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Abstract

Catalytic partial oxidation and dry reforming of methane to syngas have been carried out on Pd/Al,O; between 350-550°C
and 550-600°C, respectively. A conventional fixed-bed reactor and a membrane reactor containing dense palladium
membrane prepared by electroless-plating were used. The CH,4 conversion, and CO and H, yield were considerably enhanced
in the membrane reactor for both processes. CH, conversion increased between 4-20%. The CO and H, yield increased
between 2-20% and 8—18%, respectively. However, filamentous carbon formation on the palladium membrane and membrane
swelling leading to its destruction were confirmed by SEM. Therefore, the applicability of a palladium membrane for
hydrogen separation from process streams containing methane or carbon monoxide seems unlikely. © 1998 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Conventional technology for the production of
syngas is catalytic steam reforming of methane [1].
However, the process has a number of disadvantages
including high endothermicity (energy-intensive),
catalyst-coking propensity and requirements of high
temperature (>750°C) and high pressure (>20 atm).
Also, the 3:1 ratio of hydrogen and carbon monoxide
in the product stream is not optimal for most applica-
tions. On the whole, steam reforming is highly capital-
intensive accounting, for instance, for about 70% of
total investment and operating costs in methanol
production based on natural gas [2]. This fact defi-
nitely provides a substantial incentive for developing
an alternative strategy for syngas production.

*Corresponding author.

Catalytic partial oxidation of methane may offer an
alternative route for producing synthesis gas [3].
Another possible route for syngas production is cata-
lytic CO, reforming of methane. Like steam-reform-
ing reaction, CO, reforming of methane is also highly
endothermic requiring large energy input. Despite this
drawback, a resurgence of interest in CO,/CHy
reforming has occurred mainly due to the realization
of a possible positive impact of the large-scale appli-
cation of the process on global CO, emissions [4].
Recent advances in the development of carbide-based
non-coking catalysts for methane reforming [5] will
very likely solidify the industrial feasibility of this
process.

During partial oxidation of natural gas to syngas
CH, undergoes combustion producing CO, and H,O.
The formation of CO and H, is the result of secondary
reversible reactions of unreacted CH, with H,O and
CO, and the water gas shift reaction [3,4]. A similar
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reaction network leads to syngas during dry reforming
of CH,4. The reversible nature of these reactions
imposes a limit, determined by thermodynamic equi-
libria, on the conversion and yields of CO and H; that
is well below commercially acceptable levels, unless
the reaction temperature is very high (>800°C). How-
ever, if H, is selectively and continuously removed
from the reaction zone the equilibrium limitations of a
conventional reactor can be circumvented. Alterna-
tively, this offers the possibility of obtaining a given
level of conversion at a much lower operating tem-
perature than that realized in a conventional reactor.
Studies on syngas production by steam reforming of
methane in palladium-based membrane reactors [6—8]
and by partial oxidation of methane in ceramic reac-
tors [9,10] have been reported.

The present study investigates the concept of using
a hydrogen transfer reactor (comprising H,-permeable
palladium membrane wall) to enhance the conversion
of CH, and yield of syngas during partial oxidation
and CO, reforming of CH,4. Conversion of methane to
syngas has been studied in a palladium membrane
reactor as well as in a conventional reactor. The perfor-
mance of the membrane reactor was evaluated by
comparing the data from these two types of reactors.

2. Experimental

Palladium membrane supported on Membralox T-
170o-aluminatube (O.D. 10 mm, 250 mmlong, 20 mm
length of each end glazed with a high temperature
sealant) supplied by U.S. Filter was prepared by
electroless-plating of the inside layer having a mean
pore diameter of 0.2 um using a method developed by
Rhoda in 1959 [11]. The procedure involved contact-
ing the inside surface of the support tube with an
electroplating solution for several hours, with replen-
ishment of the solution every hour. The plating solu-
tion consisted of Pd(NH3)4Cl,, hydrazine, Na,EDTA
and ammonium hydroxide. Plating was carried out at
55-60°C. Before plating, the inner surface of the
porous alumina tube was activated by subjecting the
sensitization and activation treatment using SnCl, and
PdCl; solutions. The thickness of the deposited film as
estimated from weight gain was 10-15 um.

Partial oxidation and dry reforming of methane to
syngas were carried out in a fixed-bed membrane

reactor. The reactor was a double tubular-type and
the inner tube was the palladium hydrogen-perm-
selective membrane. The inner tube (membrane tube)
of the reactor was charged with 1.0 g of 5.0 wt.% Pd/y-
Al,O5 catalyst which was placed centrally forming
about a 40 mm bed rested on quartz wool. The catalyst
was prepared by incipient wetness impregnation of the
v-Al,O3 support with a solution of PdCl, salt. For
partial oxidation the feed stream consisting of a 3:1
mixture of CHy and O, diluted in 50% N, was passed
at 87 ml min~' through the inner membrane tube. The
excess of methane was used to simulate the practical
necessity to carry out the process outside the explosive
limits for CH,\O, mixtures when N, diluent would not
be present in the feed stream. Sweep gas (Ar) was
passed through the outer shell tube at 40 ml min~".
The catalyst bed was maintained between 350-550°C
as measured with a thermocouple located inside the
catalyst bed. For dry reforming the feed stream con-
sisting of a 1.2:1 mixture of CH, and CO, diluted in
40% of N, was passed at 95 ml min~' through the
inner membrane tube. Sweep gas (Ar) was passed
through the outer shell tube at 40 mlmin~'. The
catalyst bed temperature was between 550-650°C.
The inner and outer streams were analyzed separately
for products and reactants by on-line TCD-gas chro-
matography. Methane conversion and selectivity to the
products were determined.

