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Abstract

Itis known that higher alkanes can be produced from methane over Ru, Pt or Co supported on silica by using a two-step reaction sequence.
In this investigation, a dense Pd/Ag flat membrane reactor (FMR) and a traditional reactor (TR) are analysed referring to experimental
data. The two-step reaction over Ru-based catalyst was chosen as a model reaction to be investigated. The experiments carried out ir
this study confirm that, using a membrane reactor, it is possible to obtain consumed methane values greater than the ones obtained in &
TR for the first step operating at the same experimental conditions. A direct consequence should be an increase of the yield in higher
hydrocarbons. In addition, this work shows that the membrane reactor performances can be improved by properly tuning the operating
conditions. Experimental results of this work are compared with both experimental data obtained in a previous work using a dense Pd/Ag
tubular membrane reactor (TMR) and experimental data reported in the literature.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction C, to Cy, saturated form) from methane at a constant tem-
perature of 250C and atmospheric pressure over a Pt cat-
The most economical use of natural gas is to convert it into alyst. With regard to the non-isothermal way, Koerst et al.
more valuable liquid chemical products. During the past few [3] found that Ru- and Co-based catalyst are more selec-
years, extensive efforts have been made to investigate bottive for the formation of higher hydrocarbons with respect
direct and indirect conversions of methane. Direct conver- to Rh,- Ir,- Pt- and Ni-based catalyst; the same authors con-
sion of methane into higher hydrocarbons is a reaction with firm that alumina support gives better results than silica
a thermodynamic limit: it can only take place at tempera- support.
tures above 1200 K1]; at this temperature graphite carbon The objective of this investigation is to apply a palladium
is more stable than hydrocarbons such as ethane. membrane reactor concept to this reaction system. A mem-
In order to increase catalyst lifetime and reaction selectiv- brane reactor is an engineering device that offers the pos-
ity, low temperatures would be needed. Some authors havesibility to overcome the thermodynamic limitations, giving
demonstrated that methane conversion into higher hydrocar-the possibility to attain a high methane conversion at lower
bons could occur at low temperature if methane is activated. temperature with respect to a traditional reactor (TR) since
The overall process can be viewed as a two-step sequenced membrane reactor combines the separation properties of
methane adsorption and subsequent decomposition on thenembranes with the typical characteristics of catalytic reac-
catalyst surface (at higher temperature) and subsequentions[4-11]. The two most common membrane geometries
hydrogenation (at constant or lower temperature). may be in the form of a tube or as a flat plate. This kind
The reaction can be carried out in two different ways: of reactor could improve the overall methane conversion
isothermal or non-isothermal one. In the last case, methaneat a given temperature; on the other hand, it is possible to
deposition at high temperature is followed by hydrogena- obtain the same amount of decomposed methane at lower
tion at low temperature. For what concerns the isothermal temperature with respect to a TR, so the total yield in lighter
way, Belgued et a[2] produced lighter hydrocarbons (from hydrocarbons increases, as reported by Garnier €tljl.
Early investigations of the application of membrane reactors
" Corresponding author. Tek+39-0984-492011: to this reaction have _demorjstrated higher conversions with
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towards hydrogen, so pure hydrogen recovering could alsohydrogen loss, the shell side of the membrane reactor was
be obtained. closed after filling it with hydrogen. The procedure adopted
The aim of this work is to increase the production of was isothermal. After each run, the catalyst was treated
lighter hydrocarbons with respect to a traditional system with pure hydrogen flow (5 x 103 mol/min) at 400°C
using a dense Pd/Ag (25% (w/w) Ag) flat membrane reactor for 2h in order to have total desorption of each species
(FMR). Experimental results are compared with the results from the catalyst surface; further, a nitrogen flow followed
obtained using a TR and with some literature data. to eliminate hydrogen gas from the catalyst surfdgg. 1
offers a schematic summary of the complete procedure fol-
lowed to determine each experimental point. The procedure
2. Experimental described in this figure was performed three times for each
experimental condition. In the same figure, details about the
