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Abstract A series of plate-type V2O5–MoO3/TiO2 catalysts for selective catalytic

reduction (SCR) of NO from flue gas were prepared and calcined at different

temperatures. XRD, XRF, N2-adsorption, Raman, H2-TPR, NH3-TPD and XPS

were used to characterize the catalysts. From the experimental results, plate-type

V2O5–MoO3/TiO2 catalyst calcined at 500 �C showed the best performance in the

SCR of NO. Compared with the catalyst calcined at 440 �C, the calcination in the

range of 500–620 �C resulted in an increase of polymeric vanadate and the aug-

mentation of catalytic acidity. Furthermore, the V4/V5?, (V4? ? V3?)/V5? and Oa/

(Oa ? Ob) ratio of the catalysts also increased with the increase of calcination

temperature, which resulted in the high catalytic efficiency in the SCR reaction.

However, the higher calcination temperature would lead to the inevitable formation

of N2O at high reaction temperatures ([ 370 �C). Meanwhile, high calcination

temperature resulted in decreased mechanical strength of the catalyst.
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Introduction

The abatement technologies of nitrogen oxides (NOx) are of increasing importance

for the growing demand of environmental protection [1–3]. Indeed, the environ-

mental hazards of NOx related to the acid rain, ozone depletion, photochemical

smog, and greenhouse effects. In the last decade, the SCR process has been proved

to be the most effective technology for NOx emissions reducing [4, 5]. Through this

method NOx is converted to harmless N2 and H2O.

V2O5–TiO2-based catalysts were widely employed for SCR of NO with NH3

owing to its relative high de-NOx activity and its ability to withstand sulfur under

actual operating conditions. MoO3 were usually introduced into the V2O5–TiO2

based catalysts for the purpose of obtaining better catalytic performance. The

presence of MoO3 could act as a ‘‘chemical’’ promoter besides playing a ‘‘structure’’

function as well [6–8]. Beyond this, MoO3 was also considered to be an effective

promoter for improving the anti-arsenic capacity of the catalyst [9]. Nevertheless,

the requirement of higher de-NOx activity, mechanical property, and N2 selectivity

still remain.

Various attempts have been made to modify V2O5–TiO2-based catalyst, such as

the addition of promoter [10–12], the modification of TiO2 carrier [13–15], and the

improvement of the preparation methods [16, 17]. Among these, selecting a

suitable calcination temperature was considered to be a simple and effective way to

enhance the catalytic performance. Currently, lots of studies have been made to

investigate the relationship between the calcination temperature and the catalytic

activity of SCR catalysts. Li et al. [18] reported that the CeO2–ZrO2–WO3 catalyst

calcined at 600 �C showed the best catalytic performance and excellent N2

selectivity, and yielded more than 90% NO conversion in a wide temperature range

of 250–500 �C. Meng et al. [19] systematically investigated the role of calcination

temperature in the structure, physicochemical and catalytic properties of Sm–Mn–O

catalyst. It was found that the catalytic activity obviously decreased when the

catalyst was calcined above 550 �C. Wang et al. [20] compared the effects of

different calcination temperature on the catalytic performance of CeMoOx mixed

oxide catalyst in the SCR of NOx with NH3 and found that the high temperature

([ 600 �C) would conduce to the reduce of redox ability and acid sites of the

catalyst.

In this paper, a series of plate-type V2O5–MoO3/TiO2 catalysts were prepared

and calcined at different temperatures. The aim of the present work is to explore the

influence of calcination temperature on physicochemical characteristics and

catalytic behaviors of the catalyst in SCR of NO. The prepared catalysts were

characterized by several techniques, such as XRD, N2 adsorption, Raman, H2-TPR,

NH3-TPD, and XPS. Particular emphasis was focused on the change of vanadium

species and acidity of the catalyst, as well as the valence variation of vanadium. All

the results were correlated with a corresponding SCR reaction. This can provide us

with important information to understand the influence of calcination temperature

on plate-type V2O5–MoO3/TiO2 catalyst.
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Experimental

Preparation of catalysts

The plate-type V2O5–MoO3/TiO2 catalysts were produced in Datang Nanjing

Environmental Protection Technology Co., Ltd. First, a certain amount of anatase

TiO2 powder, vanadate (NH4VO3) and ammonium molybdate ((NH4)6Mo7O24-

4H2O) dissolved in oxalic acid solution, glass fiber, hydroxyethylcellulose, and

water were mixed and kneaded by a kneading machine for 4 h to obtain catalyst

paste. Subsequently, the paste was placed on the stainless steel mesh and allowed to

pass through a pressure roller so that the catalyst was captured in the mesh and

bonded to the surface and thus plate-type catalyst with a thickness of 0.6 mm was

obtained. After having been totally dried, the plate-type catalysts were calcined in

air flow at different temperatures (440, 500, 560, 620 �C) for 2 h, which were

abbreviated as CA-440, CA-500, CA-560, and CA-620.

