Peertechz

civilengineering@peertechz.us

o
=
(=]
o
o
o
z
o
w
w
z
o
=z
w

Mini Review

Membrane-assisted reactor
for the direct conversion of CO

to DME/MeOH

Francesco Frusteri*, Giuseppe Bonura, Catia Cannilla,

Serena Todaro and Alessandro Cajumi

Energy and Fuels, National Council of Research, CNR-ITAE, Italy

Several strategies are currently underway to investigate
alternative routes to efficiently use CO, as a carbon source
for the production of alternative fuels for energy end
transportation [1,2]. Among several suggested approaches, the
direct catalytic conversion of CO,/CO/H, mixtures to dimethyl
ether (DME) is receiving particular attention, representing
an important breakthrough in terms of economy and process
efficiency with respect to the classic dual-step process
involving first the production of methanol (MeOH) over Cu-
based catalysts and then the subsequent dehydration to DME
over acidic systems. In a direct one-step process, the catalytic
system should so contain a dual functionality integrated either
in a mechanical mixture of a methanol synthesis catalyst (like
Cu-Zn0-ALO, or Cu-Zn0-Zr0,) and a zeolite (e.g., HZSM-5)
or in a hybrid system combining the metal-oxide(s) and acidic
sites directly in one solid [3-6]. Despite the interesting results
recently achieved over the hybrid systems in the experimental
range of 220-260 °C and 3.0-5.0 MPa [7], however, up to
now all the investigated catalysts show some limits mainly
associated with the thermodynamic restrictions which level
of the achievement of CO, conversion at around 20% with
DME selectivity close to 60% [8]. This behavior is related to
the water formation prompted both by the water gas shift
and dehydration reactions. Besides , negatively affecting the
reaction equilibrium, the water presence also compromises the
stability of both the methanol synthesis catalyst and the acid
functionality [9].

Recently, to overcome the problem linked to the presence
of water, the research addressed the possibility to adopt
technical solutions, compatible with the reaction conditions,
and suitable to determine an effective process intensification.
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As a rule, by using a conventional plug flow reactor, to achieve
DME selectivity close to 90% the CO, conversion never exceeds
10%, resulting too low for an industrial application [10].
Therefore, the research is going on by following different
approaches mostly focused either on the development of
innovative effective catalysts at low temperature (i.e., < 220
°C) so to deliver a superior activity-selectivity pattern, or by
operating with a multi-pass recycle reactor and an intermediate
condensation of DME and MeOH. This last approach can really
allow determining a significant increase of the total CO,
conversion as high as 70% (3% - 5% Conv. per pass), paralleled
by a DME selectivity close to 60% [11]. Naturally, the use of a
high recirculation ratio, as well as the cooling of the reaction
mixture for the product separation, involves a significant
energy expenditure preventing a large-scale application.

Other viable solutions include the use of water absorbent
materials that require to be cyclically regenerated [12], but
more promising is the use of selective membranes which
should ensure efficient removal of water in the presence of gas
mixtures containing H,.

As follows, the most significant papers recently published
and dealing with the use of membranes are considered in this
mini-review. In Figure. 1, two alternative reactor configurations
typically proposed are shown. Usually, the membrane is a
ceramic tube covered by a porous layer permeable to water but
not to MeOH and/or DME. The catalyst can be housed inside (A)
or outside the membrane (B).

Among the papers recently published, several studies
have focused on modeling before validating the process
performance in an experimental environment [13-14]. Even
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Figure 1: Sketch of typical membrane reactor configurations.

if these approaches are merely theoretical, being based on
well-defined reaction conditions and membrane properties
(permeability, selectivity), most of them have contributed
to providing fruitful insights on the limits of application
and potentiality of such membrane technology. Indeed, the
membrane must be not only stable under severe reaction
conditions, but it must possess some specific features, mainly
related to water permeability (~4107 mol/Pa/m?/s) or to
product selectivity (i.e.,, H,/CO/CO,, 50/30/30 respectively),
making easily evident the difficulty behind the development of
a membrane with tailored characteristics suitable for operation
at high temperature (> 200 °C) and high pressure (3.0 - 5.0
MPa). Anyhow, the modeling studies also confirm that, by
favoring the in-situ removal of water, the use of a membrane
reactor can significantly shift the equilibrium of the water-
limited reaction paths, so determining an effective increase of
the values of CO, conversion and DME/MeOH yield.

Once one understood the feasibility of such a membrane-
assisted reaction system, it is necessary to understand the
real difficulties to overcome for an application on large scale
requiring high performance and stability. The most effective
membranes actually proposed are mainly based on zeolites.
In particular, the best results in terms of permeability and
selectivity have been obtained by using the LTA-based
frameworks. Some experiments carried out by using a
mechanical mixture of Cu-ZnO-ZrO,/SAPO-11 catalyst and
LTA zeolite as membrane [15] (see configuration A in Figure
1), revealed that, independently of temperature and pressure,
CO, conversion and DME selectivity attain higher values in
a membrane permeate flux reactor, although this increase
appears not too relevant: CO, conversion rises from 20% to
25%, favoring an increase of oxygenates yield from 10% to 15%.
In any case, a major benefit of better water management is an
extended catalyst lifetime according to a reduced deactivation
rate. Other authors [16], by using Cu—ZnO—A]ZOB—ZrO2 as a
catalyst and a hydrophilic LTA membrane characterized by an
H,0/H, separation factor of 50, claim extraordinary data both
in terms of CO, conversion (35%) and methanol selectivity
(100%) under CO, hydrogenation to methanol at 260 °C and
3.0 MPa, such values resulting much higher compared with
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those obtained by using different reactors (i.e., catalytic fixed
bed reactor, packed-bed membrane reactor, catalytic non-
permselective membrane reactor). Furthermore, endurance
tests confirmed that water removal from the reaction system is
helpful to avoid catalyst deactivation and by-product formation
[17].

In conclusion, from the few available data, it is clear
that the idea of using a water perm-selective membrane in
an equilibrium-limited reaction, like the direct catalytic
conversion of CO, to DME/MeOH, performed at 200-300 °C and
3.0-5.0 MPa, represents a real challenge. The development of
a solid membrane characterized by a high water permeation
and high selectivity to H,, CO, and CO, is a complex matter and
in any case, the deterioration during time could constitute an
additional problem to be taken into due consideration.
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