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Abstract

It has previously been demonstrated that permselective membranes can increase the yields of hydrogen, improve the product
quality and minimize or even eliminate the adverse effect of system pressure in catalytic steam methane reforming. At the
same time, oxygen addition can lead to autothermal operation by providing some or all of the required endothermic heat
of the reforming reaction. Previous comparison of reactor model predictions with experimental results has demonstrated, at
least for the fluidized bed membrane reactors (FBMRs) investigated so far, that the product distribution in the non-permeate
stream approaches very closely to the shifted chemical equilibrium after allowance is made for the removal of hydrogen. In
this paper, we adapt an equilibrium model devised for gasification to predict the influence of various process parameters. It is
shown that it should be possible to operate autothermally and free of coke formation over a considerable range of temperature,
pressure and steam-to-methane ratio. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrogen is an important industrial gas in hydro-
carbon processing and synthesis, ammonia produc-
tion, iron ore reduction and several clean energy ap-
plications, e.g. fuel cells and rocket fuels. Mostly, hy-
drogen is produced commercially on a large scale by
steam methane reforming (SMR) in externally heated
fixed bed reactors, and on a small scale by electrolysis
of water. SMR is a reversible process usually con-
ducted at temperatures of about 700–800◦C catalysed
by nickel oxide supported ona-alumina [1]. Conven-
tional SMR suffers from a number of significant dis-
advantages — low catalyst effectiveness factors, large
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temperature gradients, low yields, and catalyst coking.
Various configurations have been proposed over sev-
eral decades for improving the process performance
[2]. One promising concept is to use permselective
membranes, e.g. made of palladium or palladium al-
loy, to selectively remove hydrogen in situ, thereby
causing a forward shift in the chemical equilibrium,
leading in turn to improved overall hydrogen yields
[3,4]. This means that the process can be carried out
at lower temperatures than in conventional SMR. In
addition, the permeate hydrogen is very pure, so that
there is no need for additional purification, as in the
conventional process where pressure swing adsorp-
tion (PSA) is widely used. A further advantage of the
in situ withdrawal of hydrogen is that it reduces, and
can even virtually eliminate, the adverse effect of ele-
vated system pressures on the equilibrium conversion
caused by the increase in the number of moles in the
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principal reactions:

CH4 + H2O ⇔ CO+ 3H2 (1)

CO+ H2O ⇔ CO2 + H2 (2)

CH4 + 2H2O ⇔ CO2 + 4H2 (3)

Adris [5] and Adris et al. [6] demonstrated that an ex-
perimental pilot scale fluidized bed membrane reactor
(FBMR) provided with immersed vertical palladium
membrane tubes could significantly improve hydro-
gen yields over those which could be achieved without
the permeable surfaces. Roy [7] improved on the per-
formance of this reactor by using niobium–tantalum
tubes coated with very thin layers of palladium alloy
on both inside and outside [8], resulting in an increase
in hydrogen permeation by about an order of magni-
tude relative to the pure palladium tubes which had
been employed previously.

The addition of limited quantities of oxygen over
Ni/a-Al2O3 catalysts can also be used to produce hy-
drogen by partial oxidation of methane

CH4 + 0.5O2 ⇔ CO+ 2H2 (4)

This reaction can again be promoted by hydrogen
withdrawal through permeable membranes [9–11].
Clearly addition of oxygen can also lead to full oxi-
dation

CH4 + 2O2 ⇔ CO2 + 2H2O (5)

Reactions (4) and (5) are both exothermic, whereas
reforming equations (1) and (3) are strongly endother-
mic. Roy [7] demonstrated that the required endother-
mic heat of the steam methane reforming reactions
could be provided by adding oxygen to partially ox-
idize the methane, without any serious penalty in the
hydrogen production rate.

It is the combination of an FBMR with oxygen
addition for reforming of natural gas which is the sub-
ject of this paper. However, the approach could be
applied to other types of reactors, and could be read-
ily extended to reforming or dehydrogenation of other
hydrocarbons, where hydrogen is withdrawn in situ
and oxygen is introduced to help provide the energy
requirements of the main reactions.

