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A novel method for the preparation of vanadyl hydrogen phosphite hydrates is described. The reaction
of V,0s, HsPGs, and 1-propanol in the absence of water at 1680led to the formation of VOHP®
1.5H,0 with high surface area (ca. 50°Mm), whereas in the presence of water VOHRO was the
unique product. The materials were characterized using a combination of techniques including elemental
analysis, thermogravimetric analysis, powder X-ray diffraction, laser Raman spectroscopy, and infrared
spectroscopy. On heating the sample in flowing nitrogen at°t)0t was found that the vanadyl(1V)
hydrogen phosphite(lll) hydrates transformed into vanadium(lll) phosphate(V),MR®an internal
oxidation—reduction process between V(IV) and P(lll), wherein V(IV) was reduced to V(lIl) and P(lll)
was oxidized to P(V). Whereas, heating the vanadyl hydrogen phosphite hydrates in flowing hydrogen
can inhibit the phase transformation from vanadyl hydrogen phosphite ta.\MR© catalytic performance
for the selective oxidation af-butane to maleic anhydride using the final catalysts prepared by in situ
activation under the reaction conditions was contrasted. It was found that the catalyst derived from the
VOHPO;-H,0 precursor shows a higher intrinsic activity for the production of maleic anhydride than
that derived from VOHP@1.5H,0.

Introduction documented. Some of the most widely studied are the V(V)
vanady! orthophosphatea+ -, y-, -, andw-VOPO, and
. . . . VOPQ,-2H,0) and the V(IV) vanadyl hydrogen phosphates
which are well-known as commercial catalysts for the partial (VOHPQy2H,0, VOHPQ-0.5H,0, VO(H,PQy)5), vanadyl

oxidation of n-butane to maleic anhydride, has promoted
extensive studies concerning the synthesis of new vanadiummetaphOSphate (VO(RE), and vanadyl pyrophosphate

phosphate phasés!! One main reason is that vanadium ((VO)P.0y) which is ?Ieaimed to be the active phase of
phosphates can be prepared as a large number of specific(:: ommercial cafalysts . .
Johnson and co-workers synthesized a series of layered

phases both due to the variable oxidation state of vanadium o
i . X V(IV)/P(ll1) compounds of general composition VO{n+1-
and the large number of ways in which vanaditaxygen PO)yH:O (y = 15, 1= n < 3:y = 1.0, 4< n = 8) by

polyhedra (octahedra or square pyramids) and phOSphateiwydrothermal reaction of ¥D; and corresponding alkylphos-

tetrahedra can be connected to form two- or three- phonic acid in water at 208C.3-5 The compounds with

imensional networks? T many well-char riz L

dime slona et /o 52 To date, many well-c aactg eo!,' < 3 have structures similar to that of VOHRO.5H,0. The

crystalline vanadium phosphate phases have been identified” o : )
. , compositions with 4 n < 8 also are layered, with structures

whose structures and catalytic properties have been well

apparently related to that of VO{EsP0;)-H,O. Subse-
quently, Guliants and co-workers reported the synthesis and

The discovery of vanadiumphosphorus oxide systems,
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spectroscopic characterization and thermal transformation to

VPO, in nitrogen via an internal oxidatiefreduction reac-
tion.

Experimental Section

Synthesis.Vanadium phosphorus oxide precursors were prepared
as follows. Typically, vanadium pentoxide,,®s (3.0 g, 99%,
Aldrich), and phosphorous acidgPiO; (3.5 g, 99%, Aldrich), were
reacted with a mixture (60 mL) of 1-propanol and distilled water
with various water concentrations (0, 8.3, 16.7, 50 vol %) in an
autoclave at 150C for 24 h. Prior to reaction, the air in the
autoclave was replaced with,NThe solid was recovered by
filtration, washed with acetone, and dried at 2Qin air for 24 h.

The samples prepared with different water content were denoted
VPO-0, VPO-1, VPO-2, and VPO-3, respectively.

