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Partial oxidation (POX) and steam-CO; mixed reforming of CH4
on MgO-supported noble metals were investigated at high space ve-
locity (5.5 x 10° h™!). Temperature-programmed reaction (TPR)
and isotope transient techniques were used to study the mechanism
of POX and mixed reforming. TPR profiles of POX and mixed re-
forming showed similar ignition reaction behaviors, which implied
that there are similar characteristics in their mechanisms. Steam
reforming and CO; reforming were found to start at the same time
in mixed reforming. TPR and CH4-D; exchange experiments indi-
cated that CH4 was activated at low temperature on Rh/MgO. POX
showed much higher activity than mixed reforming although their
C, H, and O atomic concentrations were the same at the beginning of
eachreaction. It is suggested that the lower rate of reaction in mixed
reforming is due to the blocking of active sites for CH4 activation by
CO, and H,O. It seems that the coexistence of CO; and H,O shows
stronger inhibition than that of CO;, alone and H,O alone. Rh/MgO
without previous reduction treatment also showed a high reactivity
for POX but with a higher ignition temperature than a prereduced
catalyst. With regard to the H,/CO ratio, mixed reforming showed
a changing ratio with increasing temperature, which suggested that
the rate for CO; reforming increases faster than that of steam re-
forming. An in situ isotope-labelled 1*CO; transient experiment for
mixed reforming indicated that carbon formed from CO, or CO de-
composition was less active than (CHy)aq (x =0, 1, 2, and 3) formed
from CH4 decomposition. For POX, a small amount of steam had
little effect on CO formation rate for an active catalyst, e.g., Rh/MgO
or Ru/MgO, but decreased the rate for less active catalyst Pt/MgO.
All the results indicated that steam reforming and CO; reforming
in mixed reforming start simultaneously and have the same type of
reaction intermediate, adsorbed atomic oxygen. POX proceeds via
both one-step and two-step mechanisms, the ratio for each mecha-
nism being dependent on the concentration and kinetics of adsorbed
atomic oxygen and gaseous atomic oxygen. Mechanisms for POX
and mixed reforming are suggested and the effect of oxygen—metal
bond strength on activity is discussed. © 1996 Academic Press, Inc.
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INTRODUCTION

To convert natural gas into high-value products has been
a focus of research for many years. Syngas plays a key role
as a feedstock in many synthesis processes in modern chem-
ical industry. Conventionally, syngas is produced by steam
reforming of natural gas (1). Recently, partial oxidation
(POX) (2-7) and CO; reforming (8, 9) of natural gas to
syngas have attracted much academic and industrial inter-
est because of their potential to reduce the cost of syngas
or for application in energy storage technology. The overall
stoichiometries for the three reactions are:

CH, + H,0 — CO + 3H, (—AHSs = —206 kJ/mol) [1]
CH4 +1/20, — CO +2H, (—AHjg = 38 kJ/mol)  [2]

CH, 4+ CO, — 2CO + 2H, (—AHSs, = —247 kJ/mol).
3]

Steam reforming (reaction [1]) has been extensively stud-
ied, particularly on Ni catalysts (1), and it has two distinct
drawbacks. The reaction is strongly endothermic and there
is a larger H,/CO ratio than is required for subsequent
processes. POX (reaction [2]) produces syngas in a mildly
exothermic reaction and there is a smaller H,/CO ratio.

POX was suggested to proceed via a two-step mechanism
in which there is first deep oxidation of a part of the CHy4
to CO; and steam, then reforming of the remaining CHy
with CO; and steam to syngas (2-4). However, a direct par-
tial oxidation mechanism (one-step mechanism) was also
suggested when some very high activities for POX were
observed under high-space velocity conditions (6, 7). The
reaction scheme for both routes is shown in Fig. 1.

The second step of the two-step mechanism is a combina-
tion of steam reforming (reaction [1]) and CO; reforming
(reaction [3]) and is hereafter called mixed reforming (re-
action [4]).

CH,4 +2/3H,0 + 1/3CO;, — 4/3CO + 8/3H,

(—AH3gg = —219 kJ/mol). [4]
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4CHg4 + 20,|—De%p Oxidation __ "3cH, + 2Ho0 + COp

4CO + 8Hp

Suggested reaction scheme for POX.

FIG. 1.

To check the mechanism of POX, it is useful to com-
pare the reactivities of mixed reforming with POX using the
molecular ratios indicated in Fig. 1. In this way, the atomic
concentrations of C, H, and O in the reactor for both reac-
tions are the same. If the reactivities were identical, POX
might proceed via mixed reforming to produce syngas (two-
step mechanism). This was the initiative for the work be-
ing carried out. Furthermore, as shown in Eq. [4], mixed
reforming can adjust the H,/CO ratio of steam reforming
alone and make good use of CO,, a major by-product of
syngas production. CO; reforming itself exists extensively
in conventional steam reforming processes because steam
and CO; are connected through the water—gas shift reaction
(WGS),

CO+H;0 = CO;+H; (—AHj¢ =41kJ/mol). [5]
While the mechanism for steam reforming on Ni catalyst
has been extensively investigated (1), there has been lit-
tle discussion of CO, reforming and even less on mixed
reforming.

