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Abstract

Among numerous potential applications of inorganic membrane reactors, the partial oxidation of methane (POM) may
offer an alternative route, with respect to steam reforming of methane, for producing synthesis gas.

Inorganic membrane reactors are considered to be multifunctional reactors because they are able to combine catalytic
reactions with membrane separation properties. In particular, dense palladium membranes are characterised by the fact that:
(1) only hydrogen might permeate through them; (2) both Arrhenius and Sievert laws are followed.

In this investigation, a dense palladium membrane reactor (PMR) concept is analysed referring both to experimental data
and to simulation study. The partial oxidation of methane (POM) reaction to produce synthesis gas was chosen as a model
reaction to be investigated.

A membrane reactor model that includes the membrane, the gas phase and the catalyst activity is proposed. The experimental
results in terms of methane conversion obtained by using a pin-hole free palladium membrane permeable to hydrogen only
were compared with model predictions. The effect of reaction temperature on methane conversion at different time factors
and sweep gas flow rates was considered. In particular, the effects of temperature profiles on the methane conversion are taken

into account in the kinetic model. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Energy availability is the first condition for high
level development in human society. The most impor-
tant challenge for all scientists is to find new energy
sources and to optimise the traditional ones.

The new possible energy sources are nuclear energy
(hot fusion), wind energy, solar and geothermal ones,
while the traditional energy sources consist of fossil
fuels and nuclear energy from fission. Since petroleum
reservoirs seem to be insufficient for the next century,
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natural gas can be exploited in the next future as a
primary energy source.

Natural gas consists of a gas mixture contain-
ing mainly methane, and it is utilised for producing
synthesis gas (or syngas), i.e. a gas combination of
H, and CO useful for many industrial productions.
Syngas is an important starting material for several
productions: ammonia and aldehydes, methanol and
higher alcohols, and so on.

Nowadays, syngas can be produced from methane
by means of three possible processes:

e Steam reforming :

e Dryreforming :
syngas

e Partial oxidation :

methane + steam — syngas
methane 4 carbon dioxide —

methane + oxygen — syngas
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The first and the second reactions are endothermic
ones (they need heat), while the third one is exothermic
and methane conversion is always close to thermody-
namic limitations.

If it is possible to remove one of the produced
gases from the reaction system, methane conversion
can increase with respect to the traditional processes.
A dense palladium membrane reactor (PMR) is able
to work in this way. In fact, it combines the typical
characteristics of chemical reactions with the sepa-
rating properties of palladium membrane, which is
selectively permeable only to hydrogen gas. So, by
removing the hydrogen produced through the mem-
brane, methane conversion will increase.

The partial oxidation of methane (POM) reaction to
produce synthesis gas was chosen as a model reaction
to be investigated.

The possible reactions involved in this process are
the following [1]:

1. CH4 + 20, & COy 4+ 2H,O  (total combustion
of methane)

2. CH4 + H,O & CO + 3H; (steam reforming
reaction)

3. CHs + 2H;0 < CO; + 4H;  (steam reforming
reaction)

4. CO + H,O <& CO; + H; (water gas shift
reaction)

5. CH4 + CO; & 2CO + 2H; (dryreforming of
methane)

6. 2CO & C+ CO, (Boudouard reaction)

7. CHy & C+2H, (methane cracking)

8. C+ H,O & CO + Hy (carbon gasification by
steam)

9. C4+ 03 & COy (carbon gasification by O,)

The H»/CO ratio of the outlet stream of the process
can be adjusted by means of the CH4/O, feed ratio.
In this work, a dense PMR is analysed for the POM
to syngas with respect to both experimental data and
simulation study.

2. Description of the process
2.1. Experimental
2.1.1. Traditional and membrane reactors

Traditional reactor (TR) consists of a stainless steel
tube, length = 25cm, i.d. = 0.67 cm. PMR consists

of a stainless steel module containing a pin-hole
free palladium membrane permeable to hydrogen
only (furnished by ENEA, Italy), having thickness =
70 x 107°m, o.d. = 1.02cm, length = 14 cm, with
an internal movable ceramic support.