Characterization. Powder X-ray diffraction patterns were
recorded with an Enraf-Nonius FR590 diffractometer using a Cu
Ka source fitted with an Inel CPS 120 position sensitive detector.
Laser Raman spectra were obtained with a Renishaw Ramanscop
spectrograph fitted a green Adaser using ca. 25 mW of the
514.532 nm line for excitation. Infrared spectra were recorded on
Nicolet 730 FTIR spectrometer using the KBr disk technique.
Thermogravimetric analysis was performed using a Perkin-Elmer
TGA instrument. The sample was heated from 30 to 800n N,
at a rate of 10C/min. The surface area was measured by a BET
method with a using a Micromeritics automatic adsorption system.

Elemental analysis of the samples for C and H was performed
using a CHN analyzer. The contents of V and P were determined
by an inductively coupled plasma atomic emission spectrometer
(ICP-AES, model Atom Scan 16, TJA Corp.), in which the sample
powder was dissolved into hot,HO, and solution was diluted with
water to about 30 ppm of V and P. The content of oxygen in the
sample was calculated by subtracting the sum of weights of V, P
C, and H.

In situ XRD experiments were performed with an Enraf-Nonius
FR590 diffractometer equipped with an in situ cell using a Gu K
source fitted with an Inel CPS 120 position sensitive detector. The
working voltage and current were 100 mA and 40 kV. Reactant
gases were fed to the in situ cell using calibrated mass flow
controllers. The total volume flow rate was 60 mL/min for all the
studies.

Catalyst Testing. The selective oxidation of-butane was carried
out using a stainless steel microreacteButane and air were fed
to the reactor via calibrated mass flow controllers to give a feedstock
composition of 1.5%n-butane in air, and a total feed gas space
velocity of 1700 mL gas/ml catalysts/h was employed. The products
were analyzed by on-line gas chromatography. Carbon mass
balances ot 97% were typically observed. The catalyst precursors
were heated in situ (1.5%butane in air) to the reaction temperature
from room temperature at a rate of’G/min.

Results and Discussion

Synthesis and Characterization of VOHPQ-1.5H,0.
In a previous study, Guliants et alprepared VOHPQ

welght loss / %

Dong et al.

Table 1. Elemental Composition and BET Surface Area of
Vanadium Phosphorus Oxides

VPO-0 VPO-1 VPO-2 VPO-3
V, wt %2 30.50 (1.00) 29.58 (1.00) 29.62 (1.00) 29.95 (1.00)
P, wt % 19.94 (1.06) 19.82 (1.10) 19.64 (1.08) 19.56 (1.05)
C, wt % 5.01(0.69) 0.60(0.09) 0.24(0.03) 0.13(0.02)
H, wt %2 255(4.25) 1.82(3.14) 1.74(3.00) 1.72(2.92)
0, wt %3 42.00 (4.38) 48.18 (5.19) 48.76 (5.26) 48.64 (5.15)
surf area (g) 51.4 8.5 3.2 0.5

2The values in the parentheses are relative atomic ratios.
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Figure 1. TGA curves of vanadyl hydrogen phosphite hydrates jn N
Heating rate: 10C/min.

n-butane/air in an activation procedure similar to the well
documented one for VOHR&.5H,0.1317 The vanadyl
pyrohosphate derived from this process showed high selec-
tivity to maleic anhydride inn-butane partial oxidation
comparable to the conventional unpromoted cataf/sts.

In this study, vanadium pentoxide was reacted with
phosphorous acid and 1-propanol in an autoclave at a higher
temperature of 150C for 24 h. The resulting product of
VPO-0 was characterized by a combination of various
characterization methods such as elemental analysis, BET,
TGA, XRD, laser Raman spectra, and FT-IR, and the
corresponding results are shown in Table 1 and Figures 1
respectively. The elemental analysis indicates that the
composition of VPO-0 is VP&H43044. TGA of VPO-0
shows multistep weight losses at 100, 230, 400, and’625
in which the weight loss below 30TC corresponds to the
loss of structural and intercalated water whereas above 300
°C it is considered that the weight loss can be attributed to
a loss of alcohol residues trapped in the particle agglomerates
in the resultant product. The total weight loss observed is
18.5%, higher than the value of weight loss of 13.8% for
the stoichiometric conversion of VB@H4 404 4to VPQ,. This
is mainly due to two factors. First it is possible that, in
addition to water, volatile phosphorus and esters or other

