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The temperature-programmed reduction (t.p.r.) of bulk V,0O; has been examined as part of
a study of the reducibility of V,0,-containing catalysts. T.p.r. profiles have been studied as a
function of flow rate, heating rate and sample weight. From experiments at different flow rates
it is concluded that the order of the reduction rate in hydrogen is low or even zero. A rule of
thumb has been derived to provide an easy check on possible exhaustion of hydrogen in the
feed. The influence of sample weight and heating rate is explained in terms of the formation
of water in the sample during reduction. The reduction of bulk V,0; to V,0, proceeds in several
steps; intermediate species include V¢ O,, and VO,. The apparent activation energy of ca.
200 kJ mol™! indicates that solid-state diffusion influences the reduction process of V,0;.

Vanadium oxide based catalysts are used in many industrial oxidation processes.!
Among many other authors Roozeboom ez al.? studied the selective oxidation of
methanol over such catalysts. Recently, van Hengstum ez al.? reported results on the
selective oxidation of toluene over V,0;/TiO,.

According to the oxidation—reduction mechanism,? lattice oxygen plays animportant
role. Sachtler er al.® showed that the rate at which the bond strength of the lattice
oxygen increases with the degree of reduction influences the selectivity.

In the present study temperature-programmed reduction® (t.p.r.) has been used to
investigate the different types of oxygen present in vanadium oxide which may be
involved in the oxidation process over such catalysts. T.p.r. is a relatively new
technique used to characterise reducable materials. The reduction is measured by
monitoring H, consumption while increasing the temperature of the sample at a
constant rate, In this way, one or more reduction peaks occur at different temperatures
and the reduction profile or ‘spectrum’ can be obtained easily.

In the case of heterogeneous catalysts, the compounds to be reduced are present
on the surface or are potentially available to the surface. This method can therefore
serve as a powerful tool to obtain ‘fingerprint’ characterisations of the reducibility
of catalysts.” Hurst es al® have recently given an excellent review of both the
theoretical background and the applications of the technique. However, it is difficult
to compare t.p.r. spectra obtained by different investigators. The conditions reported
in the literature differ widely in H, concentration and flow rate and in sample size
and pretreatment. Some significant examples are given in table 1. The parameters
mentioned do not affect t.p.r. profiles independently but it is very likely that the
optimum conditions differ from one system to another because of large differences
in the reducibilities of the materials investigated. The information obtained from t.p.r.
profiles is merely comparative. A quantitative approach is difficult because of the
complexity of the bulk oxide reduction processes thought to be taking place in the
reduction of different types of catalysts.®
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Table 1. Experimental conditions used in t.p.r. studies

sample size volume flow
(H, consumed rate/cm?
/umol) pretreatment min™! H, (%)
lhat453Kin 5% 0,>¢ 50 4604 45Lm
40-60° 2 h at 373 K in vacuo® 10%.9. 87
70-100° 1 h at 773 K in dry air®/ 18-20% i 15f
1000-1700°¢ 4hat 773 K in O,¢ 37%:1 669

1 h at 823 K in dry air?

@ Ref. (6); ? ref. (21); ¢ ref. (22); @ ref. (23); ° ref. (10); ¥ ref. (11); 9 ref. (24); * ref. (13);
tref. (25); T ref. (7); * ref. (14); ‘ref. (27); ™ ref. (12); ™ ref. (26).

The aim of the present work is to study the reduction behaviour of bulk V,0; as
part of the reduction of vanadium oxide containing catalysts. This paper presents a
systematic study of the parameters which may govern the resolution of t.p.r. profiles,
such as sample mass, heating rate, volume flow rate, grain size and the presence of
water.