CO; reforming (reaction [3]) alone has been practised in
industry (10-14) and studied for CO,-consuming and chem-
ical energy transmission technology (8, 9) in recent years.
Although some attention has been paid to CO; reforming,
relatively few papers have dealt with its catalytic mecha-
nism (1). Bodrov and Apel’baum (10) suggested that CO,
is shifted to CO and H,O through reverse WGS, then H,O
is reacted with CHy (steam reforming) to produce syngas.
Bodrov and Apel’baum also reported a study of the reac-
tion kinetics, which indicated that the kinetic data for CO,
reforming could be represented by a kinetic expression ob-
tained for steam reforming under similar conditions on a
Ni film. A similar result was reported by Rostrup-Nielsen
et al. (15). Erdohelyi et al. (16) and Rostrup-Nielsen and
Bak Hansen (8) suggested a mechanism involving the dis-
sociation of CO, and H; acceleration.

In this paper, we report and compare the results of iso-
tope exchange, temperature-programmed reaction (TPR),
and reactivities of POX and mixed reforming, suggest the
mechanisms for POX and mixed reforming, and discuss the
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function of the oxygen—metal bond strength in the reaction
kinetics for the two reactions. The effect of a small amount
of steam on the activity for POX is also investigated.

EXPERIMENTAL

A fixed bed quartz microreactor (4 mm i.d.) was used
in all experiments. Flows of gases (CHg4, Hy, CO,, He, and
N,) into the reactor were controlled by mass flow meters
(Brooks 5850 TR) and a controller (Brooks 5878). The
steam was fed into the reactor by bubbling a carrier gas.
The reaction temperatures were monitored by a sheathed
thermocouple (0.4 mm o.d.) located in the middle of the
catalyst bed and by a temperature programmer/controller
(RKCPS-962). The exit gas analysis system consisted of two
gas chromatographs (Shimadzu 8A instrument with a TCD
detector and a HP-3392A integrator, Carbosphere 80/100
from Alltech Co. column 3.2 mm o.d., 3.0 m long in program
temperature mode for analysis of CO, CO,, and hydrocar-
bons, and Chromosorb 102 from Alltech Co. for analysis
of Hy) and a quadrupole mass spectrometer (VG SX 200,
enclosed source, triple filter and SEM detector) controlled
by an IBM XT. Water in the exit gas was condensed by
the ice/dry-ice trap before the gas chromatographs and the
quadrupole mass spectrometer. All catalysts used in this
study were prepared by the incipient wetness technique us-
ing aqueous solution of an appropriate metal chlorides. The
amount of metal was 0.5% weight of total catalyst. Univar
grade MgO from Ajax Chemicals (117 m%/g, BET method,
size <100 um) was used as a support for all catalysts. Prior
to each experiment the catalyst sample (10 mg) was reduced
in a flow of Hy (50 ml/min) at 500°C for 10 h.

Evaluation of catalytic activity for POX and mixed re-
forming was carried out as follows. A mixture of gases
and steam with CH4:H,O:CO;:N,=2.7:1.8:09:7.2
mmol/s/g for mixed reforming and CH4:0;:N;=
3.6:1.8:7.2 mmol/s/g for POX, N, as a diluent and carrier
gas, was passed through the catalyst bed at space veloc-
ity of 5.5 x 10° h™! (contact time 6.5 ms). The activity was
measured over the range 600 to 900°C. The effect of a small
amount of steam on POX activity was carried out by adding
steam into the POX reactor but keeping the space velocity
constant. The amount of steam added was that required
to give thermal balance for combined POX and steam
reforming, namely, CH4: H;O0:0,:N; =3.8:0.6:1.6:6.6
mmol/s/g, and was controlled by controlling the temper-
ature of the water evaporator and, in turn, the saturated
pressure of steam and its partial pressure in the feed stream.
The calculation of thermodynamic equilibrium was carried
out using a software and database developed by CSIRO,
Australia, which considered all thermodynamic possibili-
ties and gave the optimising composition of final reaction
mixture in thermodynamic equilibrium from the input com-
positions of reactants.



