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Abstract−Mo1.0V0.4Te0.25Nb0.24Ox catalyst was prepared by hydrothermal synthesis in a solution containing a drying
control chemical additive (DCCA) such as propionic acid (PA) or formamide (FA). The performance of the prepared
catalysts in propane oxidation for producing acrylic acid (AA) was improved because the catalyst showed an increase in
both the activity and AA selectivity. The activity was increased due to an increase in the surface area and in the oxygen
mobility. The AA selectivity was increased due to a decrease in the number of acidic sites, which were responsible
for the unselective and deep oxidation of intermediates. The catalyst performance was degraded when excess amounts
of DCCA were used in the preparation step because the surface area decreased, due to the residues of DCCA, and the
surface density of acidic sites increased.
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INTRODUCTION

Replacing propylene with propane as a feed of selective oxida-
tion process to produce acrylic acid (AA) is an important challenge
in catalysis research [1-4]. One of candidate catalysts for the pro-
cess is the Mo-V-Te-Nb-Ox system containing two major phases:
an orthorhombic M1 phase, taking the major role of activating paraf-
fin by surface V5+ species, and a hexagonal M2 phase, serving as a
co-catalyst or a mop-up phase converting propylene to acrolein [5-
10]. The propylene species are known to be produced on the M1
phase and transferred to M2 sites during the reaction.

There were attempts to increase the surface area of the Mo-V-
Te-Nb-Ox catalyst using surfactants such as cetyl trimethylammo-
nium bromide or supports, but the prepared catalysts exhibited low
productivity of AA per unit surface area [11,12]. Jo et al. [13] reported
that both the surface area and the activity of Bi-Mo-Co-Fe-K-O cata-
lysts for propylene oxidation could be increased when the catalysts
were synthesized in a solution containing drying control chemical
additives (DCCA). The DCCA is an organic material commonly
used in a sol-gel process to make the growth rates of crystallites
constant and to reduce the interfacial tension between sol and gel
phases. Accordingly, the DCCA contributed to an increase in the
surface area of prepared catalysts by forming small, uniform pores
and by suppressing pore cracks in the drying step [14,15].

In this study, we prepared Mo-V-Te-Nb-Ox particles by a hydro-
thermal method from a solution containing DCCA, and examined
their reaction and surface properties as they changed with the types
and amounts of the DCCA.

EXPERIMENTAL

1. Catalyst Preparation
The DCCA-added Mo-V-Te-Nb-Ox catalysts with nominal atomic

ratios, Mo/V/Te/Nb=1/0.4/0.25/0.24, were prepared by hydrothermal
synthesis as previously reported [16-29]. Ammonium paramolyb-
date (4.5 g) and telluric acid (1.405 g) were dissolved in 20 ml of
distilled water. A second or a third solution was prepared by dis-
solving hydrated vanadyl sulfate (2.61 g) or hydrated niobium oxalate
(1.835 g) in 10 ml of distilled water. Propionic acid (PA) or forma-
mide (FA) was added as a DCCA to the first solution with stirring.
The second solution containing V was added to the first solution
containing Mo, Te and DCCA, and the resulting solution was stirred
for 5 min. The third solution containing Nb was finally added to the
above mixed solution, and the resulting slurry was stirred for 10 min.
All operations, including preparation and stirring of the solution, were
performed at 75 oC. The slurry was introduced into a stainless-steel
autoclave that was sealed and heated at 175 oC for 6 h after nitro-
gen bubbling for 5 min. The dark blue powder obtained was washed
with distilled water and dried at 110 oC for 12 h. The dried powder
was sequentially heat-treated at 600 oC in nitrogen flow for 2 h. All
samples modified with DCCA will be indexed as “DCCA X”, in
which X denotes the amount of added DCCA in the molar ratio of
DCCA over Mo.
2. Reaction

Propane oxidation was conducted using 0.1 g of catalyst in a stain-
less-steel tubular reactor (ID: 4.5mm) at temperatures between 350 oC
and 400 oC. The molar fractions of feed components with a fixed
space velocity of 1,000 h−1 were propane/O2/N2/H2O=0.08/0.21/
0.33/0.38, respectively. A gas line connecting the reactor to a gas
chromatograph was maintained at 170 oC during the reaction tests
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to prevent possible condensation of reaction products inside the line.
A multi-position valve connected to eight parallel reactors changed
the analyzing channel in sequence such that the tests were made
simultaneously in a short period.