2.1.2. Experimental details

For both traditional and membrane reactors, the
same experimental conditions were used. In particular,
the lumen of both reactors was packed with catalyst
particles Ni-5256 E 3/64 in. (furnished by Engelhard),
catalyst weight = 3.12 g.

A schematic diagram of the experimental equipment
is given in Fig. 1. The analysis is developed consid-
ering a PMR fed with a feed ratio of CH4/0,/N> =
2/1/14, methane feed stream = 2 x 1073 mol/min,
operating in a co-current flow configuration (with
N; as sweep gas). According to Kikuchi and Chen
[2], POM results from an initial reaction of complete
combustion of a part of methane (reaction 1) which
consumes all the oxygen. Then the produced water
vapour and carbon dioxide are reduced by the residual
methane or hydrogen (reactions 2,3,5).

The same feed conditions were used for the TR
(except for sweep gas, of course). The catalytic bed
was pre-treated using Np with a flow rate of 1.02 x
10~3 mol/min for 6h at 480°C.

Gases used in the permeation tests for membrane
reactor were nitrogen and hydrogen; this membrane
was characterised with both Arrhenius and Sievert
plots. All gases used were >99.995% pure. Methane
conversion and hydrogen selectivity for membrane
reactor were calculated referring to both permeate
and retentate flows; water as product was removed
by means of water-traps (condensers) and adsorbent
columns containing drierite, furnished by the W.A.
Hammond Drierite. Each stream was analysed using
a Carlo Erba 4200 Gas Chromatograph, containing a
stainless steel packed column Carboxen™ 1000, with
oven temperature of 140°C and carrier gas flow rate
(argon) of 25 ml/min. The detector used is a TCD at
250°C.

During reaction tests, the pressure ranged between
0.2 and 0.6 bar rel, while temperature ranged between
250 and 550°C (set point). For each reactor, two in-
dependent thermocouples were located at both ends
of the modules: the first (feed side) was connected to
a temperature controller (set point), while the second
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Fig. 1. Experimental apparatus.

was used to verify the temperature value at the reten-
tate side for membrane reactor, and at the lumen out-
let for TR. The maximum temperature difference was
1°C. Moreover, a 4-point movable thermocouple was
used in order to measure temperature profiles inside
both traditional and membrane reactors.

2.2. Simulation

2.2.1. Dynamic equilibrium

At first, the reaction system is considered not lim-
ited by chemical kinetics and thus the feed gas is
assumed to be continuously at equilibrium throughout
the PMR. As hydrogen permeates through the palla-
dium layer and temperature profile changes, the feed
gas composition changes due to hydrogen permeation
and different equilibrium temperature. This means
that the reaction rate is not the limiting step. All
molecules in contact with the catalyst react with an in-
finite velocity. For a TR, the concentrations of species
are a function of thermodynamic equilibrium result-
ing from an adiabatic heat balance inside the reactor.
For the PMR, the fluidodynamic of the system must
be considered because of hydrogen permeation that
changes the equilibrium compositions. This condition
is named “dynamic equilibrium”. This model was

developed using all the thermodynamic values for the
reaction species; hydrogen removal was calculated
using experimental permeabilities (Arrhenius plot).
The resulting equilibrium is due to both adiabatic
heat balance and fluidodynamic phenomena.

2.2.2. Simulation model

In this section, we outline the simulation of the cat-
alytic POM into synthesis gas in a one-dimensional
model for both TR and PMR. Temperature and con-
centration gradients are taken into account in axial
direction only. The gradients over the fluid film sur-
rounding the catalyst pellet are considered negligible.
Deactivation by carbon deposition is not taken into
account in the simulations.

The axial differential mass balance, in terms of
molar flow rate for each chemical species, gives the
following set of ordinary differential equations:

dFch,

aw VLT mv2 T n4vs,
ddlj)([)/2 = —2mui, ddF% = 3mav2 + N3v3 + 41404,
d;;/o =1V — 303, dg‘c);)z = V1410303 + Nava,
dg“% = 2Mv1—n2v2 — 0303 — 20404, dd}:;f =
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The boundary conditions are:
for W =0,
Fy, = 1.6667 x 107,
0 0
Fco =0, Feo, =0,

