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Abstract

A new method through intercalation and exfoliation of VOFPZH,O crystallites in primary alcohol (1-propanol or
1-butanol), followed by reduction with the alcohol, have been investigated for the preparation of catalyst precursor. Lamellar
compounds, consisting of4, P+ and alkyl group with thin film-like morphology, were formed and was characterized by
means of XRD, IR, TG/DTA, and elemental analysis. The chemical formula of the precursor obtained by exfoliation—reduction
in 1-butanol was shown to be \{@-C4Hog)o.16H0.84}PO4-0.8H,O. On the other hand, a direct reduction of VOPZH,0 in
the alcohol gave a mixed phase shown by (VOHR®H,0) 3(VO{(n-CsHg)o.3Ho.7}POr-3H,0) 7 comprising plate-like
microcrystallites. These precursors transformed to PP, phase during an activation process at 703 K in the presence of a
mixture ofn-butane 1.5% and£17% in He balance. The obtained (\MBYO- through the exfoliation-reduction was well crys-
tallized and consisted of thin flaky crystallites. It was found that QFRP; thus prepared through the exfoliation—reduction
was highly active and selective for oxidationrebutane.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction component of a commercial catalyst for this reaction
[2-5]. One of the major problems in the commercial
Selective oxidation ofi-butane to maleic anhydride  plantis the insufficient yield of MA. Itis thus desirable
(MA) is one of the commercialized applications in to improve the yield by development of the catalytic
the gas-phase oxidation of lower alkanes with oxygen performance.
[1]. Vanadyl pyrophosphate, (V&}.0O7, is a main Since the catalytic activity and selectivity of
(VO),2P207 are greatly dependent on the microstructure
of the crystallites[6-8], control of the microstruc-
ture is critical for improvement of the catalytic
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reduction of VOPQ-2H,0 with alcohol[9]. Hutch-
ings and coworkergl0,11]reported that the morphol-
ogy of the precursor could be controlled by a choice
of alcohol used as reducing agent.

Exfoliation technique has been developed from in-
tercalation of various layered materials like c[ay],
zirconium phosphatg 3], niobate414], and titanates
[15], in which exfoliation is a method delaminating
stacked inorganic sheets in solvent by infinite swelling
of their interlayer space. VORH,O0 is one of the
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383K (1-butanol) for 24 h to obtain light-blue pre-
cipitates. The obtained solids from 1-propanol and
1-butanol are denoted EP(1-Pr) and EP(1-Bu), respec-
tively.

As a reference, the precursors were separately pre-
pared by the conventional methods, e.g. the direct
reduction of VOPQ-2H,O with alcohol [11] and
the organic solvent methd@]. For the direct reduc-
tion, VOPQ;-2H,0 (5.0g) was added to 1-propanol,
1-butanol or 2-butanol (50 chWako Pure Chemical

layered compounds and possesses a high intercalatind.) at room temperature, followed by refluxed at

ing capability [16]. Recently, we found that inter-
calation and exfoliation of VOP£2H,0O crystallites

363 K (1-propanol) or 383 K (1-butanol and 2-butanol)
for 18h. The solids obtained from 1-propanol,

proceeded with a stepwise heating below refluxing 1-butanol and 2-butanol are denoted P(1-Pr), P(1-Bu)
temperature in 2-butanol and the subsequent reduc-and P(2-Bu), respectively. For the organic solvent

tion of the exfoliated VOP@®2H,O brought about
VOHPQO,-0.5H,0 crystallites of thin shedtl7]. Fur-
thermore, (VO)P,0O7 obtained from the precursor was
highly active and selective for the selective oxidation
of n-butang[17].

In the present study, we aimed at preparing the pre-

cursor and catalyst through intercalation, exfoliation
and reduction of VOP®2H,0 in primary alcohol.

method, the precursor VOHR@.5H,O (denoted as
P-3) was prepared using isobutyl alcohol and ben-
zyl alcohol [8], and the corresponding (VeR.O7
(denoted as C-3) was obtained by the calcination at
773K in 9.1% Q (He balance).

2.2. Characterization

The obtained crystallites have been systematically Powder XRD patterns were obtained on an X-ray
characterized in order to elucidate the features of diffractometer (Rigaku Miniflex) with Cu K radia-
this preparation method. Furthermore, the catalytic tion (A = 0.154 nm). Infrared spectra were recorded

property for the selective oxidation @fbutane has
been examined, comparing with that of conventional
catalyst.