Characterization

X-ray diffraction (XRD) patterns of the different samples were recorded on a Philips

X’Pert3 Power diffractometer using nickel filtered Cu Ka radiation. The X-ray tube

was operated at 40 kV and 40 mA and an angular range 2h from 10� to 80� was

recorded.

The metallic contents were obtained by X-ray fluorescence (XRF) measurements

on a ZSXPrinmus II.

Nitrogen adsorption studies were used to examine the porous nature of each

sample. The measurements were carried out on a Micromeritics ASAP 2000

adsorption and desorption apparatus, and all samples were evacuated under a

vacuum of 5 9 10-3 Torr at 350 �C for 15 h and surface area measurements have

an error of ± 3%.

Raman spectra of the synthesized samples were collected on a renishaw in via

reflex laser Raman spectrometer using an Ar? laser beam. The Raman spectra were

recorded with an excitation wavelength of 532 nm and a laser power of 5 mW. The

intensity data were collected from 200 to 1000 cm-1.

Temperature-programmed reduction (TPR) measurements were performed on a

multifunction chemisorption analyzer. Prior to reduction, the sample (50 mg) was

pretreated in a highly purified N2 stream at 300 �C for 1 h and then cooled to room

temperature. 5% H2/N2 was used as the reducing gas at flow rate of 40 mL/min. The

H2-TPR was started from 100 �C and increased to the target temperature at a rate of

10 �C/min.

Temperature-programmed desorption (TPD) was measured with the same

apparatus as that of H2-TPR. About 150 mg of catalyst was placed in a quartz

reactor and saturated with NH3 at room temperature. TPD was carried out from 100

to 600 �C with a heating rate of 10 �C/min and with helium (30 mL/min) as the

carrier gas.
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X-ray photoelectron spectra (XPS) of the different samples were performed on a

PHI 5000 VersaProbe system, with monochromatic Al Ka radiation (1486.6 eV)

operating at an accelerating voltage of 15 kW. Before the measurement, the catalyst

was outgassed at room temperature in a UHV chamber (\ 5 9 10-7 Pa). Sample

charging effects were compensated by calibrating all binding energies (BE) to the

adventitious C 1 s peak at 284.6 eV, which gave BE values with an accuracy of

0.1 eV.

The attrition strength measurements were analyzed using a TABER5135 abrasion

machine. The samples were prepared by cutting into pieces in the size of

90 9 90 mm, drying, and weighting by an analytic balance. The qualities of the

samples were recorded as m1. Subsequently, the samples were placed in the abrasion

machine. The tested conditions were as follows: 5 min, 60 r/min, and 1.0 kg weight

was used. Afterwards the samples were dried and weighted. The qualities of the

analyzed samples were recorded as m2. The attrition strength of the catalysts was

calculated as follows:

np ¼
2ðm1 � m2Þ

3

Catalytic test

The SCR of NO was carried out in a conventional quartz tubular reactor with

catalyst samples of 0.5 g. The reaction gas consisted of 500 ppm NO, 500 ppm

NH3, and 5% O2 balanced with N2. The total flow rate was 1000 mL/min, and the

GHSV was 60,000 h-1.The measurement was performed at fixed temperatures per

30 �C from 250 to 460 �C and kept for 0.5 h at each point. The reaction temperature

was measured using a type K thermocouple inserted into the catalyst bed. The

concentrations of NO, NO2 and N2O were analyzed with a flue gas analyzing

apparatus (GA-21plus, Austria). NOx conversion (%) was obtained by following

equations:

NOx conversion %ð Þ ¼ ½NO�in � NO½ �out�½NO2�out � 2½N2O�out

½NO�in
� 100%

Results and discussion

Characterization

Fig. 1 shows the XRD patterns of the catalysts. Apparently, all the samples exhibit

same diffraction peaks, corresponding to that given in the literature [21, 22] for

anatase TiO2 (JCPDS NO. 21-1276). No diffraction peaks assignable to crystalline

V2O5 or MoO3 are detected, which indicates that for these samples the vanadium

and molybdenum are present in amorphous state, or as small crystallites which are

hard to be detected [6, 9]. From the XRD spectra, it could also be found that the
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intensity of the diffraction peaks increased slightly with the increase of calcination

temperature, indicating that the crystallinity of anatase TiO2 was enhanced by the

increasing calcination temperature. In addition, the average crystallite sizes of the

catalysts were calculated by the Debye–Scherrer formula. The data for CA-440,

CA-500, CA-560 and CA-620 catalysts are 17.78, 17.80, 19.35 and 23.96 nm,

respectively. As reported [15, 23], TiO2 with high surface area has generally low

crystallinity because the thermal treatment to enhance the crystallinity of structure

can also act as the driving force of structural collapse or particle aggregation. As a

consequence, the CA-620 catalyst may possess the lowest BET surface area.