Fy,=2.334x107*

F§,=3.334x 107,

0 0
F), =0, Fjo=0,

where F; is the molar flow rate for the species i (mol/s);
W the mass of the catalyst (kg); n; the effectiveness
factor for the reaction j (-); v; the rate equation for
the reaction j (mol/(s kgcat))-

The energy equation is

ar &
Fiot CPSW = Z’?,/’U,/‘(_AH,/) = 0o
j=1

The boundary condition is:
for W =0,

79 = set point temperature

where Fi is the total molar flow rate (mol/s); cps the
average specific heat of the gas mixture (J/(mol K));
AH; the heat of the reaction j (J/mol); Qo the heat
furnished to the reaction system (J/(s kgcat))-

Pressure drop equation was not considered, since
the maximum pressure drop along the reactor was
0.02 bar.

In particular, the heat furnished to the reaction
system (Qy) is related to both the temperature profile
along the reactor and the set point temperature of
the reactor. The effectiveness factors are generally
obtained from the integration of the second order
differential equations describing the evolution of the
different species inside the catalyst pellet [3]. These
coefficients are related to a particular fluidodynamic
condition because they take into account the mass
transfer resistances inside and outside the catalyst
(due to molecules diffusion). Generally, effectiveness
factors depend on both temperature and total flow
rate of the gas mixture. In this work, they have been
considered as calibration parameters and their value
has been calculated matching experimental data.
However, since in our reaction system the total com-
bustion (reaction 1) is the most important one from
an energetic point of view, the effectiveness factor
related to this reaction should be more incisive than
the effectiveness factors related to the other reactions.

The simulation model applied to the dynamic
equilibrium condition takes into account an average
temperature between the set point temperature and
the theoretical adiabatic temperature for the POM
reaction. This average temperature is calculated con-
sidering the parabolic theoretical profile of the tem-
perature along the reactor. Vice versa, the simulation
that takes into account kinetics expressions includes
le temperature profiles along the reactor.

2.2.3. Kinetic model and kinetic equations

Kinetic equations [1] and kinetic coefficients [4,5]
of the reaction system were considered. In particular,
among the nine reactions reported, only the first four
were considered. The coke formation is negligible
because of high catalyst stability and lower tem-
perature with respect to traditional operations. The
differential equations resulted from both the mass and
energy balances were integrated with a Runge—Kutta
algorithm of the fourth order. A comparison between
experimental results for PMR and simulation results
led to the determination of the effectiveness values
for the four considered reactions.

According to Dissanayake et al. [6], in the reactor
in which POM is carried out over a Ni/Al,Oj3 catalyst,
there are three different catalytic zones:

e In the first one, there is a NiAl,O4 phase with mod-
erate activity for total oxidation of methane to CO,
and H,O.

e In the second one, the catalyst consists of NiO and
Al>O3 and it shows high activity for total oxidation.

e In the third one, metallic Ni is present and H» and
CO are produced.

In this way, steam reforming is consecutive to total
oxidation of methane; this phenomenon has been
included in the kinetic model [1].

3. Results and discussion
3.1. Permeation tests: Sievert and Arrhenius plots

The membrane shows infinite selectivity Hp/Nj.
Fig. 2 shows the Sievert plot for the dense PMR at dif-
ferent values of temperature: hydrogen flux increases
with increasing difference in square roots of the par-
tial pressure of hydrogen on the high and low pressure
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Fig. 2. Hydrogen flux versus difference in square roots of the
partial pressure of hydrogen on the high and low pressure sides
for different temperatures (Sievert plot for PMR).

sides (,/p1 — +/P2). The behaviour of hydrogen flux
versus temperature at various Ap (p1 — p2) is reported
in Fig. 3: higher Ap corresponds to higher hydrogen
fluxes. An Arrhenius plot of In(Pe), where Pe is the
permeability of pure hydrogen through the palladium
membrane, versus 1000/7T gives a linear relationship
(Fig. 4). The apparent activation energy from these
data is £, = 29.73 kJ/mol, while the pre-exponential
factor is Peg = 7.7 x 107> mol m/(s m? kPa’?).
Similar results for the permeation of hydrogen
through dense palladium membranes are presented in
Table 1. In particular, it is evident that the relative
magnitude of both the apparent activation energy and
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Fig. 3. Hydrogen flux versus temperature for different partial
pressure of hydrogen differences on the high and low pressure
sides (PMR).
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Fig. 4. Arrhenius plot for PMR.

the pre-exponential factor obtained in this study are
similar to data in the literature [7-11].

