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Title: Method for the purifitation of a liquid by membrane distiliation, in particular for the

production of desalinated water from seawater or brackish water or process water

The invention relates to a method for the purification of a liquid by membrane distillation, in
particufar for the production of desalinated water from seawater or brackish water or process
water, comprising:

-  passing a relatively warm vaporising stream of liquid (retentate stream) over a porous
membrane, vapour flowing via the pores of the membrane to the other side of said
#iémbrane, and

- condensing said vapour on a relatively cool condenser surface to give a distillate
Stream, said condenser surface forming the non-porous separation between a feed
stream to be purified and said distillate stream, which feed stream is in counter-current
with the retentate stream so that an appreciable proportion of the latent heat will be
transferred via vapour to the feed stream, and a gas gap with a width of less than 5 mm

being present between the porous membrane and the condenser surface.

Membrane distillation differs from known distillation techniques such as multi-stage flash,
multiple effect distillation and vapour compression in that a non-selective, porous membrane
is used. This membrane forms a separation between the warm, vaporising retentate stream
and the condensed product, the distillate stream. As a consequence of a suitable choice of
materfal (usaally polypropylene, polyethylene or polytetrafluorethene), the pores (diameter of

......

the liquid; only vapour passes through the membrane.

Membrane distillation was first described in US Patent 3 334 186 from 1967. The intention
was to improve the efficiency of seawdter desalination by the use of an air-filled porous
hydtophobic membrane. The method toticerned here was so-called direct contact membrane
distilfdtion: the warm seawater stream and the cold distillate stream are in direct contact with
the membrane.

Substantial interest in membrane dftilltion was generated in the mid 1980s when a new
generation of hydrophobic, highly potous riembranes became available. However, research
showed that membrane distillation i$ rio less expensive than competitive techniques and
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therefore there was no commercial application.

A distinction can be made between four types of membrane distillation:

1. Direct contact membrane distillaﬁon (DCMD), where both the wamm, vaporising
stream and the cold condensate stream (distillate stream) are in direct contact with the
membrane. '

2. Air gap membrane distillation (AGMD), where the condenser surface is separated from
the membrane by an air gap.

3.  Sweeping gas membrané_ distillation, where the distillate is removed in vapour form by
an inert gas.

4. Vacuum membrane distillation, where the distillate is removed in vapour form by
vacuum. This method is described only for the removal of volatile components from

aqueous streams and the point at issue is not the production of a liquid distillate.
Up to now direct contact membrane distillation has attracted the most attention.

US Patent 4 545 862 describes a spirally wound module (with flat membranes). This was
tested for seawater desalination. For these tests the distillate stream was separated from the
seawater stream fed in counter-current to the vaporising retentate and the seawater stream
thus effectively absorbed the heat of condensation. In this patent an example is described in
which a relatively high flow rate of 5.3 litres per m” per hour is achieved with a temperature
difference AT between the warm retentate and the seawater of 4 °C, with an energy

consumption of only 212 kiloJoule per kg distillate produced.

In addition to the use of flat membranes, the advantages of hollow fibre membranes for direct
contact membrane distillation are known. As a result of the compact packing of membrane
fibres, a surface area of up to 500 m’ per m’ can be obtained, which makes lower equipment
costs possible. Furthermore, it has been proposed (see K. Schneider, T.J. van Gassel,
Membrandestillation, Chem. Ing. Tech. 56 (1984) 514-521) to couple a direct contract
membrane distillation module with a heat exchanger module in a cycle and thus to recover
heat of condensation. It iS found that for seawater desalination a distillate flow rate of
approximately 8.5 litres per m’ per hour is obtained for a AT of 14-16 °C and a specific
energy consumption of above 1,000 kJ per kg water. Since 1984 there has been little
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discernible progress in the state of the art in respect of DCMD.

