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Membrane gas separation is one of the most promising technologies for the separation of carbon diox-
ide (CO,) from various gas streams. One application of this technology is the treatment of flue gases from
combustion processes for the purpose of carbon capture and storage. For this application, poly(ethylene
oxide)-containing block copolymers such as Pebax” or PolyActive™ polymer are well suited. The thin-film
composite membrane that is considered in this overview employs PolyActive™ polymer as a selective layer
material. The membrane shows excellent CO, permeances of up to 4 m’(STP)-(m*h-bar)™" (1 bar = 10° Pa) at
a carbon dioxide/nitrogen (CO,/N,) selectivity exceeding 55 at ambient temperature. The membrane can be
manufactured reproducibly on a pilot scale and mounted into flat-sheet membrane modules of different
designs. The operating performance of these modules can be accurately predicted by specifically developed
simulation tools, which employ single-gas permeation data as the only experimental input. The perfor-
mance of membranes and modules was investigated in different pilot plant studies, in which flue gas and
biogas were used as the feed gas streams. The investigated processes showed a stable separation perfor-
mance, indicating the applicability of PolyActive™ polymer as a membrane material for industrial-scale gas
processing.

© 2017 THE AUTHORS. Published by Elsevier LTD on behalf of the Chinese Academy of Engineering and

Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Membrane gas separation is a technology that is now widely ac-
cepted in industry. Examples of successful applications include the
treatment of natural gas, oxygen/nitrogen (O,/N,) separation, hydro-
gen (H,) separation, reactant ratio adjustment, and the separation
of volatile organic compounds from permanent gases. Among the
benefits of membrane separation systems, their small footprint, ease
of operation, and avoidance of potentially harmful solvents such as
amine absorbents are of particular interest. Many years of successful
operation of gas separation units in the aforementioned applications
make this concept feasible for use in very sensitive areas where the
stability of the membrane separation system is the key issue. This
means that any membrane and membrane units aimed at practical
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application are tested scrupulously under the conditions of possible
use, including some events of low probability. One such application
is the separation of carbon dioxide (CO,) from the flue gases of fossil
fuel-fired power plants, which represent one of the most challenging
types of gas stream to be treated by membrane technology. In fact,
the separation of greenhouse gases such as CO, from dilute emis-
sions was identified by Sholl and Lively [1] as one of the seven chem-
ical separations that would change the world. The necessity of this
type of separation is supported by numerous publications that re-
port the increase of CO, concentration in the atmosphere due to hu-
man activity, and the need for greenhouse gas emissions reduction
[2]. In his recent article, Hawking [3]| drew public attention to the
issues of environmental preservation: “We face awesome environ-
mental challenges: climate change, food production, overpopulation,
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the decimation of other species, epidemic disease, acidification of
the oceans.”

The need to preserve the environment for future generations
calls for the optimization of energy use in existing technological
solutions and for the development of new processes employing
regenerative feedstocks, which would relieve humanity from its
dependence on fossil fuels. Unfortunately, fossil fuels will remain
a major source of energy for transportation and industry for years
or decades to come, due to their very attractive energy density and
resource availability. This consideration justifies the investments of
major funding bodies into research on CO, removal from various in-
dustrial sources and into the search for methods of CO, utilization—
or, in a worst-case scenario, for underground CO, storage. It must be
noted, however, that current estimates for CO, utilization predict
that only a small fraction of the CO, available from point sources can
be employed in this way.

The process of CO, removal from industrial off-gas sources is one
of the least favorable separations for membrane technology. All of
the sources originating from, for example, fossil fuel-fired power
plants, the cement industry, or the steel industry are characterized
by low pressure, low CO, content, high humidity, and large amounts
of aggressive gaseous and even solid impurities. For example, the
off-gas of a hard coal-fired power plant, which is considered to
be one of the most interesting application possibilities for mem-
brane gas separation, contains about 13-15 vol% (on a dry basis)
of CO,, traces of sulfur oxides (SO,) and nitrogen oxides (NO,), and
dust (mostly gypsum crystals); it is also water vapor saturated.
The amount of off-gas produced by a more-or-less standard power
block of 600 MW is in the range of 1.5 x 10® m*(STP)-h™" [4]. In order
to treat this enormous low-pressure gas stream, it is necessary to
develop huge membrane units together with new types of vacuum
pumps to provide the driving force for the separation process.

