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Abstract

The methane reforming with CGeems to be a promising reaction system useful to reduce the greenhouse contribution of
both gases into the atmosphere. On this basis, and considering the potentiality of this reaction system, the dry reforming reaction
has been carried out in an Ru-based ceramic tubular membrane reactor, in which two Ru depositions have been performed
using the co-condensation technique. Experimental results in terms p&@HCQG conversion versus temperature during
time are presented, as well as product selectivity and carbon deposition. These experiments have also been carried out using
traditional reactor. A comparison with literature data regarding dry reforming reaction is also provided. Experimental evidence
points out a good catalyst activity for the methane dry reforming reaction, confirming the potentiality of a catalytic membrane
applied to the reaction system.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction several industrial productions, including synthesis gas
manufacturing. Furthermore, the increasing effect of

Natural gas conversion studies have been growing greenhouse gases should be monitored, with the pur-
in the last few years, due to the great amount of this pose of reducing their emissions in the atmosphere.
methane-enriched fuel underground. In fact, natural Syngas (H, + CO) is used for ammonia/urea
gas production increased from524 x 102N m?3 in production and methanol synthesis; hydrogen is ex-
1990 to 2969 x 102N m3 in 1999[1]. As a conse-  tensively used by the oil industry in hydro-treating
guence, in the next future natural gas will be used both and in hydro-cracking processes, and also for fuel
as energetic vector and as valuable raw material for cell applications. The annual global production and
utilisation of hydrogen is about & 10"*Nm?3 per
year [2], so the interest in making this valuable
fax: -+39.0984.402103 gas is increasing nowadays_. The mair_l process per-
E-rmail addresses albas'”e@itmlcm.it (A. Basile) formeq for syngas produc.tlon today is the steam
pervit@dcci.unipi.it (P. Pertici). reforming of methan3], a highly endothermic reac-
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temperatures and pressures for achieving high to produce syngas. This reaction was carried out at
methane conversion. So, expensive, high tempera-first in a TR, and subsequently in a catalytic tubular
ture and pressure resisting materials are required for MR. The tubular membrane used for this purpose is
carrying out this reaction. a composite catalytic Ru-based membrane, consisting
Another approach for syngas production could be of a mesoporous commercial ceramic tube in which
the dry reforming of methane, which is a little bit an internal two-layers deposit of Ru nanoparticles has
more endothermic with respect to the steam reforming been realised. More in details, this work focuses on
of methane, but it produces a gaseous mixture with a the effect of the catalytic tubular composite Ru-based

lower Hy/CO molar ratio: membrane, not packed with conventional catalyst, and

on the behaviour of the reaction system in terms of
CHg + COy = 2CO+ 2Hy, reactants conversion and products selectivity. The MR
AHSgg = +247 kymol performance has been compared with experimental

results obtained by using a traditional tubular reac-
Although this reaction is more endothermic than the tor packed with two kinds of commercial Ru catalyst
methane steam reforming, an industrial application of (5 and 0.5wt.% of Ru, respectively). The experimen-
the methane dry reforming could allow to reduce the tal comparison regards methane and carbon dioxide
amount of greenhouse gases present in the atmosphereconversion, as well as hydrogen and carbon monox-
In fact, the disadvantage due to the reaction cost (in ide selectivity at different temperatures for both re-
terms of energy input as well as the cost of materials) actors used. Carbon deposition effect on the reaction
could be balanced by the benefit deriving from the behaviour has also been focused. A comparison with
CO, consumption, with a consequent lowering of this literature data is also furnished.
greenhouse gas in the atmosphere.

This reaction is becoming more interesting during
time: different kinds of catalyst were used, such as Ni, 2. Description of the experimental apparatus
Ru, Rh, Pd, and Pt bas¢d-9]. However, as already
stressed, the endothermic character of this reaction2.1. Membrane preparation
system needs an energy input.