Air gap membrane distillation was first described in 1971 in British Patent Application
GB 1225254 A (Henderyckx). In addition to the use of an air gap, counter-current flow of
feed and retentate (and thus recovery of latent heat), is already proposed. In addition, AGMD
was described in 1982 in German Patent Application 3 123 409 (Siemens). This application
relates to the use of a gap (with a thickness of 3 mm), filled with air, or optionally a lighter
gas such as hydrogen, between a flat porous membrane and a cold condensation surface. The
aim was to reduce the transport of perceptible heat by conduction through the membrane. It
was established experimentally that heat transport by conduction was approximately equal to
that by evaporation, Moreover, it was proposed to feed incoming seawater in counter-current
to the vaporising stream and thus to recover heat. The use of solar heat as a source of heat
was also claimed. A theoretical case was described in which a distillate flow rate of 3.36 kg
per m’ per hour was achieved with a temperature difference AT of 5 °C, with a recovery of
approximately 4.9% and an energy consumption of over 850 kJ per kilogram water
produced.

European Patent Application 0 164 326 describes the use of an air gap with membrane
distillation, the various features being constructed in the form of concentric tubes. A variant
of this in which packets of flat membranes were used is described in the article Design and
filed tests of a new membrane distillation desalination process (Desalination 56 (1985), pp.
345-354). It is striking that the principle of counter-current flow of seawater and retentate is
abandoned, as a result of which no recovery of heat of evaporation is possible. Energy

consumption figures are then also not given.

International Patent Application WO 8607585 A (1986) is based on the same model data but
deduces from these that an air gap thickness of 0.2 to 1.0 mm is needed in order to achieve
both a high flow rate and a low loss of perceptible heat (300 - 800 kJ/kg water). No account is
taken in the mode} of temperature falls at and in the hot and cold wall, as a result of which a
far too optimistic picture is painted.

In US Patent 4 879 041 air gap membrane distillation is described specifically for the
preparation of ultra-pure water for the semiconductor industry. Here the effect of the
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thickness of the air gap, when using flat membrane sheets, on mass transport and heat
transport was investigated in the region between 3and 10 mm.. It was concluded from these
irivestigations that transport is determined by diﬁ‘ﬁsi_on' at thicknesses of less than 5 mm and
by free convection at thicknesses of more than 5 mm. The perfohnances_measured were
moderate: maximum distillate flow rates of 3.6 kg per m’ per hour for a vapour pressure
difference of approximately 26 k?a. Here again no heat of condenséﬁon is recovered and it is
therefore also not surprising that- a few yeers later there was a switch back to conventional

multi-stage evaporation without membranes.

The attention paid to membrane distillation decreased in the 1990s and was in the main
restricted to direct contact membrane distillation and to research into sweeping gas membrane
distillation and vacuum membrane distillation for the removal and extraction of volatile

components from aqueous streams.

On the basis of the literature, a system without an air gap is '- required for membrane
distillation systems with a low energy consumption, On the basis of the prior art, it is not
possible to achieve an energy consumption of less than 850 kJ per kg if an air gap is used or .
heat recovery is employed. This is related to high temperature differences (AT frequently
more than 40°) and consequently high driving forces (vapour pres'sﬁre difference as a rule
well above 15 kPa). - o

Direct contact membrane distijlation systems are of simpler design‘and construction and in
principle are less expenéive than air gap membrane distillation systems and it can be seen
from the prior art that the energy consumption is lower. Thus, in the light of the prior art the
choice of air gap membrane distillation for inexpensive production of distilled water from

seawater or brackish water is not obvious.

The aim of the invention is nevertheless to achieve a breakthrough in the performance

~ (distillate flow rate per unit driving force) of air gap membrane distillation and thus

appreciably to reduce both the costs and the energy consumption of membrane distillation
systems. The aim is, in particular, to increase the performance by a factor of at least five to
above 1 kg water per m’ membrane surface area per hour per kPa vapour pressure difference
and to do so in combination with a loss of perceptible heat of less than 240 kIlkg water, or
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less than 10 % of the latent heat.