Similar experiments were also conducted in a
fixed bed conventional flow reactor to compare and
evaluate the performance of the membrane reactor.
For this purpose, the membrane reactor in the flow
apparatus was replaced with a quartz reactor and
the reactor effluent was analyzed for products and
reactants.

Fresh and exposed to product stream membranes
were examined by a Jeol JSM-5300 scanning electron
microscope (SEM) combined with EDX.

3. Results and discussion
3.1. Palladium membrane

A fresh Pd membrane supported on Membralox
T-170 tube showed H, permeance of about 12.7 cm’-

(STP)/cm” min atm between 550-625°C with about
100% selectivity to H, separation from Nj.
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Fig. 1. SEM micrographs of cross-section of ‘fresh’ Pd membrane
supported on Membralox porous o-alumina tube shown with
increasing magnification from A to C: arrow points the specific
spot magnified 1000 (B) and 3500 (C) times.

Fig. 1(A)—(C) shows a cross-sectional SEM of a
fresh Pd membrane at a magnification of 200X, 1000X
and 3500X, respectively. Morphological examination
indicated a continuous layer of approximately 5 um of
Pd and three layers of a-alumina of successively
larger particles at the inner surface of the Membralox
tube. A 10 um layer of crystalline Pd nodules resides
on top of the continuous layer of palladium. The
overall thickness agrees well with the Pd layer thick-
ness estimated from the weight gain during electro-
plating. The Pd layer was mechanically strong with
good adherence to the supporting tube.

3.2.  Partial oxidation of methane

Results obtained for partial oxidation of methane to
syngas in a conventional fixed-bed reactor indicated
that the process reached equilibrium limitation
between 550-700°C in the presence of 5.0 wt.% Pd/
Al,O5 catalyst. The values of the equilibrium con-
stants calculated from the reactor outlet gas composi-
tion for the reversible secondary reactions of
unreacted CH; with H,O and CO, and the water
gas shift reaction agreed reasonably well with the
respective theoretical values as shown in Table 1.

Consequently, there is a scope to obtain conversions
beyond equilibrium values by selectively and con-
tinuously withdrawing product H, from the reaction
zone by conducting the process in a Hj-permeable
membrane reactor. However, it should be realized that
establishing equilibrium is not absolutely essential for
taking advantage of a membrane reactor. The fact that
secondary reactions of unreacted CH4 with H,O and
CO, and the water gas shift reaction are reversible is
sufficient to obtain, in principle, a conversion in a
membrane reactor that is not achievable in a conven-
tional closed reactor under otherwise similar condi-
tions.

Table 2 gives the results of partial oxidation of CHy
carried out in a fixed-bed double tubular Pd membrane
reactor between 350-550°C. Also included are the
results of duplicate experiments conducted in a fixed-
bed conventional flow reactor for comparison with the
results of the membrane reactor.

Clearly, CH,4 conversion and selectivity and yield of
CO and H, are considerably enhanced in the case of
the membrane reactor. For example, at 500°C, CHy4
conversion increased from 26% in the conventional
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Table 1
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Comparison of experimental and theoretical equilibrium constants of secondary reactions during partial oxidation and dry reforming of

methane to syngas

Temperature (°C) Equilibrium constant

Calculated from reactor outlet gas composition Theoretical

2 ®3 on K K; K,
500 33x1073 3.8x107* 8.7 9.65x1073 1.97x1073 4.90
550 6.5x1072 (3.6x107%)  1.3x1072 (0.32x1072) 5.0 (11.5) 7.86x1072 2.28x1072 3.46
600 0.70 (0.66) 0.20 (0.19) 3.5 (3.5) 0.51 0.20 2.56
650 3.8 1.70 22 291 1.50 1.93
675 11.7 52 23 6.34 3.71 1.76
700 19.3 8.63 22 13.1 8.65 1.52

Calculated ¢,, ¢3, ¢4 and theoretical K, K3, K, equilibrium constants are for the following reversible reactions: CH;+H,O=2CO+3H, (2);
CH4+CO,22C0+2H; (3); CO+H,02CO0,+H; (4). The Boudouard reaction is not considered. Values in parentheses are for dry reforming

of methane.