2. Experimental

2.1. Preparation of precursors

VOPOy-2H,0 was prepared according to the lit-
erature[16]. A mixture of V,0s (249, Wako Pure
Chemical Ind.) and 85% PO, (133 cn?, Wako Pure
Chemical Ind.) and WO (577 cnf) was refluxed at
388 K for 16 h to form precipitates. The obtained solid

with an IR spectrometer (Bio-rad FTS-7) by a KBr
method. SEM images were taken by using a Hitachi
S-2100A scanning electron microscope. Thermogravi-
metric analysis (TG/DTA) was performed in a flow of
dry air (100 cnd min~1) by using a Seiko Instruments
TG/DTA-6300. The sample was heated from 303 to
853K at a rate of 10 Kmint.

Elemental analysis of the samples for C and H
were carried out at the Center for Instrumental
Analysis, Hokkaido University. The contents of V
and P were determined by an inductively coupled
plasma-atomic emission spectrometer (ICP-AES,
Shimadzu ICPS-8000), in which the sample powder
was dissolved into hot $804, and the solution was

was filtered, washed with acetone, and dried at room diluted with water to about 30 ppm of V and P. The
temperature for 16 h. The solid was confirmed to be content of oxygen in the sample was calculated by
VOPQOy-2H20 by XRD and IR. VOPQ-2H,0 (0.59) subtracting the sum of weights of V, P, C, and H.

was added to 1-propanol or 1-butanol (5C¢wako The average oxidation number of V was determined
Pure Chemical Ind.) at room temperature. The suspen-by a redox titration method according to the literature
sion was stepwise heated at room temperature, 303,[18]. The surface area was measured by a BET method
323, or 343K for 1 h at each temperature. Then the with automatic adsorption system (BELSORP 28SA,
solution was further refluxed at 363 K (1-propanol) or BEL Japan).
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2.3. Catalytic oxidation of n-butane 3. Results and discussion

Catalytic oxidation oh-butane was performedina 371, Catalyst precursors obtained through exfoliation
flow reactor (Pyrex tube, inside diameter of 10mm) of VOPO,-2H,0
under an atmospheric pressure at 703 K using a mix-
ture consisting ofn-butane 1.5vol.%, @ 17 vol.%, When the powder of VOP£2H,0 (lemon yellow)
and He (balance). The precursor was activated in was stepwise heated in 1-butanol at room tempera-
the reactant mixture by heating from room tempera- ture, 303, 323, and 343K for 1h at each temper-
ture to 703K at a rate of 10 Kmirt. The products ature, the alcohol suspension became homogeneous
were analyzed with gas chromatographs, an FID-GC yellow solution. By evaporating the resulting homoge-
(Shimadzu 8A) equipped with Porapak QS column neous solution at 333K, a yellow-green powder was
for n-butane and MA, and a high speed GC (TCD, formed. XRD pattern and IR spectrum of the solid
Area Japan M-200) with Porapak Q and Molecular were the same as those of the starting VQR8,0
Sieves 5A columns for @ CO, and CQ. The cata-  (the data were not shown). As will be discussed else-
lysts derived from EP(1-Bu) and P(1-Bu) are denoted where[17,19,20] VOPQ, sheets were delaminated in
EC(1-Bu) and C(1-Bu), respectively. 1-butanol solution (exfoliation). Subsequent refluxing

x6.B8k @2 1SkV

x6,0k BB@6 1SkV

A

.

x6.0k 2AA4 18KV I x6.0k 8889 1@kV Sum

Fig. 1. SEM micrographs of vanadium phosphorus oxides: (a) VOBR®O; (b) EP(1-Pr); (c) EP(1-Bu); (d) P(1-Bu); (e) EC(1-Bu);
(f) C(1-Bu).
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Table 1
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Elemental analysis and average oxidation number of vanadium for the precursors obtained from2HPQAn 1-butanol

Precursdt V Wt.%)° P Wt%P C wt%P H wt%)> O wt.%)¢ Average oxidation Formula
number of V
EP(1-Bu) 24.79 (1.00) 15.83 (1.05) 3.76 (0.64) 2.95 (6.01) 52.67 (6.76) 3.95 {(G4B1g)o.2Ho.8}POy-0.8H,0
P(1-Bu)  25.12 (1.00) 15.95 (1.04) 1.93 (0.33) 2.23 (4.49) 54.77 (6.94) 4.05 (VQIaB®,0)y 3
(VO{(C4Hg)o3Ho.7}
POy-2H20)0.7

8EP(1-Bu) and P(1-Bu) were obtained by exfoliation—-reduction
b The figures in parentheses are relative atomic ratios.

and direct reduction of ¥@R4D in 1-butanol, respectively.

