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A B S T R A C T

We present here a study of the water gas shift membrane reactor (WGS-MR) in the context of its potential
application in the IGCC process for power generation from coal. In our research, we use in the WGS-MR a sour-
shift WGS catalyst and carbon molecular sieve (CMS) membranes, and show that the reactor displays higher
conversions than a conventional packed-bed reactor (PBR) under the IGCC-relevant conditions, i.e., for tem-
peratures up to 300 °C and pressures up to 25 bar. Our experimental results manifest the ability of the WGS-MR
to operate under the desired conditions and to improve the efficiency of the WGS reaction. They demonstrate, in
addition, the potential of the MR to carry out the in-situ separation of hydrogen using the CMS membranes. We
conclude from our study, that the CMS-membrane-based WGS-MR is a good candidate technology for in-
corporation into IGCC power plants for environmentally-benign power generation.

1. Introduction

Integrated gas combined cycle (IGCC) power plants show good
promise for environmentally-benign power generation from coal [1]. In
these plants, coal is first reacted with steam and/or oxygen in a high-
pressure gasifier [2] to produce syngas (a gas mixture containing H2/
CO/CO2/H2O and smaller amounts of methane and trace impurities).
This syngas is first cooled-down to be treated in a cold-gas clean-up unit
(CGCU) to remove trace contaminants (e.g., H2S, NH3, volatile metals,
etc.), and is then heated-up to the appropriate temperature to be further
reacted with steam in a water-gas shift (WGS) reactor (WGSR) to fur-
ther enhance its hydrogen content for subsequent use in clean-power
generation (e.g., in fuel cells and/or hydrogen turbines). For IGCC
plants with simultaneous CO2 capture and storage (CCS), the gas stream
exiting the WGSR must be subjected to an absorption step (typically, via
the aid of amine-based solvents) to remove the CO2, followed by its
additional pressurization needed for transport and underground sto-
rage.

The overall IGCC process train is quite complex, however, resulting
in a substantial energy penalty [2,3]. A major part of the technical
challenge results from the WGS reaction itself being exothermic, its
equilibrium conversion decreasing with temperature, with the con-
ventional process, typically, employing two reactors, one operating at

high temperatures (> 400 °C, known as the high-temperature shift or
the HTS reactor), and the other at lower temperatures (< 300 °C,
known as the low-temperature shift or the LTS reactor) in order to
overcome equilibrium limitations, and to increase CO conversion [4].
Added process complexity derives from the fact that the conventional
WGS catalysts are sensitive to the impurities encountered in the coal
gasifier off-gas, which then dictates the use of the aforementioned C-
GCU, a step that also entails an energetic penalty, from first cooling and
then reheating the off-gas.

Coupled with the requirement to use a substantial post-treatment
process to separate the hydrogen from the unreacted CO and the other
components of the coal-gasifier syngas, and to separate and re-compress
the CO2 for CCS, the resulting overall technical complexity handicaps
the adaptation of the conventional WGS technology (from existing
large-scale reforming processes) to IGCC power generation from coal
with simultaneous CCS [5,6]. The high cost of using conventional
processes in IGCC with CCS, therefore, motivates efforts by our team in
this area. We have proposed, in response, a novel approach [7,8],
termed the “one-box” process, that substitutes the conventional dual-
bed WGS reactor process with a WGS membrane reactor (WGS-MR). By
using a hydrogen-selective carbon molecular sieve (CMS) membrane
and a sulfided Co/Mo catalyst, which are both resistant to the syngas
impurities, this process avoids the use of a separate syngas pre-
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treatment as well as a H2 purification step, thus simplifying design.
Through removing H2 in situ from the WGS-MR, the equilibrium is
shifted toward the products, ultimately resulting in higher conversions
in a single-stage reactor. On top of the aforementioned benefits (in situ
H2 separation, enhanced yield), an additional important benefit for the
WGS-MR technology for IGCC is that CO2 can be removed at high
pressures and high concentrations (in the MR reject stream), making it
significantly less costly to implement CCS when compared to direct CO2

removal from the flue-gas of a conventional power-plant [9].
The “heart” of the proposed “one-box” process is the WGS-MR into

which the gasifier syngas is fed directly, and which effectively converts
the CO into hydrogen in the presence of H2S and other impurities, and
delivers a substantially contaminant-free hydrogen product. Prior to
our own studies [8,10], there were a number of scientific reports on
using MRs to carry out the WGS reaction [11–18], that validated their
ability to attain WGS conversions above equilibrium (while operating at
low H2O/CO ratios), and their potential to generate high-purity H2

