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Comments on the characterisation of oxidation catalysts using
TPR/TPO

Nianxue Song?, Colin Rhodes?, David W. Johnson®, and Graham J. Hutchings™*

ADepartment of Chemistry, Cardiff University, P.O. Box 912Cardiff, CF10 3TB UK
®Wilton Centre, Lucite International UK Ltd., Wilton, Redcar, TS10 4RF UK

Received 10 March 2005; accepted 19 April 2005

Temperature programmed reduction (TPR) and oxidation (TPO) are used extensively in catalyst characterisation. In this paper,
we examine the use of TPR/TPO cycles for the characterisation of a range of molybdates and single oxides. In particular we observe
that the first cycle differs from that of subsequent analyses, even when the maximum temperature is limited to that used in the
catalytic reaction. The effect is independent of heating rates and cooling atmospheres and has been demonstrated using different
bed configurations. This observation has significance when these oxides are used in periodic flow reactors that involve many cyclical

reduction/oxidation.
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1. Introduction

Temperature programmed oxidation (TPO) and
temperature programme reduction (TPR) have become
essential techniques for catalyst characterisation. Many
use TPO and TPR during catalyst preparation to
determine optimal calcination and reduction tempera-
tures, respectively. However, it is tempting to use the
techniques in more depth, particularly for oxidation
catalysts where the catalysts are subjected to reduction/
oxidation cycles.

The use of TPR has been widespread since Robertson
et al. [1] characterised NiO and CuO catalysts and this
early work has been reviewed [2]. TPO is an important
extension [3] and both techniques depend on great care
being taken with the experimental conditions, for
example reactant concentration (both gases and cata-
lyst), flowrates, temperature (both ramp rate and final)
and reactor dimensions. For example, these effects can
lead to significantly different TPR profiles being
obtained for Co304, with two distinct reduction pro-
cesses [4-6], one distinct with a lower temperature
shoulder [7,8] and a single reduction process [9-11].
Monti and Balker [12], fortunately, have made a sig-
nificant contribution to this difficult topic and they have
defined the experimental conditions that are required to
achieve reproducible and useable data.

Our attention to this area was prompted by the
observation that there is an increased interest in the
last 20 years of using periodic or pulse flow reactors,
during which time the catalyst is sequentially reduced
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and then subsequently reoxidised. During continuous
flow oxidation the catalyst is not, typically, subjected
to substantial reduction and in such cases TPR/TPO is
only valuable in characterising the initial catalyst and
in situ techniques are required to follow the structural
changes occurring during use [13]. However, in periodic
flow the oxidation catalyst is substantially reduced and
we consider that the use of cyclic TPR/TPO can be of
value in characterising oxides for use in periodic flow
reactors.

Initial interest in periodic flow reactors for oxida-
tion was prompted by Contractor and co-workers
[14-18] who developed the riser/circulating fluidised
bed (CFB) reactor for the oxidation of butane to
maleic anhydride. In the CFB process, butane is
reacted with the vanadium phosphate catalyst in the
absence of air in a riser reactor. This permits the
catalyst and hydrocarbon to remain in contact for a
few seconds at the reaction temperature. Subsequently,
the reaction products are recovered and the catalyst is
re-oxidised in a fluidised bed by reaction with air.
Decoupling the catalyst reduction and re-oxidation
stages of the catalyst operation leads to improved
process control. Recently Contractor et al. [19] have
shown the approach can be useful for the ammoxi-
dation of propene and very high selectivity has been
reported. Consequently the use of periodic flow reac-
tors is now attracting increased attention for both
gas—gas and gas-liquid reaction systems [20-25].

In this paper we examine the use of cyclic TPR/TPO
to emulate catalyst reduction and reoxidation during
periodic flow for a range of unsupported mixed
molybdate and single oxides, and unexpectedly we
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Figure 1. Characterisation of BixMoOg using 5 TPR/TPO cycles (TPR first) (a) TPR; (b) TPO. Conditions: 10 °C min~'. TPR: 10% Hy/Ar,
50 ml min~'. TPO: 10% O,/He, 50 ml min~". (Grey line denotes Ist TPR or TPO, applied to the whole paper).
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Figure 2. TPO characterisation of Bi,MoOg using 5 TPR/TPO cycles (TPR first). Conditions: 10 °C min~'. TPR: 4% isobutene/He,
50 ml min~'. TPO: 10% O,/He, 50 ml min™".

observe that the first temperature programmed cycle
gives significantly different results even when the final
temperature is the same as that when the catalysts are
used in periodic flow reactors.