XRF is adopted to identify the composition of the different samples, and the

corresponding results are listed in Table 1. As can be seen, in all cases, the

corresponding V2O5 and MoO3 concentrations in V2O5–MoO3/TiO2 catalyst is

almost the same, which indicates that the disparity in the catalytic behaviors of the

different catalysts has no concern with the content of the metallic oxide.

Table 2 lists the basic characterization data of the different catalysts. It is clear

that the CA-440 catalyst possesses the largest BET surface area and BJH pore

volume. When the calcination temperature increases from 440 to 500 �C, a slight

decrease in BET surface area and BJH pore volume is observed. With the increase

of calcination temperature, this tendency becomes more apparent. As regards the

average pore size of the different samples, contrary trend is observed. These

observations illustrate that the calcination temperature has a certain impact on the

porous properties of the catalysts, which is concordant with the XRD analysis. The
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Fig. 1 XRD patterns of
different catalysts powder with a
Cu Ka radiation

Table 1 XRF results for the

catalysts calcined at different

temperature

Sample V2O5

(%)

MoO3

(%)

V content

(lmol/g)

CA-440 1.45 2.44 159.3

CA-500 1.46 2.46 160.4

CA-560 1.44 2.47 158.2

CA-620 1.45 2.46 159.3
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possible reasons are as follows: (I) High calcination temperature brings to the

sintering of the anatase TiO2 crystallite, following the formation of larger pores and

the shrinkage of the BET surface area and BJH pore volume [24]; (II) The

agglomeration of the vanadium oxides are facilitated at high temperature

atmosphere, judging from its relatively low Tammann temperature (210 �C). As a

result, part of the micropores of the TiO2 carrier might be blocked. Meantime, it

could be also found from Table 1 that the calculated V loading of the different

samples are around 3 lmol/m2, which is far less than the established value for

complete monolayer (15.9 lmol/m2) [25, 26]. According to the previous reports

[27, 28], vanadium oxides on the surface of TiO2 contained isolated monomeric

vanadyl, polymeric vanadates, and crystalline V2O5. The monomeric vanadyl and

polymeric vanadates were known as ‘‘monolayer vanadia’’. Based on this viewpoint,

it could be conclued that the crystalline V2O5 may be less likely to form in our

experiments.

Raman spectra were used to study V=O vibration in vanadia on the catalyst

surface for its sensitivity (see Fig. S1 in the Supplementary Information and Fig. 2).

In Fig. S1, the peaks at 394, 517, and 636 cm-1 are attributed to the anatase TiO2

[29], in well consistence with the XRD results. As shown in Fig. 2, all the four

catalysts present three peaks around 818, 945, and 1080 cm-1. Generally speaking,

the peak at 1020–1100 cm-1 was attested to the monolayer dispersion of V=O

vibration from isolated monomeric vanadyl [30], whereas the band appears at

approximately 940 cm-1 attributed to the V–O–V bonds from polymeric vanadate

Table 2 Textural properties of

the catalysts calcined at different

temperature

Sample BET surface area

(m2/g)

Pore volume

(cm3/g)

Pore size

(nm)

V loading

(lmol/m2)

CA-440 58 0.29 35.9 2.7

CA-500 56 0.26 36.4 2.9

CA-560 51 0.22 37.8 3.1

CA-620 47 0.17 40.3 3.4
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Fig. 2 Raman spectra in the
range 750–1150 cm-1 of
different catalysts
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[4]. The arresting peak at 818 cm-1 was ascribing to crystalline Mo–O–Mo [31, 32].

From Fig. 2, it is clearly seen that the Raman peak for the polymeric vanadate shifts

to the higher wavenumber with respect to the increase of the calcination

temperature. This fact allows us to confirm that the calcination temperature can

affect the vanadium species. The isolated monomeric vanadyl could transform to

polymeric vanadate progressively with the increasing calcination temperature.

Meanwhile, it is also noteworthy that no additional peak at 994 cm-1 appears even

if the calcination temperature was evaluated to 620 �C, illustrating that no

crystalline V2O5 formed during the calcination process [29]. These results are in

conformity with the analysis results of XRD and N2-adsorption. Additionally, there

are no obvious changes in the peak at 818 cm-1 for these four catalysts, revealing

the nature of MoO3 of the different samples were similar to each other.