A scheme of the laboratory plant was previously de- membrane reactor configuration for steps 1 and 2 are also
scribed elsewhergl2]. The reactor feed is regulated by shown. This procedure led to a good results reproducibility.
mass-flow controllers, while outlet stream flow rates are Each gas was used with purity percentage >99.995%.
measured by means of bubble flow-meters; gas composi- The following analytical definitions were used:
tions were determined by gas chromatograph (Perkin-Elmer CHa — CH
Autosystem GC) using a TCD and a metal packed column, consumed CH%=——"10— =" Hout . 100 [dimensionless]
type Porapak-Q 50/80, with Ar as carrier gas at a flow rate CHain
of 8 ml/min. For what concerns the oven temperature, the Hoout . )
following conditions were adopted: 4& for the first step, Hz produced %-= CHain x 100 [dimensionless]
and then 100C in the second step. Moreover, in order v
to determine gas composition of both permeate and reten-C, yield = XCz Vioop [mol]
tate streams simultaneously, another gas chromatograph was 22.4
used (Carlo Erba 4200), adopting a TCD and a metal packedwhere xc, is the molar fraction of €in the gas chromato-
column, type Carboxéi' 1000, Toyen = 45°C, carrier flow graph sampling loop of volum¥gp.
rate(Ar) = 25 ml/min: in particular, this gas chromatograph The consumed CHrefers to the methane disappeared
was used to determine permeate composition. from the reaction system during the first step of the reaction.
The heating system was a thermolyne heating tape This amount of methane is adsorbed on the catalyst surface,
(Sigma-Aldrich) connected to an automatic PID controller and a portion of it reacts in the second step in order to
(EC 4-133, Nuova-Thermics). The TR contained a multiple produce higher hydrocarbons.
(4 points) thermocouple for temperature measurements. Flat Pd/Ag flat membrane was produced by a lamination
membrane reactor (FMR) was equipped with a one-point technique in E.N.E.A. laboratories (Frascati, Italy); the
thermocouple placed in contact to the external side of the starting material was a Pd/Ag (25% (w/w) Ag) com-
flat stainless steel module. mercial foil (127um thickness) purchased from Metalli
TR consists of a stainless steel tube, length25cm, Preziosi (Milano, Italy); details have been presented by
i.d. = 0.67 cm, wall thickness= 1.25cm. FMR consists of  Tosti et al.[13]. The apparent activation energy from ex-
a flat stainless steel module containing a flat sample of aperimental tests concerning hydrogen permeatiofjs=
Pd/Ag (25% (w/w) Ag) membrane, membrane thickness  10.3kJ/mol, while the pre-exponential factor Rey =
50 x 10~%m, geometrical sizel = 20mm,» = 35mm. 7.63 x 10~8molm/(sn? P&®). These values are exactly
Operating constrictions for the membrane: temperature up tothe same as the membrane used in the tubular membrane
400°C and transmembrane pressure difference up to 2 atm.reactor (TMR)[12]. Conceptually, from an engineering
For both kinds of reactor the same experimental condi- viewpoint, a tubular configuration for the membrane reac-
tions were used. In particular, they were packed with 5% tor could give better performance than the flat one due to
Ru/Al>Og3 (irregular cylindrical pelletsday = 1.2 mm), cat- the fluid-dynamic conditions. However, in laboratory-scale
alyst weight= 1.0 g, furnished by Johnson-Matthey. studies, the tubular membrane is more difficult to incor-
In the first step of the reaction, the analysis was de- porate into a stainless steel module than a flat membrane.
veloped considering both reactors with a feed stream ra- Moreover, the tubular membrane gives tight problems for
tio CHgq/N2 = 1/5, methane feed streasm 10~3 mol/min, assembling the membrane reactor module, due to the fact
operating in a co-current flow configuration, Sweep= that it is welded to stainless steel supports at the ends: these
1.15x 102 mol/min (the last two conditions are valid only ~are weak points for our membrane. On the other hand the
for FMR). Temperature was in the range between 150 and flat membrane gives no problems for its assembling in a flat
400°C. Pressure values were close to the atmospheric con-module, although it offers a lower permeating area for hy-
dition. Exposure time in the first step was ranged between drogen with respect to a tubular membrane having the same
1.5 and 3 min. reaction volume. In this paper, the flat Pd/Ag membrane
Pure hydrogen (23 x 10~3mol/min) was fed in the  was recovered from the tubular membrane after its cracking
second step for both reactors. Moreover in order to avoid due to the thermal stress occurred during reaction tests.
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1) Methane Decomposition (1* Step): Methane is decomposed over the catalyst surface and produces Adsorbed Carbonaceous Species and H, (which permeates throughout
the membrane).