2. Justification for the modelling approach

Modelling of membrane reactors presents interest-
ing challenges because of the coupling of selective dif-
fusion through the permeable surface with chemical
reactions and mass transfer on the reactor side. Adris
et al. [12] proposed a comprehensive reactor model
which treated the fluidized bed as a two-phase bub-
bling bed in parallel with permeable tubes, where inert
sweep gas and hydrogen which has permeated through
the tube surfaces flow along the inside of tubes, while
hydrogen diffuses through the tube walls. The model
was shown to give excellent agreement with the exper-
imental data. This model was later extended by Islam
[13] and Roy [7] to include oxidation of methane by
oxygen, as well as to account for the significantly en-
hanced permeation of the hydrogen through the coated
(and more permeable) membrane tubes. Again pre-
dictions were in good agreement with experimental
results [7].

In each of these modelling studies, the overall com-
position of the various reactants and products at any
height in the reactor for the molar feed flow rates in-
vestigated was found to be mainly controlled by two
factors: (a) the quantity of hydrogen which had per-
meated through the surfaces, which in turn depends
on the partial pressures of hydrogen on the inside and
outside, as well as on the total surface area of all the
immersed tubes and the tube permeability; (b) chem-
ical equilibrium at the given temperature and overall
pressure on the reactor side. For the conditions stud-
ied so far, chosen to be as close as possible to those
likely to prevail in any commercial FBMR SMR pro-
cess, there is sufficient catalyst activity that the local
composition on the reactor side approaches closely to
that which would be achieved there at equilibrium,
given the proportions of carbon, hydrogen and oxygen.
It is therefore justifiable to consider chemical equilib-
rium as an excellent approximation for modelling the
overall composition of the product stream for a given
permeate flow rate. In fact, this approach has been ap-
plied (e.g. [14]) at even lower temperatures than those
investigated in this paper.

In practice, this approach leads to a limiting case,
likely to be approached closely in practice. Hence, if
one wishes to predict the influence of key process vari-
ables (temperature, pressure, steam-to-methane ratio,
membrane tube capacity) on conversion and product



J.R. Grace et al. / Catalysis Today 64 (2001) 141–149 143

composition for a given total hydrogen permeation
flow, equilibrium considerations provide an excellent
basis. Clearly reactor models, with allowance for the
rate of permeation through permselective tubes, may
still be required, however, to calculate such features
as the membrane surface area to achieve the required
hydrogen permeate flow and the heat release pattern
within the bed, as well as for examining the effect of
varying the tube permeability, sweep gas flow rate and
inside-tube pressure. Models of this kind are available
[7,12], but they require much more computational ef-
fort and many more assumptions than the approach
followed in this paper.

3. Modelling approach

In order to predict the product distribution, we have
adapted the approach followed by Li et al. [15] in
predicting the composition of the products of gasifi-
cation of carbonaceous materials. In this earlier work
carbon, hydrogen, oxygen, nitrogen and sulphur were
all included. Nitrogen is absent in the steam reformer,
and considerable pains are taken to eliminate sulphur

Table 1
Comparison between equilibrium model predictions and experimental data of Roy [7]a

Bed P (MPa) BedT (K) H2O O2 H2 permeated CH4 conversion Total H2 generated

Experimental Predicted Experimental Predicted

0.68 923 4.1 0.44 0.55 0.76 0.76 1.95 2.06
0.68 923 4.1 0.45 0.55 0.77 0.76 1.93 2.05
0.68 923 4.1 0.50 0.55 0.79 0.78 1.93 2.03
0.68 923 4.1 0.56 0.52 0.81 0.80 1.91 1.98
0.68 923 4.1 0.62 0.51 0.82 0.82 1.88 1.94
0.68 923 4.1 0.35 0.57 0.74 0.73 1.98 2.11
0.68 923 3.1 0.35 0.46 0.66 0.65 1.67 1.80
0.68 923 2.4 0.35 0.37 0.59 0.59 1.40 1.54
0.99 873 3.1 0.40 0.42 0.52 0.53 1.26 1.27
0.99 898 3.1 0.40 0.47 0.56 0.58 1.41 1.45
0.99 923 3.1 0.40 0.52 0.60 0.63 1.55 1.64
0.68 849 4.1 0.45 0.43 0.62 0.59 1.49 1.44
0.68 873 4.1 0.45 0.47 0.67 0.65 1.60 1.64
0.68 898 4.1 0.45 0.52 0.73 0.71 1.82 1.85
0.68 922 4.1 0.45 0.55 0.77 0.76 1.93 2.05
0.68 873 4.1 0.45 0.44 0.68 0.64 1.58 1.62
0.78 873 4.1 0.45 0.47 0.67 0.63 1.59 1.58
0.88 873 4.1 0.58 0.48 0.63 0.62 1.54 1.54
0.99 873 4.1 0.45 0.50 0.62 0.61 1.49 1.51

a All substance amounts are in moles per mole of methane fed. Simulation temperature has been taken as 50◦C below the bed
temperature to allow for drop in temperature in the freeboard region.

from the feed stream to avoid catalyst poisoning. With
these two elements omitted for the case of the steam
reformer with oxygen addition, the model considers
20 chemical species in the gas phase in these three
elements, as well as the possibility of solid carbon
forming as an additional species. It would clearly be
possible to add nitrogen if, e.g. air were to be fed in-
stead of pure oxygen for ammonia production (where
nitrogen is needed), but the greatest potential of the
FBMR process is for production of pure hydrogen, so
this case has not been treated here.

