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ABSTRACT: A long-time evaluation of n-butane oxidation over COx

an industrial vanadium—phosphorus—oxygen (VPO) catalyst was ‘,0 ‘Il}, ¢ Higher valance of vanadium
implemented. The catalytic performances for n-butane oxidation ¢ 0 Evaluated

[l Metrics & More | @ Supporting Information

during this period were obtained. It was shown that the conversion HC=CH — ¢ Higher selectivity of COx
of n-butane increased with the evaluation time, but the selectivity /\/ ﬂ | ‘ o XPO catalyst

of the maleic anhydride (MA) product decreased gradually. To /C\_/C\ o o Higher activity
investigate the crystal transformation of the VPO catalyst, the 0 o O

properties of fresh and evaluated VPO catalysts were measured by

a series of characterization methods, including X-ray diffraction (XRD), N, adsorption and desorption, NH;-temperature
programmed desorption (TPD), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). The results showed that the
acidities and valence of vanadium increased after evaluation due to the appearance of a f-VOPO, phase. The crystal transformation
would increase the activity for n-butane oxidation. Meanwhile, during the evaluation period, the decrease in selectivity of the MA
product should be related to the decreasing percentage of Lat-O species in the VPO catalyst.

1. INTRODUCTION

Vanadyl pyrophosphate (VPO) catalysts have been proved to
be effective for selectively oxidizing n-butane into maleic
anhydride (MA).' ™ The correlation of catalytic behaviors for
n-butane oxidation with crystalline phases in VPO catalysts has
been reviewed widely."”” The crystalline phases can easily
transform into other forms during calcination and activation.
Therefore, it is really difficult to correlate the activity and
selectivity with the crystalline phases.

Common VPO catalysts have (VO),P,0, with a vanadium
valence of 4+ and (a-, f-, y-, §-) VOPO, phases with a
vanadium valence of 5+. The precursor VOHPO,-0.5H,0 of
the VPO catalyst will be transformed into V** and (VO),P,0,
phases in an oxidative atmosphere.® It has been reported that

for n-butane oxidation."”> Above all, the crystalline phases of
the VPO catalyst play an important role in the catalytic
performance for n-butane oxidation.

Meanwhile, the stability of the VPO catalyst was significant
for its industrial application. Patience et al. believed that
carbon deposition was the primary cause of poor catalytic
performance of the evaluated catalyst.'® Li et al. studied the
stability and reusability of a VPO catalyst. The authors
assigned the deactivation to the carbon deposition on the
active phase. They refreshed the used catalyst by calcination in
an air atmosphere at 400 °C. However, the catalytic
performance of the refreshed VPO catalyst was also
decreased."”

(VO),P,0, will transform into the B-VOPO, phase in an
oxygen atmosphere.” The f-VOPO, phase is treated as the
most stable species among anhydrous orthophosphates.” The
roles of V°* and V* crystalline phases in the catalytic
performance for n-butane oxidation were argued by many
researchers.'”"" Some believed that the (VO),P,0, phase was
considered as the active phase in the VPO catalyst for n-butane
oxidation.'” Others argued that the V**/V** dimeric species in
the topmost oxidized layer of vanadyl pyrophosphate were the
active sites.'” Abon et al. reported that thestrong interaction of
the isolated V°* phase with the (VO),P,0, phase would
increase the selectivity of the MA product.'* Mestl et al. found
that a higher proportion of vanadyl pyrophosphate would lead
to a more active catalytic performance. The surface amorphous
V** species of the a-VOPO, phase could improve the activity
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In our work, a long-time evaluation of n-butane oxidation
over an industrial VPO catalyst was implemented, and the
changes of crystalline phases, pore parameters, and acidities
between the fresh VPO catalyst and evaluated catalyst were
compared carefully. The principle behind the change in
conversion of n-butane and selectivity of the MA product
with evaluation time was disclosed.
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Figure 1. (a) Conversion of n-butane (X); (b) selectivity of MA (S); (c) mass yield of MA; and (d) temperature rise (AT).

2. EXPERIMENTAL SECTION

2.1. Catalyst. The industrial VPO catalyst was synthesized
by Dalian Research Institute of Petroleum and Petrochemicals,
SINOPEC. The preparation method was as follows: Isobutanol
was selected as a reducing agent. V,0; was applied as V
sources, and phosphoric acid was chosen as P sources.
Different raw materials for synthesis were mixed and reacted
at 90 °C. The precursor was obtained and then dried in an air
atmosphere. Thereafter, the obtained powder was mixed with a
certain amount of graphite, and then the mixture was pressed
into a tablet. Finally, the precursor was activated in a N,/air
(1:1) atmosphere at 390 °C with a temperature rising rate of 5
°C/h for 10 h.