The gas chromatograph was equipped with two capillary col-
umns connected in parallel. One was a sequential column consist-
ing of CP-Al2O3/KCL (Varian) and SOLGEL WAX (SGE), which
was connected with a flame ionization detector (FID), for the separa-
tion and analysis of hydrocarbons. The other was a 60/80 CAR-
BOXEN 1000 (Supelco) column that was connected with a thermal
conductivity detector (TCD) for the separation and analysis of N2,
O2, CO and CO2. The conversion of propane and the selectivity for
the production of specific products were calculated based on car-
bon balance.
3. Characterization
3-1. Surface Area and Crystallite Structure

The BET surface areas and pore volumes of the sample cata-
lysts were measured by using ASAP 2010 (Micromeritics Co.). All
sample catalysts were degassed at 200 oC for 2 h to remove physi-
cally adsorbed water from the surface prior to the adsorption of N2.

Crystalline phases of the sample catalysts were analyzed by X-
ray diffraction (XRD) using M18XHF-SRA (MAC Science Co.),
which was operated with a Cu Kα source at 40 kV and 200 mA.
The scan rate was 5o/min.

A field emission scanning-electron microscope (FE SEM, model
SUPRA 55VP, Carl Zeiss Ltd.) was used to obtain the real image
of prepared crystallites. Samples were coated with a platinum layer
prior to the observations.
3-2. Oxygen Mobility, Surface Residues and Acidic Sites

The mobility of oxygen that makes up the lattice oxygen con-

sumed in the oxidation process was analyzed by the temperature-
programmed oxidation (TPO) of the catalyst. Prior to the TPO ex-
periments, the catalyst was used in propane oxidation at 400 oC for
3 h without supplying O2 in the feed. In this way, the catalyst was
partially reduced by consuming its lattice oxygen for oxidizing pro-
pane. After the reduced catalyst was placed in JP/Bel-Cat (Bel Japan
Inc.), a stream of 5% O2 and 95% Ar was introduced to a reactor
containing the sample catalyst. Temperature was then raised from
20 oC to 550 oC at a heating rate of 10 oC/min. The amounts of O2

consumed in the stream were measured with a TCD.
The amounts of residues on the prepared catalysts, which could

originate from DCCA that had been added in excess amounts, were
analyzed by temperature-programmed desorption (TPD). The DCCA-
added catalyst was heated from 20 oC to 600 oC at a rate of 10 oC/
min in flowing He, while the species desorbing from the catalyst
were monitored by signals of a mass spectrometer HAL201-RC
(Hiden Co.) at m/e=74, 29, 27 for PA and at m/e=45, 44, 28 for FA.

NH3-TPD experiments were carried out using JP/Bel-Cat (Bel
Japan Inc.) to estimate the amounts of acidic sites on the catalyst
surface. All samples were pre-treated at 150 oC for 1 h in He and
then cooled to room temperature. For the TPD, pulses of NH3 were
introduced to the catalyst surface for adsorption, which was fol-
lowed by purging with He for 1 h. Then, the sample catalyst was
heated from 20 oC to 650 oC at a rate of 10 oC/min and the des-
orbed gas was analyzed for NH3 using a TCD.