¢Oxygen content was estimated by subtracting the sum of weights of V, P, C, and H.

the exfoliation solution for 24 h produced light-blue
precipitates. Also in the case of 1-propanol, a homoge-
neous alcoholic solution was obtained and light-blue
precipitate was formed by further refluxing.

SEM micrographs are shown kig. 1 The starting
VOPOy-2H,0 consisted of square platelets with the
lateral dimensions of about 10m and thickness of
about 1um (Fig. 1a). AsFig. 1b and c shows, the pre-
cursor obtained by intercalation, exfoliation, and re-
duction (EP(1-Pr) and EP(1-Bu)) consists of thin films
(thickness; less than Opdm) randomly gathered. On
the other hand, P(1-Bu) was aggregates of plate-like
microcrystallites Fig. 1d).

Table 1 summarizes the results of the elemental
chemical analysis of EP(1-Bu) and P(1-Bu), together
with average oxidation numbers of V. The P/V ratios
of both precursors were nearly unity and the average
oxidation numbers were abo4#4.0. The R/P ratio of
EP(1-Bu) estimated from the C/P ratio was 0.16%R
n-C4Hy), indicating n-butyl group is incorporated in
EP(1-Bu). The R/P ratio of P(1-Bu) was 0.08, which
was less than that of EP(1-Bu).

Fig. 2 shows the XRD patterns of starting
VOP(O-2H,0O and the obtained precursors. The
XRD pattern of P(2-Bu) corresponds to that of
VOHPO,-0.5H,0 with characteristic XRD lines
(Fig. 1If) [21]. As shown inFig. 20 and c, the
XRD patterns of the precursors obtained by the
exfoliation—-reduction process differ from that of
P(2-Bu). EP(1-Pr) and EP(1-Bu) gave intense peaks
at less than 10of 29, suggesting a lamellar com-
pound with intercalated alcohol molecules. Assuming
that these intense peaks correspond to a diffraction
from the (001) plane, the basal spacingso) are
estimated to be 0.98 and 1.07 nm for EP(1-Pr) and
EP(1-Bu), respectively, and these values are larger
than that of VOP@2H,0O (0.74nm) Fig. 2a). The

XRD patterns show peaks assignable to the (002)
lines at 18.2 (0.49nm) for EP(1-Pr) and 16.6
(0.53nm) for EP(1-Bu), respectively. Molecular
lengths of 1-propanol and 1-butanol are 0.464 and
0.596 nm, respectively, where the molecular length as
the distance between O and H of —€HK estimated

on the basis of the covalent bond length with MOPAC
(FUJITSU, WIinMOPAC Ver. 3.0). Since thdpo1
value of EP(1-Bu) is larger than that of EP(1-Pr), it
is considered that the alkyl groups play an essential
role in constructing the lamellar structure.
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Fig. 2. XRD patterns of vanadium phosphorus oxides: (a)
VOPQOy-2H20; (b) EP(1-Pr); (c) EP(1-Bu); (d) P(1-Pr); (e)
P(1-Bu); (f) P(2-Bu). ©) VOHP(Q,-0.5H,0.
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The precursors obtained by direct reduction in  Infrared spectra of VOP£2H,O and the precur-
1-propanol and 1-butanol also gave typical patterns sors are given irrig. 3. The spectrum of P(2-Bu) are
due to lamellar compound-{g. 2d and €). Thelyo1 consistent with that of VOHP£0.5H,0 (Fig. 3d) [7].
values for P(1-Pr) and P(1-Bu) were 1.59 and 1.57 nm, The bands for P(2-Bu) were assignedu®Q;3) for
respectively, which were larger than those of EP(1-Pr) 1197, 1103, and 1055 cm, §(P—OH) for 1131 cm?,
and EP(1-Bu). Sincalpo1 value changed scarcely v(V=0) for 977 cnt!, and v(P-OH) for 932 cm?
when 1-butanol was used instead of 1-propanol, the [7]. All precursors gave similar spectra to that of
size of alkyl group dose not influence the basal spac- VOHPOy-0.5H,0 in lattice vibration region (less that
ing. For P(1-Pr) and P(1-Bu), a strong sharp line 1500cm?), indicating that a structure of V—P—-O

