06
138.06
85.56
105.06
33.06
14.06
1643.00
649.07
522.50
0.50
55.33
66.79
32.40

12.40
36.12
0.00
12.92
10.31
64.53
2.50
1.55
1.90
0.60
0.25
29.70
11.73
9.44
0.00

\0.0001
\0.0001
0.9355
0.0027
0.0058
\0.0001
0.1350
0.2327
0.1884
0.4515
0.6215
\0.0001
0.0038
0.0077
0.9253

2.06

0.2197

CCRD was utilized to perform the design of experiments. As shown in Table 1, the deﬁned input factors
were acid treatment time (X1), acid concentration (X2),
calcination temperature (X3), and calcination time
(X4), while the responses were the reaction temperatures that were required for achieving 50% and 90%
o-xylene conversions (T50 and T90, respectively).
Obviously, the lower the two temperatures, the better
the catalytic performance. In this experimental design,
the selected factors are encoded according to the following equation:
xi ¼

ð1Þ

Sum of
squares

a½2Xi  ðXi;max þ Xi;min Þ
Xi;max  Xi;min

ð2Þ

where, xi and Xi refer to the coded value and the
natural value of the i th factor, respectively. Xi, max and
Xi, min represent the maximum and minimum values in
the experimental range of the i th factor, respectively.
In this experiment, x1, x2, x3 and x4 are meant to acid
treatment time, acid concentration, calcination temperature, and calcination time, respectively. In addition, a is called the star arm and it is equal to 2.
A total of 30 sets of experiments consisting 16 twolevel full factorial points, 8 axial points, and
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6 replicates at the center point were conducted. Six
center points were selected for examining the error of
experiments. To minimize the effects of uncontrollable factors, experimental sequences were randomized. The design of experiments derives a quadratic
polynomial response equation that can be used to
predict the correlation of the experimental factors with
the responses. Each response can be represented by a
quadratic equation with four variables, as shown
below:
Y ¼ b0 þ

4
X

bj x j þ

X

bij xi xj þ

4
X

i\j

j¼1

bjj x2j

ð3Þ

j¼1

where Y is the predicted response value. xi and xj are
coded as experimental factors. b0, bi, bij, and bii are
the offset terms, the linear effect, interaction effect,
and squared effect, respectively.

3. Results and Discussion
3.1 Evaluation of initial model ﬁtness
Figure 1 shows the curve of o-xylene conversion
versus the reaction temperature. For easy observation,
only four samples are illustrated in the ﬁgure. Other
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catalysts also have a typical S-type activity curve, that
is, the conversion rate of o-xylene increases with the
increase of temperature. As we can see that the acid
treatment and calcination process inﬂuence the catalytic performance of monolithic catalysts. The reaction temperature required when o-xylene conversion
reaches 50% and 90% (represented as T50 and T90)
was evaluated for the catalytic activity of the catalyst.
The T50 and T90 of each sample can be obtained
similarly from Figure 1, as listed in Table 2.
The CCRD for four factors, namely, acid treatment
time (X1), acid concentration (X2), calcination temperature (X3), and calcination time (X4) for optimization experiments and experimental T50 and T90 are
given in Table 2. Based on the response surface
methodology, a mathematical model of the different
factors was established and evaluated whether the
model was effective through the analysis of variance
(ANOVA). The results of the ANOVA of the initial
model are shown in Table 3.
The coefﬁcient of determination R2 and adj-R2 can
be used as an index to evaluate the ﬁtting degree of
each response model. Generally, R2 and adj-R2 should
be at least greater than 0.8000 to indicate that the
model is appropriate, and the closer they are to unity,
the better the ﬁtting degree is.37 It can be seen from
Table 3 that the values of R2 for the T50 and T90