RESULTS

1. Oxidation of Propane
Fig. 1(a), which shows the conversions of propane obtained by

Fig. 1. (a) Propane conversions in propane oxidation, obtained using sample catalysts. The X-axis is in log scale. Reaction temperatures
are (■) 350 oC, (●) 375 oC, and (▲) 400 oC. Catalyst amount=0.1 g; space velocity=1,000 h−1. Propane : oxygen : nitrogen : water=
0.08 : 0.21 : 0.33 : 0.38 (molar fractions). (b) Selectivity for acrylic acid in propane oxidation, obtained using sample catalysts. The
DCCA/Mo molar ratios are (■) 0, (▼) 0.01, (○) 0.02, (●) 0.05, (△) 0.1, and (◆) 0.2. Other conditions are the same as in Fig. 1(a).
(c) The acrylic-acid (AA) yield in propane oxidation, obtained using sample catalysts. Reaction temperatures are (■) 350 oC, (●)
375 oC, and (▲) 400 oC. Other conditions are the same as in Fig. 1(a).
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using the PA- and FA-added catalysts at different reaction tempera-
tures, indicates that the activity was enhanced by the DCCA addi-
tion and showed a maximum when the DCCA/Mo ratios were 0.02-
0.05. Fig. 1(b) shows that the AA selectivity, which decreased at
high conversions, was also enhanced by the DCCA addition. Con-
sequently, the AA yield, obtained by multiplying the conversion with
the selectivity, showed a maximum when the DCCA/Mo ratio was
0.1 for PA and 0.02 for FA, respectively (Fig. 1(c)). The enhance-
ment in the AA yield was largely due to an increase in the activity
in the case of the PA-added catalyst but it was due to an increase in
the selectivity in the case of the FA-added catalyst.
2. Characterization
2-1. Surface Area

The BET surface areas of the catalysts increased with an increase
in the amounts of added DCCA until a maximum was observed
when the DCCA/Mo ratio was 0.1 for PA (7.5 m2/g) and 0.02 for
FA (8 m2/g), respectively (Fig. 2).

The pore volume of the catalysts also changed with the amounts
of added DCCA (the results are not shown here), showing a trend
similar to that of surface area. On the other hand, the pore size dis-
tribution was similar among the prepared catalysts, regardless of the
types and amounts of added DCCA. Accordingly, it was concluded
that the surface area was increased due to the generation of new
pores of the same structure.
2-2. Crystallite Phase

The XRD spectra of the prepared catalysts, shown in Fig. 3, re-
present three crystallite phases: Mo5−X(V/Nb)XO14 (2θ=7.7, 8.7, 14.0,
22.1, 23.3, 24.9, 29.7, 31.5, 32.4 and 33.5), Te2M20O57 (M1: 2θ=
7.7, 9.0, 22.1, 26.2, 26.8, 27.3, 29.2, and 35.4), and Te0.33MO3.33 (M2:
2θ=22.1, 28.2, 36.2, 45.2, and 50.0), where M in the latter two phases
indicates either Mo, V, or Nb [30-33]. The intensities of two peaks
representing M1 (29.2o) and M2 (28.2o) phases, and the intensity
ratios of the two peaks, M1 (29.2o)/ M2 (28.2o), are presented in
Table 1. The ratios of the two peaks remained nearly constant (0.52-
0.55), independent of the amounts of added PA, but increased (0.58-
0.91) with the amounts of added FA. The trend of the FA-added

catalysts was observed largely because the intensity of M2 peak
(28.2o) decreased at excessive amounts of FA. It is noteworthy that
FA is more basic than water. Oliver et al. [34], who studied the morph-
ology and crystallite structure of Mo-V-Te-Nb-Ox catalysts prepared
by a slurry method at different pH, observed that a part of Te was

Fig. 2. Change in the surface areas of sample catalysts with the
amounts of added DCCA. Samples are (■) Model, (▲)
PA-added, and (○) FA-added catalysts.

Fig. 3. X-ray diffraction patterns of sample catalysts. (a) Model,
(b) 0.05, (c) 0.1, (d) 0.2, and (e) 0.3 for PA-added catalyst,
(a) Model, (b) 0.01, (c) 0.02, (d) 0.05, (e) 0.1, and (f) 0.2 for
FA-added catalyst. Individual crystallite phases are repre-
sented by the following characteristic peaks [30-33]. ○:
Mo5−X(V/Nb)XO14 (2θ=7.7, 8.7, 14.0, 22.1, 23.3, 24.9, 29.7,
31.5, 32.4 and 33.5o), ■: Te2M20O57 (M1: 2θ=7.7, 9.0, 22.1,
26.2, 26.8, 27.3, 29.2 and 35.4o), ●: Te0.33MO3.33 (M2: 2θ=
22.1, 28.2, 36.2, 45.2 and 50.0o).

Table 1. The intensities of characteristic XRD peaks represent-
ing individual crystallite phases of sample catalysts

Catalyst M1 (29.2o) M2 (28.2o) M1 (29.2o)/M2 (28.2o)
Model 11 23 0.48
PA 0.05 14 25 0.54
PA 0.1 15 28 0.55
PA 0.2 14 27 0.52
FA 0.02 14 24 0.58
FA 0.05 14 17 0.78
FA 0.1 15 16 0.91
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lost during heat-treatment when the catalysts were prepared at pH
higher than an optimum value. As Te is located at the center of a
hexagonal channel in M2 phase, the loss of Te can suppress the for-
mation of the M2 phase.

