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This study examines the role of zirconium as a promoter in the selective oxidation of n-butane
to maleic anhydride on a vanadium-phosphorus oxide catalyst. Reaction studies show that low
levels of zirconium (Zr/V = 0.03) decrease the temperature of maximum yield relative to the
unpromoted catalyst. Higher levels of zirconium (Zr/V = 0.13) result in lower yields. %0,~%0,
exchange measurements show no evidence for oxygen exchange between the gas phase and the bulk
lattice at 400°C, in agreement with other studies. X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) measurements are combined with the reaction studies to indicate a probable

structural role for zirconium as a promoter.

INTRODUCTION

The selective catalytic oxidation of n-bu-
tane to maleic anhydride is a reaction of
significant commercial importance. The cat-
alyst consists primarily of vanadium-phos-
phorus oxides (VPO), although a variety of
promoter elements are added in the indus-
trial context. Catalysts are prepared in ei-
ther aqueous or organic media. In the aque-
ous route, a reducing agent such as
hydrochloric acid is usually added to the
aqueous vanadium solution, and the phos-
phorus source (e.g., phosphoric acid) is then
introduced in order to precipitate the vana-
dium—phosphorus oxide. In the organic
route, an organic solvent is used for dissolv-
ing the vanadium salt, and this or another
organic solvent is used as the reducing
agent. The phosphorus source is also kept
free of water. The organic route is of more
recent origin and has been shown to yield
catalysts with higher surface areas (/). The
catalyst-reaction system has been studied
extensively, and summaries of these studies
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are available in various reviews (2, 3).
Whereas most studies in the open literature
have focused on the reaction pathways, and
the structure and utilization of the unpro-
moted catalyst, there have been relatively
few studies of promotional effects. Pro-
moted catalysts have been the subject of
numerous patents, but little is known re-
garding their function and mode of action.
Hutchings (/) has reviewed the literature
concerning the use of promoters in VPO
catalysts.

Cobalt, zirconium, zinc, and molybde-
num are among the promoter elements
whose effects have been examined in some
detail. Hodnett and Delmon (4) studied the
influence of cobalt on the BVPO; phase
(P/V =1, Co/V = 0-0.05; all elemental
ratios are mole or atomic ratios unless stated
otherwise) and proposed that Coacted intwo
ways: at lower levels (Co/V up to 0.015), the
influence on solid-state properties increased
the selectivity, while at higher levels, the
formation of CO and CO, was promoted by
excess Co on the surface. At (5) used differ-
ent methods to prepare ZrO,-containing
VPO catalysts. The catalyst with the highest
activity and selectivity was prepared by
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mixing the VPO catalyst precursor powder
with two solutions of ethylene glycol, one
containing ZrOCl, and the other H;PO,. The
original VPO precursor had P/V = 1.1 and
was prepared by the organic route; the final
catalyst had P/V = 1.3 and Zr/V = 0-0.3.
The specific activity and yield showed a
maximum at Zr/V = 0.1, while the selectiv-
ity was maximized over Zr/V = 0.05-0.15.
No clear correlation was obtained between
catalytic performance and structure.

Takita et al. (6) examined the role of zinc
in VPO catalysts prepared via the aqueous
route (Zn/V = 0.11, 0.25). They showed
that most of the Zn was present on the sur-
face of the catalyst precursor as a water-
soluble compound. The use of Zn/V = 0.11
resulted in a doubling of the conversion and
a slight drop in the selectivity (vis-a-vis the
unpromoted catalyst). The use of Zn/V =
0.25 gave a similar conversion to the unpro-
moted catalyst but with a lower selectivity
than both Zn/V = 0 (i.e., unpromoted) and
Zn/V = 0.11. These authors reported the
rate of catalyst oxidation (measured as mass
increase in air at 500-600°C) to increase by
about 100 times by use of Zn/V = 0.11 (vs
Zn/V = 0). They attributed the increased
conversion and yield (and lower selectivity)
of the catalyst with Zn/V = 0.11 to this
increased catalyst oxidation rate. Bej and
Rao (7) reported the use of a VPO catalyst
(P/V = 1.08) containing molybdenum and
cerium (Mo/V = 0.03 and Ce/V = 0.007).
The promoted catalyst produced higher
yields than the unpromoted catalyst but only
at higher temperatures. They proposed that
Mo increases the selectivity by preventing
the reduction of V!V and thus decreasing
CO, formation.