In order to achieve this objgéﬁVe, the method mentioned in thé ﬁreamble is characterised in
that a pressure which is lower than the atmospheric pressure and higher than the vapour
pressare of the feed stream is maintained in the gas gap, in that the porosity ¢ of the porous
membrane is higher than 0.7, porosity being understood to be the ratio of the open volume to
the total volume of the porous membrane, in that the surface area of the condenser surface is
1.2 to 6 titties, preferably 2 to 3 times, the surface area of the porous membrane, in that the
effective Tocal vapour pressure difference between the retentate stream and the condensing
stream"is less than 10 kPa (0.1 bar), preferably less than 5 kPa (0.05 bar), and in that the
perceptible heat of the distillate stream is released by heat exchange to the feed stream and/or
the retentate Stream, with preference for the retentate stream. The perceptible heat loss of the
retentate stream is less than 300 kJ/kg condensate (less than 12 % of the latent heat) and the
specific flow tate is higher than 0.5 kg (preferably higher than 1.0 kg) condensate/m’
membrane’hour/kPa difference in water vapour pressure.

The relationship between the porosity ¢ of the membrane, the ratio S between condenser
surface area and membrane surface area, the local vapour pressure difference D between
retentate and feed, the width L of the gas gap in cm and the ratio P between the absolute
pressure in the gas gap and the local water vapour pressure of the retentate is preferably as
follows:

eS¢
D.L.P?

Known methods for AGMD and/or DCMD give a result of less than 0.5 (usually less than
0.1) for this relationship and also do not yield the desired performance.

>1 (preferably > 2)

When erplbying the method according to the invention, use can advantageously be made of
a munber of’module segments connected to one another and each formed by a number of
porous tetentate channels, cormected in parallel, which are separated by a gas gap and a non-
porous membrane from feed stream channels which are positioned at an angle with respect to
the retentate channels.

Said angle between the retentate and feed stream channels is between 10 and 170°.
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The retentate channels are usually delimited by porous hydrophobic membranes (porosity
greater than 70 % and preferably greater than 80 % and pore ‘size larger than 0.1 pm,
preferably between 0.3 and 1.0 pm). The membranes conceme_zd can ‘be commercially
available mémbranes made of materials such as PTFE, PVDF, PP .énd PE and the like. So-
called asymmetric microfiltration membranes made of maten’al_é- sui;h as polyethersulphone,
polysulphone, polyacrylonitrile, polyamides, etc. can also be uséd. In this context it is
preferable to make the surface of these membranes completely or partially additionally
hydrophobic, for example by means of a coating or other surface mod__iﬁcation. In the simplest
embodiment the retentate channels consist of hollow fibres or capill_éry membranes placed in
parallel. The retentate flows through the lumen of these fibres. When ésymmetric membranes

are used the active layer of the membrane, with the narrowest pores, 1s on the retentate side. -

In addition to hollow fibres, however, the retentate channels can also be formed by flat plate
membranes or membrane sheets, optionally in a spirally wound (fonﬁguration. In principle it
is also possible for the retentate channels to be formed from hydréphilic material, such as
threads or fabric, or for non-porous (but highly vapour-permeable) m_émbranes to be used. .

The condenser channels, through which the feed stream runs, are likewise preferably formed -

by hollow fibres/capillaries made of hydrophobic material, placed in parallel. These channels
are now non-porous, that is to say are not vapour-permeable or are b:_irely vapour-permeable.
The discharge of the condensate distillate can take place via hydrophilic material (such as a
fabric) that has been applied to or around these fibres. It is also :j:ossible to produce. the
condenser channels from hydrophilic material around which a film of distillate forms which,
for example, can be dischaiged.by, grgvity.

According to the invention the condenser surface area must be larger than the surface area of
the retentate channels (1.2 - 6 times, preferably 2 - 3 times larger). This can be achieved by
positioning the capillaries close to one another and/or by using multiple rows (as a rule two.or
three).