The redox properties of the different catalysts were tested by H2-TPR analysis, as

depicted in Fig. 3. Single reduction peak appears at 400–550 �C for each catalyst,

encompassing the reduction of vanadium oxides and molybdenum species [30, 33].

In view of the CA-440 catalyst, the maximum temperature is at 478 �C. When the

catalyst was calcined at 500 �C, the maximum temperature shifts towards the higher

temperature and the hydrogen consumption peak slightly decreases. Moreover, this

tendency becomes more distinct with the increase of calcination temperature. The

H2 consumption of the different catalysts are 333, 321, 286 and 264 (lmol/g).

Fig. S2 in the Supplementary Information exhibited the H2-TPR profiles of MoO3/

TiO2 catalysts calcined at different temperatures. The preparation process of the

MoO3/TiO2 catalyst is exactly the same as the V2O5–MoO3/TiO2 catalyst, except

for the absence of V2O5. From Fig. S2, it can be seen that all the MoO3/TiO2

catalysts show H2 consumption peaks around 470 �C, which is similar to the results

of Koh et al. [9]. Likewise, the differences between the two reduction peaks are

small. This indicates that the MoO3 species are not appreciably affected by the

calcination temperature, which is in agreement with the Raman results. Thereupon,

the variation in the reduction peaks of Fig. 3 could be assigned to the vanadium

species. Similar effect was also observed by Dong et al. [17] and they suggested that

350 400 450 500 550 600

478

483

487

495

Temperature (oC)

CA-620

CA-560

CA-500

CA-440

Fig. 3 H2-TPR profiles of
different catalysts. Conditions
H2/N2(5/95 v/v), flow
rate = 40 mL/min,
ramp = 10 �C/min, catalyst
mass = 50 mg
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this was because the polymeric vanadate was more difficult to be reduced than the

isolated monomeric vanadyl.

It has been found that SCR performance is positively related to the surface

acidity of the V2O5–TiO2-based catalyst. NH3-TPD was carried out to provide

information on the amount and strength of acid sites. Fig. 4 represents the NH3-TPD

profiles of the catalysts calcined at different temperatures. Usually, V2O5–TiO2-

based catalyst exhibits a weak NH3 desorption at 100–300 �C, which is attributed to

physisorbed NH3 and partially ionic NH4
? bound to Brønsted acid sites, and a

strong NH3 desorption peak assigned to the desorption of coordinated NH3 bound to

Lewis acid sites at about 400–500 �C. In our experiments, a broad NH3 desorption

peak ranging from 100 to 400 �C is observed on the different catalysts, which

composes the above-mentioned two NH3 desorption peaks. With the increasing

calcination temperature, the amount of the acid sites of the catalysts increase, and

the acid intensities become stronger monotonously as evidenced from the NH3

desorption temperature moves towards the higher range. It is reasonable to speculate

that the variation in the acidity properties of the catalysts is caused by the generation

of polymeric vanadate. As reported [34], the increasing in the bridging V–O–V

bonds of polymeric vanadate could lead to the raise of the weak acid sites of V2O5/

TiO2 catalyst. On the other hand, the valence of vanadium also have a connection

with the catalyst acidity. Following Yang [35], high valence state V5? may mainly

provide Brønsted acid sites, while the low valence state would provide Brønsted and

Lewis acid sites. In this sense, the increase of (V4? ? V3?)/V5? ratio of the catalyst

could result in the increase of the strength of Brønsted and Lewis acid sites.

The chemical state of catalyst components at the catalyst surface was tested by

X-ray photoelectron spectroscopy (XPS). Fig. 5 shows the XPS spectra of the

different catalysts, and the results are summarized in Table 3 after deconvolution of

the spectra.

It could be noted that in the spectra, the component at binding energies of 517.2,

516.1 and 515.4 eV can be found, which is associated with the V5? 2p3/2, V4? 2p3/2

and V3? 2p3/2, [11, 36]. From the data compiled in Table 3, it is recognized that the

100 200 300 400 500

186

197

219

233

Temperature (oC)

CA-620

CA-560

CA-500

CA-440

Fig. 4 NH3-TPD profiles of
different catalysts. Conditions
flow rate = 30 mL/min, carrier
gas: He, ramp = 10 �C/min,
catalyst mass = 150 mg
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values of V4/V5? and (V4? ? V3?)/V5? ratio increase with the increase of

calcination temperature. CA-620 catalyst possesses the highest value of V4/V5? and