The technologies that are competing with membranes are de-
veloped or are under development, and include absorption and
adsorption processes. One of the most attractive of these processes
is carbonate looping, in which carbonates are formed during the
contact of off-gas with metal oxides. Chemical absorption processes
that utilize newly developed amine-based absorption liquids are
also attractive for the separation of CO, from flue gases [5].

This publication provides a summary of the development and
testing of a carbon dioxide/nitrogen (CO,/N,) selective membrane
based on a poly(ethylene oxide)-poly(butylene terephthalate) (PEO-
PBT) block copolymer, which has been trademarked under the name
PolyActive™.

2. Polymers

The separation process under consideration defines the materials
that are suitable for the selective layer and the protection and sup-
port layers of the membrane. The separation of CO, from flue gas is
to be carried out at low feed/permeate pressure ratios (approx. 1 bar
(1 bar = 10° Pa) feed and, in the best case, 10 mbar but most proba-
bly 50-200 mbar permeate pressures) [6], moderate temperatures
(different concepts are considered [7], but the temperature range
will most likely be 30-50 °C), high humidity, and substantial solid
particle content. Pre-filtering on the feed side of the gas separation
unit is essential, but the other separation conditions define clear re-
quirements for the choice of selective material.

Since the kinetic diameters of CO, and N, are similar (3.3 A and
3.64 A, respectively), diffusion selectivity is considered insufficient
to be used as the driver for the solution-diffusion mechanism sep-
aration; thus, it is necessary to look for materials with high affinity
toward CO, and to establish the separation mostly based on solu-
bility selectivity. Rubbery polymers and polymers with functional
groups that are able to provide a facilitated transport mechanism

are the primary candidates for the separation under consideration.
At the same time, some newly developed glassy polymers, which act
primarily as diffusion selectivity-controlled media, offer extreme-
ly high permeability coefficients with relatively moderate CO,/N,
selectivity. These materials can be considered suitable for the first
stage of a multi-stage separation, in which CO, will be concentrated
from 10-14 vol% in the flue gas to approximately 50 vol% in the per-
meate. Taking into account the low pressure ratio available for the
first separation stage, a CO,/N, selectivity of approximately 20 can
be sufficient. Hence, by utilizing the high permeability of polymers
that have similar gas transport properties to PIM-1, it will be possi-
ble to drastically reduce the required membrane area. Unfortunately,
high free-volume glassy polymers are well known for fast and strong
ageing, which thus far forbids the widespread use of these materials
in practical membrane gas separation applications [8-10].

Membranes utilizing a facilitated transport mechanism for the
separation of CO, from various gas streams have been widely stud-
ied, but have not yet found practical application. The advantage of
facilitated transport membranes is their high CO,/N, selectivity, in
some cases exceeding 140, which could allow single-stage enrich-
ment of the CO, from a diluted source to the 95 vol% that is required
for liquefying CO,. However, extremely high feed/permeate pressure
ratios are required for the realization of this high selectivity in prac-
tical applications. Drawbacks for this type of polymer include the
poisoning of functional groups with impurities from the gas stream
and a necessarily high humidity level for the “initiation” of effective
and selective CO, transport. Nevertheless, membranes working ac-
cording to the facilitated transport mechanism have been success-
fully studied on a pilot plant scale [11,12] and showed interesting
properties.

Polymers that are in a rubbery state under separation conditions
and that do not have a significant specific interaction with CO,, but
rather a high affinity toward it, include poly(ethylene oxide) (PEO)
and block copolymers containing PEO; these materials are of special
interest as membrane materials [13].

Polymers consisting solely of ethylene oxide and block copoly-
mers with a high content of PEO have been intensively studied since
the 1980s for gas separation properties. The works of Kuehne and
Friedlander [14] and Kawakami et al. [15] were among the first at-
tempts to utilize a high solubility selectivity of CO, over other gases
in gas separation membranes. In the early 1990s, the membrane
separation of CO, from various gas streams began to be associated
with climate issues. In these studies, PEO played an important role
as a material in supported liquid membranes [16,17]. The use of PEO
as a selective part of a block copolymer was studied by Okamoto et
al. [18]. These studies showed the major potential of block copoly-
mers for the separation of CO,-containing gas mixtures, where the
selectivity of the membrane material is mainly controlled by the
solubility selectivity.