In the present study, we have focused on
the use of zirconium as a promoter element
in VPO catalysts. The choice of Zr as the
promoter element was based on several cri-
teria. First, ZrO,, when suitably doped, is
reported to possess a significant oxygen ion
conductivity (8). Since the participation of
catalytic oxygen in the VPO-catalyzed oxi-
dation of n-butane has been indicated in sev-
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eral studies (e.g., 9, 10), it was felt that
the use of Zr could conceivably enhance/
modify the transport of oxygen through the
catalyst. Second, ZrHPQO, is reported to be
isostructural to the corresponding vanadium
compound (/). Although the exact nature of
the active phase(s) of VPO catalysts is not
yet known unequivocally, (VO),P,0, and
various forms of VOPO, have been cited fre-
quently as important phases. Then the (at
least partially) isostructural substitution of
Zr for V in the phosphate structure presum-
ably might cause only minimal distortion of
the crystal structure. Thirdly, existing re-
ports of Zr as a promoter additive (5, /1)
would permit comparison of results from the
present study with previous ones in order to
establish a clearer picture of the role of Zr.

The objectives of the present study were:

(i) to establish the effects of Zr on the
activation and steady-state reaction behav-
ior of VPO catalysts.

(ii) to compare the physicochemical char-
acteristics of an unpromoted VPO catalyst
with those of its Zr-promoted counterparts
(at ““low” and *‘high’” Zr levels, as ex-
plained below), and

(iii) to correlate the reaction behavior with
the characterization results in order to un-
derstand the role of Zr.

METHODS
Catalyst Preparation

The catalysts were prepared via the or-
ganic precursor route as discussed by
Bremer and Dria (/2). For the unpromoted
catalyst, 9.1 g vanadium pentoxide was dis-
solved with agitation in a mixture of 130
cm? isobutanol and 50 cm?® allyl alcohol, by
heating at 100°C under reflux for 3 h; 11.9
g ortho-phosphoric acid was dissolved in 20
cm?® isobutanol and added to the vanadium
solution at 34°C (P/V = 1.2). The solution
was then heated at 100-102°C under reflux
for 16 h. After it was cooled to 31°C, the
bright blue precipitate was separated by
filtration, dried in an oven at 150°C for
12 h, ground using a mortar and pestle, and
transferred to a dessicator for storage. This
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FiG. 1. Schematic of experimental setup: MFC, mass flow controller; TC, temperature controlier;
GC, gas chromatograph; CO, infrared CO analyzer; and MS, mass spectrometer.

powder is referred to as the VPO catalyst
precursor.

Two Zr-containing catalysts were also
prepared, with Zr/V = 0.03 and 0.13
(P/V = 1.2, as for the unpromoted catalyst).
These are referred to as “‘low’ and “‘high™
levels of Zr, respectively. The preparation
method was the same as that described
above, except that following the dissolution
and partial reduction of V3%, the required
mass of zirconium oxide (0.37 and 1.6 g,
respectively) was added to the solution at
42-43°C. The suspension was then heated
at 100°C under reflux for 1 h, cooled to 34°C,
and the solution of ortho-H;PO, in isobuta-
nol added as described earlier.

Catalyst Activity Measurements

Catalyst activity measurements were per-
formed in an experimental setup designed
for both steady-state and transient experi-
ments. Figure | shows a schematic of the
experimental setup. Ultrahigh purity helium
and CP grade n-butane were purified by pas-
sage through Alitech oxytraps and dryers to
reduce the levels of oxygen and moisture.
Ultrahigh purity oxygen was dried before
use. The flow rate of each gas was controlled
at the desired level by individual Tylan mass

flow controllers. A fourth, independent
mass flow controller was used to control the
flow rate of '*0, (from Isotec, Inc., with a
minimum enrichment of 97%) diluted with
helium. The setup was designed to permit
steady flow as well as step and pulse inputs
of single and mixed gases to the reactor.
The reactor was a fused silica tube of 12-
mm O.D. and 10.3-mm 1.D. containing an
inner coaxial thermowell of 3-mm O.D. The
catalyst powder was placed on a support
of glass wool within the reactor which was
positioned vertically along the axis of a split-
chambered furnace. The reactor tempera-
ture was measured by an Omega K-type
sheathed thermocouple which along with an
Omega model 2010 programmable digital
temperature controller was used to control
the temperature to within +0.5°C.