(V4? ? V3?)/V5? ratio, meaning that higher amount of vanadium exist in low

oxidation states. To explain this finding, it should be emphasized that vanadium

species in high oxidation states originated from monomeric vanadyl, whereas the

low oxidation state vanadium species from the polymeric phase [37, 38]. Taking

into account that the increasing calcination temperature brings to the continuously

formation of polymeric vanadate, thus the values of V4/V5? and (V4? ? V3?)/V5?
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Fig. 5 XPS analysis of V 2p (a), Mo 3d (b) and O 1s (c) of different catalysts using Al Ka radiation
(1486.6 eV) as the radiation source

Table 3 Valence state of elements and atomic percentage of different catalysts

Catalyst V4?/V5? (V4? ? V3?)/V5? Mo6?/(Mo5? ? Mo6?) Oa/(Oa ? Ob)

CA-440 0.73 0.92 0.85 0.14

CA-500 0.89 1.03 0.86 0.17

CA-560 0.94 1.18 0.87 0.20

CA-620 1.12 1.29 0.88 0.22
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ratio of the catalysts increase and thereby enhance the acid strength of the catalysts

showed in NH3-TPD analysis. In addition, it has been demonstrated that the V4/V5?

and (V4? ? V3?)/V5? ratio play a part in the catalytic activity of the catalyst [28].

Predictably, the different catalysts might vary in catalytic performance.

Fig. 5b represents the Mo 3d peak of the different samples. These binding

energies are at 235.8 and 232.6 eV for Mo6?, 234.9 and 231.5 eV for Mo5? [39]. It

turns out that the molybdenum of the samples are mainly in Mo6? valence states.

Furthermore, the Mo6?/(Mo5? ? Mo6?) ratio increases slightly with the increase of

(V4? ? V3?)/V5? ratio. That is to say, in our experiments the impact of calcination

temperature on molybdenum appeared limited. Alternatively, there is a positive

relationship between Mo6?/(Mo5? ? Mo6?) ratio and (V4? ? V3?)/V5? ratio.

The O 1s peaks could be fitted into two peaks. The first peak at 529 eV is

assigned to the lattice oxygen (denoted as Ob), whereas the second peak at 532 eV

corresponds to the chemisorbed oxygen (denoted as Oa) [40]. Typically, Oa has

been proved to the most active oxygen and plays an important role in oxidation

reactions [41]. The high relative Oa/(Oa ? Ob) ratio could facilitated the oxidation

of NO to NO2, which be beneficial to the SCR process. As shown in Table 3, the

corresponding concentration of Oa for CA-500 catalyst is 0.17, which is higher than

that of CA-440 catalyst. Furthermore, with the continuous increase of calcination

temperature, the value of Oa/(Oa ? Ob) ratio increases simultaneously.

Catalytic performance

The influence of different calcination temperature on the catalytic activity of the

catalysts is presented in Fig. 6. It could be found that the NOx conversion of CA-

500 catalyst is higher than that of CA-440 catalyst. At 250 �C, the NOx conversion

is generally improved from 45.2 to 77.6%. This phenomenon is interpreted in terms

of the formation of polymeric vanadate, because the polymeric vanadate is

established to be approximately 10 times more active than the isolated monomeric

vanadyl [42]. Besides, the acidity of the catalysts is heightened with the increase of

calcination temperature. In this situation, the adsorption capacity of NH3 on the
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Fig. 6 NOx conversion of
different catalysts for selective
reduction of NO with NH3.
Conditions NO and
NH3 = 500 ppm, O2 = 5 vol%,
balance N2; total flow
rate = 1000 mL/min with 0.5 g
catalyst
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catalyst surface is modified, which is also in favor of the catalytic activity [29]. On

the other hand, the increasing V4/V5?, (V4? ? V3?)/V5? and Oa/(Oa ? Ob) ratio

on catalyst surface from XPS measurement also make a contribution to the rise of

the NOx conversion.

With the increase of the calcination temperature, the NOx conversion shows an

incremental trend in a range of 250–370 �C, suggesting that the reactivity of the

catalysts in the SCR reaction is shifted toward lower temperatures on increasing

calcination temperature. Beside this fact, it is interesting to note that the NOx

conversion at temperatures greater than 370 �C tend to decrease when the catalysts

are calcined above 500 �C. In the case of the CA-500 sample, the NOx conversion at

460 �C is 93.3%. In a comparison, when 620 �C is chosen as the calcination

temperature, the NOx conversion at 460 �C drops markedly to 73.7%. To explain

this, it should be noted that the V2O5-based catalysts is not only highly active in