EXPERIMENTAL

APPARATUS

The t.p.r. apparatus used in this study was constructed according to the descriptions given
previously,® ? with the following changes being made. First, the reference flow through the
thermal-conductivity detector (t.c.d.) was regulated separately and all gas lines were provided
with flow and pressure controllers. Secondly, the H,+ Ar stream from the reactor and dryer
was diluted by an additional argon flow, typical volume flow rates being: H, + Ar 10 cm® min2,
Ar (diluent) 10 cm® min™! and Ar (reference) 20 cm® min~ [all gas volumes are expressed at
room temperature (298 K) and atmospheric pressure]. This set-up minimizes the change in flow
rate caused by H, uptake. Ar instead of N, was used to avoid possible nitride formation, e.g.
in the case of Fe-containing samples.'® Finally, the quartz reactor was made as small as possible
(i.d. 4 mm, reactor dead space 3 cm?, total dead space 12 cm?®) to avoid peak-widening by
back-mixing. The temperature was measured with a thermocouple outside the reactor, its tip
positioned near the sample, to prevent reduction of the thermocouple wall. Blanks were carried
out to correct for the temperature difference of 9 K involved.

MATERIALS

All gases used were of the highest purity available commercially. Traces of oil were removed
by activated charcoal filters and moisture was removed by molecular sieves. All experiments
were carried out with 99, H, in argon. V,0; for use in bulk oxide experiments was supplied
by Merck (pro analysis) or freshly prepared by decomposition of NH, VO, (Merck) or vanadyl
acetylacetonate (Baker). Some t.p.r. experiments were performed starting with VO, (Jansen
Chemicals). The main pretreatment of the samples consisted of heating in air at 773 K for 1 h,
as recommended by Thomas!?® and Yao,!! to assure good reproducibility.

ADDITIONAL TECHNIQUES

The results of some t.p.r. experiments were compared with the weight losses in similar
thermogravimetric experiments (Du Pont 951 thermogravimetric analyser). In some cases, X-ray
diffraction was used to identify the phases present after partial or complete reduction (Philips
PW 1025.25 diffractometer).
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Fig. 1. Influence of heating rate on t.p.r. spectra. Volume flow rate, 10 cm?® min™*, 9%, H,. Run

(12) sample weight 14.8 mg, heating rate 4.6 K min™*; run (8) sample weight 16.2 mg, heating

rate 5.6 K min™?; run (15) sample weight 14.9 mg, heating rate 9.8 K min™!; run (81) sample

weight 10.9 mg, heating rate 16.4 K min™'; run (115) sample weight 4.3 mg, heating rate
16.1 K min™!.

H, uptake (arb. units)

RESULTS

The reduction of bulk V,0, proceeds in at least four different steps. Typical results
are given in fig. 1. At suitable conditions a slow rise in H, consumption is followed
by two sharp, well resolved peaks. At 8 K min~* and 10 cm® min~! the temperatures
for the maximum reduction rates of the first two peaks are 930+2 and 964+3 K,
respectively.

The next two peaks do not show such good separation, but their positions can be
reproduced within +5 and +8 K, respectively. The increase in reduction rate at the
onset of the third peak is significantly higher than that at the first peak. This
phenomenon is discussed in the Discussion section.

A series of experiments was carried out to check the possible influence of
heat-transport limitations. 10 mg V,0, was either used undiluted or mixed with
65-270 mg of quartz. All the peaks appeared at the same temperatures, within the
limits given above. Thus heat-transport limitations are not present. Similarly, no
significant change in peak positions was observed whent.p.r. results from measurements
with grains of diameter 0.3-0.6 mm were compared with those for V,0, powder
(particle diameter < 50 um); hence there are no mass-transport limitations either.

The residence-time distribution was measured by injection of hydrogen at the top
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Table 2. T.p.r. results as a function of heating rate

heating  flow sample temperature of peak maximum/K
rate/K  /cm? weight
run min~!  min! /mg Ist 2nd 3rd 4th remarks
12 4.6 10 14.8 874 906 998 1011 —
27 4.7 20 11.0 895 924 1005 — —
13 53 10 17.3 900 932 1009 1024 —
8 5.6 10 16.2 920 952 1036 1052 —
87 5.8 10 10.0 914 949 1029 1041 —
29 6.1 20 11.1 924 961 1033 1045 —
14 6.7 10 14.6 923 956 — — —
23 7.5 20 10.0 931 968 1038 1054 —
8.1 10 11+1 930+2 964+3 1042+5 1056+8 average
of §
runs
89 8.3 20 10.9 930 962 1032 1055
15 9.1 10 14.9 932 968 1058 1076 Sth peak
at
1088 K
78 9.4 10 9.7 934 968 1054 1074
17 10.1 10 10.7 936 973 1059 1075 Sth peak
at
1095 K
25 10.6 20 1.1 941 975 1056 1067
79 11.2 10 9.9 936 974 1067 1084 5th peak
at
1093 K
26 12.6 20 11.5 943 979 1056 1095
81 14.6 10 10.8 936 969 1034 1116 5th peak
at
1130K
115 16.1 10 43 931 958 1028 1070 5th peak
at
1091 K