The width of the gap between the retentate channels and condenser channels, the so-called
gas gap, can be defined by using a suitable spacer, preferably made of hydrophobic plastic. In
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order to restrict loss of perceptible heat from retentate to the feed by conduction through this
material, the material must be highly porous (porosity preferably greater than 90 %). The
thickness of the material détermines the width of the gas gap’ less than 5 mm, preferably
between 0.5 and 2 mm.

Preferably the gas gap is in particular filled with water vapour by producing a vacuum in the
gas gap such that this vacuum is approximately equal to the vapour pressure of the retentate
stream in situ in the module segment concerned. This gives the best performance with regard
to mass transfer (water vapour transport from retentate to condenser) and limitation of the
10 loss of perceptible heat. This vacuum can be produced by using a vacuum pump which
operates on the bottom, and thus the coolest, module segment where the lowest pressure will
prevail, and by fitting resistances to flow, which may or may not be controllable, between all
or sorxe of the module segments. It is also possible for the condensate, possibly containing
gases, to be discharged by means of a suction pump per module segment. The gas gap can,
15 however, also be at or around atmospheric pressure and filled with an inert gas, such as air or,
preferably (in conmection with the mass transfer and heat transfer), hydrogen or helium.

Carbon dioxide, nitrogen and similar gases can also be used.

The process according to the invention can be implemented in a number of embodiments.
20  Usually use will be made of cross-flow module segments equipped with hollow fibres for
both the feed stream and the retentate stream, However, flat membrane sheets or plates,
optionally in a spirally wound configuration, or plate-like structures consisting of multiple
capiitary-like channels to limit the flow channels can also be used for the retentate stream.

25 In a first embodiment of the method, the feed stream to be heated flows in virtually ideal
counter-current to the vaporising retentate stream and the condensate distillate stream flows
in co-current with the retentate stream and/or in counter-current to the feed stream, by which

means the perceptible heat is also recovered.

30 In a variant of this, the retentate stream is altefnately in heat exchange with a residual heat
strearts and the feed stream. This variant has the advantage that full use is made of the residual
heat and that the driving force at the inlet side of the feed stream is maintained by a rising
temperature difference. The modules suitable for this can be of extra compact and
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inexpensive construction.

- With this alternative embodiment it is possible for the retentate stream also to be brought into

heat exchange with a stream of cooling water in accordance with the principle of the first

embodiment of the method, an additional distillate stream being formed.

In a second variant the retentate stream is used, after it has been cooled by discharge of heat.
of evaporation to the feed stream, as a condenser by feeding this retentate stream through
vapour-tight channels in cross-flow with the same retentate stream for cooling. The distillate

stream is thus formed both by cooling by means of the feed stream and by cooling by means
of the retentate stream.

The invention also relates to a'module suitable for use with the method described above.

Such a module is made up of a number of segments joined to one another, each segment

consisting of layers of essentially parallel non-porous fibre membranes for the feed stream

and layers of essentially parallel porous fibre membranes for the retentate stream, which
porous fibre membranes are at an angle of between 10° and 170° to non-porous fibre.
membranes, a layer of porous fibre membranes being arrénged between each two successive
layers of non-porous fibre membranes, which layer of porous fibre membranes is held some
distance away from the layers of non-poroﬁs fibre membranes by means of spacers; which
distance is less than 5 mm. Each segment has a distribution chamber for feed liquid to be
supplied, a distribution chamber located opposite the latter for feed liquid to be discharged, a
distribution chamber for retentate to be supplied and a distribution chamber ‘opposite the
latter for retentate to be discharged.

The invention will now be explained in more detail with reference to the figures::

Figure 1 shows, diagrammatically, a first embodiment of the method according to the

invention.

Figure 2 shows, diagrammatically, a second embodiment (first variant) of the method
according to the invention. BRI
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Figure 3 shows, diagrammatically, a third embodiment (second variant) of the method
according to the invention.

Figure 4 shows the possible construction of a module segment to be used.

5
Figure 5 shows a section along the line V - V in Figure 4.
Figure 6 shows, diagrammatically, a module with which the first embodiment of the method
can be catried out.
10

Figure 7 shows, diagrammatically, a module with which the second embodiment of the

method can be carried out.

