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sorption into the absorption liquid. In a first aspect this object is met by transferring at least one compound from a feed stream to
an absorption liquid stream comprising: - feeding said feed stream to a feed stream compartment of a membrane unit; - feeding
said absorption liquid stream to an absorption liquid compartment of said membrane unit; - wherein in said membrane unit said
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flow direction of said absorption liquid is changed.
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Title: Absorption process using a membrane

The invention is directed to a method for absorbing compounds from
a first fluid, through a membrane into a second fluid.

Membrane gas absorption (MGA) makes use of a non-selective gas-
permeable porous membrane for the transfer of compounds between a gas and
an aqueous liquid, referred to as the absorption liquid. The membrane forms a
gas-permeable barrier between a liquid and a gas. Compounds diffuse through
the pores of the membrane and are absorbed by a suitable liquid called the
absorption liquid.

Pertraction is the extraction of a compound through a non-selective
porous membrane from a first liquid into a second liquid. The second liquid is
referred to as the absorption liquid. This method is based on the relative
solubility of the compound in the two liquids. The two liquids, usually water
and an organic solvent, are separated from each other by the membrane. The
membrane may be suitably chosen such that it allows the first liquid to
penetrate through, while rejecting the absorption liquid. The compounds to be
extracted may diffuse through the membrane and are absorbed by the
absorption liquid.

It is known in the art that the absorption of a compound into an
absorption liquid can be facilitated by mixing of said absorption liquid.

For example Krantz et al. (Journal of Membrane Science 124 (1997)
283-299) describe the use of axial vibrations of a membrane tube bundle to
increase oxygen transfer to a liquid flow. This method works because of the
increased mixing of the liquid flow as a result of the vibrations. Disadvantage
of this method is that only a few systems in industry can withstand vibrations
as described by Krantz et. al. Also, using vibrations may cause damage to the
membrane and/or other parts of the absorption system, especially when these
vibrations are exerted over a long period of time. Furthermore installing and
operating vibrating means to industrial scale apparatuses is cumbersome and

prone to malfunction.
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WO-A-2005/028085 describes a method for cleaning membranes in
filtration systems using backwashing. Backwashing uses a reversed flow of
fluid across the membrane, viz. through the membrane pores, to dislodge any
fouling materials on the membrane. Such a reversed flow through the
membrane is not possible in membrane absorption methods and can therefore
not be used for facilitating absorption in such methods.Galletti et al.,
“Development of an implantable booster lung”, Trans. Am. Soc. Artif. Intern.
Organs, 1980 (26) 573-577, XP008111276 describes devices that can be used to
supplement pulmonary gas exchange in an animal. The devices comprise coiled
PTFE tubes acting as a blood-gas exchange membrane. For in vitro and ex vivo
tests, the flow through these tubes is provided by motor-driven pumps. It is
described that these pumps can create a pulsatile flow by superposing a
sinusoidal oscillation on a steady flow.

Bellhouse et al., “A high efficiency membrane oxygenator and
pulsatile pumping system and its application to animal trials”, Trans. Am. Soc.
Artif, Intern. Organs, 1973 (19) 72-79, XP008111277 describes a
pump-oxygenator comprising a membrane for oxygen diffusion into the blood,
designed for use as a bypass during heart surgery. The oxygenator is a
pulsatile pumping system, which appears to be designed to create a pulsatile
flow that resembles the flow of a living heart (page 74, 4th paragraph). The
pumps do not seem to be capable of producing a reverse flow.

The propagation of the flowing fluid in the pulsatile flows of the
prior art is intermitted regularly, i.e. by cycles of stopping or slowing down the
propagation followed by increasing the propagation again. These flows
therefore do not undergo a reversion of the direction of propagation. Moreover,
since the tests in Galletti et al. and Bellhouse et al. are intended to mimic
blood-gas exchange in an animal, the flow due to the motion of the pump will
resemble the flow due to an animal heart and thus blood flow in only one

direction of a vessel is disclosed in these documents.
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The present invention, on the other hand, requires that the flow
direction is changed for a certain duration.

In accordance with present invention it was found that changing the
flow direction for a certain duration has the effect of a considerably higher
absorption efficiency.