The model is solved using the RAND algorithm and
standard methods [16–18]. The initial element abun-
dance is calculated from the feed rate of the reactants,
with the hydrogen abundance adjusted to account for
the pre-specified withdrawal rate of hydrogen through
the permselective membrane tubes. The range of hy-
drogen withdrawal explored should be achievable in
practice with thin palladium coatings on porous sur-
faces of high surface area. An overall enthalpy balance
is also applied, with the overall heats of formation
and enthalpies of the various components obtained
from standard thermodynamic sources (e.g. [19,20]).
The method was validated by comparing with data
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Table 2
Values of variables taken in equilibrium modellinga

Cases

1 2 3 4 5 6 7 8 9

Temperature (◦C) 580 580 580 580 650 580 580 580 580
Pressure (MPa) 2.9 2.9 2.9 2.9 2.9 4.0 2.9 2.9 2.9
H2O fed (mol) 2.5 3.0 3.5 4.0 3.0 3.0 3.0 3.0 3.0
O2 fed (mol) 0.3 0.3 0.3 0.3 0.3 0.3 0.15 0 0

a Case 2 is the base case. Basis of 1 mol methane in all cases.

provided by Hougen et al. [21], Massey [22] and Prob-
stein and Hicks [23]. Details of the equations, method-
ology and validation are given by Li et al. [15].

4. Results and discussion

Table 1 gives results of the free energy minimization
model in comparison with experimental results of Roy
[7] obtained in a 100 mm diameter pilot plant with
11 high flux membrane tubes, where oxygen was fed
to provide the heat. With allowance for a 50◦C drop
in the freeboard region, a realistic value, it is seen
that the equilibrium model does an excellent job of
predicting the methane conversion and a good fit for
the total hydrogen production, both expressed per mole
of methane fed to the reactor.

To show the effect of the key variables, nine
cases have been considered, with conditions given in
Table 2, based on 1 mol of pure methane. Case 2 is
the base case, corresponding approximately to auto-
thermal conditions and to realistic operating condi-
tions. Changes are made one variable at a time from
the base conditions to show the influence of individ-
ual parameters. The corresponding element (C, H and
O) abundances for the nine cases appear in Table 3.
In the figures that follow, all variables assume their
case 2 values, except where specified otherwise.

The molar fractions of the various gases in the
main (i.e. non-permeate) stream are plotted in Fig. 1
as a function of the total hydrogen which has perme-
ated for four different values of the steam-to-methane
ratio. All compounds except those for which curves
are plotted are predicted to be present only in ex-
tremely small quantities. As hydrogen permeation in-
creases, the mole fraction of the hydrogen-containing
species (water, methane and hydrogen itself) decrease

Table 3
Initial elemental abundance for the nine cases covered in Table 2

Case Feed streams Element
abundance

Fractions

CH4 H2O O2 C H O C/total H/total O/total

1 1 2.5 0.3 1 9 3.1 0.076 0.69 0.24
2 1 3 0.3 1 10 3.6 0.069 0.68 0.25
3 1 3.5 0.3 1 11 4.1 0.062 0.68 0.25
4 1 4 0.3 1 12 4.6 0.057 0.68 0.26
5 1 3 0.3 1 10 3.6 0.069 0.68 0.25
6 1 3 0.3 1 10 3.6 0.069 0.68 0.25
7 1 3 0.15 1 10 3.3 0.070 0.70 0.23
8 1 3 0 1 10 3 0.071 0.71 0.21
9 1 3 0 1 10 3 0.071 0.71 0.21

Fig. 1. Effect of hydrogen removal by permeation and
steam-to-methane ratio on the composition of the main reactor
product stream. Case 2 (Table 2) conditions except where specified.
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Fig. 2. Effect of oxygen addition and hydrogen removal by per-
meation on the composition of the main reactor product stream.

in the main stream, so that the concentrations of
CO2 and CO tend to increase. The influence of the
steam-to-methane ratio becomes more significant at
high permeation rates, with the concentrations of the
reducing species dropping sharply when the hydrogen
permeation reaches about 3 mol/mol CH4.