One important limitation for making the dry re- The starting tubular support was an alumina ceramic
forming of methane a commercially viable reaction tube (by SCT, France) vitrified at the ends. Two Ru
using traditional reactors (TRs) is due to thermody- layers have been consecutively deposited on the in-
namics, which limits reactants conversion. Neverthe- ternal surface by decomposition at room temperature
less, methane (and carbon dioxide) conversion might under hydrogen (atmospheric pressure) of the com-
be increased if both products of the reaction (or pref- plex Ruf®-cycloocta-1,3,5-triene)(*-cycloocta-1,5-
erentially only one of them: hydrogen) could be se- diene), hereinafter signed &si-complex, following a
lectively removed from the reaction system. synthetic procedure previously used to deposit ruthe-

A membrane reactor (MR) is an engineering device nium nanoparticles on solid suppoffa2]. More in
that offers the possibility to do this, achieving either details, the starting support has been filled with the
higher methane conversion than a traditional process yellow solution resulting from the dissolution of 0.1 g
at a fixed temperature, or the same methane conversionof Ru-complex in 10 ml of dry mesitylene, and the
but at lower temperature with the consequent energy support was plugged at both ends. The system was
saving. In fact, it combines the separation properties of placed in a Schlenk tube (a glass box) equipped with
membranes with the typical characteristics of catalytic a side tape; in this box a pressure of 0.1 mm Hg was
reactions[10-15} by selectively removing hydrogen realised, and hydrogen was fed until the atmospheric
from the reaction mixture, the conversion of gias pressure was reached. The box was left to rotate for
increased for steam reforming of GIHL6—18]and for one night. Then, the resulting uncoloured solution was
dry reforming of CH, [19-21] removed and the ruthenium deposited on the internal

In the present work, an experimental plant has been side of the membrane was washed with a solution of
setto perform the reaction of dry reforming of methane pentane and dried under an Ar stream. Similarly the
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second layer of Ru was deposited starting from 0.072 g reaction temperature range was 350-300Two ther-

of Ru-complex. Using pentane as solvent, the diffu- mocouples were located at both ends of the mod-

sion of the solution from the internal (lumen) to the ule and used to keep the temperature constant at the
external side of the membrane was observed, with a set point value along the reactor. The reactor was

resulting external deposition of the metal on the tubu- heated using a heating tape connected to a tempera-
lar support. The same procedure has been carried outture controller (set point). Permeate stream pressure

for realising the second deposit of Ru. (shell side) for MR was held continually at 1.01 bar.
No sweep gas was used. A gas chromatograph (Carlo
2.2. Membrane reactor and traditional reactor Erba 4200) having a packed column Carbckén000

for analysing gas mixtures was used with argon as car-
MR consists of a stainless steel module containing "€r 9as (25ml/min), oven temperature T4 TCD
the two-layers Ru membrane. Geometrical dimensions deétector at 250C. .
of the ceramic support are length 25cm, id. = CHy and CQ conversions, as well asaHand CO
0.67cm, od. = 1.02cm. Two consecutive deposi- selectivities, were calculated considering the following

tions have been carried out: the first Ru layer con- formulas:

sists of 32 mg of catalytic material, while the second CHg,reep — CHa 0uT
X

one consists of 23mg of the metal. TR is a stain- CHj conversion(%) = CHa FeED 100
less steel tube having the same geometrical dimen- ’
sions of the ceramic membrane (i.e. lengt25 cm, CO, conversion%) = COz reeD — CO2 0uT % 100
i.d. = 0.67 cm). It was packed with 4 g of a commer- CO,FEED
cial Ru/Al, O3 catalyst, in particular, a 0.5% Ru/#Ds3 H. selectivity(%)
catalyst (by Engelhard) and a 5% Ru@ catalyst Ho ouT
- = : x 100
(by Johnson-Matthey) have been tested. Hz. 007+ COout + COs.0UT + CHaouT
2.3. Experimental set up CO selectivity(%)
COourt
The membrane was placed inside a stainless steel = x 100
. X C H C CH
module and sealed by means of graphite o-rings. The Gout+Hzour + CO20uT + CHaout
catalytic membrane was pre-treated usingfér 3h Both permeate and retentate streams have been con-
under a flow rate of 25 ml/min at 50C. The exper- sidered for MR, while only one outlet stream was con-

imental plant used is depicted Fig. 1L The exper- sidered for TR. In other words, TR has only one inlet
imental conditions were the followingy = 1.2 bar stream (feed) and one outlet stream (products), while
(abs), CH/CO, = 1/1, CHy rgep = 70 mi/min. The MR has one inlet stream (feed) and two outlet streams

Pressure Gauge Pressure Gauge
gl“hble Mass Flow
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Controller
Bubble S ecurity
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GC o o Valve