1.5H0 using a method in which vanadium pentoxide was gpecies were also formed and this contributed to the

refluxed in anhydrous ethanol for 16 h to reduce V(V) 10 gitference observed. Second, there was a difference in the
V(IV) and then phosphorous acid was added to give a P/V yrereatment conditions of VPO-0 sample for elemental
ratio of 1.0-1.3 and the reaction mixture was refluxed for analysis and TG analysis: i.e., the VPO-0 for elemental

another 20 h. The material synthesized as a powder has &nalysis was dried at 10T in air overnight, whereas the
surface area of 1320 n¥/g. This vanadyl phosphite could

be transformed into vanadyl pyrophosphate catalysts with (17) Hutchings, G. J.; Desmartin Chomel, A.; Olier, R.; Volta, INGture
high surface area (ca. 452fg) by online activation with 1994 368 41.
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Table 2. Raman and IR Peaks of the VPO-0 Sample at
Room Temperature?
Raman (cm?) 1454 W, 1143 M,1092 M, 1033 W, 1002 vS, 984 vS, 892 vW,
491 vW, 405 M, 310 W, 273 M, 209 W
. | l R | VPO-3 IR(cm)  3536S,3412S br, 3228 S, 2968 sh, 2440 W, 1626 W, 1174 vS,
e L 1082 vS, 1042 vS, 1014 S, 968 S, 817 W, 630 sh br, 566 S,
5 412 M
N aLabels: vS= very strong; S= strong; M= medium; W= weak; sh
= = shoulder; br= broad.
% 14 ” VPO-2
£ water in the phosphite is involved in a weak interlayer
bonding interaction with vanadyl groups. The weak interlayer
] /J VPO-1 interactions are key to the facile removal of the wétand
o0 this is in contrast with the structural water in VOHPO
1 - A 0.5H,0, wherein water forms strong hydrogen bonds with
0 ' 20 ' 40 ' 60 ' 80 the P-OH groups _in adjace_nt layers. _ _
26/ degrees XRD results indicate the interlayer spacing of VPO-0 is

larger than that previously reported for VOHPOQ5H,0
(8.59 vs 7.27 A). This difference is probably due, among
other factors, to the structure of vanadyl phosphite being
. strongly dependent on the nature of the solvent used during
its crystallization, as indicated earlier by Guliants et @he
Raman spectrum of VPO-0 is shown in Figure 3, and Table
2 summarizes the Raman shift of the bands. The Raman

VPO-3
1 VPO-2 spectrum of VPO-0 exhibits the same features as that of
i VOHPQO;:1.5H,0. The bands at 1143 and 1092 ©m
correspond to symmetric and asymmetrie @—P stretching
VPO-1

Figure 2. Powder XRD patterns of vanadyl hydrogen phosphite hydrates.

Intensity / a.u.

modes. The band at 1033 chcorresponds to the FH
stretching mode. The band at 1002 ©nwas tentatively
assigned to a ¥O stretching mode previously by Guliants

M et al” The strong band at 984 crhis assigned to symmetric
7 P—O stretching mode, whereas the coupled® and P-O
200 400 600 800 1000 1200 1400 1600 bending modes are observed in the 4800 cn1?! range.
Raman shift / cm™! Below 300 cm! the bands correspond to skeletal vibration

Figure 3. Laser Raman spectra of vanadyl hydrogen phosphite hydrates. Of VOs and HPQ groups. The infrared spectrum of VPO-0
is shown in Figure 4a. The wavenumbers of the IR bands

are listed in Table 2. VPO-0 exhibits a number of similar
o3 features in the IR spectrum with VOHRQ.5H,0, i.e., the
- \/\ strong and broad features at ca. 36@800 cm?® due to

coordinated water, a band at 2440 ¢rdue to P-H linkages,

| vPo-2 and a number of symmetric and antisymmetrie® stretch-
ing modes in the range of 136@50 cm'?, as well as P-O