Very important advances in understanding the mechanism of
transport through PEO-containing block copolymers were made
by Bondar et al. [19] on an example of a poly(ether-b-amide) seg-
mented copolymer, and by Metz et al. [20] on copolymers with very
narrow molecular weight distributions of PEO blocks in a PEO-PBT
block copolymer. Further thorough investigation of selective CO,
transport in polymers, along with certain guidelines on polymer
structure selection, can be found in Lin and Freeman [21], among
other sources. The permeabilities of all block copolymers were
considered to be insufficient for an efficient gas separation process.
Many attempts have been aimed at the improvement of PEO-con-
taining polymers by physical blending with low molecular weight
PEOs, or by forming an interpenetrating PEO-based network within
the matrix polymer [22-24].

Among the successful attempts to develop polymeric gas sep-
aration membranes with PEO-containing selective layers, at least
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two membranes should be mentioned, both of which reached pilot
plant testing. These are the Polaris™ membrane, which was devel-
oped by Membrane Technology and Research, Inc. [25,26], and the
PolyActive™ multilayer composite membrane, which was developed
at HZG (short for Helmholtz-Zentrum Geesthacht, formerly GKSS
Research Center Geesthacht GmbH) [27,28]. Both membranes are
thin-film composite flat sheets that demonstrate high CO, perme-
ances, accompanied by selectivities that are very close to the intrin-
sic selectivity of the selective layer material.

The group of polymers that is distributed under the tradename
PolyActive™ has been studied extensively for post-combustion
membrane separation applications [29-31]. PolyActive™ polymers
are block copolymers consisting of a rigid block that provides me-
chanical stability to the polymer and a rubbery block that is respon-
sible for the selective transport of gases. The rigid block material,
poly(butylene terephthalate) (PBT), is soluble in a variety of organic
solvents, thus making it possible to choose the solvent for the prepa-
ration of the membrane. The rubbery block material, PEO, provides
a reasonable CO, permeability coefficient and CO,/N, selectivity in
its rubbery, non-crystalline state. The length of the PEO block can
be varied; thus, the permeability coefficient can be varied according
to the content of the PEO block in the block copolymer [32]. The
solubility of PolyActive™ polymers in various solvents gives a clear
advantage to this type of polymer compared with other options
such as Pebax® MH 1657, which is soluble in just a few solvents and
solvent mixtures that are suitable for membrane fabrication.

Fig. 1 [33] presents the gas transport properties of PolyActive™
polymer types and of some other polymers. The single-gas perme-
ation behavior of polymer films of a thickness of approximately
100 pm was investigated. It is clear that the CO, permeability of the
presented polymers increases with temperature, while the CO,/N,
selectivity decreases significantly. All PolyActive™ polymers have a
CO,/N, selectivity that is similar to that of Pebax® MH 1657, but they
exceed this polymer in terms of CO, permeability. Of the Pebax®
polymer family, only Pebax® 2533 can compete with PolyActive™
polymers regarding the CO, permeability; however, the former
shows significantly lower selectivity than the latter. PolyActive™
polymers with PEO block molecular weights of 3000 g-mol™ (Poly-
Active™ 3000) and 4000 g:mol™ (PolyActive™ 4000) show a tran-
sition when heated, starting at 30 °C; that is, the PEO blocks change
from a crystalline to an amorphous state. These polymers are very
interesting in terms of their CO, permeability, which is superior
to that of PolyActive™ polymers with a PEO block of 1500 g-mol™
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molecular weight (PolyActive™ 1500). However, PolyActive™ 3000
and PolyActive™ 4000 types can only be used for gas separation at
temperatures significantly higher than room temperature, which
imposes certain limitations on their use as membrane material. A
thorough investigation is currently underway regarding the behav-
ior of polymers with high molecular weight PEO blocks serving as a
selective layer of a thin-film composite membrane (TFCM).

Fig. 2 [33] demonstrates significant differences in the PEO-
containing block copolymers’ behavior when they are employed
as the material for the selective layer of a TFCM. The production of
such membranes on a 100 m” scale will be described in Section 3.1.
The increase of the CO, permeance above the PEO melting point is
distinctively different for PolyActive™ 1500 and PolyActive™ 3000.
The permeance of the Pebax® MH 1657-based TFCM is considerably
lower than that of PolyActive™ polymers, whereas its selectivity ex-
ceeds that of PolyActive™ polymers at increasing temperatures. This
behavior is in contrast to that observed for these polymers when
they are studied as homogenous films with a thickness of approx-
imately 100 pm; in the latter case, the selectivities of PolyActive™
polymers are similar to that of Pebax® MH 1657. At temperatures
lower than the crystallization temperature, the TFCM with PolyAc-
tive™ 3000 as the selective layer shows a significant reduction in
CO,/N, selectivity, which is due to the formation of a dense crys-
talline phase in the PEO domains. This in turns leads to a loosened
packing of PEO chains between crystallites.