The exit line from the reactor led to a
water bubbler where condensates were
trapped, followed by a choice of analytical
equipment between a Varian 920 gas chro-
matograph (GC) and a UTT 100C quadrupole
mass spectrometer. The GC was equipped
with a gas-sampling valve, a 10-foot-long,
¥'-diameter Porapak Q column (operated at
111°C), and a thermal conductivity detector.
A Spectra-Physics Datalet integrator was
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used in conjunction with the GC. Calibra-
tion gas mixtures were used to quantify the
effluent gas composition. The lines between
the reactor and the bubbler, and those be-
tween the bubbler and the GC, were heated
to 85-90°C to minimize condensation. After
passage through the gas-sampling valve, the
effluent gases flowed through a Beckman
Model 864 infrared carbon monoxide ana-
lyzer. The mass spectrometer was equipped
to obtain background pressures of 1077
Torr. Gas sampling was achieved through
an interface between atmospheric pressure
and the 107°-10~7 Torr pressure range (1
Torr = 133.3 Nm™?), while maintaining
compositional integrity of the sample.

Catalyst Characterization

Catalyst samples were characterized for
bulk structure and surface compositional
features by powder X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy
(XPS). The catalyst samples were charac-
terized after performing the steady-state ac-
tivity measurements with minimal interme-
diate exposure to the atmosphere. XRD
patterns were obtained on a Diano 8535D
automatic X-ray diffractometer. A portion
of the catalyst powder was ground further
and mounted on a glass slide using rubber
cement. XPS spectra were obtained in a
Kratos XSAM 800 Auger/ESCA system.
For this purpose, another portion of the cat-
alyst powder was pressed into a thin pellet
which was mounted on a sample holder us-
ing carbon paint.

RESULTS
Catalyst Activation

For each experimental run described be-
low, 0.9 g catalyst precursor was charged
to the reactor. The precursor was first cal-
cined in a mixture of flowing oxygen (8 cm?/
min) and helium (30 cm*/min). The corre-
sponding gas hourly space velocity (GHSV)
was about 1775. The following temperature
program was used to perform calcination:
temperature raised from 25 to 150°C in 10
min, held at 150°C for 1 h, raised from 150
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to 400°C over 50 min, held at 400°C for 1 h,
and lowered from 400 to 150°C in 1.75 h.
This procedure was followed in order to en-
sure an identical reproducible method for
calcining each catalyst.

The general procedure used to activate
the catalyst was as follows. The catalyst
(i.e., the calcined precursor) was heated to
280°C in fiowing helium and oxygen as
above. At 280°C, n-butane was introduced
at 0.75% (by volume of the feed gas mix-
ture). The temperature was then raised to
400°C in stages, and then the analysis of the
effluent gas was begun. The system was left
for about 20 h with no change in input pa-
rameters. Thereafter, the concentration of
n-butane in the feed was increased in steps
to 1.3—1.4%. Ateach step, arelative steady-
state was achieved in about 2 h. After 4 h
time-on-stream at 1.4% butane, the system
could be shut down and restarted with re-
producible performance (i.e., similar con-
version and selectivity values prior to shut
down and after startup).

Figure 2 shows typical results of the acti-
vation procedure for the unpromoted cata-
lyst. Since similar overall trends were also
recorded with both promoted catalysts,
these latter results are not shown here.
Clearly, the initial behavior of the catalyst
is considerably different from that shown
by the activated catalyst. The initial high
selectivity to maleic (50%) drops rapidly (to
about 16%) and then increases slowly to an
intermediate value (of about 28%) over the
20-h period at 0.75% butane in the feed.
The subsequent increase in the feed butane
concentration results in an increased selec-
tivity (to 53%) at fairly constant total con-
version. During this stage, the conversion
to CO and CO, decreases somewhat.