142

Isotope transient experiments were carried out on the
active Rh/MgO catalyst in two ways. CHs—D; exchange ex-
periments were described elsewhere (17) and a *Cisotope-
labelled 1*CO, experiment in mixed reforming was carried
out as follows. A mixture of CHy, CO,, H;O, and He was
passed over Rh/MgO at 700°C with all other conditions set
the same as those in normal mixed reforming except for us-
ing He instead of N, as a carrier gas. After the reaction was
stable, 13CO; (ratio-of-!*C-to-total carbon >99%, supplied
by Cambridge Isotope Laboratories, USA) was switched
into the mixture using a six-way valve to replace the CO,
stream. The amount of *CO, was enough to replace all
CO; in the reactor and be analysed without any effect from
the unlabelled CO; stream. The sample collecting time was
precalculated in order to catch the desired products. The
analytical method was a combined GC and MS method,
similar to that of the CH4—D; exchange experiments.

TPR experiments for POX and mixed reforming were
carried out over Rh/MgO from 100 to 900°C with same re-
actant components and space velocity as those of POX and
mixed reforming, respectively, except for using He instead
of N, as a carrier gas at atmosphere pressure. The reactor
temperature was increased at a rate of 20°C/min. The efflu-
ent from the reactor was passed though an ice/dry-ice trap
and then into the sample chamber of the MS. The MS was
operated in a multichannel mode to analyse CH4, O,, CO,
and CO; simultaneously.

RESULTS

1. CHD; Exchange Experiments on Rh/MgO

CH4-D, exchange experiments were carried out on
Rh/MgO under space velocity the same as that in POX or
mixed reforming. The results are shown in Fig. 2. CH,;D,
can be positively detected by the employed analytical tech-
niques but can not be found in products. The exchange re-
action happens from about 300°C and accelerates following
the increase of temperature. At 500°C, CH4 conversion is
over 90% and CDy selectivity is about 70%. The result in-
dicates that CH,4 activation is very effective on Rh/MgO.

2. Temperature Programmed Reaction (TPR)

The TPR profiles (“spectra”) of POX and mixed reform-
ing between 500 to 640°C are shown in Figs. 3 and 4, re-
spectively. In Figs. 3 and 4 the ion current signals which are
proportional to concentration are given for mass-to-charge-
ratio (m/z) 15 (CHy), 28 (CO), and 44 (CO,). Mass 32 (O5)
is also given in Fig. 3 but H, and H,O were not analysed.

In Fig. 3 at 550°C, there are sharp changes of all signals
which indicate that the partial oxidation of CHy ignites at
this point. The increase of CO and CO; signals and the
decrease of CH4 and O; signals imply that CH4 and O,
react with each other and produce CO and CO,. The figure
shows that the decrement of CH4 roughly equals the sum
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of increments of CO and CO, with CO higher than CO; at
550°C.

Similar sharp changes of all signals were observed for
mixed reforming of CH,4 in Fig. 4. The sharp changes of all
signals indicate that the mixed reforming of CHy ignites at
570°C. The decrease of CH4 and CO, and increase of CO
show that CH4 and CO; react with each other and produce
CO. Although CO; reacts with CH4 in a molar ratio of one
according to reaction [3], the decrement of CHy4 appears
much larger than that of CO;. The observation implies that
steam reforming is also occurring and both reformings oc-
cur simultaneously.

The similar ignition reaction phenomena in TPR spectra
for POX and mixed reforming are an indication that there
are similar characteristics in their mechanisms. As CHy ac-
tivation is the same for both reactions, the production of a
similar reaction intermediate involving oxygen is expected.
The mechanisms will be discussed later.

CH, signals in both figures show clear decreases before
reaction starts but no other carbon species signal increases.
The decrease begins from about 300°C and gradually accel-
erates up to the point of reaction start-up in each reaction.
The decrease is in agreement with the result of CHs-D;
exchange experiments and indicates the adsorption and ac-
tivation of CHy4 on the catalyst surface. In mixed reforming,
CO yield is very high after the reaction starts but gradually
decreases until about 700°C, then increases again with in-
creasing temperature. The decrease of CO yield may be the
effect of WGS, which produces CO, from CO. The effect of
WGS is not prominent in POX because H,O concentration
is very low.

3. Activity

The reactions of POX and mixed reforming were carried
out in a fixed-bed microreactor on several noble metal cat-
alysts supported on MgO. Both reactions used the same
space velocity as used in CH4—D; and TPR experiments.
The molecular ratio used in mixed reforming was accord-
ing to the assumption that a quarter of the CH, in POX
was consumed by deep oxidation with O,. The molecular
ratios used in POX and mixed reforming are simply shown
in Fig. 1. In this way, POX and mixed reforming have the
same C, O, and H atomic compositions at the beginning of
both reactions.

CH,4 conversions for POX and mixed reforming and CO
selectivities for POX are shown in Figs. 5-7. The thermody-
namic equilibrium curve is also drawn in each figure for ref-
erence. CO is the only important carbon-containing product
in mixed reforming, the selectivity to amorphous carbon be-
ing less than 5%. CO selectivity for mixed reforming is not
drawn and discussed here.