In both cases of the DCCA addition, the peak intensity ratio was
higher than in the case of the model catalyst (0.48), indicating that
the relative amounts of M1 phase with respect to M2 phase were
increased by the DCCA addition.
2-3. FE-SEM

The crystallites of DCCA-added catalysts were observed by FE-
SEM, as shown in Fig. 4. The stick-shaped crystallites of the model
catalyst (Fig. 4(a)), which represent the orthorhombic M1 phase [35],
are about 600-800 nm long as indicated by boxes in the figure. The
length of the M1 phase of FA 0.02 catalyst (Fig. 4(b)), which was
in the range of 300-500 nm, was clearly shorter than that of model

catalyst. The length was even shorter for FA 0.2 catalyst (Fig. 4(c)),
in which case the stick-shaped crystallites longer than 500 nm were
hardly observed. A similar trend in the size of M1 crystallites was
observed with PA-added catalysts. The stick-shaped crystallites of
PA 0.1 catalyst were in the uniform size range of 400-500 nm, and
those of PA 0.3 catalyst were smaller than 400 nm (Figs. 4(d) and
4(e)). Accordingly, it can be concluded based on the above obser-
vations that the size, particularly the length, of M1 crystallites was
decreased by the DCCA addition.
2-4. Oxygen Mobility

Fig. 5 shows the TPO profiles of sample catalysts, which were
partially depleted of the lattice oxygen species after they had been
used for propane oxidation in an O2-free propane stream. All the
catalysts showed two major peaks at temperatures below 500 oC,
which represent oxygen required for replenishing the oxygen spe-

Fig. 4. SEM images of prepared catalysts. (a) Model, (b) FA 0.02, (c) FA 0.2, (d) PA 0.1, and (e) PA 0.3. The highlighted boxes indicate M1
crystallites [50,000 magnification].
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cies that were consumed in the oxidation process. That is, a peak
observed at about 300 oC (Peak I) is attributed to the oxygen species

present on the catalyst surface, while the one appearing near 400 oC
(peak II) is due to the lattice oxygen in the catalyst structure [36-
41]. It is noteworthy in Fig. 5 that peaks I and II were shifted to lower
temperatures due to the DCCA addition compared with the case of
model catalyst. In particular, peak II was shifted by as large as 10 oC
in both cases of FA 0.02 and PA 0.1, indicating that the mobility of
the lattice oxygen was enhanced by the DCCA addition.

Fig. 5 also shows that the intensity of peak II increased with the
DCCA addition, by about 1.15 and 1.1-fold for FA 0.02 and PA
0.1, respectively. This result agrees with the increased oxygen mobil-
ity of DCCA-added catalysts, which will simultaneously increase
the amounts of oxygen consumed during propane oxidation.
2-5. Residue Analysis

The results of TPD experiments to monitor the species originat-
ing from either PA 0.3 or FA 0.1 at elevated temperatures are shown
in Fig. 6. The sample catalysts were selected among those contain-
ing large amounts of DCCA because the mass signals in the TPD
were weak. The results indicate that FA, represented by a mass signal
at m/e=44, was decomposed at higher temperatures than PA, repre-
sented by a signal at m/e=29. Accordingly, the DCCA residues are
expected to be deposited in larger amounts on the FA-added cata-
lysts than on the PA-added ones.
2-6. NH3 TPD

The results of NH3-TPD from the catalysts (Fig. 7) show two
peaks, an intensive one centered at about 200 oC and the other ap-
pearing as a broad shoulder at above 300 oC, representing the acidic
sites of different strength [42,43]. The DCCA addition did not affect
the position of the TPD peaks, which represented the acidic strength,
but decreased the intensity of the peaks, which represented the amounts
of the acidic sites. In particular, the intensity of peak II decreased to
greater extents than that of peak I in both cases of the PA- and FA-
addition, which indicated that the DCCA addition preferentially de-
creased the amounts of relatively strong acidic sites. The quantita-
tive data of the above results are summarized in Table 2. Between

Fig. 5. TPO results obtained using sample catalysts. (a) Model, (b)
FA 0.02, and (c) PA 0.1.