2.2. Characterization Methods. The characterization
methods for all of the VPO catalysts included N, adsorption—
desorption, NH,-TPD, X-ray diffraction (XRD), Raman
spectroscopy, ammonia temperature-programmed desorption
(NH;-TPD), and X-ray photoelectron spectroscopy (XPS).
The details of the above characterization methods are provided
in the Supporting Information.

2.3. Evaluation Methods. Typically, 4.0 g of the VPO
catalysts was used for the oxidation of n-butane to maleic
anhydride. VPO catalysts with a mesh number of 10—20 were
mixed with the same size silica sand (volume ratio 1:1). The
mixture was loaded in the middle of a stainless-steel fixed-bed
reactor. The reactor diameter was 14 mm. The length of the
catalyst bed was about 7.0 cm. The position of a thermocouple
would be adjusted at the hot point of the catalyst bed at
different reaction conditions. The gas feed consisted of n-
butane and air, and the volume percentage of n-butane was
1.392%. The oxidation of n-butane over all of the VPO
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catalysts was evaluated under the conditions of P = 0.03 MPa,
T = 400 °C, and gas hourly space velocity (GHSV) = 2000
h™". The outlet gas stream from oxidation of n-butane for all of
the catalysts was analyzed by gas chromatography (Agilent).
2.4. Calculation Methods. The n-butane conversion (X),
selectivity of the MA product (S), and yields of the MA
product (Y) were calculated by the following equations

= P = Pow
Yin (1)

B Oco + ycoz)
T 40m, — ) @
Y=XXS (mol%) (3)

In the above equations, y represents the volume or molar
percentage; yn;, and yn,, represent the volume percentages of
n-butane in the feed and product, respectively; and yco and
Ycoz represent the volume percentages of CO and CO, (CO,)
in the gas product, respectively.

3. RESULTS AND DISCUSSION

3.1. Long-Time Evaluation for the VPO Catalyst. The
n-butane oxidation performance of the industrial VPO catalysts
was evaluated for 528 h. The conversion of n-butane (X),
selectivity of MA (S), mass yield of MA, and temperature rise
(AT) were obtained and are shown in Figure 1. It presented
that the conversion of n-butane increased with the evaluation
time. After evaluation for 528 h, the X values increased from
78.67 to 88.20%. However, the selectivity of the MA product
decreased with the evaluation time. The S values decreased
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from 68.44 to 64.33%. As reported in the literature, the
selectivity of the MA product for a typical VPO catalyst was
about 56%, which was lower than our prepared catalyst.
Moreover, the mass yield of the MA product increased with
the evaluation time before 312 h. Thereafter, the mass yield of
the MA product decreased sharply from 97.37 to 95.87%. The
temperature rise also increased with the evaluation time, which
indicated that the activity increased with the evaluation time.
In addition, the selectivities of CO and CO, products during
the long-time evaluation period are also shown in Figure S1. It
showed that the selectivity of CO, increased from 11.1 to
14.1%, and the selectivity of CO increased from 18.1 to 21.1%
gradually. Accordingly, it was significant to clarify the
mechanism of the dramatic change in the n-butane oxidation
performance of the VPO catalyst during such a short time.
3.2. Properties of Fresh and Evaluated Catalysts. To
investigate the change of pore properties for fresh and
evaluated VPO catalysts, N, adsorption and desorption
measurements were applied. The result is shown in Figure 2,

—=— Fresh catalyst
—e— Evaluated catalyst

Quantity Adsorbed, cm®/g STP

00 02 04 06 08 1.0
PIP

0

Figure 2. N, adsorption—desorption isotherm of fresh and evaluated
catalysts.

and the pore properties of fresh and evaluated VPO catalysts
are given in Table 1. From Figure 2, fresh and evaluated