Steady-State
Performance-Temperature Effects

In order to establish the steady-state per-
formance of, as well as any differences
among, the three catalysts, each activated
catalyst was operated at 1.3-1.4% butane
in the feed, and the temperature varied over
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F1G. 2. Activation of unpromoted catalyst. Data at
400°C; GHSV = 1775.

335-440°C. At each new temperature set-
ting, the system was allowed to equilibrate
(over a 40-min period) before sample injec-
tion. Figure 3 contains results for the effects
of temperature on the total conversion of
butane. Figures 4 and 5 depict the effects
of temperature on selectivity and yield of
maleic, respectively. The yield of maleic is
calculated as the product of total conversion
and selectivity to maleic.

All the catalysts portray the classic selec-
tive oxidation rate dependence on tempera-
ture, viz., butane conversion increases and
maleic selectivity decreases with a rise in
temperature. The selectivities, and hence
the yields, drop sharply above 400°C. The
difference among the catalysts is seen most
clearly in Fig. 5. The maximum yield of the
high-Zr catalyst is about 43% and occurs
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FiG. 3. Effect of temperature on butane conversion:
1.3-1.4% butane in feed; GHSV = 1775; ©, high-Zr
catalyst; O, low-Zr catalyst; and €, unpromoted cat-
alyst.

at 395-400°C. The yield-temperature profile
for this catalyst is relatively flat below
400°C. The maximum yields of the unpro-
moted and the low-Zr catalysts are about
53%. However, this maximum yield occurs
at a lower temperature (380°C) for the low-
Zr catalyst than for the unpromoted catalyst
(395°C). Also, for temperatures below
400°C, the yield-temperature profiles are
steeper for these two catalysts than for the
high-Zr catalyst.
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F1G. 4. Effect of temperature on selectivity to maleic:

1.3-1.4% butane in feed; GHSV = 1775; symbols as
in Fig. 3.
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Oxygen-Exchange Measurements

Experiments were performed in order to
evaluate the oxygen-exchange capacity of
the catalysts at 400°C using '30, (13). Here,
the objective was (a) to exchange '°O in the
bulk catalyst lattice with ®O from the gas
phase at 400°C, and then (b) to expel any
130 incorporated in step (a) by heating the
“‘exchanged’” catalyst from 35 to 515°C in
the presence of '%0 in the gas phase. For
each experiment, about 0.025 g of activated
catalyst was charged to the reactor and de-
gassed in flowing helium at 500°C for 30 min.
The temperature was then lowered to 400°C
and after pausing for 30 min the feed gas
stream was switched from helium to a mix-
ture of '*0, and helium (about 20% '*0, by
volume). During the entire experiment, the
reactor effluent was analyzed continuously
using the mass spectrometer. The tempera-
ture was held at 400°C until the response for
180, attained a constant value (Fig. 6). Then
the reactor was rapidly cooled to 35°C, and
then the feed gas stream was switched from
180, in helium to '°0, in helium. Thereafter,
the reactor was heated from 35 to 515°C at
14°C/min. The experiment was performed
with each catalyst and also without any cata-
lyst (i.e., with only glass wool in the reac-
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tor). Results are shown in Figs. 6 and 7 for
each stage of the experiment, viz., the re-
sponse of '*0, during the switch at 400°C
(Fig. 6), and the response of '*0, and *0'*0O
during the temperature ramp-up from 35 to

180, - 160,
|

[ n.

]

Empty

it}

!
w0 R0 Reactor |
o4
O ! tr
= 3 I ?
e 1L , 160180 1
= 1?.31] 4
—_ 3 - - o

ol )
1y
e o1t e g e
2 ! 100 300 500
a :
2 i oc
a , Reactor Temperature (°C)
E |
F T ;
& | Low-2r |
a J‘"""}soz Catalyst |
Lo ! |
oo (
s g f
@ 1 LN g 160180 ;
A
wj‘ '[U[’ -
ek ey ‘ .
100 300 500

Reactor Temperature (°C)

FiG. 7. Response of 0, and %00 during switch
from 0, + He to "0, + He at 35°C, and during
subsequent temperature ramp-up from 35 to 515°C.