at 30.52 of 26 was observed, which agrees with a
diffraction of the (220) plane for VOHP£0.5H,0.
Furthermore, an XRD line at 15.64assigned to
the (001) line for VOHPQ@0.5H,O was observed.
Hutchings and coworkerfl1] reported that similar
process produced VOHR@.5H,O with a specific
VPD (VOPQy-2H,0 route) morphology which favor
thin platelets in the [001] direction. Therefore, it

layer for the precursors is analogous to that of
VOHPQy-0.5H,0. For EP(1-Bu), the bands at 1183,
1087, and 1062cmt are assigned ta(PQOs) and
982 cnt! to v(V=0) (Fig. 3). In addition, the band

at 933cm! (shoulder) is assignable to(P—OH).
The P(1-Bu) displayed similar bands to P(2-Bu) in
lattice vibration region, although the bands were
broadened. EP(1-Bu) and P(1-Bu) gave a broad band

is deduced that P(1-Pr) and P(1-Bu) is a mixture of over 3000 crm?, which is similar to VOPQ-2H,O

VOHPQO,-0.5H,0 and the lamellar compound.

(Fig. 3a), due to water weakly held in interlayer space.
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Fig. 3. Infrared spectra of vanadium phosphorus oxides: (a) V@BQO; (b) EP(1-Bu); (c) P(1-Bu); (d) P(2-Bu).
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TG/DTA profiles of EP(1-Bu), P(1-Bu) and P(2-Bu) timated to be V@(n-C4Hg)o.16Ho.84}P0s-0.8H:0.
are illustrated inFig. 4. As shown inFig. 4a, the For P(1-Bu), the weight decreased in three steps at
sharp weight loss with endothermic below 450K temperature range of (1) below 400K, (2) 400-570K,
and loose weight loss with exothermic above 500K and (3) above 570K Hig. 4b). Endothermic val-
were observed for EP(1-Bu). The initial weight ley observed at 650K is attributed to transfor-
loss may be attributed to loss of intercalated wa- mation from VOHPQ-0.5H,0 to (VOXLP,O7; as
ter molecules. Considering the exothermic and rel- shown for P(2-Bu) Fig. 4c). Since P(1-Bu) is a
atively high temperatures, the weight loss above mixture of VOHPQ-0.5H,0 and the lamellar com-
500K is probably due to combustion of-butyl pound, the chemical formula of P(1-Bu) is described
group connected by a covalent bond. From these as (VOHPQ.0.5H,0),-(VO((C4Hg),/H1_,)POy -
results, the chemical formula of EP(1-Bu) was es- nH>0);_,. We estimatedx = 0.3, y = 0.3, and
n = 3 to satisfy the elemental analysis and TG result
as listed inTable 1

Based on these results, the schematic structures of
EP(1-Bu) and P(1-Bu) are depicted kig. 5 The
structure of V—P-0 layer for both precursors is similar
to VOHP(;-0.5H,0. For EP(1-Bu), the alkyl group
plays an essential role in constructing the lamellar
structure. P(1-Bu) is a mixture of VOHR®.5H,O
and lamellar compound. The interlayer space of the
lamellar compound is fulfilled with intercalated water
molecules to form the lamellar structure. That may be
a reason that the basal spacing of these compounds is
not affected by the size of the alkyl groups.
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Fig. 4. TG/DTA profile of vanadium phosphorus oxides in air: (a)
EP(1-Bu); (b) P(1-Bu); (c) P(2-Bu). Fig. 5. Schematic structure of (a) EP(1-Bu) and (b) P(1-Bu).
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3.2. Catalytic oxidation of n-butane

Fig. 6 shows the time course of the oxidation of
n-butane over EC(1-Bu) and C(1-Bu). In order to
adjust the conversion, the reactions were performed
in the different reaction conditions, i.é¥/F
120ghmot?! for EC(1-Bu), and 18ghmol?! for
C(1-Bu), respectivelyW = catalyst weight (g), and
F = flow rate of n-butane (molhl)). As shown in
Fig. 6, the conversion and selectivity to MA increased
at the initial stage of the reaction over both C(1-Bu)
and EC(1-Bu). The stationary values were obtained
after about 80 h of the reaction, indicating that these
catalysts were equilibrated. Thus the reaction rate an
selectivity were determined from the data collected
around 100 h.

