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A method of high-performance dry reforming of methane into syngas at temperatures
below 650 °C on membrane catalytic systems was proposed. The membrane catalytic systems
consist of porous inorganic membrane-supports, prepared by self-propagating high-tempera-
ture synthesis and modified by nanosized metallocomplex components, which are uniformly
distributed inside membrane pores. The influence of the composition of the supported active
components, temperature, and flow rate on the activity and selectivity of CH4 and CO, trans-
formations into syngas, as well as the dynamics of CH, and CO, conversion on the membrane

catalytic systems were studied.
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Production of valuable products from non-petroleum
raw materials is among the most important problems of
modern industry of heavy organic synthesis. Special at-
tention is given to efficient processes of reforming of natu-
ral gas and other C,-substrates of synthetic and techno-
genic origin, including substrates obtained from renew-
able biomass.! The development of the process of com-
bined methane and carbon dioxide reforming is of practi-
cal interest for the rational use of carbon from industrial
flue gases and biogas. High thermodynamic stability of
CH, and CO, molecules impedes this problem. Neverthe-
less, both these components of biogas belong to promising
non-petroleum resources for the production of important
carbon-containing products and hydrogen.

Considerable developments can be expected from the
reforming of methane and carbon dioxide in the reactor
unit of membrane catalytic systems (MCS). Membrane
systems are traditionally used in catalytic processes to di-
minish energy expenses at the step of preparation of raw
materials for further catalytic treatment or in selective
separation of reaction products.2 However, increased at-
tention is recently given to gas-phase heterogeneous cata-

* Dedicated to Academician S. N. Khadzhiev on the occasion of
his 70th birthday.

lytic reactions of C;-substrates in microreactors. Cata-
Iytic setups based on microreactors have small sizes, which
simplifies a designing task and thus makes it possible to
replicate rather than scale up the membrane reactor unit.34
Channels of porous membranes modified by highly dis-
persed nanosized catalytic systems can serve as microre-
actors. The number of channels with an effective cross-
section of 3 um is up to 107 per square centimeter of the
membrane. The catalyst formed inside the membrane
channels is characterized by a high active surface and
a small volume of transport pores.

The purpose of this work is to study the process of dry
reforming of methane (DRM) on the MCS.

Experimental

Unique tubular ceramic membranes produced by self-prop-
agating high-temperature synthesis (SHTS)5:¢ were used.

Bimetallic catalytic systems based on organic solutions of
metallocomplex precursors Pd—Co, Pd—Zn, Pd—Mn,’ and
Re—W (see Ref. 8) and La!ll and Ce!V nitrates® in the internal
volume of the membrane channels were formed by the alkoxo
method.®

According to the published data® describing DRM in a tradi-
tional fixed-bed reactor, the catalytic system based on La—Ce
has the highest activity. The catalytic systems containing the
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active components Pd—M (M = Co, Zn, Mn) and Re—W were
also used.”-8

Prior to introducing catalytically active species, a buffer layer
of TiO, was incorporated onto the internal walls of the mem-
brane channels. This allows an increase in the specific surface
and a decrease in the pore size. A colloidal mother liquor of
titanium n-butylate stabilized by acetylacetone was pumped
through microchannels of the membrane. The amount of TiO,
introduced was monitored by an increase in the weight regis-
tered when the membrane was coated with TiO, and then ther-
mally treated. The procedure of loading was repeated 4—6 times
until the content of the layer supported on the membrane reached
3.2—3.5 wt.% TiO,. After the buffer layer of TiO, was incorpo-
rated, the metallooxide catalytic coating was formed.10

Catalytic coatings on the inner surface of the membrane
channels were formed by pumping organic solutions of catalytic
precursors through the membrane on the laboratory setup
(Fig. 1). Then wet heated air was blown through the membrane,
and the membrane was dried in vacuo (1 Torr) and heated in
various temperature regimes to remove organic moieties. Ther-
mal treatment of the bimetallic catalytic systems Pd—M and
Re—W can be accompanied by the destruction of organic bridg-
es between metals, where by metal atoms are brought together to
form new heterometallic compounds.