BUTANE OXIDATION ON ZIRCONIUM-PROMOTED VPO

140 T T T T T
120 High Zr
100 Catalyst |
80 - =
60 —
40 —
20 +

Relative Intensity

10 20 30 40 50 60 70
2 Theta

140 T T T T
120 | Low Zr |
Catalyst |

100

80 | ’A ‘ .
60 | a .
40 Brpuyd

20 |

Relative Intensity

10 20 30 40 50 60 70

2 Theta
> 140 T T T T T
w 120 Unpromoted -
g 100 Catalyst _
£ 80 # i
@ 60 I _
% 20 UL;JW ! ]
é 23 I 1 | 1 1
10 20 30 40 50 60 70

2 Theta

F1G. 8. X-ray diffraction patterns of unpromoted and
low- and high-Zr-promoted catalysts.

515°C (Fig. 7). The same response was ob-
tained with the empty reactor as with each
catalyst, and no significant exchange of oxy-
gen could be detected between the gas phase
and the bulk lattice of the catalyst at 400°C.

X-Ray Diffraction Studies

The XRD patterns of the catalyst samples
are shown in Fig. 8. Data on the intensities
of major peaks and the corresponding d-
spacings are summarized in Table 1. For pur-
poses of comparison, Table 1 also contains
relevant data from two other VPO catalyst
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studies (9, /4). All the samples under study
contain the so-called active phase repre-
sented by the intense reflections at 3.83-3.86
A (1A = 10" m)and 3.12-3.14 A, reported
to be due to (VO),P,0, (15).

The unpromoted catalyst clearly has a
very similar XRD pattern to those of Pepera
et al. (9) and Udovich and Bertolacini (/4),
the latter two also representing unpromoted
catalysts. The overall XRD characteristics
of the low-Zr catalyst are similar to those
of the unpromoted sample. The only sig-
nificant difference lies in the presence of a
low-intensity peak at 2.83 A in the low-Zr
sample. This peak is absent from the unpro-
moted sample.

The 2.83 A peak is present in the high-Zr
catalyst at a greater intensity than in the
low-Zr sample. Additionally, (a) the 3.14-A
peak has a greater intensity in the high-Zr
sample than in the other two samples, and
(b) the 2.43-A peak (present at low intensity
in the unpromoted and low-Zr samples) is
absent from the high-Zr sample.

X-Ray Photoelectron Spectroscopy
Studies

The XPS binding energy (B.E.) values
have been corrected assuming the C(ls)
peak to have a B.E. of 284.6 eV. As shown
in Table 2, the O(1s), V(2p), P(2s), and P(2p)
binding energies for both Zr-promoted sam-
ples are shifted to lower values relative to
the unpromoted sample. The magnitude of
the shift varies for the different elements,
and is slightly higher for the low-Zr sample.
Overall, the B.E. shifts do not appear to be
significantly large.

Using the peak areas of P(2p) and V(2p),
and employing the relevant elemental sensi-
tivity factors (0.39 for P(2p) and 1.80 for
V(2p)), the (P/V) pce Values vary over the
range 2.9-3.3. The results are summarized
in Table 3. The presence of Zr does not
change (P/V), ... 10 any significant extent.
However, all the (P/V),, ... values are sig-
nificantly greater than the value P/V = 1.2
used in the precursor compounds for cata-
lyst preparation.
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TABLE 1
X-Ray Diffraction Patterns of Unpromoted and Zr-Promoted Catalysts
Unpromoted Low-Zr-promoted High-Zr-promoted Pepera et al. (9) Udovich and
Bertolacini (/4)
d-spacing 20 Intens. d-spacing Intens. d-spacing Intens. d-spacing Intens.
A) @) (%) A (%) A) (%) A (%) d-spacing  Intens.
A (%)
3.83 23.2 100 3.83 100 3.86 100 3.90 100 3.9 100
3.66 24.3 — — — 3.66 68 — - — —
3.12 28.6 100 3.12 90 3.14 137 3.15 98 3.1 58
2.96 30.2 64 2.96 64 2.97 63 2.99 47 3.0 29
2.83 31.6 — 2.83 37 2.83 89 — — — —
2.65 339 35 2.60 30 2.61 52 2.67 14 27 7
2.43 37.1 33 2.43 31 — — 2.45 12 —_ —
2.08 43.6 34 2.08 26 2.08 34 — — — —
1.57 58.7 24 1.57 27 1.59 37 — —_ —_ —