Fig. 1 and Fig. 2 provide justification for employing PolyActive™
1500 (referred to as PolyActive™ from this point on) as the selective
layer material for TFCMs. Membranes based on this polymer can be
used in a wide range of temperatures, and can be cooled down to
ambient temperature during the shutdown periods of fossil fuel-
fired power plants, which are occurring more and more often due to
large, non-continuous amounts of electric energy being fed into the
grid from renewable sources.

3. Transfer of membrane development to the technical scale
3.1. Membrane production

Since 2008, numerous batches of PolyActive™ multilayer com-
posite membrane have been produced as flat-sheet membranes,
using the HZG pilot-scale membrane production infrastructure. This
infrastructure consists of a membrane-casting machine for preparing
the porous poly(acrylonitrile) support on polyester non-woven by
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Fig. 1. (a) CO, permeabilities (1 Barrer = 10™"° cm*(STP)-cm-(cm?s-cmHg) ™" = 7.5006 x 10™® m*m:(m?>s-Pa)™"); (b) CO,/N, selectivities of some PEO-containing block copolymers [33].
PolyActive™ 1500, 3000, and 4000 represent PolyActive™ polymers with PEO block molecular weights of 1500 g-mol™', 3000 g-mol™', and 4000 g-mol ™', respectively.
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Fig. 2. (a) CO, permeances and (b) CO,/N, selectivities of some experimental TFCMs with PEO-containing block copolymers as a selective layer. Membranes were prepared on a

gutter layer membrane and were not coated with a protective layer [33].

phase inversion. The support is described by Scharnagl and Buschatz
[34]. It has a thickness of approximately 40 pm, a mean pore size of
20 nm, and a surface porosity of 15%. After washing the support struc-
ture, the dense gutter, separation, and protection layers are applied
by means of roller coating. These layers have typical thicknesses of
130 nm, 85 nm, and 150 nm, respectively. The membrane materials
of the gutter and protection layers are poly(dimethylsiloxane)-based,
whereas the material of the separation layer is PolyActive™. Fig. 3
[28] shows the structure of the support, gutter, and separation layers.
The machines used are presented in Ref. [35], and details on the pro-
duced membranes can be found in Refs. [28,36,37]. Typically, rolls of
250 m in length and of either 0.3 m or 0.7 m in breadth are produced.
The quality of such a batch was monitored with respect to selectivity
and permeance, and was found to be satisfactorily uniform within
the batch. The CO, permeance of the membrane was increased from
2.7 m*(STP)(m*h-bar)™ at 20 °C in 2008 to 4.0 m*(STP)-(m*h-bar)™" at
20 °C in 2016, with a CO,/N, selectivity that exceeded 55 at this tem-
perature in both cases. Fig. 4 shows the CO,/N, selectivities and CO,
permeances measured along such a membrane. Since the produced
membrane material was of high quality, it was employed to equip
several membrane modules of different types.

Fig. 3. TFCM structure: (a) porous support (poly(acrylonitrile)), gutter (poly(dimethyl-
siloxane)), and selective layer (PolyActive™); (b) porous support and gutter layer [28].

3.2. Membrane modules

The classical membrane module for flat-sheet membranes is the
spiral-wound module. The usage of this module type is widespread,
not only in liquid-phase processing but also in membrane gas
separation. The most significant use of this module type is for the
separation of CO, from natural gas [38,39]. Other modules, such as
the envelope-type membrane module, are also suited for flat-sheet
membranes. The envelope-type membrane module was developed
by HZG and has been successfully employed in applications such as
organic vapor recovery [40]. Its advantageous features include short
permeate pathways and adjustable feed flow velocities, and it has
a rather complex design when compared with spiral-wound mod-
ules. Hence, it is well suited for the application of modern high-flux
membranes, especially in piloting scenarios, since negative effects
such as concentration polarization and permeate side-pressure
drops can be controlled. The maximum membrane area that can be
installed is 75 m? of the 310 mm type, where the packing density is
up to 950 m*>m>. Details on this membrane module can be found
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Fig. 4. CO,/N, selectivities and CO, permeances measured during quality control in
the manufacture of a membrane batch. All values were determined from single-gas
measurements at 3 bar or 6 bar feed pressure for CO, and 11 bar feed pressure for N,
at 21 °C with a sample size of 34.2 cm®. The data is taken from current membrane
production batches.
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in Ref. [41], along with comparisons with the spiral-wound module
and with a novel module type based on the envelope concept. The
latter new type of module [42] was devised to allow the processing
of extremely large flow rates at low pressures, which are typical for
post-combustion applications in coal-fired power plants. At present,
investigations with small-scale prototypes are underway in order
to experimentally prove the viability of this module, after promis-
ing simulation results. It is envisaged that these envelopes will be
housed in a 20 ft (1 ft = 0.3048 m) long container that will serve as
the module and that will contain up to 15 000 m” of membrane area.
Fig. 5 [42] gives an impression of the design.