[7,8,10]. All other prior WGS-MR studies, however, were performed
with pure feeds in the absence of impurities that one may, typically,
encounter in coal-derived syngas, particularly H2S, which has proven
detrimental to both conventional WGS (HTS and LTS) catalysts [19]
and the Pd membranes [20,21], typically, employed in these WGS-MR.
In contrast, in the past studies by our Group, and in this paper as well,
the WGS-MR treats a syngas feed which contains substantial quantities
of H2S (several thousand ppm), typical of what may be encountered in
the off-gas of a coal gasifier.

Our WGS-MR makes use of CMS membranes, which are prepared at
Media and Process Technology, Inc. (M & PT), an industrial partner in
this project, by the pyrolysis of polymeric precursors deposited on their
commercial tubular alumina substrates [22–24]. In parallel (to the la-
boratory) field studies by our team [25] these membranes were proven
stable in the treatment of coal-gasifier and biomass-gasifier off-gas
containing high levels of contaminants, such as H2S, HCl and NH3.
These CMS membranes were also shown previously [26,27] to be stable
in the presence of steam in the WGS reaction environment for pressures
up to 5 bar (500 kPa).

Other membrane materials used for H2 separation [28,29] in WGS-
MR are: (i) dense metals, typically Pd and its alloys, which have nearly

infinite H2 selectivity, but are poisoned by H2S, even at low con-
centrations, and are subject to H2 embrittlement; (ii) dense polymers,
which are inexpensive, but have low H2 selectivity and are subject to
thermal degradation; (iii) and amorphous silica, which is hydro-
thermally unstable. CMS membranes have been selected by our team
for our investigations, though they have a lower selectivity than Pd
membranes (this, however, is not a critical consideration for the pro-
posed power generation via, for example, hydrogen turbines), because
they are robust to the WGS reaction conditions [30]. Further, since H2S
in the syngas poisons the common WGS catalysts [19], in our studies to
date (and in this study as well) we make use of a so-called sour-shift
catalyst [31], in order to overcome the problem of catalyst poisoning.
These sulfur-resistant WGS catalysts, containing sulfided Co-Mo or Ni-
Mo supported on alumina [19], and on various other supports, such as
zeolites [32], titania and zirconia [33], were first proposed almost
twenty years ago; they have since been shown to exhibit good perfor-
mance (at relatively low temperatures, 250–350 °C) with syngas feeds
containing H2S.

The focus in this paper is on extending the previous laboratory in-
vestigations of the WGS-MR system into realistic pressure conditions
appropriate for the proposed IGCC application, specifically for pres-
sures up to 25 bar. The primary focus is on the ability of membranes
and catalysts to function stably under these immensely-harsh operating
conditions. We investigate, in addition, a new candle-filter type mem-
brane configuration prepared by our team (M& PT), and examine the
ability of these newly-developed membranes to function stably in the
WGS environment. The development of candle-filter type CMS mem-
branes, stable under the IGCC environment, is a key development, in
our opinion, toward the eventual commercial adaptation of the WGS-
MR technology, as it alleviates a key challenge with these systems re-
lating to the thermal mismatch between membrane and reactor wall
materials. In what follows, we first discuss the experimental studies
with conventional CMS membranes and commercial sulfur-tolerant Co/
Mo/Al2O3 catalysts. We describe membrane reactor performance for a
range of pressures up to 25 bar and various steam sweep ratios, and
highlight the ability of such membranes and catalysts to function stably
under these environments. We then present, for the first time, experi-
mental data of WGS-MR employing candle-filter (dead-end) CMS

Fig. 1. Experimental set-up used in the membrane reactor experiments.
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