Table 1. Properties of Fresh and Evaluated Catalysts

catalyst fresh catalyst evaluated catalyst
surface area, m*/g 27.72 27.39
volume, cm3/g 0.14 0.16
pore diameter, nm 20.35 23.96
P contents, wt % 18.97 18.48

catalysts showed type V curves with H3 hysteresis loops. As
shown in Table 1, the surface area of the evaluated catalyst was
lower than that of the fresh catalyst. The pore volume and pore
diameter of the evaluated catalyst were higher than those of the
fresh catalyst. In general, the pore properties of fresh and
evaluated catalysts had a small change. Moreover, the contents
of phosphorus in the fresh and evaluated catalysts were 18.97
and 1848 wt %, respectively. This could indicate that a
phosphorus loss would occur during the long-time evaluation.
The phosphorus loss would influence the crystal composition
and catalytic behaviors. It has been reported that the
phosphorus loss would decrease the selectivity of the MA
product. The catalyst must compensate for the loss of

phosphorus to maintain stable operation at a certain
time.”' %%

NH;-TPD spectra were used to determine the acidities of
fresh and evaluated catalysts. The NH;-TPD patterns and
acidities of the two catalysts are shown in Figure 3 and Table 2,

Fresh catalyst
Evaluated catalyst

TCD Signal /a.u.

T T T T T T T T
100 150 200 250 300 350 400 450 500 550
T,°C

Figure 3. NH,-TPD patterns of fresh and evaluated catalysts.

Table 2. Acidities of Fresh and Evaluated Catalysts

total
150—250 °C,  250—400 °C, 400—450 °C,  amount,
catalyst mL/g mL/g mL/g mL/g
fresh 1.378 2.124 0.794 4.306
catalyst
evaluated 1.776 2.212 0.883 4.871
catalyst

respectively. The strengths of acidities were assigned as weak
(150—250 °C), medium (250—400 °C), and strong (400—450
°C) on the basis of NH; desorption temperatures. It was
shown that the total amount of acidity of the evaluated catalyst
was higher than that of the fresh catalyst. Noticeably, V°*
species could accept an electron and transform into V**. V**
species could be considered as Lewis acid sites. Meanwhile, it
has been reported that the amount of Lewis sites for VPO
catalysts is more higher than that of Bronsted sites.”'
Therefore, it could be deduced that the percentage of V**
species on the surface of the catalyst would be increased due to
the increment of total acidity.

The XRD measurement was implemented to investigate the
crystal transformation of fresh and evaluated catalysts, and the
corresponding patterns are shown in Figure 4. For the fresh
catalyst, the peaks appearing at 18.5, 21.7, 23.0, 28.5, 29.9,
33.7, 36.4, and 38.1° should be ascribed to the (VO),P,0,
phase with the (020), (113), (200), (024), (032), (016),
(230), and (232) crystal faces, respectively.””** For the
evaluated catalyst, the peak at 21.7° assigned to the
(VO),P,0, phase could not be observed. However, the new
peak at 29.3° assigned to the f-VOPO, phase from the (020)
direction could be observed. The vanadium valence of the
(VO),P,0, phase was 4+, and the vanadium valence of the -
VOPO, phase was 5+.° Accordingly, the vanadium valence of
the VPO catalyst would be increased after evaluation due to
the appearance of the f-VOPO, crystal phase.

The more sensitive Raman measurement was applied to
study the crystal changes of fresh and evaluated catalysts. The
Raman spectra are shown in Figure S. It exhibited that the
crystal phases of the VPO catalyst changed a lot after
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Figure 4. XRD patterns of fresh and evaluated catalysts.
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Figure S. Raman spectra of fresh and evaluated catalysts.

evaluation. For the fresh catalyst, the peaks at about 597, 649,
938, 1020, 1090, and 1186 cm™ were assigned to the
(VO),P,0, crystal phase. For the evaluated catalyst, some new
peaks at about 438, 998, and 1070 cm™" were ascribed to the f3-
VOPO, phase.””*** Therefore, the appearance of the p-
VOPO, phase would occur after the long-time evaluation. This
could lead to the increment of vanadium valence for the VPO
catalyst, which was in accordance with the XRD measurement.

The XPS measurement was used to study the surface V and
O species of fresh and evaluated catalysts.'>** The XPS spectra
of fresh and evaluated catalysts in the V 2p;/, and O 1s regions
are shown in Figures 6 and 7, respectively. The obtained
percentages of V* and V¥, average vanadium valence, and
Lat-O/Sur-O ratio are given in Table 3. The binding energies
from 528 to 536 eV were assigned to O 1s species of the VPO
catalyst.”®”” The existent states of oxygen species over the
VPO catalyst included surface hydroxide ions and carbonates
(Sur-O) and lattice oxygen ions (Lat-O).”**’ The binding
energy of Sur-O species was 533.1 eV, and the bindin§ energy
of Lat-O species was nearly 532.1 and 531.1 eV.”**" From
Table 3, compared with the fresh VPO catalyst, the Lat-O/Sur-
O ratio decreased from 1.39 to 1.30 after the long-time
evaluation.