Table 4. Results of ANOVA analysis for the reﬁned models.
T50 model
Source

Sum of
squares

Model
1067.39
x1
117.04
x2
26.04
x3
63.37
x4
92.04
540.56
x 1x 2
x 1x 3
18.06
x 2x 3
18.06
156.75
x 12
x 22
43.13
x 32
27.50
Residual
80.11
Lack of ﬁt
66.61
Pure error
13.50
Total
1147.50
0.9302
R2
0.8934
Adj-R2
Adeq
20.375
Precision

T90 model

Degree of
freedom

Mean
square

Fvalue

P-value

10
1
1
1
1
1
1
1
1
1
1
19
14
5
29

106.74
117.04
26.04
63.37
92.04
540.56
18.06
18.06
156.75
43.13
27.50
4.22
4.76
2.70

25.32
27.76
6.18
15.03
21.83
128.21
4.28
4.28
37.18
10.23
6.52

\0.0001
\0.0001
0.0224
0.0010
0.0002
\0.0001
0.0523
0.0523
\0.0001
0.0047
0.0194

1.76

Sum of
squares

9474.36
1998.38
0.38
715.04
570.38
3570.06
138.06
105.06
1685.63
667.88
538.13
963.11
0.2763
801.11
162.00
10437.47
0.9077
0.8592
17.145

[a] Hierarchical terms were added to satisfy model hierarchy.

Degree of
freedom

Mean
square

Fvalue

P-value

10
1
1
1
1
1
1
1
1
1
1
19
14
5
29

947.44
1998.38
0.38
715.04
570.37
3570.06
138.06
105.06
1685.63
667.88
538.13
50.69
57.22
32.40

18.67
39.42
0.00
14.11
11.25
70.43
2.72
2.07
33.25
13.18
10.62

\0.0001
\0.0001
0.9324[a]
0.0013
0.0033
\0.0001
0.1153
0.1662
\0.0001
0.0018
0.0041

1.77

0.2754
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models were 0.9349 and 0.9205, respectively, indicating that 93.49% and 92.05% of the T50 and T90
response models are caused by experimental variables.
In other words, there are only 6.51% and 7.95% cannot
be explained by the model in the T50 and T90 response
models. Meanwhile, the values of adj-R2 for T50 and
T90 models were 0.8741 and 0.8463, respectively, also
proving that the model of T50 and T90 are reasonable.
In addition, the analysis of variance can be used to
further evaluate the adequacy of the model. In the
ANOVA, the sum of squares of the total variation of
each response is composed of the model and the
residual. Since there are central points in the experimental design matrix to repeat the experiment, the sum
of squares of residuals is segmented into two components, which are the sum of squares of lack of ﬁt and
the sum of squares of pure error. And the mean square
of model is obtained by dividing the sum of squares of
model by the degree of freedom. The F-value of the
model is deﬁned as the ratio of the mean square of
model to the mean square of residual,38 similarly, the
F-value for lack of ﬁt is deﬁned as the ratio of the
mean squares of lack of ﬁt to the mean squares of pure
error. Therefore, the model F-value shows whether the
change of model is signiﬁcant compared with the
change caused by the residual. It was found that the Fvalues of the two response value models are 15.38 and
12.40, respectively, P-value \ 0.0001, indicating that
the established response models are signiﬁcant. In
addition, among the four factors, the F-values of the
acid treatment time were the largest (23.49 and 36.12,
respectively), and the P-values were the smallest

Figure 2. Comparison of predicated values and actual
values of T50.
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Figure 3. Comparison of predicated values and actual
values of T90.

(0.0002 and \ 0.0001, respectively), indicating that
the acid treatment time had the most obvious effect on
T50 and T90. It is also necessary to test the adequacy of
the model in data analysis in order to prevent poor or
misleading results. The signal to noise ratios of these
two models is 15.495 and 14.600, respectively, which
are far greater than 4, indicating that the signals are
adequate and the models can be used to navigate the
design space.
The signiﬁcance of each coefﬁcient of the model
was tested by the P-value in the results of ANOVA.
When the P-value is smaller, the corresponding coefﬁcient is more signiﬁcant, indicating the contribution
of the model item to the response value is greater.39

Figure 4. Predicted and actual values of T50 (1, 2) and T90
(3, 4) at the experimental condition of x1 = 0.5, x2 = 0.5,
x3 = 0.5, x4 = 0.5.