Temperature Controller

Fig. 1. Scheme of the laboratory plant.
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(permeate and retentate). With regard to MR, the two the mentioned gases at 25 and 53Q0versus the av-
outlet streams were separately analysed in terms of erage pressured(pumen—+ pshel) /2]. The maximum
both flow rate and composition: this permitted to cal- selectivity «(H2/N2) was 2.8 at 500C and pay =
culate the total outlet flow rate of each species, and so 0.02 bar (rel), versus an ideal separation factor of 3.74
the terms in the formulas above. (Knudsen mechanism). The behaviour of pure gas
Permeances of pure gases (hydrogen and nitrogen)permeances was found to be linearly increasing with
have been performed with the same experimental ap-increasing of average pressure, at a fixed temperature.
paratus. All gases used were >99.995% pure. Outlet Furthermore, permeation tests demonstrated that the
gas streams were dried before sending to gas chro-permeation mechanism is due to combined effects of
matograph. The atom mass balances generally closedboth Knudsen and Poiseuille mechanisms. In fact, the
to within 8% in all experimental data reported in this ideal separation factor (i.e. Knudsen mechanism) of
work. Carbon deposition on the catalyst surface has Ha/N3 is 3.74, higher than the experimental results of
been evaluated by feeding pure oxygen (110 ml/min) this work (2.3-2.8). Moreover, when Knudsen mech-
at 500°C and thereby analysing the outlet gaseous anism is present alone, gas permeance decreases if
mixture of the reactors during time with the gas chro- temperature increases; despite this, gas permeances
matograph. For MR, the shell side was kept closed increase if temperature increases when Poiseuille
during the carbon deposition determination. Data on mechanism is present alone. The combination of the
the gaseous C-containing species (mainly,C®ere two cited effects is such that bothoHand N> per-
collected and processed with the trapezoid method of meances increase with increasing temperature in our
integration, in order to calculate the total amount of experimental conditions. Nevertheless, the second Ru
carbon in the outlet stream. deposition seems to poorly improve the membrane
selectivity. It should be considered that the first Ru
deposition was performed on the ceramic tube, while

3. Results and discussion the second deposition was carried out on a heteroge-
neous surface consisting of uncovered ceramic pores
3.1. Permeation tests plus partially or totally covered pores. In this con-

dition, the total amount of deposited Ru increased,

The Ru-based membrane was tested in terms of but probably this increasing was not proportional
permeation using Hand Nb gases. The main results to the increase in the catalytic surface of the metal.
are reported ifTable 1 which shows permeances of Anyway, the second Ru deposition should reduce the
pore size, increasing so the gas velocity throughout

Table 1 the membrane with respect to the starting ceramic
Permeation results for the Ru-based membrane: comparison be- material.
tween the first and the second Ru layer membrane in termsg of H

and N, permeance versus average pressure 3.2 Reaction tests

First Ru layer Second Ru layer
T =25°C The dry reforming of methane was successfully
Py, 2.53 0.079 performed in both MR and TRFig. 2 shows the
Pu, 1.05 0.034 time-dependence of both GHand CQ conversions
o(H2/N2) 2.4 2.3 at different temperatures for the MR: it should be ob-
Pav 0.02 0.76 . i .
served that their behaviour seems to be quite constant
T=>500"C from 20 min of reaction tests until the end (at 83 min).
izz igg 1'8 The absolute maximum CfHconversion (i.e. consid-
a(ﬁZ/NZ) 28 24 ering all of the 83 min of reaction) of 21% has been
Pav 0.02 0.05 achieved at 500C and 42 min of reaction tests, while

) ) o
ap: pure gas permeance (Tomol(sn?Pa)): a: Ho/Na tbhe abS(;lI_ute (rjnaX|mum ﬁpconv;ersmn of_ 23f/o has

pure gas selectivity= Pyn,/Pn, (dimensionless);pa,: average Jeen achieve at400 an @a}ter 11 min of reac-

pressure= (pumen+ pshe)/2 (bar, rel). tion tests. Vice versa, considering the average values
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Fig. 2. CH; and CQ conversion versus time, at different temperature values, for the Ru-based MRCGH= 1/1, CHy pgep = 70 mi/min,
p = 1.2bar (abs), reaction time 83 min: (a) CH conversion; (b) C@ conversion.