Fig. 7. TPD of NH3 from sample catalysts containing different
amounts of DCCA. (a) Model, (b) PA 0.1, (c) PA 0.3, (d) FA
0.02, and (e) FA 0.1.

Fig. 6. Mass signals of (a) PA (represented by m/e=29) and (b) FA
(represented by m/e=44) in the TPD experiments using PA
0.3 and FA 0.1, respectively.
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PA and FA, PA seems to be slightly more effective for decreasing
the acid amounts than the FA, but a definite conclusion should be
retained due to errors involved in the estimation of the acid amounts.

DISCUSSION

1. Surface Area of DCCA-added Catalyst
According to Fig. 2, catalysts prepared from a solution contain-

ing DCCA had higher surface areas than the model catalyst. This
result can be explained based on two characteristics of DCCA.

One is that DCCA lowered the interfacial tension between sol
and gel phases that were formed in the catalyst preparation process
to allow the precipitation of relatively small particles, leading to an
increase in the catalyst surface area.

The other is the high viscosity of DCCA compared with water,
which decreased the rates of hydrothermal reaction [44-46] and even-
tually the growth of the crystallites of M1 phase in the prepared cata-
lysts, as observed in Fig. 4. The suppression of the crystallite growth
was more significant in the case of using FA, which had a viscosity
of 4.3 mPa·s, than in the case of using PA, which had a viscosity of
1.52 mPa·s. The viscosity of PA was similar to that of water but its
acidic property might have affected the growth of crystallites, as
reported in other studies [47-51].

The catalyst surface area was eventually lowered when DCCA
was added in excessive amounts, i.e., greater than 0.1 (PA) and 0.02
(FA), because the residues of added DCCA accumulated on the cata-
lyst surface. The accumulation of the residues was more significant
with FA than with PA, as supported by the results of the residue-
monitoring tests shown in Fig. 6. Consequently, the surface area
started to decrease with smaller amounts of added FA than in the
case of PA.
2. Activity for Propane Oxidation

The activity of Mo-V-Te-Nb-Ox catalyst for propane oxidation
increased with the DCCA addition, which can be explained based
on three observations made in this study.

The first explanation is an increase in the surface area. The amount
of added DCCA that allowed the highest surface area agreed with
that allowed the optimum activity. Although changes in the activity
were smaller than those in surface areas, which was obtained because
the reaction tests were made in an integral reaction scheme, it is
obvious that an increase in the surface area contributed to the im-
provement of activity.

The second one is enhancement in oxygen mobility. Fig. 5 indi-
cates that the TPO peaks, particularly peak II that originated from
the replenishment of consumed lattice oxygen, were shifted to lower
temperatures in the cases of PA 0.1 and FA 0.02 compared with
the case of model catalyst. Accordingly, lattice oxygen consumed
by the reaction was replenished more efficiently in the former cata-
lysts than in the latter. The reason for the enhanced oxygen mobil-

ity of the DCCA-added catalysts is believed to be the reduced crys-
tallite size of M1 phase in the catalysts (Fig. 4), which will decrease
the distance for oxygen migration in the lattice.

The third explanation of the activity improvement can be made
considering changes in the relative amount of M1 compared to that
of M2 phase. The relative amounts of M1 increased in the DCCA-
added catalysts, particularly in PA 0.1 and FA 0.02 catalysts which
showed the maximum conversions. The above scenario is in accor-
dance with the work of Tu [52], who suggested that a high M1/M2
ratio was beneficial to the catalytic activity for propane oxidation
because the reaction proceeded largely on the M1 phase.

The major reason for the degradation of activity with the amounts
of added DCCA greater than the optimum, i.e., 0.1 (PA) and 0.02
(FA), is believed to be a decrease in the surface area (Table 2) by
coverage with the surface residues (Fig. 6). In the case of FA-added
catalyst, a significant decrease in the amounts of M2 phase will reduce
the rates of propane oxidation because M2 is responsible for trans-
ferring lattice oxygen to the M1 phase [5,42,53].
3. Selectivity for Acrylic Acid

The propane oxidation pathway consists of two major paths, as
described in Fig. 8 [3,54,55]. One is the main path starting from
propane via propylene to acrolein and AA. The other is a side reaction
via 2-propanol to produce acetone and acetic acid, which are the
precursors of CO and CO2. 2-propanol or acetone can be produced
from propylene on acidic sites as well [55-57].