3.3. Modeling membrane modules

As implied in the previous section, mathematical models are of
major importance when devising new types of membrane mod-
ule, since they are able to depict the flow patterns present in the
module. These flow patterns are expressed using the differential
balances for material, energy, and momentum [43]. These balances
are simplified, for example, to consider only one spatial direction
at steady-state conditions, and are coupled with the appropriate
boundary conditions, such as feed conditions in terms of flow rate,
temperature, pressure, and composition in flow direction, as well as
the transmembrane mass and energy transfer perpendicular to the
main flow direction. The transmembrane mass transfer encompass-
es the actual selective permeation process through the membrane
and the detrimental mass transfer resistances in the boundary layers
or in the porous support structures of the membranes. In order to
properly account for the transmembrane mass and energy transfer,

== Permeate

== Feed/retentate

the permeate pressure at the permeate outlet of the module must
be defined. Pressure drops are commonly accounted for by friction
factor approaches. The solution of the resulting system of differen-
tial (or partial differential, if more than one spatial dimension and/
or dynamic scenario is considered) and algebraic equations requires
numerical tools, such as those that are implemented in equation-
oriented process simulators. Examples of this process for flat-sheet
membrane gas separation are shown in Refs. [41,44]. Brinkmann et
al. [41] showed that when used for envelope-type membrane mod-
ules, this model very accurately predicts the experimental data col-
lected in a gas separation pilot plant for the separation of CO, from
N, in the presence of water vapor for a 9.5 m’> membrane module.
Fig. 6 [41] shows this model being used to determine the simulated
CO, retentate side mole fraction along the membrane surface for dif-
ferent flow rate and pressure conditions, and compares it with a val-
ue that was experimentally determined using gas chromatography.

Other important uses of the simulation models include the evalu-
ation of experimental results, for example, since a comparison of the
predictions of a validated model permits the detection of membrane
failure. In addition, they are extremely useful for designing new pro-
cesses, de-bottlenecking or expanding existing processes, making
economic estimates, conducting life-cycle analyses, controlling the
process, comparing process alternatives, and investigating possible
operating failures.

3.4. Separation performance

The development of the PolyActive™ multilayer composite
membrane is clearly aimed at post-combustion processes in fossil

Permeate
A
:

-

Retentate

(@)

(b)

Fig. 5. The envelope-type membrane module concept for high-capacity, low-pressure applications. (a) Flow patterns on the feed/retentate and permeate sides of segmented rec-
tangular membrane envelopes as well as permeate withdrawal via perforated pipes; (b) envisioned membrane module housing consisting of a 20 ft long container [42].
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module, investigated in a pilot plant with synthetic CO,/N, mixtures that were water vapor saturated [41]. V;: volumetric feed flow rate; p;: feed pressure; p,: permeate pressure.
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fuel-fired power plants, heating systems, small-scale combined heat
and power plants, and steel and cement plants. CO,/N, separation
is representative for these applications. However, in addition to its
excellent selectivity for this separation, the PolyActive™ multilayer
composite membrane was found to show a preferential perme-
ation of CO, compared with methane (CH,), C, hydrocarbons, and
H,. The latter is particularly interesting because H, remains on the
high-pressure side of the membrane. Table 1 [36] shows the selec-
tivity values that were determined from single-gas experiments for
a typical PolyActive™ multilayer composite membrane. The values
are presented for a temperature of 30 °C in order to permit the
inclusion of water vapor. Furthermore, the high water vapor per-
meance allows simultaneous CO, separation from and water vapor
dew-pointing of the retentate.