2) Hydrogenation of Carbonaceous Adsorbed Species (2™ Step): H, flowing over the catalyst could produce C, (ethane); the shell side of the membrane reactor is closed.

3) Desorption of Carbonaceous Adsorbed Species: increasing temperature up to 400°C under H, flow, each adsorbed species is removed from the catalyst surface.

4) Catalyst Regeneration: keeping high temperature (400°C) under H, flow for 2 hours, the active sites of the catalyst are regenerated.

5) Catalyst Washing: a N, flow removes the residual hydrogen gas from the catalyst surface.

Details of step 1 and 2
4 4
1% Step: CHq+N, Pd/Ag Membrane N, 29 Steny: H, Pd/Ag Membrane

v v

CH, (non-reacted) + Ny, H, C.Hg, Hy

Fig. 1. Scheme of the complete procedure followed to determine each experimental point.

Nevertheless, the FMR gives interesting performances whenet al. [12]. It can be observed that for all the curves, the
compared to the TMR in terms of unit of membrane area. linear behaviour confirms the statement of activated process
with regard to the first step. Moreover, the following acti-
vated energy values were found: 26 kJ/mol for Koerst et al.
[3], 30 kd/mol for this work and 46 kJ/mol for Basile et al.
[12].

The first step of the reaction, i.e. methane decomposition Fig. 3 shows a comparison among TRs, TMER2] and
with subsequent hydrogen production, is an activated pro- FMR in terms of consumed CHin the first reaction step
cesq3]. Fig. 2shows the logarithm of hydrogen production at 300°C versus time. It can be observed that all the curves
versus 10007 (T is the reaction temperature in K) related to  show a maximum at 2min. However, at 3min £ldon-
the catalyst used in this work (5% (w/w) Ru) and the exper- sumed is about 15% for TMIRL2] and about 9% for TR.
imental results obtained by both Koerst et[8].and Basile  In the presence of the maximum methane consumed, the

3. Results and discussion

4 —0— Koerst et al. [3] (5% Ru catalyst)
Ea = 26 kl/mol .
—O— Basile et al. [12] (0.5% Ru catalyst)
3 —f— This work (5% Ru catalyst)
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Fig. 2. Arrhenius plot for hydrogen production in the first step of the reaction for TRs.
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Fig. 3. Amount of consumed CHin the first step versus time for TRs, TMR2] and FMR,T = 300°C, P = 1bar.

maximum experimental error occurred, that was about 15%, 50
due probably to the non-steady character of the reaction 45 |}----------- -
system.

Fig. 4 shows a comparison among TRs, TMR2] and
FMR in terms of hydrogen production in the first step versus
time. It is evident that experimental values for TR packed
with 5% Ru catalyst are higher than the others, although
the total amount of CiHconsumed in this reactor seems to
be almost the same as the one detected in the TR packed §
with 0.5% Ru catalyst. Probably, the major Ru percentage &
in the catalyst gives a lower hydrogenated carbonaceous
species amount on the catalyst surface. On the other hand, 0
if the total amount of consumed methane is almost constant,
probably using a higher Ru percentage as the catalyst, the Time [min]
amo,unt of the decomposed methane is higher than the oneFig. 5. Consumed methane in the first step versus time for TR and FMR
obtained at lower Ru percentage. For both TYIR] and packed with 5% Ru catalys® = 1 bar, T = 150°C.