Fig. 2 shows similar plots with the oxygen addition
as the parameter. As expected, increasing the oxygen
flow (with the reactor temperature held constant) leads
to higher CO2 and H2O concentrations in the main
stream, while the concentrations of methane and hy-
drogen decrease. CO shows more complex behaviour,
with its concentration increasing as more oxygen is
added at low hydrogen permeation rates and decreas-
ing at high permeation rates.

As shown in Fig. 3, addition of more oxygen
causes an increase in the conversion of methane and a
decrease in the conversion of steam. Negative steam
conversions can arise at high oxygen feed rates be-
cause H2O is a product of the combustion of methane.
The steam conversion curves terminate in an “im-
possible region” in the lower right-hand corner of
the graph because oxidation of the methane ends up
taking precedence, and all the uncombusted hydro-
gen which can be produced by reforming has already
been withdrawn through the permeable membrane
tubes.

Fig. 3. Effect of oxygen addition and hydrogen removal by per-
meation on the conversion of methane and steam. Bold lines are
for an O2/CH4 molar ratio of 0.3.

Fig. 4 shows that the influence of temperature is rel-
atively weak, especially as the hydrogen permeation
rate is increased. Note, however, that the permeabil-
ity of palladium to hydrogen increases with increasing
temperature, and this effect is not taken into account

Fig. 4. Effect of reactor temperature on methane and steam con-
versions for different quantities of hydrogen withdrawn by perme-
ation at an O2/CH4 molar ratio of 0.3.
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Fig. 5. Effect of overall system pressure on main stream hydrogen
yield and overall yield for different amounts of hydrogen removal
by permeation.

by the equilibrium model. Fig. 5 shows how the sys-
tem pressure in the range 20–50 bar affects the hydro-
gen yield in the mainstream and the overall yield (i.e.
sum of that in the main stream and that withdrawn
through the membrane tubes). The effect of increased
reactor-side pressure on increasing the hydrogen per-
meation rate through the membrane tubes (for con-
stant tube internal pressure) is not taken into account.
For the range of conditions covered, increasing reactor
pressure leads to significantly lower hydrogen yields,
but the effect is diminished as the hydrogen perme-
ation rate increases, as predicted from Le Chatelier’s
principle.

The net heat output of the process is plotted as a
function of the hydrogen permeation and oxygen feed
in Fig. 6. Here all three reactants (methane, steam and
oxygen) are assumed to be fed at a temperature of
400◦C. A positive heat output signifies that heat must
be removed from the reactor to maintain the tempera-
ture at the specified (case 2) level of 580◦C, whereas
heat must be added for negative outputs. For negligible
heat losses from the system, autothermal operation is
reached at a net heat output of 0. From the figure it is
clear that more oxygen is needed to maintain autother-
mal conditions as more hydrogen is extracted from the
permeable tubes. This occurs because increased hy-

Fig. 6. Net heat output predicted from energy balance with different
oxygen feed and hydrogen permeation per mole of methane fed.
All reactants are fed at 400◦C.

drogen removal causes greater conversion, and hence
more energy is required to supply the endothermic
heat of the reforming reactions. Operation is impossi-
ble in the upper right-hand corner for the same reason
as the curves terminate in the lower right-hand corner
of Fig. 3, i.e. all hydrogen which can be produced af-
ter all the oxygen has reacted has already been with-
drawn through the membrane surface.

As shown in Fig. 7, it becomes more dif-
ficult to achieve autothermal operation as the
steam-to-methane ratio increases. Fig. 8 demonstrates
that the feed temperature also plays a significant role.
Clearly less oxygen is required to maintain autother-
mal conditions and higher hydrogen yields are pos-
sible at a given oxygen-to-methane molar feed ratio
if the feed gases are pre-heated prior to entering the
reactor, thereby reducing the sensible heat load. For
example, with negligible heat losses, the figure shows
that 0.33 mol O2 are required to maintain a reactor
temperature of 580◦C if 2.2 mol H2 are withdrawn by
permeation for a feed temperature of 400◦C, whereas
only 0.23 mol are required if the gas is fed at 600◦C.