of the catalyst bed. The peak widening, caused by diffusion, was < 2 K. Thus, plug
flow can be assumed to occur. All temperatures mentioned in this paper have been
corrected for the residence time (50 s). This correction was usually 10-20 K.

Changing the sample size from 5 to 43 mg did not change the position of the first
two peaks. With samples of > 20 mg, the third and fourth peaks shifted to higher
temperatures. Similarly, at heating rates of 7 K min~! and higher, variation of volume
flow rates from 10 to 20 cm® min~! did not change the peak positions either; some
examples of such experiments are given in table 2. The lower flow rates seem to shift
the first peak to a slightly lower temperature, e.g. compare runs 17 and 25. Since typical
H, conversions amount to 20-609;, changes in hydrogen concentration because of
variations in sample weight and flow rate do not influence these results. This suggests
that, although the inlet hydrogen concentration was not varied, the order in hydrogen
is low or even zero.

Somet.g. experiments were carried out toidentify the compounds formed successively
in the different reduction steps. In these experiments samples were cooled in nitrogen
after the first peak appeared and then examined by X.r.d. In subsequent runs, similar
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Table 3. Compounds detected by X.r.d. at various stages in the reduction of V,0,*

t.g.a., 10 K min™!, 20.24 mg V,0;;

V,0,, V0, VO, V0, weight change/mg
compounds ortho- mono- mono- hexag-
detected rhombic clinic  clinic onal observed theoretical
starting ] n.o. n.o. n.o. 1.15 1.187
compound
reduction n.o. s w n.o. 0.625 0.593
terminated
before 2nd peak
reduction n.o. n.o. s n.o. 1.775 1.78
terminated
before 3rd peak
final product n.o. n.o. n.o. s
at 1123 K total 3.55 total 3.56

@ s, strong; w, weak; n.o., not observed.

samples were cooled after the second and fourth peaks. The compounds identified by
X.r.d. before and after these peaks are given in table 3. All the observed diffraction
peaks could be labelled. Mainly V,O,, is formed after the first reduction step. In the
second step, V¢O,, is completely reduced to VO, before subsequent reduction takes
place. In the final product, formed at 1123 K, only V,0, can be detected. From this
reduction stiochiometry the theoretical weight changes after the first, second and
fourth peak were calculated. These theoretical values are also given in table 3. They
show good agreement with the values from the t.g. experiments. A number of t.p.r.
runs are summarized in table 2. The positions of the peaks move ca. 70 K toward
higher temperatures when heating rates are increased from 5 to 16 K min™'. Gentry
et al.'? have given a method for calculating the apparent activation energy of the
reduction from such changes. Assuming zero-order behaviour in hydrogen and that
longitudinal mixing is absent (i.e. there is plug flow), they arrive at the equation:

In(TZ/B) = E/RT,, +constant €))

where T, is the temperature of the peak maximum (K), g is the heating rate (K s71)
and E is the apparent activation energy (kJ mol~?). In the derivation of eqn (1), the
underlying assumptions are that a purely chemical process is described, its rate being
governed by an Arrhenius equation, and that a number of parameters are constant
during the reduction of a particular compound. Application of eqn (1) to the positions
of the first peak results in a surprisingly high value of the apparent activation energy
of ca. 200 kJ mol™! at heating rates of 5.6-10.1 K min~!. At lower as well as higher
heating rates a marked deviation from the best straight line occurs.