SCR reaction of NO with NH3 (Eq. 1) but also some unwanted side reactions, such

as the non-selective catalytic reduction (NSCR) reaction (Eq. 2) and the NH3

oxidation reactions (Eqs. 3–5) [43]. Furthermore, the simultaneous occurrence of

these side reactions can be facilitated especially at high reaction temperature

[44, 45], resulting in the consumption of NH3, the formation of N2O and NO. In our

experiments, when the reaction temperature is above 440 �C, the formation of N2O

tends to escalate, which is depicted in Fig. 7. Luca et al. [6] found the similar

phenomenon. They detected a distinct increase of the amount of N2O when the

V2O5–MoO3/TiO2 catalyst was carried out at high temperatures, above 670 K. And

they concluded that the N2O formation was ascribed to the NSCR process and the

NH3 oxidation. Hence, it could be reasonable to deduce that the N2O in our

experiments is derived from Eqs. (2) and (4).

4NH3 + 4NO + O2 ! 4N2 + 6H2O ð1Þ

4NH3 + 4NO + 3O2 ! 4N2O + 6H2O ð2Þ
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Fig. 7 N2O concentration of
different catalysts for selective
reduction of NO with NH3.
Conditions NO and
NH3 = 500 ppm, O2 = 5 vol%,
balance N2; total flow
rate = 1000 mL/min with 0.5 g
catalyst
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4NH3 þ 3O2 ! 2N2 + 6H2O ð3Þ

2NH3 + 2O2 ! N2O + 3H2O ð4Þ

4NH3 + 5O2 ! 4NO + 6H2O ð5Þ

Concerning the sample calcined at 440 �C, the N2O concentration is less than

10 ppm even at 460 �C. By comparing with this, the further increase in the

calcination temperature results in the continuous growth of N2O. Over CA-620

catalyst, the maximum N2O concentration appears as 56 ppm at 460 �C. To explain

this, it should first be noted that the formation of N2O is usually observed at

temperature above 350 �C [46]. What is more, the polymerization process of

dispersed vanadium species is regarded as the main reason for the increase of N2O

in SCR reaction [15, 47], because the relative more labile oxygen atoms in

polyvanadate species with respect to isolated vanadyls could be favorable for the

formation of N2O [42]. As aforementioned, the polymeric vanadate generated

progressively with the increase of calcination temperature. Hereby, higher amount

of N2O would be obtained on catalysts calcined at high temperatures.

Mechanical property

Based on the knowledge that the fly ashes in the flue gas could erode the surface of

the SCR catalyst, the mechanical property of the catalyst was as important as the

catalytic activity. The attrition strength is generally considered to be an important

identification parameter of commercial plate-type catalyst. As shown in Fig. 8, the

attrition strength for CA-440 catalyst is 83.7 mg/100U. With regard to the catalysts

calcined at higher temperatures, when the calcination temperature is 500 �C, the

attrition strength reaches a lower value than other catalysts, indicating that a

suitable calcination temperature is benefit to the attrition strength for plate-type

V2O5–MoO3/TiO2 catalyst. However, when the calcination temperature is exces-

sive, the attrition strength value raises.
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Fig. 8 Attrition strength of the
catalyst with different
calcination temperature.
Conditions testing
time = 5 min, speed = 60
r/min, weight = 1.0 kg

614 Reac Kinet Mech Cat (2018) 124:603–617

123



Apart from that, it could be also found that the CA-440 and CA-500 catalysts

showed relatively smooth surfaces (see Fig. S3 in the Supplementary Information)

manifesting that the catalyst ingredients are evenly distributed on the substrate. By

contrast, cracks develop when the calcination temperature is above 500 �C. CA-620

catalyst shows the worst surface properties. These results might relate to the

disparity in the coefficient of expansions of the catalyst ingredients and the

substrate, and the different volatilizing speeds of the organic materials at various

temperatures. Based on an overall consideration of the catalytic performance and

mechanical property, CA-500 catalyst is an ideal catalyst for the SCR reaction.

Conclusions

In summary, the influence of the calcination temperature for the plate-type V2O5–

MoO3/TiO2 catalyst on the catalytic performance in SCR of NO was investigated.

Compared with the catalyst calcined at 440 �C, the amount of polymeric vanadate

increases gradually and the catalyst acidity becomes strengthened after the

calcination from 500 to 620 �C. Moreover, the V4/V5?, (V4? ? V3?)/V5? and

Oa/(Oa ? Ob) ratio of the catalysts also increased with the increase of calcination

temperature. In these cases, the catalytic activity of the catalyst below 370 �C was

effectively enhanced. However, the generation of polymeric vanadate caused the

formation of N2O at high reaction temperature ([ 370 �C) simultaneously. Besides,

the calcination temperature had an impact on the mechanical property of the

catalyst. A suitable calcination temperature could improve the attrition strength of

the catalyst, while the continuous increase of calcination temperature could change

the mechanical property of the catalyst in a perverse way. In our experiments, CA-

500 catalyst exhibited the best catalytic behavior and mechanical property, implying

that the most appropriate calcination temperature for plate-type V2O5–MoO3/TiO2

catalyst was 500 �C.