= bending modes below 700 crh The above results clearly
< confirm that VPO-0 has essentially the same structure as
VFUK reported for VOHP@1.5H,0.7
It is possible that some other vanadium phosphates could
] also be formed during the autoclave preparation step because
VPO_‘O/\ phosphorous acid is a well-known reducing agent for V(V)
-— which oxidizes it into orthophosphate. As a result, both
4000 3500 3000 2000 1500 1000 500 VOHPQ,-0.5H,0 and VOPQ-2H,0O may be expected as
Wavenumber / cm” impurities in the synthesis of vanadyl phosphite according
Figure 4. FT-IR spectra of vanadyl hydrogen phosphite hydrates. to the following reactions:

_ ) ) V,0; + HPO, = 2VO, + H PO,
sample for TG analysis was not pretreated prior to analysis

and this may have introduced the variance in the two VO, + H,PO, = VOHPO,-0.5H,0 + 0.5H,0
observations. This may also explain why the composition
of VPO-0 is not consistent with VOHP£L.5H,0 although V,0; + 2H,PO, + H,0 = VOPQ,2H,0

powder X-ray diffraction (Figure 1), laser Raman (Figure

2), and IR spectra (Figure 3) confirm that they have  Although the reaction was conducted in the absence of
essentially the same structure. On the other hand, the presenwater, the complete removal of water from the reaction
results further confirm that the intercalated and structural mixture is impossible as the alcohol is oxidized to an
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aldehyde or ketone (during the reduction of V(V) to V(IV))

and these can produce water via aldol condensations. Water

can also be formed by the direct reduction ofO¢ by
alcohols:

V,0; + 2ROH= V,0, + R,0 + H,0

Hence, there are many routes for the formation of water in

the reaction. However, close inspection of the laser Raman

and IR spectra does not reveal the presence of V&R0
or VOHPQ-0.5H,0 as there are no Raman bands at 952
(vs(PO2Y)) or at 542 §(PO27)) cm ! or an IR band at 680
(w(H20)) cnm ! due to VOPQ-2H,0 as well as IR bands at
1195, 1103, and 1050 (assigned*C;)), 1131 0ip(POH)),
930 ((P—OH)), 641 oo(POH)), and 535 and 484(OPO))
cm! due to VOHPQ-0.5H,0.1416.18 |n addition, during
experiments we found the VOHRQ.5H,0, VPO-0, pre-
pared in pure 1-propanol freely dissolved in hot water to
form a light blue solution, which further excludes the
possibility of the formation of VOHP@0.5H,O since
VOHPQO,-0.5H,0 is not soluble in water and water is
frequently used to purify the materil.

Synthesis and Characterization of VOHPQ-H,0. In
the above study the reaction of vanadium pentoxide with
phosphorous acid and 1-propanol in an autoclave at’C50
led to the formation of VOHP®1.5H,0 with an ortho-
rhombic structure and ¥P—O connectivity similar to
VOHPQO,:0.5H,0 or VOCH;PGs:1.5H,0. Whereas, when
water was added in the reactants, it was found that VOHPO

H,O was formed as the sole product. It is also possible that

VOHPOG;+1.5H,0, VOPQG:-2H,;0, and VOHPQ@0.5H,0 could

be formed as impurities. However, since VOHPD5H,0
and VOPQ-2H,0 are known to dissolve freely in hot water,
to form a light blue colored solution and a light purple-red
colored solution, respectively, the formation of VOH{O
1.5H,0 and VOPQ-2H,0 as impurities was not considered

possible in this study as the preparation incorporated water

and the VOHP@1.5H,0 and VOPQ-2H,O would not have
precipitated but remained in the solution if they were formed
during the preparation. To further confirm the hypothesis,

VPO-1 sample was washed in hot water, and the filtrate was

found colorless and transparent; analysis of filtrate confirmed
the absence of V and P, which confirms that VOHPO
1.5H,0 and VOPQ-2H,0 were not formed in the products.
In addition the most intense reflectiod §pacing of 5.719

A) due to VOHPQ-0.5H,0, a nonwater soluble phosphate,
is absent in the XRD patterns of the VPO samples3;1
which excludes the possibility of the formation of VOHPO
0.5H:0 in the products. The elemental analysis of the vanadyl
hydrogen phosphite synthesized in a mixture of 1-propanol
and water is summarized in Table 1. The results indicate
that the compositions of VPO-1, VPO-2, and VPO-3 are
consistent with vanadyl hydrogen phosphite monohydrate,

VOHPG;-H,0. BET surface area measurements reveal that,
with increasing water content in the solution, the surface area
of resultant vanadyl hydrogen phosphite hydrates decreases

significantly from the initial value of 51 Afg of VPO-0 to

(18) Hutchings, G. J.; Higgins, R. (Imperial Chemical Industries). U.K.
Patent 1601121, 1981.