The heating rate influences not only the peak positions but also the form of the
t.p.r. profiles. Some significant examples are given in fig. 1. A heating rate of
< 5 K min™! results in very poor resolution of the first two peaks. A fifth peak can
be observed with a rate > 10 K min~! although this is not well resolved. At
16 K min™%, the change in the t.p.r. profile is even more pronounced {fig. 1, run (81)]:
the second, third and fourth peaks have become smaller and the fourth and fifth peaks
are now completely resolved. All profiles mentioned so far in relation to fig. 1 were
measured with a sample weight of ca. 11-15 mg. T.p.r. experiments at 16 K min—! with
4.3 mg [fig. 1, run (115)] resulted in profiles similar to those obtained at 10 K min—!.
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Fig. 2. Influence of (a) crystal structure and (b) prereduction on the onset of the first reduction
peak. (a,) Reduction of V,0; and (a,) reduction of VO,. (b,) First reduction peak of calcined
V,0; and (b,) reduction peak of prereduced and reoxidised V,0O;.

Thus, sample weight and heating rate are not independent experimental parameters.
Combined they determine the possibility of exhaustion of the feed and/or a possible
influence of water, resulting in spectra which do not fit the usual pattern.

The first two t.p.r. peaks from the reduction of freshly prepared V,O, (from
ammonium vanadate or vanadyl acetylacetonate) are similar to those mentioned
above, the only difference being a shift to a higher temperature: 953 and 944 K,
respectively, as compared with 930 K for the sample of V,0, supplied by Merck.
However, the third peak is broad and does not show resolution into two distinct peaks.
Obviously the pretreatment was insufficient to produce similar structures.

Some t.p.r. experiments were performed starting from VO, instead of V,0, [fig.
2(a)]. The first reduction peak differs from the corresponding peak starting from V,0,
in position and form and is observed at 1027 K as compared with 1037-1047 K for
the third peak of the V,0, profile. The reduction of VO, starts relatively slowly as
compared with that of VO, obtained during the reduction of V,0,. However, the
low-temperature part of both profiles in fig. 2(a) is similar.

The latter results, as well as the high value of the apparent activation energy, suggest
that the structure of the solid phase plays an important role. To investigate this, the
following t.g. experiments were conducted. A regular reduction experiment was
carried out with V,0;, but the sample was cooled as soon as the first reduction peak
was completed [fig. 2(»)]. The sample was reoxidized until constant weight, the final
oxidation temperature not exceeding the temperature of the peak maximum. A
starting weight corresponding to V,0; was always obtained. After this, the reoxidized
sample was reduced again under the same conditions as before [fig. 2, run (b,)).
Although the peak maxima of runs (b,) and (b,) appeared at the same temperature,
the onset of the reduction in run (b,) started at a markedly higher temperature. This
behaviour is similar to that for the reduction of VO, as mentioned above: reduction
of VO, as an intermediate product proceeds in a similar way to the reduction of V,0O,
in run (b,).
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Fig. 3. Influence of water vapour on t.p.r. profiles. (¢) Heating rate 10 K min™; (b) heating rate
20 K min™!; (¢) heating rate 10 K min™, reduction with Ar+ H, with 3%, H,O.

Finally, the influence of water on the reduction profile was investigated by t.g.
experiments using H, + Ar saturated at room temperature with water. The presence
of water has a considerable affect on the reduction profile, as can be seen in fig. 3
by comparing run (a) (no H,0) and run (c¢) (H,O added). The number of peaks is
increased and the temperature at which the reduction is completed is higher. A similar
result can be obtained by just increasing the heating rate, as can be seen from fig. 3,
run (b).

DISCUSSION

Temperature-programmed reduction has been claimed to be a successful * fingerprint
method’ for the characterisation of reducible species. This section will focus on the
significance of the ‘fingerprints’ obtained.

Reported t.p.r. spectra for V,0, appear to differ notably from our results.
Roozeboom et al.’® found one single reduction peak at ca. 800 K (5 K min™1, 2 mg
sample weight as calculated from their data). Bond obtained spectra from V,0O,
(Merck) similar to ours, the first two peaks shifted only slightly, the last of these not
being resolved, as in our case, into at least two peaks (5 K min™!, 100 mg). Possible
reasons for these different results are discussed below.

It has already been shown in the Results section that the reduction probably

proceeds as follows:
V,0; - 1V,0,, - 2VO, — V,0,.