3.2. Effect of temperature cycles on methane
conversion

Fig. 5 shows the behaviour of methane conversion
versus temperature for both TR and PMR. For both TR
and PMR, the reaction was carried out starting from
the ambient temperature to 300°C and afterwards in-
creasing temperature at 50°C steps with holding times
of 30 min. In particular, for TR, increasing temperature
from ambient temperature to 300°C and afterwards to
550°C, methane conversion is 0% until T = 450°C,
because the catalyst was not activated and the reaction
occurred only at T = 500°C, with a methane con-
version of 35.5%; the maximum methane conversion
(47.5%) was reached at 550°C. As shown in Fig. 5, in
the cooling-down steps, the catalyst exhibited a differ-
ent temperature dependence for methane conversion

Table 1
Apparent activation energy and pre-exponential factor from the
literature

E, (kJ/mol) Pey (107> mol Reference

m/(s m? kPa%%))
29.73 7.71 This work
15.70 2.19 Koffler et al. [7]
15.50 2.54 Balovnev [8]
12.48 0.38 Itoh and Xu [9]
18.45 1.02 Itoh et al. [10]
48.50 9.33 Tosti et al. [11]
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Fig. 5. Methane conversion versus temperature for TR and
PMR. Experimental conditions: CH4/O,/N; = 2/1/14, CHy in
=2 x 1073 mol/min, P, = 1.6bar abs.

from the one of the fresh Ni-based catalyst shown
in the heating-up stage. Decreasing temperature from
550 to 250°C, methane conversion reaches 11% at
250°C.

Moreover, increasing temperature again, starting
from 250°C, the next cycle of sequential temperature
changes does not produce any hysteresis phenom-
ena meaning that Ni-based catalyst maintained the
activation of the previous cycle.

Considering the POM reaction, the same hysteresis
phenomena for the same reaction have been observed
by Dissanayake et al. [6] using a Ni/Al,O3 catalyst,
Dissanayake et al. [12] using a Ni/YbyOs3 catalyst,
Chu et al. [13] using NiO/La, O3 catalyst, Boucouvalas
et al. [14] using both Ru/TiO; and Ru/y-Al,O3 cata-
lysts, Nakagawa et al. [15] confirmed the phenomena
for Ir/TiO; catalyst, and by Basile et al. [16] using the
same Ni-based catalyst used in this work.

Vice versa, for PMR the hysteresis phenomenon
was not observed, as shown in Fig. 5. In this case, for
each temperature reaction, the temperature increasing
from 300 to 500°C and the temperature decreasing
from 500 to 300°C show the same values of methane
conversion. This might be due, probably, to the fact
that palladium itself acts as a catalyst for the methane
oxidation. It is to be noted, in Fig. 5, that each exper-

imental point for TR is always below the thermody-
namic equilibrium curve for each reaction tempera-
ture, while for PMR methane conversion is above the
corresponding thermodynamic values for 7 > 300°C.

3.3. Dynamic equilibrium

An investigation carried out using a mobile thermo-
couple showed the existence of a temperature profile
inside both the PMR and the TR (see Fig. 6). For
TR, the maximum temperature (527°C) was observed
when the set point temperature was 500°C, without
pre-heating the feed gas mixture. In the case of PMR,
two different profiles are observed, depending on
the pre-heating temperature of the feed stream. At
Tteed = 260°C, the maximum temperature was 615°C,
while at Treeq = 380°C, the maximum temperature
was 656°C. As we expected, considering that POM
results from an initial reaction of complete exother-
mal combustion of a part of methane, the maximum
temperature is found close to the reactors inlet.