Dong et al.

Table 3. Raman and IR Peaks of VOHPQ@-H,0 at
Room Temperature?

Raman (cm') 1192 W, 1106 W, 1038 S sh, 1016 vS, 979 vS, 598 W,
527 W, 492 W, 403 W, 352 W, 317 W, 276 sh, 260 S,
241 sh, 211W

3436 S br, 3367 sh, 2478 W, 1649 W, 1140 vS, 1050 vS,
1021 w, 996S, 956 vS, 758 M, 621 S, 521 W, 484 M,
419 M

IR (cm™)

aLabels: vS= very strong; S= strong; M= medium; W= weak; sh
= shoulder; br= broad.

0.5 nt/g of VPO-3. TG curves show that these three vanadyl
hydrogen phosphite monohydrates, VPO-1, VPO-2, and
VPO-3, have a well-defined weight loss at around 4Q0
and continuous loss up to the final temperature of 800
The weight losses for these three samples are 13.0, 12.8,
and 13.9%, respectively. For the stoichiometric conversion
of VOHPG;-H,0 to VPQ, a weight loss of 11.5% is expected
which is less than the observed values. The differences
observed are probably due to excess water adsorbed onto
the powder samples.

Powder XRD patterns of VPO-1, VPO-2, and VPO-3 are
also shown in Figure 2. The XRD patterns of the samples
show rather similar features and can be fully indexed to
VOHPG;-H,O with a body-centered tetragonal structure,
which is in agreement with the results of elemental analysis.

Raman spectroscopy has been widely recognized as a very
sensitive characterization technique for metal oxide and
phosphates. It may also be useful in establishing local
structural differences in analogous compounds. The Raman
and IR spectra of VOHP£H,O have not been reported
previously? Thus, detailed Raman spectroscopy studies of
these vanadyl hydrogen phosphite monohydrates were carried
out. The main Raman bands of vanadyl hydrogen phosphite
monohydrate exhibit a number of common features, including
V—0O—P stretches between 1000 and 1200 §ncoupled
V—0 and P-O bending modes, and skeletal vibrations
between 150 and 600 cth The Raman bands of VOHRO
1.5H,0 at 1143 and 1092 cni corresponding to a VO—P
stretch are shifted to 1192 and 1106 ¢rm VOHPO;-H,0,
indicating a larger bond angle of MO—P in the latter
material because the MO—P stretch is related to the
V—0O—P bond angle: the larger the bond angle, the higher
the frequency of the Raman baHdlhe band at 1038 cm
probably corresponds to the—P stretching mode, which
appears at 1042 crhin laser Raman spectrum of VOHRO
1.5H,0. The band at 1016 cm is tentatively assigned to
the V=0 stretching mode which is expected to be in the
990-1000 cnt range on the basis of the average® bond
length of all vanadium phosphates known to be similar
(1.57-1.58 A)1* The band at 979 cmt in the Raman
spectrum of VOHP®H,0 (Figure 3 and Table 3) could be
assigned to another symmetric—B stretching mode,
whereas the coupled MO and P-O bending modes are
observed in 406600 cn1! range. Below 300 crt the bands
correspond to skeletal vibrations of ¥@nd HPQ groups.

The infrared spectrum of VOHP&H,O (Figure 4 and
Table 3) exhibits a band at ca. 3370 dincorresponding to
the stretching mode for coordinated water. The weak band
at ca. 1626 cm' may be assigned to the bending mode of
water molecules. The band at 2440¢nn the spectrum of
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Figure 5. Powder XRD patterns of vanadyl hydrogen phosphite hydrates B
samples after the thermal treatment ip & 750°C. 1
VOHPG;-1.5H,0 indicates P-H linkages in the structure,
which is shifted to 2478 cnt in the spectrum of VOHP® _ - 800°C
H,O, suggesting short-PH band linkages. A number of 3 " A ]
symmetric and antisymmetric-fO stretching modes are z A 600°C
observed in 1308850 cm? ranges. Below 700 cm the S VAR
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Structural Transformation of the Vanadyl Hydrogen gmmw Y W ¥ s
Phosphite Hydrates.Phase transformations were observed 1 AN W v % 200°C
when the as-synthesized VPO materials were treated in et
. L . JUUINY | UG WU, O e | s
nitrogen at 750C for 6 h asshown in Figure 5. It is worth g . . Iwwuluw s0°C
0