J. Chem. Sci. (2022)134:46

P-value less than 0.0500 indicates that the model item
is signiﬁcant, whereas the model item is non-signiﬁcant if the value surpasses 0.1000. As shown in
Table 3, it can be clearly determined whether the
model item is signiﬁcant. In the T50 model, x1, x2, x3,
x4, x1x2, x12, x22 and x32 are signiﬁcant items, where
x1x2 and x12 have the largest impact on T50 (P-value
\0.0001), followed by x1 (P-value = 0.0002), while
x1x4, x2x4, x3x4, x42 are non-signiﬁcant items. In the
T90 model, x1, x3, x4, x1x2, x12, x22, and x32 are signiﬁcant items, where x1, x1x2, and x12 have the greatest
impact on T90, while x2, x1x3, x1x4, x2x3, x2x4, x3x4, and
x42 are non-signiﬁcant items. Therefore, the model
needs to be modiﬁed due to numerous non-signiﬁcant
items in the initial models.
3.2 Model modiﬁcation and conﬁrmation
It is a process of eliminating insigniﬁcance that
improves the model based on the results of the
ANOVA. From the above analysis, some non-signiﬁcant items need to be culled in the original model to
ensure a more signiﬁcant analysis. In this study, the
backward regression method was used to remove the
non-signiﬁcant items with a signiﬁcant level of 0.1 one
by one. It should be noted that hierarchical items
should be added to make the model hierarchical after
backward regression.40
Table 4 shows the results of ANOVA for the reﬁned
models. Note that although the x2 term in T90 is not
signiﬁcant, it must be included in the model in order to
maintain the hierarchical nature of the model. It is
obvious that there is no signiﬁcant difference between
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original and reﬁned models in terms of accuracy from
the comparison of their R2 values. But the signiﬁcance
of some remaining items has been improved after the
model reﬁnement. Compared with the initial models,
the F-values for the model grow, whereas the F-values
for the Lack of ﬁt drop, indicating the reﬁned models
become more signiﬁcant. Furthermore, the P-values
for the model decrease and the P-values for the Lack
of ﬁt enlarge, indicating the reﬁned models become
more adequate. Higher F-value with low P-value
always led to more signiﬁcant corresponding amongst
various independent variables. The signal to noise
ratios of the current reﬁned models grows to 20.375
and 17.145, respectively, demonstrating the reﬁned
models have more adequate signals.
According to the results of ANOVA, the ﬁnal
mathematical models expressed in coded form for T50
and T90 are as follows:
T50 ¼ 280:82  2:21x1 þ 1:04x2
þ 1:62x3 þ 1:96x4 þ 5:81x1 x2  1:06x1 x3
 1:06x2 x3 þ

2:37x21

þ

1:24x22

þ

ð4Þ

0:99x23

T90 ¼ 321:85  9:13x1  0:13x2
þ 5:46x3 þ 4:87x4 þ 14:94x1 x2
2:94x1 x3  2:56x2 x3 þ 7:76x21

ð5Þ

þ 4:88x22 þ 4:38x23
Figures 2 and 3 show the comparison between
experimental and predicted values of the T50 and T90
model, respectively. The straight line in the ﬁgure represents the predicted values calculated by the

Figure 5. Contour plot and response surface showing the effects of acid treatment time and acid concentration on T50.
Other variables are held at zero level.
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Figure 6. Contour plot and response surface showing the effects of acid treatment time and calcination temperature on
T50. Other variables are held at zero level.

Figure 7. Contour plot and response surface showing the effects of acid concentration and calcination temperature on T50.
Other variables are held at zero level.

developed models, and each point corresponds to the
actual data measured by the experiments. It can be
seen from these two ﬁgures, the predicted values and
the actual values are very close, almost distributed on
a straight line, indicating that the established models
can predict the actual results well.