POX exhibitsignition reaction phenomena on each metal
catalyst as shown by TPR of Rh/MgO in the previous sec-
tion. The ignition temperature depends on each catalyst;
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it is 500°C for Pt/MgO, 550°C for Rh/MgO, and 620°C
for Ru/MgO. Before the ignition, CH4 conversion is less
than 5%; however, after the ignition, CH4 conversion be-
comes very high, for Rh/MgO, Ir/MgO, and Ru/MgO even
higher than the calculated thermodynamic equilibrium. At
the same time CO selectivity is also very high (Figs. 5 and
6). CO and CO; are two major carbon-containing products,
and selectivity to C; products is less than 2%. O, conversion
is about 96-98% for each catalyst.

Some authors (6, 7) reported high CH4 conversion and
CO selectivity for POX at very high space velocity. How-
ever, others (18, 19) have shown that CHy4 conversion and
CO selectivity do not exceed the value of thermodynamic
equilibrium at the reaction temperature because there can
be a significant difference between the recorded temper-
ature and the actual temperature on the catalyst surface.
The temperature difference was noticed but not measured
in our experiments, unfortunately.

Apart from the high CH4 conversion and CO selectivity
for POX, a very low CHy4 conversion for mixed reform-
ing is observed for each catalyst (Fig. 7). The highest CHy
conversion is 99%, which corresponds to the complete con-
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FIG. 6. CO selectivity of POX on MgO-supported noble metals.
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sumption of CO; and steam at high temperature according
to the calculation from thermodynamic data. However, the
experimental data are much lower than the value of thermo-
dynamic equilibrium at all temperatures. At 600 and 900°C,
the CH4 conversions for equilibrium are 42 and 99%, re-
spectively; while those measured are about 15 and 50%,
respectively. The activity decreases following the order Ru,
Rh > Ir > Pt, Pd. The lower activity for mixed reforming
may be caused by the high concentration of H,O and CO,
in the reactor, which blocked the active sites on the cata-
lyst surface for CHy dissociation. This retarding effect of
steam or CO; was also observed in steam reforming (20).
However, it is noted that CH4 conversion of steam reform-
ing alone or CO; reforming alone on Rh/MgO or Ru/MgO
reached the value of thermodynamic equilibrium at over
800°C by using the same space velocity as in POX or mixed
reforming (21). It may be suggested that CO, and HO when
presented together in the reactor are stronger inhibitors
than CO, alone and H,O alone.

Pd/MgO shows decreases of CH4 conversion and CO se-
lectivity for POX following the increase of temperature.
The decrease probably results from coking or sintering of
the catalyst. Deactivation was not observed under our ex-
perimental conditions on any catalysts, except Pd/MgO for
POX, during the experiment period. No coking was found
over Rh or Ru catalyst. A little amorphous carbon appeared
on Pt and Pd catalysts. Rh and Ru do not readily form coke
because of their low carbon diffusion rate from surface to
bulk (22).

An experiment with a Rh/MgO catalyst without previous
reduction treatment was also carried out. It is found that
the ignition temperature was increased to 620°C but CHy
conversion and CO selectivity were as same as those with a
prereduced Rh/MgO catalyst. As oxide covers the surface
of the unreduced catalyst, the results imply that the oxygen—
metal bond is involved in the reaction kinetics.
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4. Combination of POX and Steam Reforming

The combination of POX and steam reforming was inves-
tigated for two reasons. One reason was that if exothermic
heat from POX is not removed from the reactor it would
cause an undesired temperature increase and perhaps se-
rious coking and/or sintering of the catalyst. The heat can
be absorbed by the endothermic heat of steam reforming,.
Another reason is to investigate the effect of steam on the
activity of POX.

CO formation rates of both the combination of POX and
steam and POX alone are shown in Fig. 8 for Rh/MgO and
Pt/MgO. The results are the same for the two reactions
within the experimental error for Rh/MgO but the com-
bination reaction shows a lower CO formation rate than
POX alone for Pt/MgO. The results indicate that CH, con-
version and CO selectivity for the combination of POX and
steam reforming are similar to those of POX alone on active
catalysts, such as Rh or Ru, but lower than those of POX
alone on a less active catalyst, such as Pt.

5. HYCO Ratio

H,/CO ratio is an important property for syngas pro-
duction. Table 1 shows H,/CO ratios of different reactions
for syngas production on Rh/MgO at 600-900°C. Those of
steam reforming alone and CO; reforming alone are also
listed in Table 1 for comparison. All reactions have the same
space velocity. The H,/CO ratio of POX is close to 2.0, its
stoichiometric value. The combination of POX and steam
shows a stable H,/CO ratio of about 2.25, a little larger than
that of POX. This fact combined with the result from the
activity experiments suggests that the existence of a small
amount of steam does not change the CO formation rate
but increases the H, formation rate compared with that
of POX alone on Rh/MgO catalyst. The result also indi-
cates that steam reforming and POX could react together
on Rh/MgO.
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TABLE 1