noting that all the samples were transformed into VRO 1 15 20 25 30 35 40 45
the sole product. VPQis one of the isostructural Crve 20/ degrees

type magnetic oxides, i.e., TIROVPQO,, p-CrPQ, and Figure 6. In situ powder XRD patterns of vanadyl hydrogen phosphite
FePOL, Sulfates MnSQand FeSQ and vanadates Crvo — IYEs () V0.0 B) vFo-2 o e e vesmert ol
and FeVQ-Il. In these compounds, octahedra MM = were taken at 50C intervals.)

Ti, V, Cr, Mn, Fe, Ni) form linear chain along theaxis by

sharing edge, and these chains are separated each other by To achieve a better understanding of this phase transfor-
tetrahedron MO, (M' = P, S, V). These CrV@type oxides mation process, the phase evolution of VPO-0 and VPO-2
exhibit a wide spectrum of magnetic properties despite their samples was examined by in situ XRD during heating in
structural similarity and have been studied over the past 50flowing nitrogen. The temperature was increased from 50
years?®?! The conventional method for the preparation of to 800°C with a heating rate BC/min, 50°C/step, and was
VPO, either involves the reaction of (Nj3HPQO, and NH- held at 800°C for 1 h. The XRD patterns were recorded at
VO3 at 950°C in argon atmosphere for several hours, the each step. The results are presented in Figure 6. The
reduction ofa-VOPQ, or (VO),P,O; in a controlled high- reflection @ = 8.59) of VPO-0 in the XRD patterns shifts
purity hydrogen atmosphere, or the microwave-assistedto larger &, and the intensity gradually decreases with
selective deoxygenation of-VOPO,-2H,0 using graphitic increasing temperature owing to the loss of structural and
carbon as a reducing ageé#t?® This study provides a novel intercalated water; at 35 it transformed to an amorphous
route for the preparation of VP@naterial, which has been  material, while at higher than 75 the sample transformed
shown to be a potential electrode material for a novel sodium- to well-crystallized VPQ. For VPO-2, the phase evolution

ion or lithium-ion cell based on C/NaVR® or C/LiV- exhibits different characteristics during thermal treatment.
PQy.2425 The intensity of reflections due to VOHR®!,0 also decline
gradually with increasing temperature. At 383G all the

(19) Busca, G.; Cavani, F.; Centi, G.; Trifiro, 5. Catal. 1086 99, 400.  'eflections due to VOHPEH,O disappear, whereas some
(20) Koo, H.-J.; Whangbo, M.-Hnorg. Chem2003 42, 5932. new reflections emerge, which could not be indexed to any
(21) £<5|r;0mura, N.; Muto, F.; Koizumi, MJ. Solid State Cheni.982 45, known VPO compound. As the thermal treatment temper-
(22) Sananes, M. T.; Tuel, ASolid State Nucl. Magn. Resoh996 6, ature increases further, the reflections shift to larger/

157. 800 °C some reflections due to VRCQappear, and with
23) Vaidhyanathan, B.; G li, M.; Rao, K.J).Mater. Chem1 \ . L
( )351'. yanathan angul a0, KD Mater. Chem1996 6 prolonged thermal treatment time well-crystallized \jR@s

(24) Barker, J.; Saidi, M. Y.; Swoyer, J. Electrochem. Solid State Lett. ~ formed. These results indicate that the structural rearrange-

2003 6, Al ;
(25) Barker. J.; Saidi, M. Y.. Swoyer, J. L. Electrochem. So@003 ment and phase transformation could be only completed at

150, A1394. high temperature, and during this process an internal oxida-
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Figure 7. In situ powder XRD patterns of vanadyl hydrogen phosphite
hydrates: (A) VPO-0; (B) VPO-2, during the thermal treatment jwith
increasing temperature. (The initial temperature wasGPand patterns
were taken at 50C intervals.)

tion—reduction reaction between V(IV) and P(lll) occurred,
wherein V(IV) was reduced to V(ll) and P(lll) was oxidized
to P(V).