Object of the present invention is to provide a membrane absorption
and permeation method which facilitates absorption into the absorption liquid,
and which overcomes at least in part one or more of the above-mentioned
disadvantages of the prior art.

In a first aspect this object is met by a process comprising
transferring at least one compound from a feed stream to an absorption liquid
stream, said process further comprising:

- feeding said feed stream to a feed stream compartment of a membrane unit;

- feeding said absorption liquid stream to an absorption liquid compartment of
said membrane unit;

- wherein in said membrane unit said feed stream compartment and said
absorption liquid compartment are separated by a membrane;

- wherein said absorption liquid flows through said absorption liquid
compartment in a direction that is essentially parallel to said membrane;

- wherein the residence time of said absorption liquid in said membrane unit is
T; wherein t© = V/py, wherein Vis the volume of said absorption liquid
compartment and ¢ is the volumetric flow rate of said absorption liquid
stream; and

- wherein for a duration less than t the flow direction of said absorption liquid
is changed.

The inventors surprisingly found that the process of the present
invention has a considerable higher efficiency as compared to a process in
which the flow direction is not changed. By result a considerable lower
membrane surface area suffices for obtaining the same separation

characteristics. This results in more compact design and saving of costs.
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Furthermore, it is believed that the extra energy needed for
changing the flow direction of the absorption liquid is much smaller than the
energy saved from obtainingan increased mass transfer.

The mass transfer is usually expressed by the symbol %, generally
expressed in kg/(s'm2)/(kg/m3), or m/s

Figure 1 shows a schematic representation of the mechanism
underlying the transfer of a compound from the feed stream through the
membrane to the absorption liquid. This transfer can be regarded as a process
comprising three steps: a first step (1), in which the compound is transferred
from the feed stream into the non-selective porous membrane, a second step
(2), in which the compound diffuses through the pores of the membrane, and a
third step (3), in which the compound is absorbed by the absorption liquid
(absorption step). Thus, the overall mass transfer rate (ko) can be expressed as
a combination of the rates of each of these three steps (k1, k2, k3) by the
following formula:

1/kov = 1/k1 + 1/ko + 1/k3 (1)

The absorption rate is at least in part dependent on the loading of
the absorption liquid. Loading herein is defined as the number of molecules
already absorbed by the absorption liquid per molecule absorbent present in
the absorption liquid (e.g. in mol/mol). When the absorption liquid is lean in
the compound to be absorbed (i.e. low loading), the absorption rate will be high
compared to the same absorption liquid being rich in the compound to be
absorbed (i.e. high loading). Therefore, to facilitate absorption, it is desirable
that the loading of the absorption liquid, in particular the loading of the
absorption liquid near the membrane, is low. This means that it is very
important that there is a high driving force in the liquid phase, because this is
generally the limiting factor. As used herein, “absorption liquid near the
membrane” is defined as that part of the absorption liquid that has a close

enough distance to the membrane to influence the absorption rate through
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said membrane, e.g. a distance that is as close to zero as possible, preferably
zero, typically less than several tens of um, e.g. 0-10 um.

One way of providing for a low local loading of the absorption liquid
near the membrane is using a high superficial velocity of the absorption liquid
near the membrane. As used herein, superficial velocity is the local velocity of
the absorption liquid at a specific place in the process, e.g. near the membrane.
When contacting the membrane with a still absorption liquid, the loading near
the membrane will become temporarily much higher than the average loading
of the absorption liquid. By using a high velocity for the absorption liquid near
the membrane, any compounds absorbed by the absorption liquid will be
quickly transported away from the membrane pores, thus keeping the loading
near the membrane pores low. In between pores, the absorbed compounds will
be distributed more evenly over the absorption liquid through diffusion and,
optionally, mixing of the absorption liquid, resulting in the membrane pores
being mainly in contact with lean absorption liquid. Thus, a high superficial
velocity of the absorption liquid near the membrane allows for a low local
loading of the absorption liquid near the membrane pores, resulting in a high
absorption rate.

The absorption liquid in the method of the invention preferably has
for at least part of its residence time near the membrane a superficial velocity
near the membrane that is as high as possible, preferably at least a velocity
corresponding to a Reynolds number (Re) at which turbulent flow commences,
viz. typically Reynolds numbers above 3000, preferably above 4000.