FMR, the amount of hydrogen production is the sum of

permeated hydrogen with non-permeated hydrogen. Con- Fig. 5offers a comparison between TR and FMR in terms
sider that the calculation of Hin the permeate stream for of consumed methane versus time at 160 both reactors
membrane reactors was carried out by using the experi-are packed with 5% Ru catalyst. It is evident that the two
mental permeability of the Pd/Ag membrane, so the total kinds of reactor exhibit a similar behaviour, showing a max-
Ho production in the first step could be underestimated. imum at time= 2 min: at this time, consumed methane is
This aspect is related to the fact that it was very difficult to about 30% for FMR, while it is 26% for TR.

detect H in the permeate streams, as the hydrogen partial Table 1shows a comparison between TR and FMR at the

—>—TR (5% Ru catalyst)

—-/---FMR (5% Ru catalyst)

35 [ o

sumed /CHi,in [%]

pressure was close to zero in the shell side. two operating temperatures of reaction tests, 150 andG00
~ 50 —0—TR [12] (0.5% Ru catalyst) -
E ---O-- TMR [12] (0.5% Ru catalyst)
Ea 40 - —>¢—TR (5% Ru catalyst)
% —-A—--FMR (5% Ru catalyst)
8030 [
=
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g
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=7
o
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Fig. 4. Amount of b produced in the first step versus time for TRs, TNIR] and FMR,T = 300°C, P = 1bar.
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Table 1
Percentage of consumed methane for TR and FMR at 150 aneC300

TR (300°C) TR (150°C) FMR (300°C) FMR (150°C)
CHa,condCHa,in (%) 16.50 12.72 16.52 15.39

This comparison is based on the integral average values ofthan the effect of hydrogen removal due to the mem-

the percentage of consumed methane in the first step. Thesérane, since TR is a tubular reactor while FMR is a flat

values were obtained using the trapezoid method applied toone.

the areas below the experimental curve§igfs. 2 and 4in A suitable comparison would be performed using a tubular
the range 1.5-3 min. It is possible to observe that: membrane reactor (TMR) operating at the same conditions
as the TR. A comparison among the experimental results

1. Consumed methane increases with increasing tempera-, .. S . .
ture, for TR: from 12.72 to 16.50%. obtained in this work, Garnier et gl1] and Basile et al.

. ) o . [12] in terms of consumed methane versus temperature is
2. Consumed methane slightly increases with increasing - . " .
i reported inFig. 6. Operating conditions of Basile et §1.2]
temperature, for FMR: from 15.39 to 16.52%. R,
N s are as the same of the ones reported in this work, except to
3. AU150°C, consumed methane is higher for FMR and the percentage of the Ru catalyst. Operating conditions of
lower for TR: 12.72% (TR) and 15.39% (FMR). P 9 yst. perating

: ) 0
4. At 300°C, consumed methane keeps almost constant forGam":"rrna_et aI_. are: 19 .5@ .RU/AD3 catalyst, surface area
both reactors: 16.50% (TR) and 16.52% (FMR) = 250 /g, time= 3 min, diluted methane as feeQer =