The phase evolution of VPO-0 and VPO-2 samples was
also examined by in situ XRD during heating in flowing

Dong et al.

Table 4. Catalytic Performance of Vanadyl Hydrogen Phosphite
Hydrates for the Oxidation of n-Butane to Maleic Anhydride?

surf area (r//g) ;2'%(:‘? vg?sri]on selectivity (%) TEEQ?TI]%FSPK/IIIX/

catal precursor catal(°C) (%) MA CO CG, m-—2h-t
VPO-0 51 11 380 32 37 48 15 1.6

400 37 41 44 15 2.1
VPO-2 3 4 380 20 39 48 13 2.6

400 22 37 49 14 2.7
VPAD 1 1.5 400 4 45 25 30 1.9
VPOP 7 14 400 41 60 20 20 2.7

aReaction conditions: 1.5 vol ¥butane in air; GHSV, 1700#. ? Data
from ref 28. GHSV= 2500 h1.

trends similar to that observed in nitrogen (Figure 6b).
However, with a further increase in temperature surprisingly
V3(POy)O with a V/P ration of 2 was formed which clearly
indicates a loss of phosphorus occurs. Previously, MRP&3
prepared by reduction ot-VOPQ, in a controlled high-
purity hydrogen atmosphere at high temperadurer
(VO),P,0; under 5% H in argon using a linear increase of
temperature from 25 to 90TC > suggesting that VPQis
difficult to reduce even at high temperature. Clearly, the
present results confirm no VRQphase formation upon
heating both vanadyl hydrogen phosphite hydrates in flowing
hydrogen at high temperature, and this is due to hydrogen
inhibiting the phase transformation from vanadyl hydrogen
phosphite to VPQrather than the subsequent reduction of
VPO;.

Catalytic Performance of the Vanadyl Hydrogen Phos-
phite Hydrates. VPO-0 and VPO-2 samples were tested for
the selective oxidation ofh-butane, and the results are
summarized in Table 4 and Figure 8. It is interesting to note
that neither of these two catalysts requires an activation
period to establish the steady-state catalytic performance
which is generally associated with vanadium phosphate
catalysts'327 During this activation period, it is usual that
catalysts derived from crystalline hemihydrate VOHPO
0.5H,0 undergo a structural transformation to (RO
and VOPQ phaseg’ On the basis of activity/unit mass,
samples VPO-0 and VPO-2 are not as effective as the
reference vanadium phosphate based on (P0),. These

high-purity hydrogen to see whether hydrogen can suppressfurther observations provide evidence that these materials

the internal oxidatiorrreduction reaction between V(IV) and

are obviously different from the previously studied phosphate-

P(IIl) in both vanadyl hydrogen phosphite hydrates and phasebased catalysts. The intrinsic activities for these catalysts,

transformation from vanadyl hydrogen phosphite to PO

on the basis of the surface area determination after catalyst

as the phase transformation completes according to thetesting, are shown in Table 4. It is clear that the catalyst

following reactions:
2VOHPQO;-1.5H,0 = 2VPQ, + H, + 3H,0
or
2VOHPQ;*H,0 = 2VPQ, + H, + 2H,0

The results are presented in Figure 7. It is clear that below
700 °C the phase evolution of VPO-0 in flowing hydrogen
shows trends similar to that in nitrogen. The reflectidny
8.59) of VPO-0 in the XRD patterns shifts to larget, and

the intensity decreases gradually with increasing temperature
at 350 °C it transformed to an amorphous material and
remained amorphous until the final temperature of 800