The temperature dependencies of the single-gas permeances
can be expressed well using an Arrhenius-type relationship [36].
During these measurements, hardly any dependence on pressure
was detected in the ranges investigated, that is, up to a pressure of
1.3 bar. Hence, swelling and components influencing each other in
mixed gas permeation were neglected. Fig. 6 [41] shows that this
assumption was justified, since single-gas permeation data was
used to calculate the permeation behavior of the membrane, and
the simulation gave an excellent representation of the experimental
results. The permeation behavior at higher pressures, that is, those
exceeding 10 bar, could no longer be predicted using single-gas per-
meation data on its own [36]. High-pressure permeation behavior is
the subject of current research work.

4. Process examples

4.1. Small-scale utilization of CO, contained in heating system flue
gas

As part of the international building exhibition in Hamburg in
2014, an apartment house equipped with algae bioreactors as facade
elements was built. The CO, required for the algae photosynthesis is

Table 1
Selectivities of CO, compared with other gases i (ac,;) for PolyActive™ multilayer
composite membranes at 30 °C [36].

N,
459

0,
16.8

H,
8.42

CH,
129

CH,
314

C,Hs
468

H,0
0.10

Selectivity at 30 °C, aco,;

The selectivities were calculated from single-gas experiments. The CO, permeance
was 4 m*(STP)-(m*h-bar)™.
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provided by the flue gas of the natural gas-fired heating system of
the building. For safety reasons, it is necessary for the algae solution
to come into contact with the flue gas in order to dissolve the CO..
However, since the flue gas contains only 9 vol% CO,, the necessary
CO, concentration in the liquid phase for algae growth cannot be
achieved by direct contact with the flue gas. A PolyActive™ mem-
brane unit is therefore employed to increase the CO, content to
above 45 vol% in the permeate, which is sufficient to supply the
required amount of CO, to the algae [45]. The feed flow rate to this
unit is 10-15 m*(STP)-h™". It is supplied via a blower at ambient
pressure and temperature to an envelope-type membrane module
containing 11 m*> membrane area. A permeate pressure of 180 mbar
is applied by a vacuum pump. The permeate is further compressed
to 3.5 bar and is fed to a buffer vessel, from whence it is supplied to
the saturator, operating at a pressure of 2 bar. The unit is operated
intermittently; it starts when the pressure in the buffer vessel drops
to 2 bar and stops when the pressure increases to 3.5 bar. This re-
sults in four or five 1 h operating periods per day. The retentate gas
stream, which still contains 4-5 vol% CO,, is discharged. The unit
was run in the described operating mode for more than one year, at
which point the algae bioreactors were put into a planned revision
period. Afterwards, the unit was restarted. Within the one-year peri-
od, the employed PolyActive™ multilayer composite membranes did
not show any performance decline, as was proven by a comparison
of the experimental results with those of the process simulation of
the membrane unit. When describing the separation behavior of the
module, the permeation performance of the PolyActive™ multilay-
er composite membrane was solely described using the single-gas
permeation data of the production batch that was measured prior
to installation into the module. Fig. 7 [45] shows the pilot plant and
the comparison between the measured and simulated CO, mole
fractions.

4.2. Separation of CO, from the flue gas of coal-fired power plants

One typical post-combustion application of a PolyActive™ mul-
tilayer composite membrane unit is the separation of CO, from
the flue gas of coal-fired power plants. The separation of CO, from
the flue gas of a hard coal-fired power plant was an important
topic investigated in the project METPORE II, which was funded
by the German Federal Ministry for Economic Affairs and Energy
[37]. The pilot plant was installed in a 20 ft long container and was
equipped with a membrane stage for an envelope-type membrane
module containing 12.5 m* of PolyActive™ multilayer composite
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Fig. 7. Separation of CO, from heating system flue gas for utilization in algae bioreactors. (a) The pilot plant; (b) the comparison between the measured and simulated CO, mole