The lanthanum—cerium catalyst ([La—Ce]—MgO—TiO,/
Ni—Al) was formed by successive introduction of magnesium
acetylacetonate stabilized by monoethanolamine in a toluene
solution. After thermal treatment of the magnesium-containing
coating, a mother liquor of the lanthanum and cerium chelated
complexes in methanol were introduced on the inner surface of
the membrane. Then the membrane was treated in an exhaust
box in a flow of wet heated air, evacuated for 45 min at 80 °C,
and subjected to thermal treatment in a muffle furnace at 500
(30 min), 600 (30 min), and 700 °C (4 h) to remove organic
moieties.

Titanium n-butylate was used along with heterometallic ac-
etate complexes Pd(u-OOCMe),Co(OH,) (1), Pd(n-OOCMe),-
Zn(OH,) (2), and Pd(u-OOCMe),Mn(OH,) (3) to form the
Pd—M-containing catalytic systems in the internal volume of
the ceramic membrane.

A colloidal solution containing complexes 1—3 was prepared
as follows: titanium n-butylate was diluted with anhydrous tolu-

ene in a volume ratio of 1 : 1 in an argon flow, and acetylacetone
was added in the molar ratio M : Ti(OC4Hg), : AcAcH=1:1:1.
The resultant system was magnetically stirred for 30 min at 20 °C.

Acetate complexes 1—3 in an amount necessary for the prep-
aration of the oxide systems Pd—M/TiO, with the content of 2%
Pd and 1% M with respect to the buffer layer of TiO, were
dissolved in methanol at 20 °C. The obtained 2% solutions of the
bimetallic Pd-containing acetate complexes were added with
stirring in an Ar flow to the stabilized solution of titanium buty-
late. The resultant mixture was magnetically stirred for 30 min in
an Ar flow.

Complex Re, _ W, Oq_ (OCH3)y; 1, synthesized by the
electrochemical method® and titanium tetrabutylate were used
for the formation of the Re—W coating as initial reagents for the
preparation of the sol containing rhenium and tungsten. A meth-
anolic solution of the Re—W complex in an amount necessary
for the introduction of 5 wt.% rhenium and tungsten into titania
was added under Ar atmosphere to the stabilized solution of
titanium tetrabutylate, and the mixture was stirred for 30 min.

Sol was introduced on the modified membrane according to
the procedure described above. After each layer was incorporat-
ed, the membrane was dried in a desiccator at 60 °C, organic
moieties were removed by thermal impact at 500 °C in a muftle
furnace under an Ar flow. The procedure was repeated 4 times.
The final thermolysis for the formation of catalytic metallooxide
was carried out at 500 °C in an Ar flow for 5 h.

The content of active components in the MCS channels is
given in Table 1.

The schemes of the laboratory membrane catalytic test bench
and reactor are presented in Figs 2 and 3, respectively.

The process of DRM was conducted at 350—800 °C and
a pressure at the inlet of the reactor lower than 5 atm with a pres-
sure at the outlet 1 atm, and a flow rate of the initial gas mixture
(CH4/CO, = 1) lower than 400 L h~!. Pure gaseous methane
(99.9 vol.%, TU 51-841-87) and gaseous high-purity carbon di-
oxide (99.995 vol.%, GOST 8050-85) were used. Since the me-
chanical resistance of the membrane to compression is higher
than to tension, gaseous substrates were fed to the external side
of the membrane.

The compositions of the substrate and reaction products were
determined by gas chromatography on a Chrom-5 chromato-
graph using a katharometer as a detector and high-purity argon

Ar

-

Fig. 1. Modification of the inner surface of channels of the membranes with the catalytic coating: I, precursors; 2, organic colloidal
solution; 3, solvent, sol stabilizers; 4, membrane; 5; vacuum pump; 6, muffle furnace; S is mother liquor, and G is gel.
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Table 1. Content of the active components on the MCS

Active component Content (wt.%)*

I 11 I II

La Ce 0.0200 0.0350
Pd Mn 0.0150 0.0080
Pd Co 0.0140 0.0070
Pd Zn 0.0300 0.0150
Re w 0.0530 0.0530

* Based on the weight of the membrane (~100 g).