regarding the period from 20 min until the end of the
reaction tests, the maximum Gldonversion of 16.4%
was achieved at 50@, while the maximum C@con-
version of 20.8% was obtained at 40D. Moreover,

500°C, when CQ conversion was 12% against 16.4%
for CH4 conversion. Probably, CHs involved in other
chemical reactions which are favoured at high tem-
perature, such as the steam reforming reaction, so the

in the same time range 20-83 min, the maximum se- conversion of this species increased.

lectivity was achieved at 45: 1.52% for CO versus
0.46% for H. CO selectivity was always higher than

A comparison between MR and TR is given in
Fig. 3 which shows CH and CQ conversions

H, selectivity, and this aspect can be explained con- (Fig. 3@) and (b)), as well as +Hand CO selectivities
sidering that CO is also involved as a product in other (Fig. 3(c) and (d)), at three different temperatures.

chemical reactions with respect toH
CO; + C=2CO (Boudouard reaction
CO; + Hz = CO+ H0

(reverse water gas shift reactjon

CHz + H>O = CO+ 3Hy
(steam reforming reaction

For TR packed with both types of Ru catalyst, all of
the mentioned parameters increase with increasing
temperature from 350 to 45C. For example, C®
conversion increases from 11.23% at 380to 19%

at 450°C in the TR packed with the 5% Ru catalyst.
As we expected, the 0.5% Ru catalyst packed in TR
gives lower CQ (and CH;) conversion than the TR
packed with the previous catalyst, due to the lower Ru
content. For example, C{xonversion increases from

A similar evidence has been found by Galuszka et al. 9.71% at 350C to 11.7% at 450C. The maximum

[20], which studied the dry reforming reaction over

CH,4 and CQ conversions have been obtained in MR

a Pd-based catalyst packed in both a TR and anat 400°C: 15.2 and 20.8%, respectively. For MR, it is

MR at 550-600C. In fact, at 550C they found a
H>/CO mole ratio of 0.85 in the outlet stream of MR.

not immediate to observe an increasing trend of reac-
tants conversion versus temperature, probably due to

Comparing these results with our re-arranged exper- the fact that the temperature also affects gas perme-

imental data mentioned above, at 48D we found
a H/CO mole ratio of 0.30 in the outlet stream of
MR, not directly comparable with results of Galuszka
et al.[20] due to the different temperature. Anyway,
this confirms the CO production higher than the H
one.

Let us still considerFig. 2 CO, conversion was
always higher than Cldconversion, except fof =

ation. This experimental evidence can be explained
considering two opposite effects on methane conver-
sion. From one hand, the preferential permeation of
products as well as the endothermicity of the overall
reaction system should give an increase in reactant
conversions versus temperature with respect to a con-
ventional reactor; on the other handjuasi-Knudsen
permeation is negatively effected from the increas-
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Fig. 3. Comparison between MR and TR in terms of reactant
conversions, as well as products selectivity, versus temperature.
CH4/COy = 1/1, CHy ggep = 70 ml/min, p = 1.2 bar abs, reaction
time = 83min: (a) CH conversion; (b) C@ conversion; (c) H
selectivity; (d) CO selectivity. Pyramid: MR (Ru); Prism: TR (5%
Ru); Cylinder: TR (0.5% Ru).
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catalyst is considered, and 20 mg if the 0.5% Ru cata-
lystis packed. In this situation, defining the time factor
as the catalyst (Ru) amount per unit of gfeed rate
(70 ml/min), time factor is B6x 10~ gry min/mico,

for MR, 2.86x 102 grymin/mlco, for TR containing

the 5% Ru catalyst, and.&@6 x 10~* ggymin/mico,

for TR packed with the 0.5% Ru catalyst. A compari-
son of CH; and CQ conversion per unit of time factor,