T ' ’ 8.2ml/min, CHy/Ar = 0.2/8), Ar sweep gas flow rate-

According to the thermodynamics, the amount of con- 180 ml/min.
sumed methane increases with increasing temperature for Itis to be noted that these last conditions are quite differ-
the same device. According to the Arrhenius law, the hy- ent from the ones used in this work, so it is difficult to make
drogen permeability increases with increasing temperature,a direct comparison between the membrane reactor perfor-
so in FMR there are two contributions to the consumed mances. Nevertheless, at 3@Wthe consumed methane was
methane. A major increase in the consumed methane would15% for TMR [12], 9% for FMR, versus 63% for Garnier
be expected for FMR than TR operating at the same con-et al.[1]. In order to explain the difference between TMR
ditions. However, although these results confirm the po- [12] and FMR, although FMR is packed with 5% Ru cat-
tentiality of FMR with respect to TR at 15C (15.39% alyst while TMR[12] is packed with 0.5% Ru catalyst, it
versus 12.72%), the expected improvement due to FMR can be stressed that the membrane surface of FMR is seven
was not observed at 30C (16.52% versus 16.50%). It times lower than the one of TMR2]. In order to compare
seems that the fluid-dynamic character of the device usedthe same reactors in a uniform viewpoint, different repre-
affects the behaviour of the reaction system much more sentations can be done referring to:

—O— TMR [1] (5% Ru catalyst)
-=-O-- TMR [12] (0.5% Ru catalyst)
—=-A-= FMR (5% Ru catalyst)

Methane consumed [%]

Temperature [°C]

Fig. 6. Comparison among this work (FMR), Garnier et[4]. (TMR) and Basile et al[12] (TMR) in terms of consumed methane versus temperature.
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Fig. 7. Comparison among this work (FMR), Garnier et[a]. (TMR) and Basile et al[12] (TMR) in terms of consumed methane per weight of Ru
catalyst versus temperature, first stép= 1bar, exposure time: 3 min.

a) the unit of amount of Ru catalyst used for the reaction; Basile et al[12] in terms of consumed methane per weight

b) the membrane area for hydrogen permeation; of Ru catalyst versus temperature for different membrane
¢) the unit of time factor (expressed as catalyst weight per reactors: it is possible to observe that TMIR?] gives the
CH, fed in the first step). best performances when compared to the other two mem-

brane reactors. For example, at 3@) the value of con-
For this purposeFigs. 7-10are proposed, considering sumed CH/Ru weight is 3mg? for TMR [12], 1.27 mg!
consumed Cliexpressed in %, membrane surface expressedfor TMR [1] and 0.15mg? for FMR. However, referring
in cm?, Ru weight expressed in mg. In particul&ig. 7 also to the unit of membrane arddg. 8 shows that TMR
shows a comparison among this work, Garnier efldland [12] gives the highest values for temperature lower than

—O—TMR [1] (5% Ru catalyst)
== 0O --TMR [12] (0.5% Ru catalyst)
0.25 — A — FMR (5% Ru catalyst)

=)
= =)
O )

o
=

[1/(mg-cm2)]

0.05 |

Methane consumed/(S,emprane” Ru weight)

Temperature [°C]

Fig. 8. Comparison among this work (FMR), Garnier et[a]. (TMR) and Basile et al[12] (TMR) in terms of consumed methane per weight of Ru
catalyst and membrane surface versus temperature, firstBtepl bar, exposure time- 3 min.
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—O—TMR [1] (5% Ru catalyst, W/F=250
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Fig. 9. Comparison among this work (FMR), Garnier et[4]. (TMR) and Basile et al[12] (TMR) in terms of consumed methane per time factor
versus temperature, first step,= 1bar, exposure time- 3 min.

250°C. In particular, at 250C TMR [1] and TMR[12] give equipped with 5% of Ru catalyst. IRig. 9 a comparison
0.08 and 0.07 mg! cm~2 of consumed ChY(SmembraneRU among TMRJ[1], TMR [12] and FMR referred to the con-
weight), respectively; while at 20@€C TMR [1] and FMR sumed CH per unit of time factor clearly shows that TMR
give the same value (0.02 and 0.026Thgm2, respec- [12] gives the highest values. This seems to confirm the re-
tively), against 0.062 mgt cm~2 for TMR [12]. In this com- quirement of optimising the reaction system with respect to
parison, at low temperature the TMR equipped with 0.5% all the parameters involved in the process. In this direction,
of Ru catalyst gives better performances than the TMR another comparison among TMR], TMR [12] and FMR

Methane consumed/(Time factor*S,emprand
[mlcpy/(gry ‘min-cnt’)]

—O0—TMR [1] (5% Ru catalyst)
—O—TMR [12] (0.5% Ru catalyst)
—A— MR (5% Rucatalyst) | ... ...