The peak for Zr(3d) at 182-185 eV was
indistinguishable from the background spec-
trum for the low-Zr sample. For this sample,
Zr/V = 0.03 was used in the precursor com-
pounds. In contrast, the spectrum for the
high-Zr sample indicated a broad peak of
low intensity at about 182 eV. Comparison
of the intensity of this peak with that of
V(2p), and utilizing the elemental sensitivity
factors 1.80 for V(2p) and 2.10 for Zr(3d),
yielded (Zr/ V) ace = 0.03. This is substan-
tially lower than the value Zr/V = 0.13 used
in the precursor compounds for this high-
Zr catalyst.

DISCUSSION

The focus of the present study has been
on the promotional effects of zirconium on

the VPO-catalyzed oxidation of n-butane
and we have therefore utilized information
available in the literature on wnpromoted
VPO catalysis to the maximum extent possi-
ble. Thus, for example, it has not been our
intention to study (or optimize) catalyst
preparation methods, P/V ratios, or the ef-
fects of process parameters such as space
velocity on catalyst performance. Given the
criteria for the choice of zirconium as the
promoter (see the Introduction), Hutchings’
review (/) was used to select the P/V and
Zr/V ratios. Hutchings has attempted to dis-
tinguish between two categories of pro-
moted catalysts: (a) Type 1, with P/V > 1
and excess P/promoter ~1, and (b) Type 2,
with low promoter/V ratios. Thus our high-
Zr catalyst, with P/V = 1.2 and Zr/V

TABLE 2

XPS Binding Energies

Peak B.E. (eV) [as is] B.E. (eV) [corrected for B.E. shift (eV)
C (1s) = 284.6 eV] [rel. to sample 1]
Sample: 1 2 3
Zr/V: 0.0 0.03 0.13 ] 2 3 1 2 3
0.0 0.03 0.13 0.0 0.03 0.13
C(1s) 286.8 288.4 287.4 284.6 284.6 284.6 — — —
O(ls) 533.2 533.7 532.9 531.0 529.9 530.1 — -1.1 -0.9
V(2p) 518.9 519.6 518.8 516.7 515.8 516.0 —_ -0.9 -0.7
P(2s) 193.3 193.9 193.4 191.1 190.1 190.6 — -1.0 -0.5
P(2p) 136.2 136.8 136.4 134.0 133.0 133.6 — -1.0 -0.4
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TABLE 3
P/V Ratios
Sample Zr/V  Peak intensity Peak width? Peak area P/V (Uncorrected) P/V (Corrected)”
P(2p) VQ@2p) PQ2p) V2p) PQ2p) V(2p) Intens. ratio Area ratio Intens. ratio Area ratio
1 0.00 313.04 464.84 254 276 795.12 1282.49 0.67 0.62 3.09 2.86
2 0.03 266.3¢ 329.67 3.03 339 80887 1117.9] 0.81 0.72 3.74 3.32
3 0.13  303.26 435.16 277 293 840.33 1275.45 0.70 0.66 3.23 3.05

< Peak width at half maximum.

» Corrected for sensitivity factors 1.80 (V (2p)) and 0.39 (P (2p)).

0.13, corresponds to Type 1, while our low-
Zr catalyst, with Zr/V = 0.03, corresponds
to the Type 2 category.