2. Experimental

Bismuth molybdate binary oxide Bi,MoO¢ was pre-
pared using a coprecipitation method. Bi(NO3);-5H,O
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Figure 3. Powder X-ray diffraction patterns for Bi,MoOg catalyst (a) fresh calcined catalyst, (b) after TPR;/TPOy, (c) after TPR;/TPO,/.../
TPRs/TPOs.
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Figure 4. Powder X-ray diffraction patterns for Bi,MoOg catalyst (a) fresh calcined catalyst, (b) after TPR,, (c) after TPR,/TPO,/TPR,.
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Figure 5. Laser Raman spectra for Bi,MoOg (a) fresh calcined catalyst, (b) after TPRy, (c¢) after TPR/TPO;, (d) after TPR;/TPO,/TPR;, (¢)
after TPR|/TPOy/.../TPRs/TPOs.
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Figure 6. Characterisation of CoMoO, using 5 TPR/TPO cycles (TPR first) (a) TPR; (b) TPO. Conditions: 10 °C min~'. TPR: 10% H,/Ar,
50 ml min~". TPO: 10% O,/He, 50 ml min™".
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Figure 7. Powder X-ray diffraction patterns for CoMoO, catalyst (a) fresh calcined catalyst, (b) after TPR,, (c) after TPR,/TPO,/TPR,.

(25.8 g, Fisher Chemicals) was dissolved in nitric acid
(108 ml, 5 M, Fisher Chemicals) at 25 °C to give solu-
tion A. (NH4)¢sMo070,4-4H,0 (4.7 g, Fisher Chemicals)
was dissolved in aqueous ammonia (108 ml, 5%, Fisher
Chemicals) at 25 °C to give solution B. Solution A was

added dropwise to solution B over 15 min at 25 °C with
stirring. The pH was adjusted to pH 7 with 5% aqueous
ammonia. The slurry was heated at 80 °C for 16 h to
give a paste that was dried in air (100 °C, 24 h) and
calcined at 480 °C for 12 h in air.
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Figure 8. Powder X-ray diffraction patterns for CoMoO, catalyst (a) fresh calcined catalyst, (b) after TPR,/TPOy, (c) after TPR;/TPO,/TPR,/
TPO,, (d) after TPR,/TPO,/.../,TPR5/TPOs.
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Figure 9. Laser Raman spectra for CoMoO, (a) fresh calcined catalyst, (b) after TPR,, (c) after TPR;/TPOy, (d) after TPR,/TPO,/TPR,, (e)
after TPR|/TPO,/TPR,/TPO,, (f) after TPR|/TPO,/.../TPRs/TPOs.

CoBiMoO,, was prepared as follows. Bi(NO3)3 - SH,O
(18.3 g, Fisher Chemicals) was dissolved in nitric acid
(76 ml, 5 M, Fisher Chemicals) at 25 °C to give solution
A. (NH4)sMo070,4-4H50 (6.7 g, Fisher Chemicals) was
dissolved in aqueous ammonia (120 ml, 5%, Fisher
Chemicals) at 25 °C to give solution B. Co(NO3), - 6H,0
(10.8 g, Fisher Chemicals) was dissolved in water
(140 ml) at 25 °C to give solution C. Solution C was
added dropwise to solution A over 5 min at 25 °C. The
mixed solution was then added dropwise to solution B
over 10 min at 25 °C. The pH was adjusted to pH 7 with
5% aqueous ammonia and the catalyst was recovered and
treated as described above.

CoMoO, was prepared as follows. Co(NOs),:6H-,O
(29.1 g, Fisher Chemicals) and (NH4)sMo-,0,4°4H>O
(17.6 g, Fisher Chemicals) were dissolved in water (250 ml)
at 25 °C. The solution was heated to 80 °C and a blue
precipitate formed. The slurry was maintained at this tem-
perature to evaporate most of the water. The resulting paste
was dried at 100 °C for 1 h and calcined at 500 °C for 2 h.

A multi-component  catalyst, BiMo;,Fe,NiCo,
MgSbg 9T 1 Teg 02Cs0Ox, was prepared using the liter-
ature method [26]. A number of techniques were used to
characterise the materials. Powder X-ray diffraction was
performed using an Enraf Nonius FR590 X-ray genera-
tor with a Cu-K, source fitted with an Inel CPS120
hemispherical detector. Raman spectra were obtained
using a Renishaw Ramanscope 1000 spectrograph fitted
with a green Ar" laser (1=514.532 nm). Temperature
programmed reduction and temperature programmed
oxidation studies were carried out using a Micromeritics
AutoChem 2910 instrument using 0.1-0.2 g catalyst.

3. Results and discussion

Our initial experiments were conducted using
Bi,Mo0Og a material that is known to be an active
oxidation catalyst [27] and in a separate study we con-
firmed that our material was active for the oxidation of
isobutene with similar activity/selectivity to that
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Figure 10. Characterisation of CoBiMoO,, using 5 TPR/TPO cycles (TPR first) (a) TPR; (b) TPO. Conditions: 10 °C min~'. TPR: 10% H,/Ar,
50 ml min~". TPO: 10% O,/He, 50 ml min~"'.