In the case of VPO-2, Figure 7b also reveals that below 700
°C the phase evolution of VPO-2 in hydrogen stream has

derived from VPO-2 (VOHP@H,0) has a higher intrinsic
activity for the production of maleic anhydride than that
derived from VPO-0 (VOHP@1.5H,0). The catalyst samples
after testing were characterized by powder XRD and laser
Raman spectroscopy. The results are presented in Figure 9.
Both catalysts were found by XRD to be poorly crystalline,
and only some weak reflections are observed in the XRD
patterns. If one combines XRD with laser Raman spectro-
scopy, it is found that some crystalline (V)O;, oy-
VOPQ,, andd-VOPQ, are present in both catalysts. How-
ever, the strong reflection at@spacing of 3.27 A in the
(26) Tudo, J.; Carton, DC. R. Acad. Sci. Q979 289 219.
(27) Hutchings, G. J.; Lopez-Sanchez, J. A.; Bartley, J. K.; Webster, J.
M.; Burrows, A.; Kiely, C. J.; Carley, A. F.; Rhodes, C.;\ker,

M.; Knop-Gericke, A.; Mayer, R. W.; Schipp, R.; Volta, J. C,;
Poliakoff, M. J. Catal.2002 208 197.
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Figure 8. Catalytic performance of vanadyl hydrogen phosphite hydrates
with time on stream: (A) VPO-0; (B) VPO-2.

XRD pattern of the catalyst derived from the VPO-2
precursor could not be indexed to any known VPO com-
pound. The vanadyl phosphite, VPO-0, prepared using the

high-temperature one-pot method described in this study has

a high surface area (ca. 5G/q), which is much higher than
those prepared by previous methdddowever, the catalyst
derived from the VPO-0 precursor gave a lower BET surface
area of 11 g than that reported in the previous stidy,
which is probably due to the difference of activation
procedure. In the previous study reported by Guliants ét al.,
VOHPG;-1.5H,0 was activated in 1.2%-butane in dry air

at a space velocity of 400hin two steps: first at 320C

for 1 day and then at 43% for 6 days. The catalyst obtained
from that procedure showed the presence of only well-
crystalline (VOYP,0; and has a high surface area of ca. 40
m?/g 8 The differences suggest that VOHPO5H:0 is very
sensitive to the activation procedure, and to obtain well-
crystalline vanadyl pyrophosphate with high surface area
activation conditions should be chosen carefully. The activity
and catalytic performance of the two samples VPO-0 and
VPO-2 compare favorably with standard catalysts containing
(VO)2P,07, oy-VOPQO,, andd-VOPO, prepared using aque-
ous (VPA) and nonaqueous methods (VPOlhe similarity

of the intrinsic activities of maleic anhydride synthesis for
VPO-0 and VPO-2 with the standard VPA and VPO

Chem. Mater., Vol. 17, No. 10, 20363
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Figure 9. (A) Powder XRD patterns and (B) laser Raman spectra of the
VPO catalysts after testing.

materials confirm that the materials comprise poorly crystal-
line (VO)P,O; and VOPQ phases, in contrast to those of
the well-crystalline material in the study reported by Guliants
et al®

Conclusions

VOHPO;:1.5H,0 with high surface area (ca. 5Ciy) was
synthesized by reaction of,®@s, HsPO;, and 1-propanol in
the absence of water at 18C in an autoclave, whereas in
the presence of water VOHR®,0 was found to be the
unique product. On heating of the samples in flowing
nitrogen at above 700C, the vanadyl(IV) hydrogen phos-
phite hydrates transformed into vanadium(lll) phosphate,
VPO, suggesting that during the structural rearrangement
an oxidation-reduction process between V(IV) and P(lll)
occurred, wherein V(IV) was reduced to V(III) and P(lll)
was oxidized to P(V). Whereas, heating the vanadyl hydrogen
phosphite hydrates in flowing hydrogen can inhibit the phase
transformation from vanadyl hydrogen phosphite to (PO
The catalyst derived from the activation of VOHPB,0
precursor shows the higher intrinsic activity for the selective

(28) Lopez-Sanchez, J. A.; Griesel, L.; Bartley, J. K.; Wells, R. P. K;;
Liskowski, A.; Su, D.; Schigl, R.; Volta, J. C.; Hutchings, G. Phys.
Chem. Chem. Phy&003 5, 3525.
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oxidation ofn-butane to maleic anhydride than that derived many, for indexing the powder X-ray pattern of VOH£B,0.
from VOHPQG;:1.5H,0, but both are similar to those derived W.-S.D. is thankful for the financial support from Professor G.
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