The results of the activation procedure
indicate the critical nature of VPO catalyst
activation (Fig. 2). The fairly constant con-
version of butane to CO and CO, when the
total butane conversion increases (at 0.75%
butane in the feed) illustrates the evolution
of the catalyst towards higher selectivity.
This is probably accompanied by a change
in the near-surface crystal structure. The
subsequent large increase in selectivity, ob-
served when the feed butane concentration
is raised from 0.75 to 1.35%, conceivably
could be linked to a decrease in the oxida-
tion state of vanadium. For clarity, Fig. 9
shows the dependence of conversion, selec-
tivity and yield on feed butane concentra-
tion for all three catalysts. This is in marked
contrast to the results of Bej and Rao (7)
who observed, for both unpromoted and
promoted catalysts, that increasing the feed
butane concentration resulted in increased
conversion and decreased selectivity. No
significant difference in operating condi-
tions is apparent, and the dissimilarity in
trends is presumably related to the extent
of activation. It is significant that our activa-
tion process covered a time period of 20-25
h, whereas Bej and Rao (7) reported reach-
ing steady state in about 2 h. Centi et al.
(2), on the other hand, have pointed out
the long duration (around 200 h) required in
order to obtain an equilibrated catalyst. This
further underscores the criticai nature of the
activation process.

The temperature-dependence of conver-
sion, selectivity and yield (Figs. 3-5) clearly
shows that, in terms of these performance
indices, the high-Zr catalyst is somewhat
less active and less selective than the low-
Zr and unpromoted catalysts. This is not
unexpected since ZrO, is known to be a
combustion catalyst. There may well be
other performance indices, such as catalyst
stability or lifetime, for which the high-Zr
catalyst could be superior.

The difference between the unpromoted
and low-Zr catalysts is less pronounced. Al-
though both exhibit similar maximum
yields, the low-Zr catalyst does so at a lower
temperature. This difference in behavior
could arise from various factors. One factor
could be a higher surface area for the low
Zr catalyst than for the unsupported cata-
lyst. In this case, the low-Zr catalyst would
exhibit a higher conversion at a given selec-
tivity (below about 400°C) resulting in yield
maximization at a lower temperature. The
presence of very low Zr levels then might
result in higher surface area catalysts. The
available data are not sufficient to substanti-
ate this conclusion. Also, data in the litera-
ture indicate that the surface area does not
always correlate with catalyst performance.
Moreover, one could then expect the higher
Zr catalyst to exhibit a higher activity than
the other two catalysts, albeit with a lower
selectivity. Clearly, this is not the case. An-
other factor could be that the “‘low’’ level
of Zr alters the oxygen-transport rates just
sufficiently to result in high yields of maleic
at reduced temperatures.
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FiG. 9. Effect of feed butane content on butane con-
version, and maleic selectivity and yield for (&) unpro-
moted and (A) low- and () high-Zr-promoted cata-
lysts.

In contrast to our findings, Ai (5) reported
a maximum maieic yield at Zr/V = 0.1. Sev-
eral factors may contribute to this differ-
ence. Hodnett and Delmon (3) cited a study
reporting that the promotional effects of Zr
were observed only when the Zr precursor
was added before the phosphorus source.
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While our method involved addition of Zr
before P, Ai (5) added Zr after and with the
phosphorus. Another significant difference
lies in the Zr source, and the resulting physi-
cal picture of the catalyst. Our method uti-
lized ZrO,, wherein Zr would not be incor-
porated via dissolution. Rather, it would
probably involve a physical deposition of
some of the VPO precipitate onto ZrO, spe-
cies (XPS and XRD data support this pic-
ture, as we discuss later). Ai (5) utilized
ZrOCl, which would tend to be more reac-
tive in solution, but since the VPO precipi-
tate was formed before the Zr-containing
species, the Zr species would be deposited
onto the VPO precipitate. Finally, our re-
sults (i.e., different optimum temperatures
for low-Zr and unpromoted catalysts) point
out the importance of studying the perfor-
mance over a wide temperature range rather
than optimizing the promoter/V ratio at a
single temperature only.