Comparison of the H,/CO Ratio for Syngas Production Reactions
on Rh/MgO at 600-900°C

Temperature Mixed Steam CO,
(°C) POX reforming POX+S” reforming reforming
600 2.0 39 23 9.3 0.8
650 1.9 2.8 23 5.3 1.0
700 1.8 23 21 43 1.0
750 22 2.0 23 3.8 1.1
800 22 2.0 22 3.6 1.1
850 22 1.9 23 34 1.1
900 21 1.7 23 33 1.1

4 POX+S combination of partial oxidation and steam-reforming
of CHy.

Mixed reforming has H,/CO ratios between steam re-
forming alone and CO, reforming alone, as expected. The
H,/CO ratio gradually decreased from 3.9 at 600°C to 1.7 at
900°C. As the reaction shifts from pure steam reforming to
pure CO; reforming, the theoretical H»/CO ratio decreases
from 3 to 1. The observed decrease of Hy/CO ratio indi-
cates an increase of the rate of CO, reforming relative to
that of steam reforming. When considering the effect of
WGS, CO; and H; were converted to CO and H,O for a
decrease of Hy/CO ratio. It appears that increase of the rate
of CO; reforming was faster than that of steam reforming
when temperature increased. The result implies that mixed
CO; and steam reforming cannot achieve a steady H,/CO
ratio when temperature changes; the behavior is different
from that of POX.

Temperature has a strong effect on Hy/CO ratio. Never-
theless, the difference among Ru, Rh, and Ir is very small, as
shown in Table 2. This implies that the reaction mechanism
on these noble metals for each respective syngas production
method is similar.

6. In situ Isotope-Labelled > CO; Transient Experiment
for Mixed Reforming

13C isotope-labelled 1*CO, was used to replace the nor-
mal CO; in mixed reforming. The results are shown in
Table 3. The relative amounts of labelled and unlabelled

TABLE 2
H,/CO Ratio on Noble Metals at 800°C

Temperature Mixed Steam CO,
Metal ) POX reforming reforming reforming
Ru 800 22 2.3 2.8 1.0
Rh 800 22 1.9 3.6 1.1
Ir 800 — 1.9 32 1.0
Pt 800 1.8 2.1 4.4 0.8
Pd 800 1.2 2.1 3.6 0.9
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TABLE 3
Results of 13C Isotope-Labelled 3CO; in Mixed Reforming

at 700°C
Species: CH,4 13CH, CcO Bco CO, 3Co,
m/z 16 17 28 29 44 45
Height 100.0 2.6 100.0 72. 79.1 100.
Ratio™ 13CH,/CH,4 3co/CcOo 13C0,/CO,

2.5% 42% 56%

“The concentration ratios of labelled and unlabelled CHy4, CO, and CO,
are calculated from the relative height ratios of the particular species con-
cerned.

species are calculated from the relative peak heights of the
specific species in the MS spectrum.

Most of the 13C is the form of 3CO and *CO,. The
amount of labelled carbon '3C in the form of 3CH, is much
less than that of 3CO or 13CO,.

DISCUSSION

1. CHy Dissociation and its Reactive Potential

CHy has a stable molecular structure. Activating CHy re-
quires a high reaction temperature in most cases. However,
noble metals are found to be good at activating CH,4 at rea-
sonably low temperature. CH4—D; exchange experiments
on Rh film were reported by Kemball (23) and Frennet et al.
(24). It was found that H; evolved on CH4 chemisorption at
about 200°C but adsorbed hydrocarbon fragments (CH,).q
(x=0,1,2, and 3) remained on the surface at that tempera-
ture. This implied that H was easier to recombine and des-
orb from catalyst surface than (CHy)aq (x =0, 1, 2, and 3).
Under our experimental conditions, desorbed isotope ex-
changed products from Rh/MgO appeared from 300°C and
the exchange rate increased following the increase of tem-
perature. The type of catalyst and reaction condition, such
as size of metal cluster, contact time, and partial pressure
of CH4, may affect the hydrocarbon appearance tempera-
ture. Frennet et al. (24) also indicated that a cluster of 7.8
Rh atoms was covered by chemisorbed CH4, which implied
that the ability of dissociation of CHy4 was highly affected
by the Rh cluster size distribution on the surface.

TPR spectra of POX and mixed reforming and results
of CH4-D; exchange indicate that CHy4 adsorbs and is acti-
vated on Rh/MgO before reaction starts. In fact, all noble
metals used in this study were shown to be able to acti-
vate CHy. The activity sequence is Rh > Ru > Pt > Pd (25).
The products of the activation are H,4 and adsorbed carbon
species (CHy)aa (x =0, 1,2, and 3).