3.3 Prediction and veriﬁcation experiment
The optimum process parameters can be derived using
the RSM optimizer. For the T50 model, it qualiﬁes as
optimum conditions to use 1 mol/L acid to treat the
sample as long as 6 h and calcinate it at 408.1 °C for
1 h, and the corresponding response values are

260.9 °C, 284.0 °C, respectively, for T50 and T90.
Likewise, for the T90 model, the optimum conditions
are 6 h of 1 mol/L acid treatment and 1 h of calcination
at 423.3 °C, and the corresponding response values are
261.0 °C, 283.7 °C, respectively, for T50 and T90.
Furthermore, additional experiments are needed to
verify the effectiveness of the models. Since some
optimal conditions of the two models are on the
boundary conditions, a set of additional experiments is
randomly selected in the experimental space for veriﬁcation. The experimental condition selected for veriﬁcation is x1 = x2 = x3 = x4 = 0.5, that is the acid
treatment time of 4.13 h, the acid concentration of
2.25 mol/L, the calcination temperature of 475 °C, and
the calcination time of 2.25 h. As can be seen from
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Figure 8. Contour plot and response surface showing the effects of acid treatment time and acid concentration on T90.
Other variables are held at zero level.

Figure 9. Contour plot and response surface showing the effects of acid treatment time and calcination temperature on
T90. Other variables are held at zero level.

Figure 4 that the observed values of T50 and T90 are
both within the 95% conﬁdence intervals of the model
predicted values, indicating that the reﬁned models
have good validity and predictive ability. Consequently, the RSM and CCRD are effective methods for
mathematical modeling and factors analysis of the
catalytic performance of the SmMnO3/cordierite
monolithic catalyst.
3.4 Effects of process factors on the response
value
The three-dimensional response surfaces and contour
plots for T50 and T90 models, based on the optimized

mathematical model, can give a graphic depiction of
the inﬂuence of process parameters on the response
value. These plots can not only be used to analyze the
inﬂuence of each factor on the response value but also
help predict the response value corresponding to different values of each factor, thus determining the
interaction between different factors. As shown in
Figures 5, 6, 7, 8, 9, 10 and 11, these contour plots and
three-dimensional response surfaces clearly show the
effect of different acid treatment and calcination
conditions on the response value, which can be used to
determine the interaction between different process
parameters. In terms of shapes of the ﬁtted response
surface, a ﬂat surface or a circle indicates weak or
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Figure 10. Contour plot and response surface showing the effects of acid concentration and calcination temperature on
T90. Other variables are held at zero level.

Figure 11. Contour plot and response surface showing the effects of calcination temperature and calcination time on T90.
Other variables are held at zero level.

even no interaction between the two variables, while a
curved surface or an ellipse means a signiﬁcant
interaction.41 The interaction of parameters in acid
treatment and calcination process on T50 can be seen
in Figures 5, 6 and 7. Figure 5 reﬂects the interaction
between acid treatment time and acid concentration
when the calcination temperature and calcination time
are anchored at the central values. As shown in Figure 5, within the experimental range, T50 value
decreases with the increase of acid treatment time or
the acid concentration. Meanwhile, it can be seen from
the contour plot and the response surface that there is a
strong interaction between acid treatment time and
acid concentration. Such interaction can get further

validated in the ANOVA results in Table 4, where the
regression coefﬁcients of the interaction term of x1 and
x2 (x1x2) is P \ 0.0001. Longer acid treatment time
plus lower acid concentration or shorter acid treatment
time plus higher acid concentration has a much lower
T50 value, which means the samples have a higher
catalytic activity to the o-xylene oxidation. On the
contrary, shorter acid treatment time and lower acid
concentration or longer acid treatment time and higher
acid concentration are not conducive to the reduction
of T50 value. Figure 6 reﬂects the interaction between
the acid treatment time and the calcination temperature when the acid concentration and calcination time
are anchored at the central values. It can be seen from
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Figure 12. SEM images of selected samples: (a) untreated,
(b) sample 17, (c) sample 25, (d) sample 12.