The '%0,-"*0, switching experiments indi-
cate that no significant bulk lattice-gas phase
oxygen exchange occurs at 400°C. This is in
agreement with the findings of Pepera et al.
(9) that the exchange of surface oxygen is
rapid whereas that of bulk oxygen is far
slower (a time-frame of hours). The absence
of evidence for bulk oxygen exchange per-
sists in the presence of Zr. As we discuss be-
low, the initial indication from our structural
characterization points to zirconium being
incorporated into the bulk rather than near
the surface. Hence, the effects of Zr on the
oxygen transport capacity, if any, are proba-
bly of a rather small magnitude. However,
a beneficial effect of Zr incorporation might
require only a small change in oxygen-trans-
port rates. Also, this is in keeping with the
rather small magnitude of effects resulting
from the incorporation of zirconium.

The similarity between the XRD patterns
of our unpromoted catalyst and those of
Peperaetal. (9) and Udovichand Bertolacini
(/4) has been noted previously. The Zr-
containing catalysts exhibit a peak at 2.83
A d-spacing. The increase in the intensity
of this peak with increasing Zr content, cou-
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pled with its absence from the unpromoted
catalyst, is taken to signify the presence of
a zirconium-containing species. Clearfield
and Stynes (/6) reported d-spacings for
crystalline zirconium phosphate with a ma-
jor reflection at 2.64 A. Additional indica-
tions for the preferential presence of zirco-
nium in the bulk (rather than on the surface)
are obtained from the XPS studies.

The XPS results in Table 3 indicate a sub-
stantially higher value of P/V on the sur-
face (2.9-3.3) than would be expected for
the bulk (1.2). This trend is similar to the
results of Garbassi et al. (17), who reported
surface P/V values in the range 2.8-2.9 for
catalysts with P/V > 1.1 in the bulk. Simi-
larly, Cornaglia et al. (18) measured surface
P/V values of 2.6-3.0 for bulk P/V values
above 1.1. Therefore, regardless of the pres-
ence of zirconium, VPO catalysts tend to
exhibit surface enrichment of phosphorus
for bulk P/V values higher than about 1.1.
Okuhura er al. (19), on the other hand, re-
ported surface P/V values which were close
to the bulk P/V value of about 1.1. Prelimi-
nary findings from deconvolution of the
P(2p) and V(2p) peaks show that the P(2p)
peak requires (at least) three Gaussian com-
ponent peaks for a reasonable match. The
V(2p) peak, on the other hand, is well-repre-
sented by two Gaussian component peaks,
at 515.5 = 0.3 eV and at 516.8 = 0.3 eV.
These correspond reasonably well to the
B.E. values 515.7 and 517.3 eV reported for
V4t and V7 (17).

Due to the inherently weaker Zr signal,
the estimation of surface Zr/V ratios admit-
tedly is accompanied by greater uncertain-
ties than the estimation of surface P/V ra-
tios. However, it is encouraging to note that
in both Zr-containing catalysts, the mea-
sured values of surface Zr/V (0 and 0.03)
are considerably less than the expected bulk
Zr/V values (0.03 and 0.13, respectively).
This observation, combined with the XRD
observations discussed above, tends to indi-
cate that zirconium is incorporated prefer-
entially in the bulk of the catalyst rather
than on the surface.
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In conclusion, although the effect of zir-
conium on VPO catalysis in our study is not
very dramatic, Zr is clearly effective at a
low concentration and detrimental (in the
context of yield maximization) at a high con-
centration. The role of zirconium is proba-
bly of a physical or structural nature rather
than producing any new/modified sites or
altering the selectivity—conversion behav-
ior. Our results also confirm the preferential
incorporation of Zr in the bulk (as antici-
pated from the preparation procedure), and
indicate the formation of an additional crys-
talline phase, perhaps containing zirconium.
The primary role of zirconium could be ei-
ther to increase the surface area of the cata-
lyst or to alter the oxygen mobility by a
small amount. The high-Zr catalyst provides
lower yields but with a concomitantly lesser
sensitivity to temperature, i.e., a flatter
yield—temperature profile (Fig. 5). This may
indicate other potential benefits at high Zr
levels, namely, improved catalyst stability
or lifetime, despite slightly lower product
yield in the short term. In this context, it
should be pointed out that the promoted
VPO catalyst already has a reasonably high
selectivity to maleic (~65%) at high butane
conversion (~85%).
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