In a CHy4 chemisorption experiment, H, evolves in ad-
vance of the hydrocarbon species. (CH,),q (x =0,1,2,and 3)
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remains on the surface and is ready to recombine with H or
its isotope D to release CH4 or CH, D4, (x=0, 1,2, and 3)
or to react with another atomic or molecular group to form
a new molecule. If the new molecule formed is stable, the
reactions of (CHy)ag (x =0, 1, 2, and 3) with other atomic
or molecular groups have an advantage in energy and are
thermodynamically possible.

CO is very stable in energy with an electronic structure
similar to N; and it is thermodynamically possible for it to
be produced from (CHy)aq (x=0, 1, 2, and 3). There is no
doubt that adsorbed oxygen, O,q, would be the best species
to react with (CHy).q (x =0, 1, 2, and 3) in syngas produc-
tion. If sufficient O,q is supplied, syngas will be produced.
This is the case in conventional steam reforming and CO,
reforming or POX. The difference among these processes is
the route for supplying O,q and its rate of reaction, namely,
the kinetics of reaction.

CO; is also very stable in energy and it will be a major
by-product in POX. It is likely that gaseous atomic oxy-
gen (Ogz) would be responsible for the formation of CO,
via a homogeneous mechanism and atomic oxygen on the
surface (O,q) for the formation of CO via a heterogeneous
mechanism (26). The ratio of homogeneous mechanism and
heterogeneous mechanism is determined by the concentra-
tion of Oy and O,q as well as their kinetics. However, the
ratio of CO/CO;, in the product would have a tendency to
reach thermodynamic equilibrium due to the existence of
the WGS reaction.

2. In situ Isotope-Labelled '3CO; Transient Experiment
for Mixed Reforming

In the in situ isotope-labelled 1*CO; transient experiment
for mixed reforming, most of the 1*C is found in the form
of 1*CO and 1¥CO,. *CO may come from *CO, reforming
of CHy4. Unlabelled CO,; may come from the Boudouard
reaction and WGS for unlabelled CO. A more important
reaction is the oxygen exchange reaction between CO and
CO,, which may be very rapid on the oxide support at high
temperature (26).

CO + C0o, = BCco+ o, [6]

Therefore, the amount of *CO in total CO formation does
not represent the rate of Bco, reforming. However, the
amount of labelled carbon *C in the form of '*CH, is much
less than that of *CO or *CO,.

13C0O, and *CO adsorbs and decomposes through reac-
tions [7] (27, 28) and [8], respectively.

BCo, +2M —» BCO-M + O-M [7]
BCO +2M — BC-M + O-M, [8]

where M is the metal. 13C in 1*C-M was expected to react
with H to form *CH,. As hydrocarbon fragments (CH,)
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(x=0,1,2,and 3) formed from CH4 activation are very ac-
tive on Rh/MgO at experimental conditions, *C—M formed
from '*CO or 3CO, was also expected to be active, and in
that case a reasonable amount of *CH, would be expected
in the gas phase. However, the experiment showed a dif-
ferent result. It seems the experimental result supports the
explanation that carbon formed from CO or CO; is less
active than (CH,) (x=0, 1, 2, and 3) formed from CH,4 ac-
tivation (8). More kinetics research is required.

3. Mechanism of Mixed Reforming

Decomposition of CO; into O,g and CO,q has been dis-
cussed in the previous section and decomposition of H,O in
0,4 and OH,q has been reported elsewhere (29). As steam
reforming and CO; reforming start at the same time accord-
ing to the TPR spectra of mixed reforming, it may suggest
that steam reforming and CO, reforming share the same
type of intermediate. The consumption of the intermediate
leads to the formation of CO and the decrease of CO, and
H,O. The intermediate is O,q which can be produced from
the dissociation of both H,O and CO,. The reaction mech-
anism suggested is that adsorbed carbon species (CHy)aq
(x=0, 1,2, and 3), formed from activated CH,, react with
adsorbed atomic oxygen O,q, formed from the decompo-
sition of CO; and H,O, and produce CO. The total pro-
cess of mixed reforming on Rh/MgO is described as follows
(M = Rh active site, which is not distinguished for different
adsorbing species in the formulas),

(a) CHy +2M — CH3-M + H-M
(b) CH3-M +2M — CH-M 4+ 2H-M Activation of CHy
(¢c) CH-M +M — C-M + H-M

(d) H,0 + 3M — O-M + 2H-M
() CO» +2M — O-M + CO-M

Decomposition of H,O
and CO,

) CHy-M + O-M + (X — )M

— CO-M + xH-M
(g) CO-M - CO+M
(h) 2H-M — H, +2M

Reaction of adsorbed species
and production of CO and H,

As the main reaction (f) occurs between two adsorbed
species, it is a Langmuir-Hinshelwood mechanism. The
mechanism is similar to that of steam reforming on Ni cat-
alysts (1) and does not require that CO, react by WGS as a
first step, giving steam followed by steam reforming as sug-
gested by Bodrov and Apel’baum (10). The reasons are that
both steam and CO; reforming were found to start simulta-
neously and no considerable CO, decrease and CO increase
were observed before reaction starts. As steam reforming
and CO; reforming have similar reaction mechanisms, their
reaction kinetics are expected to be similar, as reported
in the literature (1, 10, 15). Moreover, as all noble metals
show similar catalytic properties for mixed reforming, it is
expected that they will have a similar catalytic mechanism
for the reforming reaction. Their activities are determined
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FIG.9. Scheme for reaction pathways for syngas production from CH,4 and O;. D, energy of decomposition; H, enthalpy changes of reaction.

by the rate of CHy activation and relative stability of the
oxygen—-metal (O-M) bond for each metal.