(content of argon at least 99.998 vol.%, TU 6-21-12-94, flow
rate 30 mL min~!) as a carrier gas, and a packed chromato-
graphic column 1 mx3 mm filled with active carbon (SKT trade
mark, 0.2—0.3 mm). The concentrations of CO and CO, were
determined by IR spectroscopy using Riken Keiki RI-550A sensors.

The dynamics of macrokinetic steps of DRM on the MCS
and the process as a whole was studied on a precision setup
including a gravimetric cell (Fig. 4), a high-precision thermo-
balance, and a mass spectrometer.

The change in the weight of the samples during experiment
was detected using a SETSYS Evolution high-precision ther-
mobalance. Samples in a flow of the mixture CH,/CO, =1
(20 mL min—!) were heated from 30 to 700 °C with a rate of
10 °C min~! and stored for ~2 h at 700 °C. Then the system was
evacuated and cooled to 30 °C, after which the sample was heat-
edina CO, flow (20 mL min~!) in the temperature-programmed
regime (30—700 °C, 10 °C min~!) and stored for 10 min at
700 °C. The sample was cooled in a CO, flow to 30 °C, heated
repeatedly under the conditions indicated above in a flow of
a CH4;—CO, mixture, and stored for 2 h at 700 °C.

10

Fig. 2. Scheme of the membrane catalytic test bench: 7, initial
gas mixture; 2, reductor; 3, regulator of gas flow; 4; preheating
furnace; 5, manometer; 6 and 7, thermocouples; &, heated mem-
brane reactor (Fig. 3); 9, vessel for collection of liquid; /0, shut-
off valve; 11, CO- and CO,-analyzers; 12, chromatograph;
13, analog-to-digital converter; and /4, computer.

Fig. 3. Membrane reactor: I, inlet—outlet nipple; 2, fastening
nut of membrane; 3, cap of reactor; 4, cellular-graphite gaskets;
5, catalytic membrane; and 6, pocket for thermocouple.

Results and Discussion

The membrane catalytic systems represent porous
ceramic supports (membranes) modified by nanosized
metallocomplex catalysts. For the initial membranes me-
chanical strength, catalytic activity, and stability are the
most overriding considerations. For this purpose. we

F

A A A AT T,

x

7 8

Fig. 4. Thermogravimetric cell: /, furnace; 2, initial gas mixture at
inlet of reactor; 3, quartz filament; 4; thermocouple; 5, suspended
cell with sample; 6, aluminum capillary for sampling gas mixture
behind sample to analysis in mass spectrometer; 7, product gas
mixture at outlet of reactor; and &, gas flow to mass spectrometer.
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Table 2. Parameters of DRM on various MCS*

Support Catalyst Productivity, H,/CO Conversion (vol.%)
pmembr/L h71 dm73 CH4 C02

Ni—Al—FeC — 176 0.07 9.0 3.3
Ni—Al (pelleted) La—Ce 249 0.66 10.3 6.8
Ni—Al — 327 0.10 13.5 1.4
Pd—Co 708 0.20 25.3 9.9

Re—W 1084 0.68 23.1 19.0

Pd—Zn 1790 0.96 343 343

Pd—Mn 3344 1.25 46.8 31.5

La—Ce 3780 0.63 51.2 26.1

Ni—Al—Co — 344 0.36 13.9 6.2
La—Ce 516 0.42 20.9 9.3

Ni—Ti — 2171 0.55 43.3 29.8

* Conditions: 7= 600 °C, W, =40 L h~!, CH,/CO, = 1.

synthesized four types of membranes in the form of tubu-
lar structures: Ni—Al—FeC, Ni—Al, Ni—Al—Co, and
Ni—Ti. The catalytic activity of the membranes is listed in
Tables 2 and 3.