Figure:8 shows, diagrammatically, a module with which the third embodiment of the method
15 canbe carried out.

In the figures the feed stream (for example seawater) is indicated by an arrow with a single
arrowhead, the retentate stream by an arrow with a double arrowhead, the vapour stream by a
broken-line arrow and the distillate stream (which is the condensate stream and is usually the
20  product stream, for example desalinated water) by an arrow with a triple arrowhead. A porous

membrane surface is shown as a broken line and a condenser surface as a solid line.

In Figure 1 a feed stream (for example seawater) delimited by a non-porous membrane 2 is
indicated by 1 and a retentate stream delimited by a porous membrane 4 is indicated by 3. 5 is
25 agasfilled gap between the non-porous membrane 2 and the porous membrane 4, 6 is a heat
exchanger and 7 is a line for feeding the feed stream, which has been heated to some extent,
to the heat exchanger 6. The retentate stream which has been heated inside the non-porous
membrane 2 and in the heat exchanger is fed by means of a line 8 to the chamber delimited
by the porous membrane 4. 9 is a vapour stream that has flowed through the pores of the
30 membrane 4 and 10 is a stream of liquid (for example desalinated water) that has condensed
on the relatively cold membrane 2. The feed stream 1 and the retentate stream 2 flow in
counter-current to one another. The same applies in the case of the feed stream 1 and the
distillate/condensate/product stream 10. This latter counter-current flow leads to the recovery
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of so-called perceptible heat. This can also (preferably) be effected by feeding stream 10 via
heat exchangers in co-current with the retentate stream and optionally then with stream 1. The.
width of the gas gap is less than 5 mm.

The minimum amount of energy thermodynamically required to separate liquid pure water
from seawater (35 g/litre salt) is approximately 3 - 15 MJ/m’ fora recovery ranging from 0 to
100 %. This implies that the energy consumption of desalination methods based on
distillation is determined by the number of times that, and the exergy loss with which, the
heat of vaporisation of water (approximately 2326 MJ/ma) can be recovered. This is
determined by the process circuit and by the requisite driving force for vaporisation/mass
transport.

The specific energy consumption of such a process is' mainly determined by the requisite
driving force (heating of the stream to be vaporised), the heat absorption capacity of the
stream to be vaporised and the loss of perceptible heat from retentate stream to the stream to
be vaporised. Thus, it is in particular the mass transfer (this determines the requisite driving
force), the heat transfer (especially of perceptible heat) and the process circuit/module design
which are important.

It has been found that at least a minimum of ten module segments yield a virtually ideal
counter-current flow. By use of the air gap (taking into account transport via the spacer) the
total loss of heat (i.e. the transport of perceptible heat) can be restricted to less than 10 % of
that of latent heat (via mass transport). For a total mass transfer coefficient of 0.06 m/sec
(values of up to 0.12 m/sec have been measured for permeation of water vapour through
polypropylene hollow fibres) distillate flow rates of up to 7 VmZhour are possible ‘with
temperature differences of less than or equal to 2 °C. For a module constructed according to
the invention with 10 % perceptible heat loss, a heat balance for a temperature difference of

2°C gives a heat recovery of 10.6 % and a specific energy consumption of 82 MIJ/m®

(thermal capacity of seawater 4.2 MJ/m’ K; vaporisation enthalpy 2326 MIfm® ). It is
extremely important in this context that perceptible heat is likewise recovered from the
distillate stream; the module design makes it possible for the distillate to leave the module at
a temperature equal to or lower than that of the retentate stteam. The mass transfer can also
be aj)preciably increased and the relative loss of perceptible heat further reduced by using
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vacuum in the module segments. This makes it possible to operate the modules according to
the invention at a very low driving force (temperature difference) and thus with a low energy

consumption.