4. Mechanism of POX

In mixed reforming, the decomposition of H,O and CO,
leads to Oaq, which reacts with (CHy)aq (x=0, 1, 2, and 3)
to produce CO. In POX, O,q arises from the decomposi-
tion of O and reacts with (CHy)aa (x=0, 1, 2, and 3) to
produce CO.

Due to the high bond energy and stability of an oxygen—
metal bond, oxygen chemisorbing on a noble metal is
dissociated to atomic oxygen, namely, O,q, above room
temperature (26). The O,q is capable of reacting with
(CHy)aga (x=0, 1, 2, and 3) to produce CO. The process
can be described as follows.

Activation of CHy, (a)—(c), is the same as in mixed re-
forming.

i) Oy +2M — 20-M Decomposition of O,

(§) CHx-M + O-M + (X — HM
— CO-M + xH-M

(k) CO-M - CO +M

() 2H-M — H, +2M

Reaction of adsorbed species
and production of CO and H,

This process, the one-step mechanism to produce syngas
for POX, is very similar to that of mixed reforming except
for using O, instead of H,O and CO; to form O-M. The
interesting feature is the same type of reactive intermediate,
Oa4, in the two reactions. It appears that the similarity of
the two mechanisms results in the similarity of the two TPR
spectra. As there were ignition phenomena for all catalysts

and even a noble metal oxide could act as a catalyst and
exhibit similar activity as a prereduced metal catalyst, it
seems that the O-M consuming reaction (j) is involved in
the rate-controlling step of the reaction.

At reaction temperature, O,q, can desorb from the sur-
face and become O,, which is a stronger and more nonselec-
tive oxidant than O,q and, is responsible for deep oxidation
of CH4 to produce CO, and H,O (26). As O, is very active,
it is difficult to avoid deep oxidation under experimental
conditions. However, evidence shows that all of the CHy
does not proceed to syngas via deep oxidation then reform-
ing, the two step mechanism. First, mixed reforming experi-
ments were designed to have the same atomic compositions
as POX, equal to 25% CHy, which in POX was deep oxi-
dised. If POX was via two-step mechanism only, POX and
mixed reforming would show similar reactivity. However,
experimental results showed that the activity for mixed re-
forming was much lower than that for POX and H,/CO ra-
tios exhibited different trends while temperature increased.
Second, mixed reforming suffered from strong inhibition
from high concentration and coexistence of CO; and H,O,
but POX did not. Third, O, was not completely consumed in
POX, which was expected for a completely deep oxidation.
Nevertheless, it is reasonable to suggest that CHy4 partial ox-
idation to syngas (POX) proceeds by both heterogeneous
and homogeneous pathways, because O,q and O, can coex-
ist at reaction temperature. The amounts of CO and CO; as
primary products are dependent on the amounts of O,g or
O, and their reaction kinetics. However, the final product
distribution is affected by thermodynamic equilibrium. The
reaction mechanism for POX is described in Fig. 9.
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Because the second step of the two-step mechanism is
mixed reforming, which has a high activation energy, and
the active sites for CHy activation may be inhibited by the
high concentration of CO; and steam in the reactor, it is un-
likely that the preferred reaction mechanism is via the two-
step mechanism, at least on the active catalysts Rh/MgO or
Ru/MgO. Pd/MgO or Pt/MgO, which have a weak oxygen—
metal bond, and in turn a high O, concentration in the re-
actor, may have a higher rate for the two-step mechanism;
therefore a low CO selectivity was observed for Pd/MgO
or Pt/MgO.

5. Effect of the Oxygen—Metal (O—M) Bond Strength

The activation of CH4 and the reactive ability of interme-
diate O,q are important steps in the mechanism for POX
and mixed reforming and will largely determine the reac-
tion kinetics. Activation of CHy is vitally important and is
well done by noble metals. The reactive ability of O,q is ac-
tually affected by the O—M bond strength or energy. In fact,
the involvement of the O-M bond in the reaction kinetics
is evident, as pointed out in previous sections.