The productivity for syngas was taken as a measure of
catalytic activity of the sample during DRM.

It turned out that the membrane containing cementite
(Ni—Al—FeC) possessed the highest strength; however,
the catalytic activity of this membrane is very low.

The membrane Ni—Al—Co proved to be the second in
strength, but its modification by the metallooxide cata-
lysts does not substantially increase the catalytic activity
(see Table 2, example La—Ce/Ni—Al—Co).

The membrane Ni—Ti is rather active in DRM but
does not meet requirements of mechanical strength. The
most probable reason is the active absorption of hydrogen
by titanium at 600 °C to form brittle hydrides, which re-
sults in the fast decomposition of the sample.

The Ni—Al membrane possesses optimal properties
and, therefore, it was selected for the formation of the
membrane catalytic systems.

The data in Table 2 show rates of the DRM on the
MCS with the content of the catalytic components vary-

Table 3. Activity of the MCS in the DRM pro-
cess (TOF)*

MCS TOF (CH, + CO,)/h!
La—Ce/Ni—Al 1030
Pd—Mn/Ni—Al 834
Pd—Co/Ni—Al 790
Pd—Zn/Ni—Al 343
Re—W/Ni—Al 289

* Conditions: CH,/CO, =1, T=600 °C, W, =40 Lh~.
TOF is turnover frequency (measure of activity of the
catalyst based on 1 g-atom of the active component).

ing from 0.021 to 0.055 wt.% (see Table 1) supported on
the internal surface of the membrane channels. The rates
exceed the rate of this process on the non-modified mem-
brane and in a traditional fixed-bed reactor with the cata-
lyst of the same composition, taken in the same amount,
and obtained by membrane grinding by more than an order
of magnitude. The composition of the syngas formed
changes noticeably with a change in the composition of
the supported active components.

Compared to the monometallic catalysts containing
La and Ce as active components, the non-additive in-
crease in the catalytic activity has earlier!! been found for
DRM in the traditional reactor on the catalyst La—Ce/
MgO. In this case, appreciable transformations of meth-
ane and carbon dioxide are observed at temperatures above
750 °C,10 whereas on the MCS considerable conversions
are observed at much lower temperatures (Fig. 5).

It is found that on the MCS [La—Ce]—MgO—TiO,/
Ni—Al (4) the initiation temperature of the process is

Pmembr/ L h=!dm=3

5000

4000

3000

2000

1000

350 400 450 500 550 600 T/°C
Fig. 5. Temperature plots of the productivity for syngas on the
MCS [La—Ce]—MgO—TiO,/Ni—Al (7) and [Pd—Mn]-TiO,/
Ni—Al (2).
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more than 50 °C higher than that on [P[d—Mn]—TiO,/
Ni—Al (5) (see Fig. 5).

As can be seen from Fig. 6, the maximum productivity
of the both systems at 600—650 °C and a residence con-
tact time of 0.1 s can reach 10 500 L h—! dm=3 . ,,,,» and
the H,/CO ratio on the MCS [Pd—Mn]—TiO,/Ni—Al
(5) is higher than on lanthanum—cerium system 4 (see
Table 2).

The difference in compositions of syngas formed on
MCS 4 and 5 is due to different rates of methane and
carbon dioxide conversion on these catalysts. As follows
from Figs 7 and 8, with an increase in the temperature of
the process, the rates of CO, and methane transformation
are closer on the system Pd—Mn (5) than those on the
La—Ce-containing system (4).

Dynamics of methane and carbon dioxide transforma-
tion on the MCS. As follows from the gravimetric data
(Fig. 9), a noticeable weight loss of the sample of the

Pmemby/L h~! dm™3
12000 |
10000

8000

6000

4000

2000

1 2 3 4 5 6 7 T/s
Fig. 6. Productivity for syngas vs duration on contact for the
MCS [La—Ce]—MgO—TiO,/Ni—Al (/) and [Pd—Mn]—TiO,/
Ni—Al (2), and the initial Ni—Al membrane (3).