Acknowledgements The authors are grateful to the financial supports of the Fund Project for

Transformation of Scientific and Technological Achievements of Jiangsu Province of China (Grant No.

BA2017095).

References

1. Sounak R, Hegde MS, Giridhar M (2009) Catalysis for NOx abatement. Appl Energy 86:2283–2297

2. Liu YM, Shu H, Xu QS, Zhang YH, Yang LJ (2015) FT-IR study of the SO2 oxidation behavior in

the selective catalytic reduction of NO with NH3 over commercial catalysts. J Fuel Chem Technol

43:1018–1024

3. Qiu MY, Zhan SH, Zhu DD, Yu HB, Shi Q (2015) NH3-SCR performance improvement of meso-

porous Sn modified Cr–MnOx catalysts at low temperatures. Catal Today 258:103–111

4. Yu WC, Wu XD, Si ZC, Weng D (2013) Influences of impregnation procedure on the SCR activity

and alkali resistance of V2O5–WO3/TiO2 catalyst. Appl Surf Sci 283:209–214

5. Kwon DW, Park KH, Hong SC (2016) Enhancement of SCR activity and SO2 resistance on VOx/

TiO2 catalyst by addition of molybdenum. Chem Eng J 284:315–324

6. Luca L, Isabella N, Gianguido R, Lorenzo DA, Guido B, Elio G, Pio F, Fiorenzo B (1999) Char-

acterization and reactivity of V2O5–MoO3/TiO2 De-NOx SCR catalysts. J Catal 187:419–435

Reac Kinet Mech Cat (2018) 124:603–617 615

123



7. Zhang SL, Zhong Q (2013) Promotional effect of WO3 on O2- over V2O5/TiO2 catalyst for selective

catalytic reduction of NO with NH3. J Mol Catal A 373:108–113

8. Larrubia MA, Busca G (2001) An ultraviolet-visible-near infrared study of the electronic structure of

oxide-supported vanadia-tungsta and vanadia-molybdena. Mater Chem Phys 72:337–346

9. Koh HL, Park HK (2013) Characterization of MoO3–V2O5/Al2O3 catalysts for selective catalytic

reduction of NO by NH3. J Ind Eng Chem 19:73–79

10. Chen L, Li JH, Ge MF (2009) Promotional Effect of Ce-doped V2O5–WO3/TiO2 with low vanadium

loadings for selective catalytic reduction of NOx by NH3. J Phys Chem 113:21177–21184

11. Shi AJ, Wang XQ, Yu T, Shen MQ (2011) The effect of zirconia additive on the activity and

structure stability of V2O5/WO3–TiO2 ammonia SCR catalysts. Appl Catal B 106(359–36):9

12. Zhang QM, Song CL, Lv G, Bin F, Pang HT, Song JO (2015) Effect of metal oxide partial sub-

stitution of V2O5 in V2O5–WO3/TiO2 on selective catalytic reduction of NO with NH3. J Ind Eng

Chem 24:79–86

13. Zhang YP, Guo WQ, Wang LF, Song M, Yang LJ, Shen K, Xu HT, Zhou CC (2015) Characterization

and activity of V2O5–CeO2/TiO2–ZrO2 catalysts for NH3-selective catalytic reduction of NOx. Chin J

Catal 36:1701–1710

14. Pan YX, Zhao W, Zhong Q, Cai W, Li HY (2013) Promotional effect of Si-doped V2O5/TiO2 for

selective catalytic reduction of NOx by NH3. J Environ Sci 25:1703–1711

15. Song I, Youn SH, Lee HH, Lee SG, Cho SJ, Kim DH (2017) Effects of microporous TiO2 support on

the catalytic and structural properties of V2O5/microporous TiO2 for the selective catalytic reduction

of NO by NH3. Appl Catal B 210:421–431

16. Cha WJ, Chin SM, Park E, Yun ST, Jurng JS (2013) Effect of V2O5 loading of V2O5/TiO2 catalysts

prepared via CVC and impregnation methods on NOx removal. Appl Catal B 140–141:708–715

17. Dong GJ, Zhang YF, Zhao Y, Bai Y (2014) Effect of the pH value of precursor solution on the

catalytic performance of V2O5–WO3/TiO2 in the low temperature NH3-SCR of NOx. J Fuel Chem