Table 2

Enhancement in catalytic conversion of methane to syngas by partial oxidation in hydrogen transfer membrane reactor over 5.0 wt.% Pd/y-

ALO;

Temperature (°C)  Reactor-type Conversion (%)

Selectivity (mole %)

Yield (mole %) H,/CO mole ratio

CH, 0, CO H, CcO H,
350 Conventional 18.4 ~100 Trace 24.0 Trace 4.4 -
Membrane 229 ~100 10.5 55.0 2.3 13.8 11.9
500 Conventional 26.7 ~100 20.0 68.5 53 18.3 7
Membrane 40.3 ~100 63.0 85.5 25.4 35.5 2.8
550 Conventional 34.7 ~100 50.9 83.5 17.7 29.0 33
Membrane 45.7 ~100 76.3 87.0 349 40.5 2.3

reactor to 40% in the membrane reactor. Concomi-
tantly, selectivity to CO increased from 20% to 63%,
and to H, from 68% to 85%. The CO yield increased
from 5% to 25% and that of H, from 18% to 36%.

3.3.  Dry reforming of methane to syngas

The dry reforming of methane to syngas in a con-
ventional fixed-bed reactor was carried out on

Table 3

5.0 wt.% Pd/Al,O5 catalyst between 550-675°C.
Starting from 600°C the process was equilibrated as
indicated by the agreement of the calculated and
theoretical equilibrium constants given in Table 1
for the reversible reactions of CH4 with CO, and
H,0 and the water gas shift reaction.

Table 3 gives the results of dry reforming of
CH, with CO, carried out at 550°C and 600°C
in a fixed-bed double tubular Pd membrane reactor.

Enhancement in catalytic dry reforming of methane to syngas in hydrogen transfer membrane reactor over 5.0 wt.% Pd/y-Al,O5

Temperature (°C)  Reactor-type Conversion (%)

Selectivity (mole %)

Yield (mole %) H,/CO mole ratio

CH, CO, H, co H,
550 Conventional 17.2 24.6 87.5 21.5 15.8 0.81
Membrane 375 51.0 87.5 42.0 33.0 0.85
600 Conventional 40.9 56.6 89.8 50.3 38.1 0.84
Membrane 48.6 63.0 91.0 54.5 46.5 0.94
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Fig. 2. Cross-section of Pd layer of used membrane separated from Membralox support.

The results of the experiments conducted in a
fixed-bed conventional reactor are also included for
comparison.

It is evident from Table 3 that at 550°C a remark-
able increase in the conversions of CH, and CO,
occurred in the membrane reactor. Concurrently,
yields of CO and H, also increased dramatically
(from 21% to 42% for CO and from 16% to 33%
for Hy).

3.4. Carbon deposition on dense Pd membranes

Fig. 2 shows a cross-section of a Pd layer that
separated easily from the supporting Membralox tube
after the membrane was used in a syngas generating
reactor for more than 20 h between 550-650°C. Dur-
ing that period, therefore, the Pd membrane was
exposed to CHy, H,, CO, CO, and H,O. Substantial
swelling and development of porosity in the Pd layer
of the used membrane can be easily recognized in the
SEM photograph shown in Fig. 2.

Also ‘corrosion’ of the top layer of Pd from the
same membrane by filamentous carbon formation is
quite pronounced as shown in Fig. 3. This type of
process combined with Pd swelling would lead even-
tually to metallic membrane destruction.

Assuming that the swelling of the membrane,
caused mostly by hydrogen, can be controlled, these
membranes have a potential for hydrogen separation
from process streams that are methane- and carbon
monoxide-free. For instance, a sweep stream from a
syngas generating membrane module would contain
mostly nitrogen and hydrogen.

Large amounts of filamentous carbon were also
identified on spent Pd/Al,O5 catalyst by SEM. The
growth of the carbon filaments occurs in a catalytic
‘self-cleaning’ system [12]. The rate of carbon deposi-
tion will remain almost independent of time as long as
the metal particle at the tip of the filament is not
encapsulated by carbon. Formation of filamentous
carbon explains the relatively insignificant decrease
of the catalyst activity after a long time on stream and
encourages revision of some literature data [3] that
claimed that equilibrium gas composition was
achieved during partial oxidation of methane to syngas
at high temperatures using supported metal catalysts.

4. Conclusions

Although the process was not optimized, the fea-
sibility of achieving the enhancement of the CH,4
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Fig. 3. Top Pd layer of used membrane. Corrosion of the metal by filamentous carbon is clearly visible.

conversion and CO and H, selectivity beyond the
limits stipulated by thermodynamic equilibrium dur-
ing catalytic partial oxidation or dry reforming of
methane to syngas has been convincingly demon-
strated by the use of a palladium membrane reactor.
The direct practical consequence of this development
is the possibility of improving the economics of
syngas generation by using a membrane reactor
[13]. However, the metallic membranes are likely to
have no application for hydrogen separation from the
process streams containing methane and carbon mon-
oxide due to carbon deposition and filamentous carbon
formation that inevitably leads to membrane destruc-
tion. This aspect was apparently overlooked in a recent
report [14] about the use of a palladium membrane
reactor for dry reforming of methane. It is obvious, as
already observed by Saracco et al. [15], that further
success of any membrane reactor mainly depends on
whether a high temperature, sufficiently permeable
and stable membrane becomes available. However,
the problem of carbon deposition on the methane
partial oxidation and dry reforming catalysts must
also be addressed for further development of these
processes.
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