at 400°C, is reported irfable 2 It is observable that
both CH; and CG conversion decrease when chang-
ing from MR to TR (5% Ru) and then to TR (0.5%
Ru). Considering the Ciiconversion per unit of time
factor, it is shown that MR gives the best performance,
while, with regard to the C®conversion per unit of
time factor, MR performance is lower than TR (0.5%
Ru). These results confirm the good catalytic activ-
ity of the Ru deposited inside the ceramic membrane,
since a fine dispersion of the metal acts in the sense of
increasing the activity of the catalytic surface. Results
related to the C@conversion per unit of time factor
demonstrate that a major research effort is needed in
the Ru deposition technique and/or in the treatment
of the Ru deposit for improving the catalytic perfor-
mance; in fact, the main goal should be the highest
reactivity of the catalytic metal towards both reactants
of the reaction system. Considering agaable 2 it
should be observed that the gap between, GiHd
CO, conversion in MR is 5.6%, while this difference
is about 13.7% for TR (5% Ru) and about 10.5% for
TR (0.5% Ru). This experimental evidence might be
due to the different catalyst distribution present in MR
and TRs. Even if detection of the Ru dispersion was
not done to evaluate active surface of catalyst, such a
difference could lead to make unfavourable the chem-
ical side-reactions involving C£ This justifies the
lower gap between CHand CQ conversion in MR.

ing temperature. So the benefit of the catalytic effect These aspects can be viewed as an improvement of
of the Ru membrane on the reaction system is not the catalyst activity in terms of reactants conversion,
immediately predictable. It seems then that the use due to the mentioned Ru dispersion technique over the
of MR systems requires very careful control of the ceramic support.

characteristics of the membrane and catalyst as well

as the reaction conditions in order to get benefit from 3.3. Carbon deposition

the use of such a system.

Finally, it has been observed that CO selectivity
is always higher than i selectivity also in the TR
packed with both types of catalyst.

The total Ru amount deposited inside MR is 55 mg,
while the Ru content in TR is 200 mg if the 5% Ru

Among the noble metals, Ru catalyst is demon-
strated to exhibit the highest catalytic activity towards
the CQ reforming reaction[9]. Although thermo-
dynamics predicts the formation of carbon when
operating with carbon dioxide and methane alone,
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Table 2
Comparison between MR and TR in terms of £Hnd CQ conversion per unit of time factoff = 400°C, CHy/CO, regep = 1/1,
CO2.reep = 70 ml/min, p = 1.2 bar (abs) (the term in the brackets refers to the Ru percentage in the catalyst pellets packed in the TR)

Type of reactor

MR TR (5% Ru) TR (0.5% Ru)
Ru weight (mg) 55 200 20
Time factor (gumin/mico,) 7.86 x 104 2.86 x 103 2.86 x 104
CHg conversion (%) 15.23 2.17 0.35
CHa conversion/time factor (¢g min/mlco,)™) 1.9 x 10 7.6 x 10? 1.2 x 10°
CO;, conversion (%) 20.8 15.9 10.8
CO, conversion/time factor (g, min/mlco,)™%) 2.6 x 10* 5.6 x 103 3.8 x 104

it is possible to depress this phenomenon using Ru. for both TR and MR, at 400 and 45C. Both reactors
Table 3shows the amount of carbon deposition in both show that carbon deposit increases with increasing
MR and TR after 83 min of reaction tests. Further- the methane conversion. For example, when methane
more, long-term experiments (1560 min, not reported conversion increases from 2.17% (4@) to 13.57%

in Table 3 using TR packed with the 5% Ru catalyst (450°C) in the TR (5% Ru), the carbon deposit in-
have demonstrated a constant trend of reactants con<creases from.2x 103 to 3.8x 10-3g. Nevertheless,
version and products selectivity versus time: in fact, when methane conversion increases from 10.23%
at 500°C, CH; and CQ conversions, and Hand CO (450°C) to 15.23% (400C) in the MR, the carbon
selectivities, maintained their value around 18, 29, 16 deposit increases from39 x 1072 to 2.68 x 10~2g.

and 40%, respectively, with a total carbon deposition In order to realise a good catalytic membrane for the
of 4.2 x 10-3g, near the 2 x 10~3g of deposited  dry reforming reaction, these aspects suggest that it
carbon after 83 min experiments. These results con- is not enough to finely deposit in a simple way the
firm the potentiality of Ru as the catalyst which gives catalytic metal, but it should be also monitored the
depression effect for the carbon deposition in this kind structure of the deposited layer. In fact, it is well
of reaction. Considering that MR contains 55mg of known that a commercial catalyst results from a
Ru, while TR contains 200 or 20 mg of the metal (de- very complex know-how, which concerns the cata-
pending on the Ru percentage in the catalyst pellets, lyst composition, structure, active surface, etc. So, a
seeTable 3, it is observed that MR gives the high- generic deposition is not enough for producing a good
est carbon deposition per unit of Ru weight. In fact, catalyst. As a consequence, a catalytic membrane
considering the ratio between the deposited carbon
(expressed in grams, froirable 2 and the Ru weight 30x10°