The AA selectivity of the catalysts increased with the DCCA add-
ition, showing a maximum at the PA/Mo ratios of 0.1 and FA/Mo
ratios of 0.02 (Fig. 1(b)). The enhancement in the AA selectivity
by the DCCA addition can be explained by the following two rea-
sons. One, reason is a decrease in the amount of acidic sites. Accord-
ing to Table 2, the total amounts of acidic sites, represented by the
area of NH3-TPD peaks, decreased even when the surface areas in-
creased with the DCCA addition. Acidic sites in Mo-V-Te-Nb-Ox

catalysts are known to promote side reactions leading to by-prod-
ucts, such as acetone, acetic acid and carbon oxides [2,58-60].

The DCCA addition preferentially decreased the amounts of strong

Table 2. The amounts of ammonia desorbed from sample catalysts during NH3 TPD experiments (Fig. 7)

Catalyst Model PA 0.1 PA 0.3 FA 0.02 FA 0.1
Area of NH3-TPD peaks 205 178 162 203 183
Surface area (m2/g) 6 7.5 6.7 8 6.5
Area of NH3-TPD peaks/surface area 34.2 23.7 24.2 25.3 28
Fractional amounts (%) of acidic sites represented by a peak in region II (Fig. 7) 35 21 22 25 24

Fig. 8. Reaction pathways in propane oxidation [55].
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acidic sites, represented by peak II (Fig. 7 and Table 2), which may
include nucleophilic Lewis acid sites that favor the cracking of the
C-C bond of propane to induce unselective deep oxidation [2,61,62],
and Brønsted acid sites that are responsible for the conversion of
propylene to undesired products, such as acetone and acetic acid
[63,64]. A decrease in the number of the strong acidic sites indi-
cates the suppression of side reactions leading to CO and CO2. In
conclusion, the AA selectivity of the DCCA-added catalysts increased
due to a decrease in the amounts of acidic sites, particularly the strong
acid sites.

The other reason for the selectivity improvement can be the pro-
motion of the lattice-oxygen migration between M1 and M2 phases
due to the reduced size of crystallites. Fine crystallites packed as
close neighbors (shown in Fig. 4) will allow easy migration of oxy-
gen between the two phases, which will eventually improve the ethyl-
ene selectivity.

The AA selectivity was decreased when the amounts of added
FA and PA were greater than 0.02 and 0.1, respectively, which can
be explained as follows.

Small-size crystallites formed on PA 0.3 and FA 0.2 catalysts
must be densely packed and simultaneously contaminated with the
surface residues, within a small space, which will hamper the quick
diffusion of desorbed AA to outside the catalyst particles. In addi-
tion, a significantly high ratio of M1/M2 phases (Table 1) for FA-
added catalyst is expected to depress the selectivity because the M2
phase is responsible for the selective oxidation of propylene that
has been produced on and migrated from the M1 phase. It has been
reported that the balanced ratio of M1/M2 phases is a key factor
for the selective oxidation of propane [52,53,64-68].

CONCLUSIONS

The activity and selectivity of a hydrothermally-synthesized Mo1.0

V0.4Te0.25Nb0.24Ox catalyst in the partial oxidation of propane to acrylic
acid were improved when the catalyst was prepared from a solu-
tion containing DCCA such as propionic acid and formamide.

The activity was promoted because the surface area of the cata-
lyst was increased by the DCCA addition. The formation of smaller
M1 and M2 crystallites, which allowed the enhanced oxygen mobil-
ity in the crystallites, also contributed to the increased activity.

The AA selectivity increased in the DCCA-added catalysts, largely
due to a decrease in the amounts of acidic sites, particularly strong
acidic sites. Overall, the AA yield was improved by 15.5% and 15%
for PA 0.1 and FA 0.02 catalysts compared to the case of model
catalyst.

The catalyst performance was degraded when the amounts of
added DCCA were excessive because the surface area decreased
and the number of acidic sites per surface area increased.
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