A simple way of providing for a high superficial velocity of the
absorption liquid near the membrane is using a high volumetric flow of the
absorption liquid rate near the membrane. The volumetric flow rate as used
herein is the volume of absorption liquid that passes through the membrane
absorption system per unit time (e.g. in m?/s), wherein said volume is at least

in part in contact with the membrane. The volumetric flow rate is typically
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determined by the pump speed with which the absorption liquid is pumped
through the membrane absorption system.

However, using a high volumetric flow rate for the absorption liquid
can have a number of disadvantages. For example, a high volumetric flow rate
increases the risk of damaging the membrane and other parts of the
absorption system. In addition, using a high volumetric flow rate for the
absorption liquid results in the average velocity of the absorption liquid being
high and thus the residence time of the absorption liquid on the membrane
being short. A short residence time of the absorption liquid on the membrane
is disadvantageous, because the absorption capacity of the absorption liquid is
in such a case only partially exploited.

The present invention provides for a membrane absorption process
in which the absorption liquid has a high superficial velocity near the
membrane, without having to use a high volumetric flow rate for the
absorption liquid. This is achieved by changing the flow direction of the
absorption liquid for a duration less than t. Preferably, the change of said
direction of said absorption liquid is a reversal of the flow.

In at least most membrane absorption set-ups in the prior art, the
average velocity with which the absorption liquid passes the membrane is
mainly determined by the volumetric flow rate of the absorption liquid. Based
on the average velocity, an estimate can be made of the superficial velocity
near the membrane, further taking into account factors such as e.g. boundary
layer effects and viscosity of the absorption liquid. An estimate of the average
velocity of the absorption liquid can usually be made by dividing the
volumetric flow rate of the absorption liquid by the surface area through which
the absorption liquid flows. For example, when an absorption liquid is pumped
through a membrane tube having a diameter of 1 mm and a volume of 0.02 ml
with a pump speed of 0.1 ml/s, the volumetric flow rate is 0.1 ml/s or 1-107

m3/s and the surface area through which the absorption liquid flows is
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m'(0.5-10-3)2 = 7.9-10-7" m2. The estimate of the average velocity of the
absorption liquid can then be calculated by 1-10-7/7.9-107 = 0.13 m/s.

The present invention does not make use of a typical membrane
absorption set-up in that the superficial velocity of the absorption liquid is
typically much larger than would be expected based on the average velocity of
the absorption liquid as estimated by the calculations described hereinabove.
More specific, according to the present invention, the absorption liquid
typically has for at least part of its residence time a superficial velocity near
the membrane that is higher than would be expected based on the volumetric
flow rate of the absorption liquid.

According to the present invention, the flow direction of the
absorption liquid is changed for a duration less than t to achieve an improved
mass transfer. When using the present invention in the above example of the
membrane tube, the flow direction could for example be reversed for a duration
less than t. Such a change in flow direction would result in a lower volumetric
flow rate, e.g. 0.08 ml/s. In the case that ¢, = 0.08 ml/s, said certain duration
should be less than T, with T being less than Vig, = 0.02/ 0.08 = 0.25 s.

Preferably, the total duration of changed flow of the absorption
liquid during its residence time in the membrane unit comprises one or more
periods of changed flow with a duration of preferably 0.5 — 3.5 s, more
preferably 2 — 3 s.

Preferably, the absorption liquid according to the method of the
invention has a changed flow direction for 5% — 49% of its residence time in
the membrane unit, i.e. 0.05t — 0.49t, more preferably 20% — 49% of its
residence time in the membrane unit, i.e. 0.2t — 0.49t, even more preferably
35% — 45% of its residence time in the membrane unit, i.e. 0.35t — 0.45t.

A disadvantage of using the method according to the invention is
that changing the direction of the absorption liquid costs energy. In addition,
changing the direction of the absorption liquid stream may result in frequent

pressure drops, which also costs energy. However, the inventors surprisingly



WO 2010/123367 PCT/NL2010/050228

10

15

20

25

30

8

found that the increase in mass transfer outweighs these additional energy
costs.