Technol 42:1455–1463

18. Li JY, Song ZX, Ning P, Zhang QL, Liu X, Li H, Huang ZZ (2015) Influence of calcination

temperature on selective catalytic reduction of NOx with NH3 over CeO2–ZrO2–WO3 catalyst. J Rare

Earths 33:726–735

19. Meng DM, Zhan WC, Guo Y, Guo YL, Wang YS, Wang L, Lu GZ (2016) A highly effective catalyst

of Sm–Mn mixed oxide for the selective catalytic reduction of NOx with ammonia: effect of the

calcination temperature. J Mol Catal A: Chem 420:272–281

20. Wang JH, Dong XS, Wang YJ, Li YD (2015) Effect of the calcination temperature on the perfor-

mance of a CeMoOx catalyst in the selective catalytic reduction of NOx with ammonia. Catal Today

245:10–15

21. Bellifa A, Lahcene D, Tchenar YN, Choukchou-Braham A, Bachir R, Bedrane S, Kappenstein C

(2006) Preparation and characterization of 20 wt% V2O5–TiO2 catalyst oxidation of cyclohexane.

Appl Catal A 305:1–6

22. Ma ZR, Wu XD, Feng Y, Si ZC, Weng D, Shi L (2015) Low-temperature SCR activity and SO2

deactivation mechanism of Ce-modified V2O5–WO3/TiO2 catalyst. Process Nat Sci 25:342–352

23. Chen XB, Mao SS (2007) Titanium dioxide nanomaterials: synthesis, properties, modifications, and

applications. Chem Rev 107:2891–2959

24. Isabella N, Lorenzo DA, Luca L, Elio G, Pio F (2001) Study of thermal deactivation of a de-NOx

commercial catalyst. Appl Catal B 35:31–42

25. Mutin PH, Popa AF, Vioux A, Delahay G, Coq B (2001) Nonhydrolytic vanadia-titania xerogels:

synthesis, characterization, and behavior in the selective catalytic reduction of NO by NH3. Appl

Catal B 69:49–57

26. Bond GC, Tahir SF (1991) Vanadium oxide monolayer catalysts preparation, characterization and

catalytic activity. Appl Catal 71:1–31

27. Bulushev DA, Kiwi-Minsker L, Rainone F, Renken A (2002) Characterization of surface vanadia

forms on V/Ti-oxide catalyst via temperature-programmed reduction in hydrogen and spectroscopic

methods. J Catal 205:115–122

28. Kwon DW, Park KH, Hong SC (2013) The influence on SCR activity of the atomic structure of

V2O5/TiO2 catalysts prepared by a mechanochemical method. Appl Catal A 451:227–235

29. Choo ST, Lee YG, Nam IS, Han SW, Lee JB (2000) Characteristics of V2O5 supported on sulfated

TiO2 for selective catalytic reduction of NO by NH3. Appl Catal A 200:177–188

30. Dong GJ, Bai Y, Zhang YF, Zhao Y (2015) Effect of the V4?(3?)/V5? ration on the denitration

activity for V2O5–WO3/TiO2 catalysts. New J Chem 39:3588–3596

616 Reac Kinet Mech Cat (2018) 124:603–617

123



31. Mestl G (2002) In situ Raman spectroscopy for the characterization of MoVW mixed oxide catalysts.

J Raman Spectrosc 33:333–347

32. Qiu Y, Bo L, Du J, Tang Q, Liu ZH, Liu RL, Tao CY (2016) The monolithic cordierite supported

V2O5–MoO3/TiO2 catalyst for NH3-SCR. Chem Eng J 294:264–272

33. Laura C, Luca L, Isbella N, Pio F, Alfons B (1999) SCR of NO by NH3 over TiO2-supported V2O5–

MoO3 catalysts: reactivity and redox behavior. Appl Catal B 22:63–77

34. Tang FS, Zhuang K, Yang F, Yang LL, Xu BL, Qiu JH, Fan YN (2012) Effect of dispersion state and

surface properties of supported vanadia on the activity of V2O5/TiO2 catalysts for the selectivity

catalytic reduction of NO by NH3. Chin J Catal 33:933–940

35. Yang RT, Li WB, Chen N (1998) Reversible chemisorption of nitric oxide in the presence of oxygen

on titania and titania modified with surface sulfate. Appl Catal A 169:215–225

36. Guo XY, Calvin B, William H, Larry LB (2009) Effects of sulfate species on V2O5/TiO2 SCR

catalysts in coal and biomass-fired systems. Appl Catal B 92:30–40

37. Magg N, Immaraporn B, Giorgi JB, Schroeder T, Bäumer M, Döbler J, Wu ZL, Kondratenko E,
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