fractions [45].
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membrane. The feed was taken directly from the flue gas of the
EnBW Rheinhafen-Steam power plant in Karlsruhe, Germany. It
was supplied to the pilot plant by means of a blower at flow rates
of 50-80 m’(STP)-h™". The temperature and humidity levels were
adjusted by a cooler/condenser followed by a superheater, such that
feed temperatures between 25 °C and 50 °C were investigated at
5-10 K above dew point. The driving force was generated by apply-
ing a permeate side vacuum of 50-200 mbar by means of a liquid
ring vacuum pump. Under the selected reference conditions (i.e.,
70 m*(STP)-h™" feed flow rate, 35 °C feed temperature, 25 °C feed
dew point, 13 vol% CO, in the feed, and 50 mbar permeate pressure)
in the one-stage process that was investigated, a CO, composition of
68.2 vol% was measured reproducibly in the recompressed permeate
at the exhaust of the vacuum pump, with a CO, recovery of 42.7%.
Another important result of this study was the development of an
operating strategy allowing for frequent startups and shutdowns of
the membrane unit under the conditions imposed by the German
energy-supply scenario. This energy supply is characterized by the
integration of ever-increasing amounts of renewable energy at ir-
regular intervals and loads. The study also included a thorough in-
vestigation of the removal of acidic condensates and of the removal
of the humidity contained in flue gases in general. Fig. 8 shows the
pilot plant and the CO, composition profiles for the feed and perme-
ate that were recorded over a total operating period of 750 h. The
figure also provides a comparison between simulated and measured
CO, compositions in the permeate, again exemplifying the accuracy
of the simulation model. The frequent startups and shutdowns are
apparent in the graph.

4.3. Separation of CO, from biogas

Another possible application is the separation of CO, from biogas
[36]. For this separation, which is represented by the binary CO,/
CH, separation, the selectivity of PolyActive™ multilayer composite
membrane is low, as shown in Table 1, when compared with those
of other materials such as polyimides [46]. However, the permeance
of PolyActive™ multilayer composite membranes is an order of
magnitude higher than that of the flat-sheet membranes made of
glassy polymers that are typically employed for this separation, such
as Matrimid® [47]. Very compact one-stage units can be devised that
achieve a CH, mole fraction that meets pipeline specifications in the
retentate with simultaneous water vapor dew-pointing. However,
the permeate would still contain roughly 35-40 vol% CH,, which

would render the whole process thoroughly uneconomical. If a con-
sumer such as a boiler or gas engine is available onsite, however,
the situation may change, since the permeate gas can be usable for
energy generation. Fig. 9 [36] shows such a scenario, employing a
gas engine. The power generated can be used to drive compressors,
or can be fed into the electrical grid. The co-produced heat can be
used for onsite heating purposes, such as to keep the fermenters
at the required temperature. A pilot plant investigation at an oper-
ating biogas plant showed that such a membrane separation stage
is feasible and can be operated with reproducible results over a
period of several months [36]. The envelope-type membrane mod-
ule was equipped with 7.4 m? of PolyActive™ multilayer composite
membrane. A typical operating point was a biogas feed flow rate of
45 m’(STP)-h™' containing 64 vol% CH, compressed to 9 bar at 20 °C.
The retentate contained 95 vol% CH,, whereas the permeate con-
tained 35 vol% with a stage cut of 51%.

In addition to the investigations presented here, several other
applications are possible. For example, PolyActive™ multilayer com-
posite membrane was installed in a small-scale, 100 mm diameter
envelope-type membrane module aimed at the separation of CO,
from a reaction product containing ethylene, methane, and nitrogen
[36]. Such separations are expected to become more important as
the chemical industry moves toward alternative routes for the pro-
duction of base chemicals, such as the oxidative coupling of meth-
ane [48]. Another possible application is the separation of CO, from
H,. This separation is even more important when the increasing
demand for H, in a changing energy and raw material supply sce-
nario is taken into consideration. The great potential of PolyActive™
multilayer composite membrane for this process rests on the pref-
erential permeation of CO,, leaving H, on the high-pressure side of
the process. Franz [49] examined this separation in the course of her
research work on hydrogen production with micro algae.

5. Conclusions

In recent years, a CO,-selective TFCM employing the block co-
polymer PolyActive™ for the separation layer was developed and
continuously improved. The flat-sheet membrane exhibits CO,
permeances of up to 4 m*(STP)-(m*h-bar)™ at CO,/N, selectivities of
> 55 at 20 °C. Hence, it is one of the best membranes for CO, sepa-
ration from flue gas that has been reported to date. The membrane
can be manufactured in 100 m’ scale with reproducible separation
performance. Pilot plant trials showed its applicability for various
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separation tasks, such as separating different flue gases and biogas.
In addition to these applications, PolyActive™ multilayer composite
membrane is useful for separating CO, from H, or other gaseous
mixtures, an application that may gain importance given the world’s
changing raw material and energy supply scenarios.
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