(expressed in grams) at 450, it is obtained a ratio . o

— 25x103 | o
of 0.5¢/gru for MR, 0.02g/gry for TR (5% Ru), T 25x10 MR, 45 MR.400C
and 0.06 g/gry for TR (0..5% Ru). Moreovert-ig. 4 _ = 20x103 |
shows the carbon deposit versus methane conversion &

8 15x10° |

c
Table 3 8 1ox10%
Deposited carbon versus temperature for TR and MR, reaction S TR (0.5% Ru), 450°C o .
timzz 83 min P O 5x10%} ( v TR (5/(,‘Ru), 450°C |

TR (5% Ru), 400°C
T (°C) MR carbon (g) TR (5% Ru) TR (0.5% Ru) 0 O . - - . - .
carbon (g) carbon (g) 0 2 4 6 8 10 12 14 16 18

350 - 85x 104  25x 1073 CH, conversion [%]
400 2.68x 1072 12 x 1073 -
450 259% 10-2 3.8 x 10-3 1.2 x 10°3 Fig. 4. Carbon deposit versus gHonversion for both TR and
500 257%x 102 22 % 103 1.0 x 1073 MR. CH4/CO, = 1/1, Cl‘h,FEED = 70 ml/min, p=12 bar abs,

T = 400 and 450C.
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Fig. 5. Dry reforming of methane: comparison with literature data in terms of @dhversion versus temperature.

should be realised by making special efforts towards performance of an MR depends on a suitable match-
the active surface of the metal deposited on the ce- ing between the membrane properties and the oper-

ramic support. ating conditions adopted. In fact, with regard to the
dry reforming reaction, at 500 the highest methane

3.4. Comparison with literature data for the dry conversion has been reached by Kiku] using

reforming of methane an MR (Fig. 5), while at 550°C the highest methane

conversion has been reached by Swaan e{2d]

A comparison among results reported in this work using a TR. Kikuchi[24] found a CH conversion
and literature data in terms of GHand CQ conver- of 52% at 500C, CH,/CO;, feed ratio of 1/1, time
sion versus temperature is offeredrigs. 5 and 6In factor of 448 x 10° gcarminmol~! using his MR,
particular, experimental results of several authors have versus 47% predicted from thermodynamic equilib-
been reported, as well as the thermodynamic equilib- rium. This confirms that in some experimental condi-
rium curve. All experimental data reported below the tions conversion in MRs can overcome the one related
equilibrium curve, in the legend, are referred to TRs, to TRs.Fig. 6 shows that C@ conversion is gener-
while the experimental data reported above the equi- ally below the thermodynamic equilibrium curve, ex-
librium curve, in the legend, are referred to MRs. Al- cept for 400C where CQ conversion is about 20%
though it should be considered that both £ithd CQ (this work) versus about 15% predicted from equilib-
conversions depend on the operating conditions (feed rium. Also this evidence demonstrates that the reaction
flow rate, feed ratio, temperature, pressure, catalyst behaviour depends on a suitable matching between
weight), it is expected that, generally, conversion in the membrane properties and the operating conditions
MRs overcomes the one related to TRs. However, the adopted.

—— Chang et al. [4]
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Fig. 6. Dry reforming of methane: comparison with literature data in terms of @fversion versus temperature.
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4. Conclusions

Methane and carbon dioxide conversion into syn-
gas via dry reforming reaction has been studied in a
catalytic MR containing a two-layers Ru membrane,
in which Ru was deposited in a very simple way
by decomposition under hydrogen of the particularly
reactive complex Rui®-cycloocta-1,3,5-trieney(*-
cycloocta-1,5-diene) Ru-complex. Gas permeation
tests showed that theoHN, selectivity of the com-
posite membrane is lower than the Knudsen one. The
consecutive Ru deposition inside the commercial ce-

65

References

[1] Eni (Italy), World Oil Gas Rev. (2001) 70 (in Italian).

[2] W.H. Scholtz, Gas Sep. Purif. 7 (3) (1993) 131.

[3] B. Gaudernack, S. Lynum, Int. J. Hydrogen Energy 23 (12)
(1998) 1087.