Figure 2 shows a variant of the method described above with which residual heat (possibly
after condensation) is available as liquid to be discharged. The heat is utilised not only for
achieving the top temperature, but the liquid is cooled in heat exchange with the retentate
stream to a temperature at which it can be discharged. A significant advantage is that fuller
utilisation is made of the residual heat (exergy) and that the driving force at the bottom of the
module is maintained by a rising temperature difference, as a result of which modules of this
type can be of extra compact and inexpensive construction. Supplementing the embodiment
according to Figure 1, there is a flow channel 11 in which a relatively warm liquid supplied
via line 12 is in heat exchange with the retentate stream 3. As is the case with the
embodiment according to Figure 1, this gives rise to a condensate stream 10. A number of
modules constructed in this way can be placed in series and the retentate stream from the one
module 3 is fed, after having been cooled by means of a cooling water stream 12 flowing in
courrter-current in a separate module 13 with a porous membrane 14 and a narrow gas gap 15,
as feed streamn 1 to a subsequent module in which residual heat is used in order to heat the
retentate stream 3. The gas gap 15 is less than S mm. In this case a separate condensate
stream 10 is also generated in the module in which cooling water is used as heat exchange

medium,

Figure 3 shows, diagrammatically, a third embodiment in which pieces of porous retentate
membranes 4a alternate with pieces of non-porous retentate membranes 4b and with which
condensate is formed both close to the non-porous membranes 2 which delimit the feed
stream 1 and on the non-porous parts 4b of the retentate membranes which delimit the

retentate stream. Here too it is advantageous to generate vacuum in the module.

Figures 4 and 5 show an embodiment of a possible module segment to be used in the
embodiment according to Figures 1, 2 and 3. The segment in this case consists of a square
tube, the walls of which consist of chambers provided with an opening 16, that is to say a
feed distribution chamber 17 for the relatively cold feed stream 1, a discharge distribution
chamber 18, located opposite the latter, for the feed stream 1 that has been heated to some
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extent, a feed distribution chamber 19 for a warm retentate stream 3 and a discharge
distribution chamber 20 for the retentate stream 3 that has been cooled to some extent. Layers
of non-porous hollow fibres 21, in which the feed stream 1 ﬂows from chamber 17 to
chamber 18, extend between the chambers 17 and 18. The surface area of these fibres is
larger (1.2 to 6 times and preferably 2 to 3 times larger) than that of the porous fibres or
sheets 22, Incidentally, there could also be several layers (forl e_,xample 2 - 4), in order to
create an even larger condensation surface area. A layer of hollévif ﬁorous fibres 22, in which
the retentate stream 3 moves from the chamber 19 to the charnf:)er éO, extends between each
successive layer (or layers) of holi_ow fibres 21. In the figure said 'hdllow porous fibres 22 are
at an angle of 90° to the hollow fibres 21, but this angle can be between 10 and 170°.
Incidentally, a layer 22 can also be formed by an envelope of ﬂat_ :fx:;embrane, with a suitable
spacer therein to hold the ﬂov\"r channel open. The fibres 21 and 22 ::are held apart by a highly
porous spacer layer or strip (porosnty higher than 70 %, preferably h1gher than 90 %) filled

with gas (for example water vapour or inert gas).

Each module segment is provided with connecting means (for exarnple snap-fit elements or
resin compound), which are .'not" shown, by means of which'-_ if ¢an be connected to an
adjoining segment such that the feed stream is able to flow from the chamber 18 of the
segment to a chamber 17 of a subsequent segment and the reténfafe stream is able to flow

from a chamber 20 of a segment to a chamber 19 of a previous ségménf (see also Figure 6).

Depending on the module segment design, the communication openings 16 can be made at
locations other than those mdlcated in Figure 4. A number of module segments (typically 5 to

- 20) connected to one another form a module.