The changed flow direction and the direction of the volumetric flow
rate may be directed along different axes. For example, the change in direction
may be perpendicular to the direction of the volumetric flow rate (see figure 2).
Preferably, the changed flow direction and the volumetric flow rate are both
directed along the same axis.

The pump used to provide the change in flow direction of the
absorption liquid according to the method of the invention may be for example
a piston pump or a pumpjack. Alternatively, use can be made of a regular
pump, such as a gear pump or a centrifugal pump, in combination with valves
to create different flow routes for the absorption liquid stream.

The absorption liquid may have a pulsating movement while flowing
through said absorption liquid compartment, wherein said pulsating
movement is defined as a movement comprising at least two stages: a first
stage (s1), in which the absorption liquid flows in a first direction in said
absorption liquid compartment, and a second stage (s2), in which the
absorption stream flows in a direction opposite to said first direction in said
absorption liquid compartment. Preferably, the two stages s1 and s2 are part of
a periodic movement.

Because the movement of the absorption liquid in s1 at least
partially cancels out the movement of the absorption liquid in s, at least part
of a pulsating movement does not contribute to the volumetric flow rate.
Therefore, an absorption liquid having a pulsating movement has a superficial
velocity, e.g. a superficial velocity near the membrane, that is higher than
would be expected based on the volumetric flow rate of the absorption liquid.

The average speed, i.e. the absolute value of the average velocity, of
the absorption liquid in the first stage (vi) may be the same or different than
the average speed of the absorption liquid in the second stage (va).

Furthermore, the duration of the first stage (t1) may be the same or different
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than the duration of the second stage (t2). Preferably, the pulsating movement
is perpendicular to the direction of the compound transfer through the
membrane.

The duration of the first stage is preferably 1 — 4 s, more preferably
2 — 3 s. Preferably, the duration of the first stage is preferably 1 to 2 times,
more preferably 1.2 to 1.6 times the duration of the second stage.

The pulsating movement may be perpendicular to the direction of
the volumetric flow rate speed (see figure 2). In this case, the duration of the
first and second stage of the pulsating movement is preferably the same.

Preferably, the pulsating movement and the volumetric flow rate are
both directed along the same axis (see figure 3). In this case, the contribution
of the pulsating movement to the volumetric flow rate speed is maximized,
which is energetically favorable.

More preferably, the volumetric flow rate is mainly determined by
the pulsating movement (except for small forces such as frictional forces). This
has the advantage that only one pump may be used for the method of the
invention. In this case, the volumetric flow rate is mainly determined by the
duration of each stage of the pulsating movement.

A schematic representation of a preferred embodiment of the present
invention is given in figure 4. The embodiment makes use of one pump in
combination with four valves, which valves provide for two different streaming
routes for the absorption liquid stream. The feed stream (8) is fed to the feed
stream compartment of membrane unit (2). The absorption liquid (1) is fed to
the absorption liquid compartment of membrane unit (2) using pump (3). The
route through which the absorption liquid is pumped through the membrane is
dependent on valves (4) to (7). The direction of the absorption liquid stream is
continuously switched by alternating between a first stage, in which valves (4)
and (5) are open and valves (6) and (7) are closed and a second stage, in which
valves (4) and (5) are closed and valves (6) and (7) are open. By choosing

different durations for the first and the second stage, the absorption liquid
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stream is pumped along the membrane of membrane unit (2), wherein the
duration of at least one of the two stages is smaller than the residence time of
the absorption liquid in membrane unit (2).

An additional way of keeping the local loading of the absorption
liquid near the membrane pores low is by mixing of the absorption liquid.
Without mixing, the compound transfer may result in a very high local loading
of the absorption liquid near the membrane pores. Mixing the absorption
liquid stream allows for a more even distribution of the absorbed compounds
over the absorption liquid stream and consequently keeping the local loading
near the membrane pores low.

In the method of the invention, the absorption liquid may be passed
through static mixers, as for example shown in figure 5, while being in contact
with the membrane. This will ensure the absorption liquid stream of being
well mixed (typically turbulent instead of laminar), which may improve
mixing. Preferably the absorption liquid is fed under such conditions that
turbulent flow is obtained, viz. Re is typically larger than 3000 to 4000. A
disadvantage of passing the absorption liquid through a static mixer while
being in contact with the membrane is that the presence of a static mixer may
reduce the contact area of the absorption liquid stream with the membrane.
However, it was found that the benefits of improved mixing outweigh this
disadvantage.