Fig. 7 shows experimental data on methane con-
version versus temperature for both PMR and TR.
Methane conversion for PMR is always higher than
methane conversion for TR. This is due to the hydro-
gen that permeates selectively through the palladium
shifting the equilibrium of the reaction towards prod-
ucts. In fact, methane conversion for PMR is for all
the temperatures greater than 300°C above the ther-
modynamic equilibrium curve, while methane con-
version for TR is always below the thermodynamic
curve. In particular, at 300°C, methane conversion for
PMR is 24 versus 9% for TR. At 300°C, the methane
conversion for PMR is close to the thermodynamic
value probably because of the relatively low perme-
ability of the hydrogen through the palladium at this
temperature. In the same figure, a curve represent-
ing the dynamic equilibrium simulation for methane
conversion is also reported. Of course this curve,
representing the ideal maximum methane conversion
for our reaction system, is always the highest one. It
is to be noted that dynamic equilibrium also depends
on the hydrogen permeability (that is an exponential
function of temperature).

Fig. 8 shows an increase in methane conversion
with increasing sweep gas flow rate for PMR at
350°C. Experimental results obtained using PMR
are above thermodynamic equilibrium values for
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Fig. 6. Temperature profiles inside both TR and PMR.

N, > 8 x 1073 mol/min and they tend to a constant
methane conversion value (35%). This behaviour is
quite expected. In fact, increasing the gas flow rate
will increase the driving force that promotes hydro-
gen permeation. However, for high values of nitrogen
sweep gas, the limiting step of the reaction is not
yet the hydrogen removal. In other words, the rate of
hydrogen removal becomes greater than the rate of
hydrogen production. So, by increasing the sweep gas
flow rate, the driving force reaches a maximum value
corresponding to a hydrogen molar fraction, i.e. zero
in the shell side.

In the same figure, for the same feed gas ratio
CH4/0,/N2 = 2/1/14, thermodynamic equilibrium
calculated at 350°C is shown. PMR experimental data
are close to thermodynamic equilibrium but quite
far from dynamic equilibrium, that represents the
maximum achievable methane conversion.

Methane conversion increases with increasing time
factor, as shown in Fig. 9. In particular, in PMR
methane conversion reaches 84% at W/ F = 4288 gy
min/molcn,, while for TR the maximum methane
conversion is only 56% at 7630 g¢o min/molcy,.
For what concerns PMR, the maximum methane



72 A. Basile et al./Catalysis Today 67 (2001) 65-75

o PMR
——— Dynamic Equilibrium
A TR
Thermodynamic Equilibrium
100 T T T T
80 : -
= [e)
d\ 60 : -
=)
b i o)
2 [
g F (o]
g 4of A
<t o L.
T [ e
Q [ e 5 A ]
20 | A b
ra A a
ol ]
L n L n 1 n L n L 1 L n L I 1 I I L 1 L L L L 1 L L L P
500 550 600 650 700 750 800

Temperature, K
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conversion is 96% at 4288 g¢, min/molcy, and at Fig. 10 shows the behaviour of hydrogen selectivity
823.15K. To be observed that experimental data versus time factor at 500°C. TR shows the lowest
for PMR at 773.15K are below the corresponding constant value (44%) at the same temperature for

dynamic equilibrium curve. each time factor compared to the equilibrium value
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Fig. 9. Methane conversion versus time factor for TR and
PMR. The conversion value of 96% related to a time factor of
4288 gcar min/molcy, is referred to T = 550°C; the other curves
are referred to T = 500°C.

(73%). PMR shows hydrogen selectivity greater
than equilibrium value only for time factor >
2500 gcq¢ min/molcy,, but lower than the correspond-
ing dynamic equilibrium. The maximum experimental
hydrogen selectivity was 88.3% at 550°C, against
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Fig. 10. Hydrogen selectivity versus time factor for TR and
PMR. The selectivity value of 88% related to a time factor of
4288 gco min/molcy, is referred to T = 550°C; the other curves
are referred to T = 500°C.

83% corresponding to thermodynamic equilibrium
referred to the same set point temperature.

3.4. Kinetic study

Four reactions were chosen among the possible ones
that occur in the reaction system:

1. CH4+20,; & CO;+2H,0  (total combustion of
methane)

2. CH4 + H,O < CO + 3H; (steam reforming
reaction)

3. CHy4 + 2H>0 < CO; + 4H; (steam reforming
reaction)

4. CO4+H;0 < CO>+H, (water gas shift reaction)

For each reaction, an effectiveness factor was con-
sidered. Their value depends on the experimental
conditions. In fact, as reported in Section 2.2.2, these
coefficients are related to a particular fluidodynamic
condition because they take into account the mass
transfer resistances inside and outside the catalyst
(due to molecule diffusion), but in this work they have
been considered as calibration parameters and their
value has been calculated matching experimental data.