Fig. 7presentS\/F dependence of the conversion of
n-butane. The activity of EC(1-Bu) is high compared
with that of C(1-Bu).

Fig. 8gives the change in the selectivity to MA as a
function of the conversion ai-butane Fig. 8 demon-

60

40

Conversion / %

20

Selectivity / %

4I0 80

Reaction time / h

120

Fig. 6. Changes of the conversion and selectivity to MA in
the oxidation ofn-butane over various V—P oxide catalyst&)(
EC(1-Bu); (A) C(1-Bu). The reaction was performed at 703K
with n-butane (1.5%), @ (17%), and He (balancely/F = 120
and 163 ghmol® for EC(1-Bu), and C(1-Bu), respectively.
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(W/F)/ g+ h mol”'
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dFig. 7. Dependence of the conversionrebutane on the contact

time: (O) EC(1-Bu); (A) C(1-Bu). The reaction was performed
at 703K with n-butane (1.5%), @ (17%), and He (balance).

strates that EC(1-Bu) is more selective than C(1-Bu).
In addition, it is noted that the selectivity to MA was
higher than 70% at low conversions over EC(1-Bu).

In Table 2 the catalytic data are summarized. From
the slope of the curve at loW/F region (less than
80ghmot?) in Fig. 7, the reaction rate was deter-
mined. The great difference in the catalytic activity
for EC(1-Bu) and C(1-Bu) is attributed to the differ-
ence in the surface area, since the specific activity
defined as the rate per surface area was comparable
with each other. It should be noted that EC(1-Bu) was
more active than C-3, which is known to be effective
for the n-butane oxidatiori1,4,8]. The selectivity of
EC(1-Bu) was comparable to that of C-3.

80
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Selectivity / %
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4 1 1 |
O()

Conversion / %

Fig. 8. Selectivity to MA as a function of the conversion of
n-butane: O) EC(1-Bu); (A) C(1-Bu). The reaction was performed
at 703K with n-butane (1.5%), @ (17%), and He (balance).
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Table 2
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Surface area, size of crystallites and catalytic performance of V-P oxides for oxidatiehuténé

Ratex@0~*molgth 1)  Selectivity to MA? (%)

CatalysP Surface aréa(m?g~1)  Size of crystallites (nm)

Length Dsa® D)(RDf 2094 5094
EC(1-Bu) 41 1000 15 20 60 (1'5) 71 67
C(l-Bu 22 3000 29 7 26 (1.2) 59 53
c-3 36 - - - 24 (0.7 - 72

aThe reaction was performed with a mixture mbutane (1.5%), @ (17%), and He (balance) at 703 K.
P EC(1-Bu) and C(1-Bu) were obtained from EP(1-Bu) and P(1-Bu), respectively, and C-3 isRy@D)prepared by organic solvent

method.
¢ Surface area after the reaction.

d Selectivity based om-butane.

€Thickness estimated from surface area and density of {R50);.

f Thickness estimated with Scherrer's equatjaa).
9 Conversion ofn-butane.

h Rate per surface area{0~4molm-2h-1).

i Selectivity at 56% of the conversion.

As shown inFig. 1, the crystallites of EP(1-Bu) were
fractured to small flaky crystallites by the calcination
under the reaction conditiorFig. 1e). On the other
hand, the plate-like morphology of C(1-Buji§. 1f)
was basically kept to that of the precursbid 1d).