200 300 400 500 600
Temperature [°C]

Fig. 10. Comparison among this work (FMR), Garnier et[&).(TMR) and Basile et al[12] (TMR) in terms of consumed methane per time factor and
membrane surface area versus temperature, first tep,l bar, exposure time- 3 min.
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Fig. 11. Comparison among TR (this work), TMR2] and FMR (this work) in terms of £ production versus temperatur®, = 1bar, exposure
time = 2min (first step) for TR and FMR, exposure tirse3 min for TMR.

is given in Fig. 1Q in which the consumed CHis nor- same operating conditions, TR needs a larger catalyst vol-
malised with respect to both the time factor and the mem- ume to achieve the same conversion of TMR, while FMR
brane surface area. From this figure, it is evident that FMR needs a larger membrane area. However, only an optimi-
might work better than TMRL1], although this comparison  sation study would determine the best configurations to
is made using a non-physical variable on yhaxis. Gener- be used. Ultimately, an economic evaluation could help
ally speaking, it seems that the use of the kind of configura- to better establish the real advantages of one kind of re-
tion (flat or tubular) requires a very careful control of both actor over the other, but this is not the intention of this
the characteristics of the membrane (membrane area, thickpaper.
ness, and so on) and the reaction conditions (feed rate and
composition, catalyst weight, and so on) for getting the best
performances. 4. Conclusions

Fig. 11 offers a comparison among TMR2], FMR and
TR in terms of G production versus temperature. It is to The experiments carried out in this study show that using
be noted that only ethane was detected as a product in outPd/Ag membrane reactor, it is possible to obtain consumed
experimental conditions. Considering the amount of ethane methane values greater than the ones obtained in a TR for
produced, the figure shows the best performance in the secthe first step. An indirect conseqguence should be an increase
ond step of the reaction of FMR with respect to both TR of the yield in lighter hydrocarbons. This concept was well
and TMR[12]. The maximum production of ethane was ob- stressed by experimental tests with 5% Ru catalyst for both
tained at 150C: about 3« 10~° mol C, produced for FMR, TR and FMR.

and about B x 10~°>mol C, produced for TR. These two In this way, it is possible to produce in the FMR a higher

results seem to be in agreement with Belgued efla]: amount of ethane from the same amount of methane fed
these authors found a maximum value of @oduction at in the TR. Particular attention should be paid to the fact
a similar temperature value, abou8& 10~’ mol C, pro- that an increase of one order of magnitude in Ru percent-
duced at 160C. It is to be noted that the major amount of age in the catalyst (from 0.5 to 5% Ru) gives an increase
Ru in the catalyst leads to a great production gf IEis evi- of two orders of magnitude in Qproduction (from 107 to

dent that the amount of {produced using 5% Ru catalystin  10-°mol) in our experimental conditions. The potentiality
this work was higher than the one produced by Basile et al. of the tubular configuration is confirmed in the first step of
[12] using 0.5% Ru catalyst. In particular, the difference be- the reaction system, although the flat module gives no prob-
tween the two cases was about two orders of magnitude: anlems regarding both sealing and weakness of the metallic
increase of one order of magnitude in Ru percentage in themembrane.
catalyst (from 0.5 to 5% Ru) gives an increase of two orders  Finally, no activity loss for the catalyst was observed after
of magnitude in G production (from 107 to 10> mol) in each cycle of reaction. Furthermore, no carbon deposition
our experimental conditions. was detected over the catalyst and/or the membrane surface
Nevertheless, generally speaking, a tubular membraneafter each whole cycle of reaction: in fact, feeding oxygen
could give the best performances due to some advantagest 450°C, neither CO nor C®were detected in the outlet
over both FMR and TR. For example, considering the streams of both kinds of reactor.
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