Fig. 11 shows the behaviour of the effectiveness
factor versus the time factor for TR. The mass transfer
coefficient changes with changing total flow rate.
So, a change in the effectiveness factors is expected.

— — 1" reaction: total oxidation of methane
TR — .- 2" reaction: steam reforming of methane (--> CO)
— 3" reaction: steam reforming of methane (--> CO,)

. 4™ reaction: shift reaction

0.8
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Fig. 11. Effectiveness factors versus time factor for TR, from
kinetic simulation.
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Fig. 12. Effectiveness factors versus sweep gas flow rate for PMR,
from kinetic simulation.

However, it is possible to observe that among the
above-mentioned four reactions, only the effective-
ness factor of the water gas shift reaction changes
significantly from 0.65 to 0.999. Moreover, with re-
spect to PMR, effectiveness factors seem to depend
only slightly on sweep gas flow rate, as shown in
Fig. 12. In fact, since the flow rate of the reacting
mixture is not changing, a very small change in the
effectiveness factors is expected. Comparing Fig. 11
with Fig. 12, it can be observed that the effectiveness
factor coupled to a particular reaction is generally
quite different. This is also expected in PMR and
not in TR, because the first one allows hydrogen to
pass through the palladium changing the transport
phenomena inside the reactor.

For PMR, for a fixed experimental setting of 350°C,
feed pressure = 1.2bar abs, time factor = 1574 gcy
min/molcy,, feed ratio CHy /O, /Ny = 2/1/14, CHy
= 2 x 107> mol/min and sweep gas flowrate =
0.0156 mol/min, the effectiveness factors are the
following:

1. Total combustion of methane effectiveness
factor = 0.13

2. Steam reforming reaction (— CO) : effectiveness
factor = 0.06

3. Steam reforming reaction (— CO») : effectiveness
factor = 0.95

4. Water gas shift reaction : effectiveness factor=0.65
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Fig. 13. Methane conversion versus nitrogen sweep gas for PMR
at 623.15K: experimental data and kinetic simulation results.
The effectiveness factors are 0.13 (total oxidation), 0.06
(steam reforming — CO), 0.95 (steam reforming — CO,), 0.65
(shift reaction).

Using these effectiveness factors, the simulation
reported in Fig. 13 shows the comparison of methane
conversion versus sweep gas flow rate in terms
of both experimental data and simulation results.
Methane conversion is well simulated only for N, >
8 x 1073 mol/min, while the worst situation is ob-
tained for Np = Omol/min. The simulation model
fails in this condition, that presents a particular
anomaly. In fact, the simulation calculates the hydro-
gen molar fraction in the shell side assuming the pres-
ence of nitrogen at 1 atm of total pressure. Assuming
Nj = 0 in the shell side means to consider one of the
following possibilities: (1) there is a vacuum in the
shell side; (2) there is Hj in the shell side at 1 atm of
total pressure. In the first case, the driving force for
hydrogen is the maximum one, and it is necessary to
consider a time dependency for the entire system. In
the second case, vice versa, a counter-diffusion of hy-
drogen should be considered from the shell side to the
lumen side in which the partial pressure of hydrogen
in our experimental conditions is lower than 1 atm. In
this last case, methane conversion will decrease.

4. Conclusions

The experimental studies carried out on the POM
reaction show that it is possible to increase methane
conversion values above the traditional equilibrium
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ones using a PMR. The maximum methane conversion
achieved using PMR was 96% at 550°C, time factor
of 4288 g¢q¢ min/molcy,, p = 1.2bar.

In order to interpret experimental results, a math-
ematical model for both dynamic simulation and
kinetic simulation was developed. The model fits
quite well experimental results for some experimen-
tal conditions. Particular attention should be paid to
the dynamic equilibrium. In fact, it indicates whether
the reactor should be improved in terms of operative
conditions to approach better performances.
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