Preferably, double-layered spacer material (see figure 5) is used as a
static mixer, of which an example is shown in figure 5. This material forces the
absorption liquid stream to flow over the membrane in a weaving motion
resulting in turbulent flow. The double-layered spacer material may either be
woven or non-woven. Thus spacers result in separation of membrane sheets if
multiple membranes are used. Also the spacers will contribute to turbulent
flow. Usually the spacer material is of limited compressibility to ensure good

fixation of the setup.
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The membrane used in the present invention is preferably a non-
selective gas-permeable microporous hydrophobic membrane. As used herein,
the term “non-selective” is directed to non-selectivity regarding chemical gas
compounds (e.g. CO2, Ny, etc.) and not regarding the physical state of any
chemical compound (e.g. gas phase, liquid phase, solid phase).

The membranes as applied in the present invention may have any
suitable size and shape, such as tubular membranes and flat sheets, or sheets
that are configured in a certain fashion, e.g. spirally wound up. Different terms
may be employed to describe tubular membranes (viz. membranes having the
shape of a tube), depending in particular on their diameter (see for instance
“Nomenclature and symbols in membrane science and technology”, G.H.
Koops, Sept. (1995)”). Hollow fibre membranes are typically tubular
membranes having diameter < 1.5 mm. Capillary membranes are typically
tubular membranes having a diameter of 1.5 to 5 mm. Tubular membranes
having a diameter > 5 mm are often simply referred to as membrane tubes. All
of these tubular membranes can be used in accordance with the present
invention.

The feed stream may be either a gaseous feed stream (Membrane
Gas Absorption; MGA) or a liquid feed stream (pertraction). An example of
MGA is the removal of CO2 from flue gases.

When using an aqueous absorption liquid in MGA, the non-selective
gas-permeable porous membrane should be hydrophobic. Thus, liquid water is
unable to pass through the hydrophobic membrane, while gas molecules can
pass through the membrane. Using a hydrophilic membrane in combination
with aqueous liquids would result in pore wetting, which may result in the
membrane becoming impermeable. Consequently, when using an organic
absorption liquid stream in MGA, the non-selective porous membrane should
be hydrophilic.

In case of pertraction, the surface tension of at least one of the

liquids is so high that pore wetting cannot occur. For example, the first liquid
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may penetrate through the membrane, whereas the absorption liquid will not.
As a result both hydrophilic and hydrophobic membranes can be used.

The absorption liquid may be any liquid mixture or solution that is
suitable for absorbing the desirable compound. For example, the absorption
liquid may be an aqueous solution comprising amines and/or amino acids.

Such an absorption liquid is very suitable for absorbing COs.

Example:

The present invention will be illustrated by the following example. A
membrane absorption set-up was used as depicted in Fig. 3. The following
conditions were used for all experiments. The feed stream used was a COg2
containing gas stream. The feed stream was passed over a hydrophobic non-
selective gas-permeable membrane with a gas speed of 250 /hr. An aqueous
solution comprising amines was used as the absorption liquid. The volume of
the absorption liquid compartment of the used membrane unit was 500 ml.

A first experiment (Experiment 1) was done in which valves 4 and 5
were constantly open and valves 6 and 7 were constantly closed. A pump speed
of 150 ml/min was used, corresponding to a volumetric flow rate speed of 150
ml/min. In this experiment, t = V/ip, = 500/150 = 3.33 min.

This experiment was repeated (Experiment 2) with a pump speed of
1000 ml/min, corresponding to a volumetric flow rate of 1000 ml/min. In this
experiment, t = V/p, = 500/1000 = 050 min.

A third experiment (Experiment 3) was done using two alternating
stages: a first stage with a duration of 3.66 s, in which valves (4) and (5) were
closed and valves (6) and (7) were open; and a second stage with a duration of
2.60 s, in which valves (4) and (5) were open and valves (6) and (7) were closed.
A pump speed of 1000 ml/min was used. The two stages were alternated for a
total time of several hours. Thus, a volumetric flow rate was obtained of 150

ml/min. In this experiment, © = V/p, = 500/150 = 3.33 min.
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The kov was calculated for each experiment by measuring the COs
concentrations in the feed stream before and after passing the membrane. The
difference of these two concentrations was used to calculate the amount of CO»
captured by the absorption liquid (local loading of the absorption liquid near
the membrane) over time.