Fig. 9 provides a ternary diagram on C, H, O co-
ordinates. Points are shown corresponding to the var-
ious reactants (CH4, H2O and O2) and products (H2,
CO, and CO2). Coke formation is a serious operational
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Fig. 7. Influence of steam-to-methane ratio, oxygen feed and hy-
drogen permeation on net heat release. All reactants are fed at
400◦C.

problem in conventional steam reforming. An empir-
ical carbon formation boundary is plotted in Fig. 9
based on equilibrium predictions from the literature
compiled by Li et al. [15], with 99% conversion of
solid carbon into gaseous species taken as the bound-

Fig. 8. Required oxygen addition per mole of methane to main-
tain autothermal conditions assuming negligible heat losses as a
function of the feed temperature of the reactants and the hydrogen
removal by permeation.

Fig. 9. Ternary diagram showing migration of operating compo-
sition as hydrogen is removed by permeation in relation to an
empirical carbon-formation boundary.

ary between the carbon-forming region and conditions
where only gaseous species are encountered. In real-
ity, this line depends somewhat on the temperature,
pressure and form of the solid carbon (usually consid-
ered to be graphite). However, variations due to these
factors are relatively minor, and a single boundary has
been plotted in the figure for purposes of illustration.
Note that for normal steam-to-methane molar ratios
(2.5 or more) employed in steam reforming, the start-
ing composition, with or without small quantities of
oxygen, is predicted to lie in the non-carbon-forming
region, well below the carbon formation boundary,
providing that the reactants are well distributed in the
reactor. Addition of oxygen clearly moves the system
further from the boundary, i.e. oxygen addition helps
to prevent coke formation, as is well known for vari-
ous catalytic processes. Extraction of hydrogen leads
to migration of the reactor side operating point along
a line directed away from the H vertex as shown. Be-
cause of the shape of the carbon formation boundary, it
is seen that hydrogen withdrawal by permeation is not
predicted to lead to any greater likelihood of carbon
formation, and it may actually take one further from
the boundary. This is an important finding with practi-
cal implications, and it differs from previous analyses
[14,24,25] which suggest that hydrogen removal, like
reducing the proportion of water vapour, necessarily
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increases the tendency for carbon deposition to occur.
It is notable that experimental tests [5,7] have not re-
vealed any signs of coke formation in the FBMR re-
actor, although clearly there is a need to confirm this
for longer times of operation than the approximately
300 h logged so far.

5. Conclusion

Equilibrium modelling of the steam methane
reforming process with oxygen addition and in situ
hydrogen withdrawal shows that there are complex
interactions between a number of factors. The com-
plexity is partly caused by the fact that water is both a
product of the oxidation reactions required to provide
autothermal conditions and a reactant required for
the reforming reactions. In addition, hydrogen enters
with both principal reactants (methane and steam),
and the extent to which it can be removed by perme-
ation is limited in practice by the number of tubes that
can be accommodated in a given volume of reactor.
Nevertheless, the equilibrium predictions presented
above serve to provide guidance with respect to the
thermodynamic limits of what can be achieved, and
our previous experimental work suggests that these
limits are likely to be closely approached in practice.
Equilibrium modelling is clearly simpler than reactor
modelling, and it is a useful tool for investigating
different scenarios, as well as for making first esti-
mates of optimum operating conditions for particular
hydrogen applications.

The results indicate that autothermal operation can
be realized with approximately 0.3 mol of oxygen per
mole of methane feed, the oxygen requirement becom-
ing larger as more hydrogen is extracted through the
membrane tubes and as the temperature of the feed
streams decrease. Methane conversions increase with
increase in temperature, oxygen-to-methane feed ratio,
and steam-to-methane ratio. The extent of the back-
wards shift in the chemical equilibrium due to increas-
ing pressure is also decreased by the in situ withdrawal
of hydrogen. Sufficient hydrogen extraction can virtu-
ally eliminate this influence on the equilibrium. Since
increased reactor pressure increases the driving force
for permeation through the tubes, the overall influence
of elevated pressures can be essentially neutralized for
large permeation capacities.

Plotting the results on a ternary diagram on which
an empirical carbon-formation boundary is also in-
cluded suggests that hydrogen permeation, as well as
oxygen addition, may in fact decrease the probability
of coke formation on the catalyst and on the perme-
able membrane tubes. In any case, oxygen certainly
reduces coke formation. Overall, there are indications
that the additions of permeable membranes and oxy-
gen to SMR reactors facilitate operation at lower tem-
peratures, lower steam-to-methane ratios and higher
reactor pressures than in conventional steam reform-
ers while producing a purer product stream, requiring
less reactor volume and operating with reduced inven-
tories of catalyst.
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