X(%)

a CHy

60 e Co.

50 -
40 |
30 - A
20 -

10 o

‘ ‘ 1 1 1 1 1
450 50 550 600 650 700 T7/°C

Fig. 7. Temperature dependence of the conversion of CH, and
CO, onthe MCS [La—Ce]—MgO—TiO,/Ni—Al (CH,/CO, =1,
Winet =40 Lh™1).
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Fig. 8. Temperature dependence of the conversion of CH4 and
CO, on the MCS [Pd—Mn]—TiO,/Ni—Al (CH4/CO, = 1,
Winiet = 40 Lh™1).

1

initial membrane Ni—Al is observed when the sample is
heated to ~550 °C.

The mass spectrometric data show that the decrease in
the weight is accompanied by the formation of H,, CO,
CO,, and H,0 (Fig. 10).

It cannot be excluded that the sample weight decrea-
ses during oxidation of methane with surface oxygen O,
of the oxide phases of metals of the membrane materi-
al that are formed at the step of preparation of the
membrane

CH,+0Og —» CO +2H,, (1
CH, +4 0y — CO, + 2 H,0. ®)

It is seen from Fig. 10 that on gradual heating the
sample weight begins to increase again until the tempera-
ture maximum of the experiment (700 °C) is achieved. It
is most probably that the weight increase is due to the

P/mgg! T/°C
50 F 4 700
40 600
S 500
20 F
400
10 |
300
0
ol 200
20} 100
20 40 60 80 #/min

Fig. 9. Thermogravimetric curve for the Ni—Al membrane.



60 Russ.Chem.Bull., Int. Ed., Vol. 60, No. 1, January, 2011

Tsodikov et al.

P/mgg! 1-105/A
50 | 425
a0 |
2.0
30 |
20 1.5
10 |
ok 1.0
—10 k
0.5
—20 |
4
450 500 600 T/°C

Fig. 10. Thermogravimetric curve for the Ni—Al sample and the

results of mass spectrometric analysis of gases formed due to

DRM during temperature-programmed heating (10 °C min~!,

30—700 °C; then =700 °C): P (1), H, (2), CO (3), H,0 (4),
and CO, (5).

deposition of carbon on the membrane surface upon meth-
ane thermolysis accompanied by hydrogen formation

CH, — C + 2 H,. 3)

When CO, was passed successively, a decrease in the
sample weight with CO evolution is observed at 520 °C
(Fig. 11).

This is related, most likely, to the reaction between
CO, and carbon formed during thermolysis of methane in
reaction (3). The process is accompanied by the evolution
of carbon monoxide in the Boudouard retro reaction

C+C0, —» 2CO. )

P/mgg!
50 f 13
40
30
20
10
0
—10
-20
-30

300 400 500 600  T/°C

Fig. 11. Thermogravimetric curve for the sample of the initial
Ni—Al membrane and the formation of CO as a function of
temperature during dry regeneration.

The completion of this reaction on a given sample (see
Fig. 11) was observed when the temperature maximum of
the experiment was achieved (700 °C).

It has previously!2 been shown that the rate of reaction
(4) is an order of magnitude higher than the rate of direct
oxidation of methane with air oxygen. These results indi-
cate the high rate of the reaction of carbon dioxide with
nanosized carbon formed in microchannels of the mem-
brane, that is, probably, more reactive than bulky carbon.

The data of studies of the membrane material by X-ray
diffraction and energy dispersive X-ray analyses confirmed
that the initial membrane contained oxide phases of
metals.13

The gravimetric data characterizing the dynamics of
DRM on pelleted MCS 5 and its subsequent dry regenera-
tion in the temperature-programmed regime are presented
in Fig. 12.

P/mgg! T/°C
10 | 4 800
1
4 700
0 4 600
10k 4 500
P 4 400
=20 | 4 300
3
4 200
~30 -7
4 100
1 1 1 1
20 40 60 80  t/min

Fig. 12. Dynamics of processes of DRM and dry regeneration on
[Pd—Mn]—TiO,/Ni—Al; I, temperature; 2, DRM; 3, regener-
ation of CO,; 4, DRM after regeneration.