In Figure 7, the binding energies from 512 to 520 eV were
ascribed to V 2p;/, species in the VPO catalyst. It has been
reported that the binding energies of V** and V°* species were
516.8 and 517.8 €V, respectively.”*> As shown in Table 3, the
percentage of V*' and average vanadium valence of the
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Figure 6. XPS spectra in the V 2p;,, region for fresh and evaluated
catalysts.
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Figure 7. XPS spectra in the O 1s region for fresh and evaluated
catalysts.

Table 3. XPS Data of Different Catalysts

catalysts P (V*) P (V*) V" Lat-O/Sur-O
fresh catalyst 0.59 0.41 4.41 1.39
evaluated catalyst 0.13 0.87 4.87 1.30

Wyu=4XP (V") +5xP (V).

evaluated VPO catalyst were higher than those of the fresh
VPO catalyst. The XPS results were consistent with the NH;-
TPD, XRD, and Raman measurements. A.i.T-Lachgar et al.
proposed that the Sur-O species was associated with the
appearance of V°* ions."* In our experiment, the increased
vanadium valence and percentage of Sur-O species for the
VPO catalyst after evaluation confirmed the above proposition.

3.3. Mechanism of Crystal Phase Transformation. The
pore property, acidity, crystal phases, and nature of oxygen
species of VPO catalysts would play an important role in the
catalytic performance for n-butane oxidation. The N,
adsorption and desorption results showed that the pore
diameter, pore volume, and surface area changed little after
the long-time evaluation. However, the amount of acidity for
the VPO catalyst was increased after evaluation. It has been
reported that the acid sites could particularly activate n-butane
molecules.”” If the acid sites were poisoned by NH; or K, the
reaction of n-butane to MA would be strongly prohibited.”***
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Therefore, the increase in conversion of n-butane should be
correlated with the increase in acidity. Moreover, the
transformation of the crystal phase for the VPO catalyst
would also occur during the evaluation period. The XRD,
Raman, and XPS measurements confirmed that the vanadium
valence was increased due to the existence of the f-VOPO,
phase after the long-time evaluation. Some researchers
compared a (VO),P,0;, catalyst without V** species and a
conventional VPO catalyst with V°* species. It was revealed
that the presence of residual V>* entities on the V** matrix
could favor the conversion of n-butane to MA.*® Some
researchers also disclosed that the isolated V°* sites in strong
interaction with (VO),P,0, were important in the selective
oxidation of n-butane to MA, and the best V°*/V* ratio should
be 0.25. Therefore, the fact that the activity of n-butane
oxidation showed an increasing trend in our experiment should
also be associated with the increasing percentage of V°* in the
VPO catalyst. In conclusion, the increase in conversion of n-
butane and selectivities of CO and CO, during the long-time
evaluation should be due to the increase in vanadium valence
and acidity of the VPO catalyst.

The reaction path of n-butane oxidation is shown in Scheme
1. The Lat-O species could facilitate the formation of the MA

Scheme 1. Reaction Path of n-Butane Oxidation
CcO

product, while the Sur-O species could lead to the deep
oxidation into CO,.>” Hence, the Lat-O/Sur-O ratio might be
well related to the selectivity of the MA product in the
oxidation of n-butane. The evaluated VPO catalyst showed a
lower Lat-O/Sur-O ratio than the fresh catalyst. The selectivity
of the MA product presented a decreasing trend during the
long-time evaluation, which should be caused by the loss of
Lat-O species.

4. CONCLUSIONS

An industrial VPO catalyst was evaluated for a long time. The
results showed that the conversion of n-butane and reaction
activities increased with running time. However, the selectivity
of the MA product decreased with the running time. At a
certain time, the yield of the MA product decreased sharply.

The properties of fresh and evaluated VPO catalysts were
compared systematically. The characterization results revealed
that the acidities and valence state of vanadium of the
evaluated VPO catalyst were higher than those of the fresh
catalyst due to the appearance of the f-VOPO, phase. The
crystal transformation of the VPO catalyst would promote the
oxidation of n-butane.

Finally, the influences of crystal phase transformation on the
activity for n-butane oxidation and selectivity of the MA
product were revealed. The increasing activities should be due
to the increasing percentage of V°* in the VPO catalyst. The
decreasing selectivity of the MA product should be due to the
decreasing percentage of Lat-O species.
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