The O-M bond is involved in two functions for syngas
production. First, the formation of O-M assists the decom-
position of O, H,O, and CO,, and second, the decompo-
sition of O-M forms CO with CH,. For the first function,
a high bond strength for O-M is required in order to sup-
ply enough energy for the decomposition of O,, H,O, and
COy; for the second function, a weaker bond strength is re-
quired in order to allow O-M bond cleavage without a high
activation energy. However, a too weak O-M bond might
allow oxygen to desorb, thus increasing the selectivity to
deep oxidation, as observed on Ag as well as on Pd cata-
lysts (30). The distinctive functions of the O-M bond on the
reaction kinetics will lead to a “volcano” curve of activity
versus O-M bond strength.

The O-M bond strength can be described quantitatively
using the binding energy of oxygen on metals, which is pro-
portional to the heat of adsorption of oxygen or the forma-
tion heat of the respective metal oxide (26). The correlation
of the CO formation rate with the heat of formation of the
most stable oxide for per mole of respective metal (31) is
shown in Figs. 10 and 11 for POX and mixed reforming,
respectively.

The correlation for POX shows a peak at about 170-270
kJ/mol for each experimental temperature (Fig. 10). Ir, Rh,
and Ru are more active than Pt and Pd. Pd and Pt have a
relatively weaker O—M bond, which means that they have a
strong tendency to release oxygen to O, and produce more
CO;. From the correlation, it can be expected that a good
oxidation catalyst is not equal to a good catalyst for syngas
production. Ni is expected to locate at 240 kJ/mol in Fig. 10
for NiO as the stable oxide, near the top position of the
curve. However, as easy coking leads to quick deactivation,
0.5% Ni/MgO is not compared in this paper. Nevertheless
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FIG. 10. The correlation of the CO formation rate for POX with the
formation heat of the most stable oxide for per mole of the respective
metal.

specially treated 7% Ni and 15% Ni samples do show very
good activity (30).

The correlation for mixed reforming involved only a half
of the volcano curve, as shown in Fig. 11; the other half
could not be calculated due to lack of suitable metals. The
rate of CO formation increases as the oxide formation heat
increases from 80 to 300 kJ/mol at each experimental tem-
perature. Ru, Rh, and Ir have similar oxide formation heat,
but Ru and Rh are closer to the top position of the volcano
curve. Pt and Pd are less active than Ru, Rh, and Ir as similar
to that observed for POX in Fig. 10. The difference of the
peak position of the correlation between POX and mixed
reforming reflects the fact that the decomposition of CO,
and H,O is more difficult than that of O,, which results in
less reaction intermediate O,q4 produced. A stronger O-M
bond is required in order to obtain more O,q, and therefore
the peak position is shifted to a higher energy for mixed re-
forming. It appears that temperature has little effect on the
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FIG. 11. The correlation of the CO formation rate for mixed reform-

ing with the formation heat of the most stable oxide for per mole of the
respective metal.
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peak position of the curve for POX and mixed reforming
under the selected experimental conditions.

It has been pointed out that the rate of CO formation is
controlled by two factors, the rate of CH, activation and the
O-M bond strength. In most cases, catalysts are bifunctional
but quantitative analysis of each function needs further in-
vestigation.

CONCLUSION

By using temperature-programmed reaction, isotope
transient techniques, and reactivity evaluation for partial
oxidation (POX) and mixed reforming of CH, at high-space
velocity of 5.5 x 10° h~!, it is found that:

1. In mixed reforming, CO; reforming and steam re-
forming start simultaneously, which implies that both re-
formings have a similar type of reaction intermediate.
The mechanism of mixed reforming is suggested. Mixed
reforming showed a changing H,/CO ratio with increased
temperature;

2. POX has a similar type of reaction intermediate O,q to
mixed reforming despite the fact that POX showed much
higher activity than mixed reforming, although their C, H,
and O atomic concentrations were the same at the begin-
ning of each reaction. It is suggested that the lower rate of
reaction in mixed reforming is due to the blocking of active
sites for CHy activation by CO, and H,O;

3. POX proceeds via both one-step and two-step mech-
anisms; the ratio for each mechanism is dependent on the
concentration and kinetics of adsorbed atomic oxygen and
gaseous atomic oxygen;

4. Rh/MgO without previous reduction treatment also
showed a high reactivity for POX but with a higher ignition
temperature than a prereduced catalyst.

5. Correlation of CO formation rate for POX and mixed
reforming with oxide formation heat shows a volcano-
shaped curve. The peak of the curve for POX locates at
170-270 kJ/mol, that for mixed reforming locates at a value
higher than 300 kJ/mol;

6. An in situ isotope-labelled *CO; transient experiment
for mixed reforming indicated that carbon formed from
CO; or CO decomposition was less active than (CHy)aq
(x=0,1, 2, and 3) formed from CH4 decomposition.

7. For POX, a small amount of steam has little effect on
the CO formation rate for an active catalyst but decreases
the rate for a less active catalyst.
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