The first two peaks (fig. 1) correspond to the first two steps. The third and last t.p.r.
peaks together represent the last step, which clearly comprises more than one step;
V40, is one of the possible intermediate compounds.
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Thus, distinct reduction steps show up as different peaks in the t.p.r. profile. When
the place of a particular peak depends solely on kinetic parameters, the peak shift
caused by changes in heating rate contains information on the apparent activation
energy. Although such factors as surface composition, defects and geometry affect the
reactivity of the reduction of even simple metallic oxides,? it is very difficult to account
for these factors in a non-isothermal case.® Gentry et al.*? have shown, for the case
of the reduction of copper-exchanged zeolites, that the influence of H, concentration
and flow rate can be described satisfactorily by means of a simple kinetic equation.
The high value we obtained using this method for the reduction of bulk V,0; suggests
that the behaviour of this system is more complicated. Peaks other than the first one
show that there are compounds which are not present in the starting material but are
formed during the reduction. The local rate of formation will be different because of
local oxygen gradients in the particles, depending on experimental conditions such
as heating rate and volume flow rate. Thus that part of the spectrum not only contains
information relating to the properties of the starting material but also reflects how
the reduction proceeds, as determined by kinetics as well as by experimental
parameters.

It is well documented how oxygen is removed from the V,O, matrix.!®- 16 Oxygen
species to be removed leave behind anionic vacancies which are not randomly
distributed but lie in particular planes. Therefore, beyond a certain degree of
reduction, the structure may change by just small displacements along those vacancy-
rich planes. The resulting structure is known as a shear structure.?”

Reasoning along these lines, it can be understood why a relatively low heating rate
does not resolve the first two peaks, in contrast to the results at higher heating rates.
At a certain temperature the degree of reduction of the sample in run (12) (see fig.
1) is higher compared with that in run (15) because of its lower heating rate. Therefore,
in the first case a second phase can be formed at lower temperatures. Because of the
lower temperature, the conversion proceeds relatively slowly and the resulting peak
is quite broad: shear structures might therefore be present in a larger proportion of
the sample instead of a progression of stoichiometric compounds, as described above.
Local regions may be converted into a new shear structure, whereas other parts are
still in the initial structure. This might also explain the poor reproducibility of the
peak positions at low heating rates (table 2) and also the deviation from an Arrhenius
plot on the lower-temperature side.

Apart from the change in crystal structure because of the formation of shear
structures, it has to be remembered that the temperature region in which the first peak
appears (see table 2) is not far from the melting point of V,0O, (963 K). This also gives
rise to enhanced mobility of the ions in the matrix, which might contribute to the
changes in crystal structure. However, this is probably not a significant process since
prereduction and reoxidation in this temperature region do not influence the position
of the subsequent rereduction peak (fig. 2). The influence of structural parameters may
be reflected by a small shift of 10-20 K to higher temperatures starting from two kinds
of freshly prepared V,0; and one of 10-20 K to lower temperatures starting from VO,.
Crystal structure and orientation affect the reducibility,’® but this is far more
pronounced in supported systems, which may show shifts of several hundred degrees,
as will be demonstrated in a subsequent paper.

With an increasing heating rate, the first peak shifts close (20 K) to the melting point
of V,0; and the second to the region where V40, is not stable.!® These two peaks
show an upper limit and cannot shift further upon increasing the heating rate. At those
heating rates no meaningful values of the apparent activation energy can be calculated,
leaving only a relatively small range of 5-10 K min~ in which the method of Gentry
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et al. can be applied. However, the value of E obtained (200 kJ mol~!) is an indication
of the occurrence of a solid-state diffusional process.