Figure 6 that T50 value decreases with the calcination
temperature up at ﬁrst and then, increases after
reaching the minimum value at the experimental
middle value (about 408 °C). Figure 7 reﬂects the
interaction between acid concentration and calcination temperature when the acid treatment time and
calcination time are anchored at the central values. It
is worth noting that elliptical contour plots presented
in Figures 6 and 7 indicate that these factors have
more signiﬁcant interactions. These two interactions
can also be conﬁrmed from the ANOVA results in
Table 4, where the P values of x1x3 and x2x3 are both
0.0523, which is far less than 0.1000. In addition,
from the ANOVA results in Table 4, within the
experimental range, the calcination time has no
obvious interaction effect with other factors (P value
is much greater than 0.1000). With the calcination
time increasing, the response value T50 decreases and
then increases.
Figures 8, 9, 10 and 11 show the effect of acid
treatment and calcination process parameters on T90.
These graphs have similar characteristics with T50
contour plots and response surfaces. As shown in
Figure 8, the T90 value decreases with the increase of
acid treatment time or acid concentration. The effect
of acid treatment time on the response value T90 is
more signiﬁcant than that of acid concentration. This
can also be conﬁrmed from the ANOVA results in
Table 4, the P value of x1 is less than 0.0001, and the
P value of x2 is 0.9355. The response value T90 has an
intermediate value with the calcination temperature,
which means that T90 is the smallest when the calcination temperature is 423.3 °C. In addition, as shown
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in Figure 11, the response value T90 increases with the
increase of the calcination time.
In order to further explore the effect of the acid
treatment process on the property of monolithic catalyst, the morphology and surface properties of the
untreated and treated samples were observed by SEM
as shown in Figure 12. Figure 12 (a) shows the cordierite surface coated with SmMnO3 oxide active
phase. The surface is relatively smooth and there are
deep cracks and holes, which is conducive to the
progress of the catalytic oxidation reaction. Figures 12
(b)-(d) show the surface morphologies of samples 17,
25, and 12, respectively. After diluting nitric acid
etching, more ﬁne particles and pore structures appear
on the surface of the sample, and the speciﬁc surface
area increases, which promotes the progress of the
catalytic oxidation reaction. By comparing the surface
morphology of samples 17 and 25, sample 25 has been
etched with 2 mol/L nitric acids to a greater extent
than sample 17 and thus has better catalytic activity.
However, this does not mean that the greater the
degree of acid etching, the better. As shown in Figure 12 (d), a greater degree of etching will result in
fuller contact between the active components and the
cordierite substrate, destroy the pore structure, reduce
the exposed active sites, increase the mass transfer
resistance, and reduce the catalytic activity.42
4. Conclusions
In the present study, the response surface methodology
was used to establish a mathematical model of
SmMnO3/cordierite monolithic catalyst for o-xylene
oxidation during acid treatment and calcination.
CCRD was used to study the effects ranging from acid
treatment time, acid concentration, calcination temperature to calcination time, and optimize the acid
treatment as well as calcination processes. Based on
the results of the ANOVA, it is determined that the
model has good validity. And the experimental value
is basically similar to the predicted value, which
proves that the mathematical model has good prediction accuracy. The experimental results show that
within the experimental range, as the acid treatment
time or acid concentration increases, the catalytic
activity increases, but when the acid treatment time
and concentration increase simultaneously, the catalytic activity decreases. In addition, the catalytic
activity ﬁrst increases to the maximum value and then
decreases with the increase of the calcination temperature, and within the experimental range, the catalytic activity decreases with the increase of the
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calcination time. Therefore, by optimizing the acid
treatment and calcination process parameters, the
catalytic activity of the monolithic catalyst can be
signiﬁcantly improved. Hence, RSM and CCRD are
effective methods for studying the monolithic catalytic
performance of the catalysts.
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