Powder XRD patterns and IR spectra of the
catalysts after the reaction are shown Hig. 9
Both EC(1-Bu) and C(1-Bu) gave XRD diffraction
lines only due to (VO)P,O; (Fig. 9A). However,
the difference in the line-width was detected be-

lines. As shown inFig. 9B, EC(1-Bu) gave IR
bands at 632cmt (§(PQs)), 744cmrt (v(P-O-P)),
796cmt (v(V-0=V)), 970cmt! (v(V=0)), and
1092, 1143, 1220, and 1239 cm(v(Ps)) [7]. Con-
trary to EC(1-Bu), the bands at 1099 and 1220¢m
(v(PQGg))were weak for C(1-Bu). XRD and IR data
suggest that the crystallinity of EC(1-Bu) is higher
than that for C(1-Bu).

The size of crystallites and surface area are sum-
marized inTable 2 The surface area of EC(1-Bu)

tween these catalysts; EC(1-Bu) gave more sharp was about two times higher than that of C(1-Bu). As

(A) S & 109 (B
& 3 1220
g 0
o
(b) .
2 m A (b) c\g
> [0
2 1091 Q
2 g
g £
E 2
S
(a)
(a)
1 1 I 1
10 20 30 40 1200 800
20/ deg. Wavenumber / cm ™

Fig. 9. XRD patterns (A, left) and IR spectra (B, right) of V—P oxide catalysts after the reaction: (a) EC(1-Bu); (b) C(1-Bu).
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will be discussed below, the thinner microcrystallites
are formed by the exfoliation—reduction method. Thus
the resulting crystallites have high surface area. The
thickness of the crystallites was estimated from sur-
face area usingq. (1)or from the XRD line-width of
the (200) line using Scherrer’s Eq. (22]:

2 4
I 1
DAtz =% 1)
al
Dypp = ——— 2
XRD = "A26 cosf 2)

In EqQ. (1) Dsa is the thickness of the crystallite the
length of the crystalliteSthe surface area, andthe
density (334x 1012 gum=3) of (VO),P,07 [23]. In
Eq. (2) Dxrp is the thickness of the crystallite, a
constant (1.0)A29 the line-width of the (200) line,
and6g the angle of the (200) line.

Dsa of EC(1-Bu) was estimated to be 15 nm which
is approximately the same &xrp (20 nm). On the
other hand,Dsa (29nm) of C(1-Bu) was greatly
different from Dxrp (7 nm). When XRD lines are
broadened by a structural disorder in the sample solid,
the Scherrer's equation is considered to underesti-
mate a size of crystallites. C(1-Bu) gave broad lines
in XRD, althoughDsa of C(1-Bu) is larger than that
of EC(1-Bu). P(1-Bu) contains larger quantities of
alkyl groups and water molecules and larghip1
value compared with EP(1-Bu), which may induce
the structural disorder in C(1-Bu) in the transforma-
tion of P(1-Bu) to C(1-Bu). This is the reason for
the broader XRD lines for C(1-Bu). Therefore, we
choseDgp to estimate the thickness. The thickness of
EC(1-Bu) was about half of that of C(1-Bu), resulting
in the higher surface area of EC(1-Bu).

Okuhara and coworkel$] reported that the basal
plane of (VO»P,O7, on which characteristic pair sites
(V4 —0-V*) are located, is selective for MA forma-
tion, but the side planes are non-selective for the selec-
tive oxidation ofn-butane. Since EC(1-Bu) consisted
of thin flaky crystallites, the basal plane was more ex-
posed on EC(1-Bu) as compared with C(1-Bu). There-
fore, one of the reason for the high selectivity of
EC(1-Bu) is the influence of the greater extent of the
fraction of the basal plane. In addition, the nature of
the basal plane of EC(1-Bu) would be preferable for
the selective formation of MA. These results demon-
strate that the present method utilizing intercalation,
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exfoliation and reduction of VOP£2H,0 in primary
alcohol is useful for the development of efficient cat-
alyst.

4, Conclusion

Powder of VOPQ-2H,O was exfoliated by step-
wise heating in 1-butanol. The obtained precursor was
a lamellar compound and the chemical formula was
VO{(n-C4Ho)o0.16H0.84}PO4-0.8H,O with randomly
gathered thin film. The precursor was transformed to
(VO)2P,07 consisting of thin flaky crystallites during
an activation process at 703K in the presence of a
reaction mixture. The catalyst showed high activity
and selectivity for the selective oxidation wfbutane
in comparison with the catalyst obtained by the direct
reduction of VOPQ-2H,0.
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