[4] J.-S. Chang, S.-E. Park, H. Chon, Appl. Catal. A 145 (1996)
111.

[5] S. Wang, G.Q. Lu, Appl. Catal. A 169 (1998) 271.

[6] T. Hayakawa, S. Suzuki, J. Nakamura, T. Uchijima, S.
Hamakawa, K. Suzuki, T. Shishido, K. Takehira, Appl. Catal.
A 183 (1999) 273.

[7] K. Tomishige, Y.-G. Chen, K. Fujimoto, J. Catal. 181 (1999)
91.

ramic support seems to affect reactants conversion and [8] J.R. Rostrup-Nielsen, J.-H. Bak Hansen, J. Catal. 144 (1993)

products selectivity, at each temperature investigated.
The conclusions of this work can be summarised
considering that a special and deeper investigation
is needed, in order to tune the structure of the Ru
deposited inside the tubular ceramic membrane, and
realising a very active metal layer for the reaction of

interest in the direction of both increasing reactants
conversion and decreasing carbon deposition during
the reaction. The catalytic metal should depress the
carbon formation in spite of the thermodynamic po-

tential. Ru could act in this way, but a special effort

has to be done for make an active surface of the
metal which reduces this deposition when it covers a
porous commercial membrane. The dry reforming of

methane seems to be a feasible technology, and mem-
brane systems could penetrate this target in the future,

not only from a separation viewpoint, but also from
an integrated reaction—separation device application.

Acknowledgements

The authors wish to thank Engelhard Italiana
S.p.A. (Italy) for furnishing the 0.5% Ru catalyst, and
Johnson-Matthey (England) for furnishing the 5% Ru
catalyst. Special thanks to Mrs. America Oliva for
improving the English of the paper.

38.
[9] J.R. Rostrup-Nielsen, Natural Gas Conversion Il, Elsevier,
Amsterdam, 1994, p. 25.

[10] R. Hughes, in: Proceedings of the 15th World Petroleum
Congress, 1998, p. 773.

[11] J.N. Armor, J. Membrane Sci. 147 (1998) 217.

[12] V. Gryaznov, Catal. Today 51 (1999) 391.

[13] J. Coronas, J. Santamaria, Catal. Today 51 (1999) 377.

[14] K.K. Sirkar, P.V. Shanbhag, A.S. Kovvali, Ind. Eng. Chem.
Res. 38 (10) (1999) 3715.

[15] E. Drioli, A. Basile, A. Criscuoli, Clean Prod. Proc. 2 (2000)
179.

[16] J.S. Oklany, K. Hou, R. Hughes, Appl. Catal. A 170 (1998)
13.

[17] S.W. Nam, S.P. Yoon, H.Y. Ha, S.-A. Hong, A.P. Maganyuk,
Kor. J. Chem. Eng. 17 (3) (2000) 288.

[18] Y. Ding, E. Alpay, Chem. Eng. Sci. 55 (18) (2000)

3929.

[19] E. Kikuchi, Y. Chen, Natural Gas Conversion |V, Elsevier,
Amsterdam, vol. 107, 1997, p. 547.

[20] J. Galuszka, R.N. Pandey, S. Ahmed, Catal. Today 46 (1998)
83.

[21] P. Ferreira-Aparicio, Y.H. Ma, Stud. Surf. Sci. Catal. 138
(2001) 461.

[22] P. Pertici, N. Scalera, G. Vitulli, P. Salvadori, M. Hoang, T.W.
Turney, in: Proceedings of the Ninth International Symposium
on Macromolecule—Metal Complexes, Brooklyn, NY, August
19-23, 2001, p. 37.

[23] H.M. Swaan, V.C.H. Kroll, G.A. Martin, C. Mirodatos, Catal.
Today 21 (1994) 571.

[24] E. Kikuchi, Catal. Today 25 (1995) 333.



	An Ru-based catalytic membrane reactor for dry reforming of methane-its catalytic performance compared with tubular packed bed reactors
	Introduction
	Description of the experimental apparatus
	Membrane preparation
	Membrane reactor and traditional reactor
	Experimental set up

	Results and discussion
	Permeation tests
	Reaction tests
	Carbon deposition
	Comparison with literature data for the dry reforming of methane

	Conclusions
	Acknowledgements
	References