All experiments presented in this paper are thought to be free from heat- and/or
(pore-diffusional-) mass-transport limitations. This does not hold for run (81), which
is presented in fig. 1 to show that it is the combination of heating rate and sample
weight which determines possible exhaustion of the feed H,. Comparison of run (81)
(10 mg) and run (115) (4.3 mg) show that the same form of t.p.r. profile can be
obtained, even at relatively high heating rates, provided that a suitable sample weight
is used. The hydrogen feed rate should be high enough to match the highest possible
oxygen removal rate. Regular checks should thus be made at the highest reduction
rate to ensure that the gradient of the hydrogen concentration (along the reactor and
across the particles) is sufficiently small. An equation which relates the maximum
allowable sample weight and the amount of oxygen removed during a particular
reduction step (a particular peak) can be derived as follows. Starting from the
boundary condition @y, > rreq Gyo, (Where ¢y, is the flow rate of H,. r.eq is the
specific reduction rate and Gy, is the total sample weight) and assuming that all the
oxygen involved in the particular step considered is removed at a constant rate during
an interval Az = AT;/p, this leads to the following constraint

AT M,
Gmo, < ¢H2—ﬁg 071&“ )

where AT} is the peak width at half height, O/M is the molar ratio of oxygen removed
and metal present and My _ is the molar weight of MO,,. If hydrogen consumption
reaches 1009, the peak would assume a flat top. The use of eqn (2), however, indicates
the region of near exhaustion, which is only the case in the deviant run (81). A similar
criterium is derived recently by Monti and Baiker.!®

The influence of sample weight, however, cannot be understood simply in terms
of possible exhaustion of the feed. Gentry et al.'? observed a considerable change in
their t.p.r. spectra with increasing sample weight. The two-step reduction of Cu?*
could not be resolved above a certain sample weight. Both at higher sample weights
and at higher heating rates, a higher partial pressure of water vapour will be built
up. Since the presence of water is known to enhance sintering processes,?? its presence
might also be responsible for structural changes during reduction. Although Rooze-
boom et al.’® have shown that water saturation of the feed did not cause a shift of
their t.p.r. profiles, these profiles were found at a temperature > 200 K lower. The
influence of water vapour at higher temperatures cannot be ruled out. In fact, the
presence of water affects our t.p.r. profiles markedly, as shown in fig. 3, which also
shows that too high a product of heating rate and sample weight (8 Gy0,) affects
the t.p.r. spectrum in the same way as does the addition of water vapour. This leads
to the conclusion that at a choosen heating rate the sample weight should be as small
as possible to keep a low partial pressure of water vapour.

A remarkable phenomenon is shown in fig. 2. The starting temperature of the first
reduction peak is higher after prereduction and subsequent reoxidation of V,O;;
however, the temperature at which the maximum reduction rate occurs is the same
in both cases. Analogously, reduction of bulk VO, starts at a relatively low
temperature, while the reduction peak of VO, formed as an intermediate product from
reduced V;0O,, does not show this behaviour. The fact that the peak maximum of the
prereduced sample [fig. 2, run (b,)] does not shift excludes the possibility that this
phenomenon reflects a rate-determining step before that involving the reduction of
the bulk phase, otherwise the peak would have shifted to a lower temperature after
this step was removed by the prereduction. The nature of this process, which will have
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a very low activation energy (concluded from the slope of the lower-temperature part),
is not yet clear. Experiments on supported V,0;, not yet reported, show that this
onset at a lower temperature is never observed in ‘monolayer’ catalysts.

In the case of the reduction of NiO, Monti and Baiker!® describe this behaviour
to an induction period during which stable nuclei are formed on the surface of the
oxide. However, then the peak position would be affected by the pretreatment
described above. The finding that the peak position is not influenced suggests that
the virgin V,0; (and also the VO,) contains structural irregularities which are removed
by the preceeding reduction—oxidation cycle.

CONCLUSIONS

Calculations of apparent activation energies show that the reduction of bulk V,O;
is limited by solid-state diffusion. The highest resolution of the t.p.r. spectra is
obtained at a relatively high heating rate and a small sample weight. It must be
ascertained that no exhaustion of the feed takes place at the highest reduction rate
and a rule of thumb has been supplied to provide for this. A pronounced influence of
water, formed during the reduction, on the t.p.r. profiles of V,O; is observed only at
relatively high values of the product of heating rate and sample weight.

We thank Prof. G. C. Bond for many stimulating discussions, Prof. J. R. H. Ross
for his helpful advice during the preparation of this manuscript and J. Boeysma for
his skilful measurements of the X.r.d. patterns.
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