Figure 6 shows a graph with the results of the three experiments.
These results show that by increasing the volumetric flow rate of the
absorption liquid, and thus the superficial velocity of the absorption liquid
near the membrane, a higher overall absorption rate is obtained (compare
Experiment 1 and Experiment 2).

The overall absorption rates in Experiment 2 and Experiment 3 are
about the same. These two experiments used the same amount of energy, viz. a
pump speed of 1000 ml/min. However, the amount of absorption liquid used in
Experiment 3 is much lower compared to Experiment 2, viz. 150 ml/min in
Experiment 3 versus 1000 ml/min in Experiment 2. Thus it is shown that by
using the method of the invention, the amount of absorption liquid used can be
significantly reduced.

When comparing Experiment 3 to Experiment 1, the same amount of
absorption liquid is used for both experiments, viz. 150 ml/min. However,

Experiment 3 has a significant better overall absorption rate.
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Claims

1. Method for transferring at least one compound from a feed stream
to an absorption liquid stream comprising:

- feeding said feed stream to a feed stream compartment of a membrane unit;

- feeding said absorption liquid stream to an absorption liquid compartment of
said membrane unit;

- wherein in said membrane unit said feed stream compartment and said
absorption liquid compartment are separated by a membrane;

- wherein said absorption liquid flows through said absorption liquid
compartment in a direction that is essentially parallel to said membrane;

- wherein the residence time of said absorption liquid in said membrane unit is
T; wherein t© = V/py, wherein Vis the volume of said absorption liquid
compartment and ¢v is the volumetric flow rate of said absorption liquid
stream; and

- wherein for a duration less than t the flow direction of said absorption liquid
is changed.

2. Method according to claim 1, wherein said absorption liquid has for
at least part of its residence time a superficial velocity near said membrane
that is higher than would be expected based on the volumetric flow rate of said
absorption liquid.

3. Method according to any of the previous claims, wherein the change
of said direction of said absorption liquid is a reversal of the flow.

4, Method according to any of the previous claims, wherein the
absorption liquid has for at least part of its residence time a superficial
velocity of at least 0.1 m/s, more preferably 0.2 m/s.

5. Method according to any of the previous claims, wherein the
absorption liquid has an average velocity near the membrane of 0.001 — 0.1

m/s, preferably 0.01 — 0.05.
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6. Method according to any of the previous claims, wherein the total
duration of changed flow of said absorption liquid during said residence time
in said membrane unit comprises one or more periods of changed flow with a
duration of preferably 0.5 — 3.5 s, more preferably 2 — 3 s.

5 1. Method according to any of the previous claims, wherein said
absorption liquid has a changed flow direction for 0.05t — 0.49t, more
preferably 0.2t — 0.49t, even more preferably 0.35t — 0.45r.

8. Method according to any of the previous claims, wherein the
absorption liquid is passed through static mixers while being in contact with

10  said membrane.

9. Method according to claim 8, wherein double-layered spacer
material is used as a static mixer.

10. Method according to any of the previous claims, wherein said
absorption liquid is an aqueous solution comprising amines and/or amino

15 acids.

11. Method according to any of the previous claims, wherein said feed
stream is a gaseous feed stream.

12. Method according to any of the previous claims, wherein said
compound is COs.

20 13. Method according to any of the previous claims, wherein said
absorption liquid has a pulsating movement while flowing through said
absorption liquid compartment, wherein said pulsating movement is defined as
a movement comprising at least two stages: a first stage (s1), in which the
absorption liquid flows in a first direction in said absorption liquid

25 compartment, and a second stage (s2), in which the absorption liquid stream
flows in a direction opposite to said first direction in said absorption liquid
compartment.

14. Method according to any of claims 13, wherein the duration of the
first stage is 1 — 2 times, preferably 1.1 — 2 times the duration of the second

30 stage.
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15. Method according to any of claims 13 or 14, wherein the duration of

the first stage is 1 — 4 s, preferably 2 — 3 s.
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