P/mgg! 1-106/A
sk 410

20 40 60 80 t/min

Fig. 13. Thermogravimetric curve for the sample [Pd—Mn]—
TiO,/Ni—Al and the results of mass spectrometric analysis of
gases formed by DRM during temperature-programmed heating
(10 °C min~!, 30—700 °C; then 7= 700 °C): P (I), H, (2), CO
(3), H,0 (4), CO, (5), and CHy4 (6).
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As can be seen from Fig. 12, the pattern of the gravi-
metric curve repeats the shape of the curve found for the
initial membrane support. The reaction begins at temper-
atures ~100 °C lower than that for the initial membrane as
indicated by the decrease in the sample weight.

It follows from Fig. 13 that the sample weigh does not
increase during DRM, indicating a comparatively small
contribution of coking processes occurring on the catalyst
sample. The decrease in the sample weight is accompa-
nied by the formation of H,, CO, and H,O0.

Figure 14 shows that on subsequent heating of the sys-
tem in a CO, flow the MCS is regenerated in the narrow
temperature and time intervals.

The dynamics of the DRM dry regeneration processes
on the catalytic system [La—Ce]—MgO—TiO,/Ni—Al
(4) is analogous to the dynamics of the processes that
occur on [Pd—Mn]—TiO,/Ni—Al (5), but the contribu-
tion from coking processes is higher on MCS 4.

The results obtained show that dry reforming of meth-
ane proceeds with a high rate in the catalytic channels of
the membranes and provides a significant yield of syngas
at a short conventional time of contact (~0.1—0.2 s).

The selectivity of the DRM depends on the composi-
tion of the catalysts determining different contributions of
direct and secondary reactions of the process.

The dynamics of CH, and CO, transformations ob-
served on the initial membrane and on its membrane cata-
Iytic systems indicates that at the first step of the process
hydrogen and CO are formed upon the interaction of meth-
ane with oxygen of the oxide phases (see reaction (1)). At
this step, methane partially undergoes deep oxidation to
CO, and H,O in reaction (2). The thermolysis of methane
with formation of carbon in reaction (3) is initiated with
the temperature increase to 450 °C. Carbon dioxide inter-
acts with carbon to form CO in reaction (4). The rate of
this reaction depends strongly on the catalyst composi-

P/mgg™!

O_
5}

—10

—15
—20
-25

-30 CcO

300 400 500 600 T/°C

Fig. 14. Thermogravimetric curve for the MCS sample
[Pd—Mn]—TiO,/Ni—Al and the formation of CO as a function
of temperature during dry regeneration.

tion: in the presence of MCS 5, the reaction shows a high-
er rate than the reaction on MCS 4. It is important that
the temperature of the onset of reaction (4) on the MCS is
substantially lower than that for the known processes of
coal gasification.1 It is most likely that the intensification
of this reaction in the channel of the catalytic membrane
is due to high dispersity of carbon formed. The close rates
of reactions (3) and (4) in the presence of MCS 5 explain
the higher selectivity of this system estimated by the
ratio H,/CO.

Secondary reactions affecting the selectivity of the pro-
cess occur along with the direct reactions of DRM. As
follows from Fig. 13, the decrease in the rate of water
formation at the step of deep methane oxidation (see reac-
tion (2)) indicates that the occurrence of the reversible
water—gas shift reaction

CO +Hy0 === CO, + Hy, )

which affects the content of hydrogen in syngas.15

It can be assumed that, in the presence of MCS 4, the
backward direction of reaction (5) exerts a stronger effect
on the selectivity of the process, due to which the CO
content in syngas exceeds the content of H,.

This work was financially supported by the Russian
Foundation for Basic Research (Project Nos 10-03-00715,
09-03-12060-ofi_m, and 08-03-92496-NTsNIL a).
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