reported previously. In our initial studies we have
investigated using five cycles of TPO/TPR or TPR/TPO
using dilute H, (10% H, in Ar) or dilute isobutene (4%
isobutene in He) as the reducing agents and dilute O,
(10% O, in He) as the oxidant. In these experiments, the
temperature was ramped to 400 °C and held constant at
this temperature. We selected this maximum tempera-
ture as it is typical of that used in riser reactor/periodic
flow reactors for molybdate catalysts, it was also lower
than the calcination temperature used to prepare the
materials. Typical data for this cyclic TPR/TPO study
(i.e. the reduction step is first ¢f simulating use in a riser
reactor) are shown in Figure 1 for H, as the reducing
agent and Figure 2 for isobutene as the reducing agent.
The data for the TPR cycles when isobutene is used as
reducing agent are complicated since the positive
isobutene consumption peak and negative products
peaks overlaid each other and this made it impossible to
identify the TPR peaks, hence only the TPO data are
shown. However, in both cases, the initial TPR and
TPO are significantly different from the subsequent
TPR/TPO profiles. The effect is also observed identically
if the TPO is carried out first. It is also observed if higher

maximum temperatures are used, and we have examined
temperatures up to 700 °C. Furthermore, the effect is
independent of the atmosphere in which the sample is
cooled after the first analysis as we have observed
identical data when the catalyst sample is cooled in the
reaction atmosphere or in helium or argon. In addition,
we have examined the effect of different heating rates to
achieve the maximum temperature and again we have
observed the same effects when using heating rates of 2,
6, 10 and 18 °C min~".

To determine that the effect was not an artefact
associated with the commercial TPR/TPO apparatus we
used, we constructed a TPR/TPO apparatus that
allowed us to explore different bed shapes. Again, in all
cases the initial TPR/TPO was different from the sub-
sequent experiments. We have conducted many tens of
experiments and have observed this effect reproducibly.

Characterisation of the catalysts following H,-TPR/
TPO cycles using powder X-ray diffraction (Figures 3
and 4) and laser Raman spectroscopy (Figure 5) do not
show any significant difference between the first and
subsequent oxidation cycles. However, after the reduc-
tion step an additional reflection at d = 0.3289 nm is
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Figure 11. Characterisation of BiMo,Fe,NiCo;MgSby ¢Tig 1 Teg,Cso 40, using 5 TPR/TPO cycles (TPR first) (a) TPR; (b) TPO. Conditions:
10 °C min~!. TPR: 10% H,/Ar, 50 ml min~'. TPO: 10% O,/He, 50 ml min~".

observed. This reflection is considered to be the (0 1 2)
plane of metallic bismuth (¢ = 0.328 nm). It is clear
that the reduction step is causing a bulk structural
change, although this is not particularly apparent in the
Raman spectra. It is possible therefore that the effects
we observe between the first and subsequent TPR/TPO
cycles could be due to this structural change. Hence we
have investigated a range of further catalytic materials.
The data for CoMoO, are shown in Figure 6. Again the
first TPR/TPO is different from the subsequent cycles.
In this case the structural investigation using X-ray
powder diffraction (Figures 7 and 8) and Raman spec-
troscopy (Figure 9) show there are no structural differ-
ences induced by the TPR experiments and consequently
we do not consider the difference observed with the first
cycle for Bi;MoOg is related to structural changes.
Subsequently, we examined a mixed cobalt bismuth
molybdate CoBiMoO, and a complex molybdate
catalyst BiMO]2F62NiCO7MngO.9Ti0'1T€0.02CS().4O/\-
that has been reported [26] as an exceptionally active
catalyst for isobutene oxidation to methacrolein, and in
a separate study we confirmed that both were active and
selective for this reaction. Cyclic TPR/TPO data are

shown in Figures 10 and 11, respectively. Again the first
TPR/TPO cycle is significantly different from the sub-
sequent cycles.

In view of these findings we examined the TPR/TPO
cycles for the major components of the mixed oxides, i.e.
Mo0QO;, Bi,O3 and Co304 using a maximum temperature
of 400 °C. With MoOs no reduction or oxidation was
observed in this temperature range. With Bi,Oj3 the first
and subsequent TPR/TPO cycles were, in this case,
identical (Figure 12). With Cos0,4 (Figure 13) the first
and subsequent cycles are different as observed with the
more complex molybdates. We have also observed this
effect with other oxides and it appears that Bi,O3 is an
exception with respect to its behaviour.

Our results show that for complex molybdates, as
well as less complex materials, the first and subsequent
TPR/TPO cycles are clearly different. The first cycle
being unique. This has consequences for the use of these
materials is periodic flow or riser reactors in that the
materials will clearly change following the first reduc-
tion/oxidation cycle. The effect is almost certainly rela-
ted to surface oxygen availability and detailed surface
studies are now required to examine the origin of this
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Figure 12. Characterisation of Bi,O; using 5 TPR/TPO cycles (TPR first) (a) TPR; (b) TPO. Conditions: 10 °C min~'. TPR: 10% H,/Ar,
50 ml min~". TPO 10% O,/He, 50 ml min™".

effect in more detail. However, we have clearly shown
that the use of TPR/TPO or TPO/TPR cycles is signif-
icantly more informative than single experiments and we
advocate this methodology for the study of heteroge-
neous catalysts in general.
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