Figure 6, shows, diagrammatically, the various flow paths of the feed stream 1, the retentate
stream 3 and the condensate stream 10 when the first embodiment according to Figure 1 is
used. The four module segments which for reasons of clarity are.shown separate from one
another in Figure 6 are actually attached to one another. The feed stream (for éxample
seawater) passes through non-porous hollow fibres 21, the retentate stream 3 (for example
brine) through porous hollow fibres 22 and the condensate/distillate/product stream (for
example desalinated water) trickles downwards through the modul'e_segments. Viewed over

the module as a whole, feed stream 1 and retentate stream 3 are in counter-current to one
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another (in the drawing the stream 1 moves from bottom to top and the stream 3 from top to
bottor). Moreover, in this case the condensate/distillate stream 10 is in counter-current to the
feed stream 1 and within edth module segment the feed stream 1 and the retentate stream 3
are in cross-current (angle preferably 90°, can be between 10 and 170°) to one another. A
vacuum pump 24 is connected to the bottom module segment with the aim of lowering the
energy consumption by reducing the relative loss of perceptible heat, increasing the mass

transfer and providing a possibility for operation under very low driving force (AT).

Figure 7 differs from Figure 6 in that the retentate stream is also brought into heat exchange
with a stream of residual heat 12 in module segment parts 25. In fact what is concerned here
is a further development of a module used in the embodiment according to Figure 2. In the
segment parts 25 non-porous membrane fibres for transport of residual beat and retentate
stream cross one another. A module segment part 25 can form an integral whole with a
module segment in which the feed stream 1 and the retentate stream 3 are fed in counter-

current to one another.

Figure 8 is a further development of the flow scheme according to Figure 3. The retentate
stream is in cross-current both with the feed stream and with itself (after having been cooled
by heat exchange with feed stream). For clarity, possible temperatures of the retentate are
indicated in this figure. A condensate/distillate/product stream 10, for example desalinated
water, is obtained both in the module in which a retentate stream and feed stream flow in
cross-current to one another and in the module in which retentate stream and retentate stream

flow in cross-current to one another.

It has been found that by use of the invention at small vapour pressure differences between
vaporising and condensing stream, for example less than 0.1 bar, freshwater can be produced
from seawater with a specific energy consumption of less than 200 k¥/kg, that is to say
approximately 4 - 8 times lower than known membrane distillation methods.

The invention is particularly suitable for the desalination of seawater. Existing technologies
for this, such as multi-stage flash distillation and inverse osmosis, have been optimised to
virtually the maximum extent and because of too high an energy consumption and too high a

level of investment per unit product are too expensive compared with on-shore purification
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production techniques. By use of the invention spectacular results are achieved in respect of a
high flow rate, a low heat loss, a very low energy consumption, a high water recovery, good
water quality and a breakthrough in water production costs. The method is suitable for use at
relatively low temperature (low-grade heat, waste heat, solar heat collectors, etc.). A

substantial improvement in energy efficiency is an’uclpated especlally in the case of small-
scale application.
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1. Method for the purificstion of a liquid by membrane distillation, in particular for the

production of desalinated water from seawater or brackish water or process water,

comprising:

- passing a relatively warm vaporising stream of liquid (retentate stream) over a porous
membrane, vapour flowing via the pores of the membrane to the other side of said
membrane, and

- condensing said vapour on a relatively cool condenser surface to give a distillate
stream, said condenser surface forming the non-porous separation between a feed
stream to be purified and said distillate stream, which feed stream is in counter-current
with the retentate stream so that an appreciable proportion of the latent heat will be
transferred via vapour to the feed stream, and a gas gap with a width of less than 5 mm
being present between the porous membrane and the condenser surface.

characterised in that a pressure which is lower than the atmospheric pressure and higher than

the vapour pressure of the feed stream is maintained in the gas gap,

in that the porosity ¢ of the porous membrane is higher than 0.7, porosity being understood to

be the ratio of the open volume to the total volume of the porous membrane,

in that the surface area of the condenser surface is 1.2 to 6 times, preferably 2 to 3 times, the

surface area of the porous membrane,

in that the effective local vapour pressure difference between the retentate stream and the

condensing stream is less than 10 kPa (0.1 bar), preferably less than 5 kPa (0.05 bar),

and in that the perceptible heat of the distillate stream is released by heat exchange to the feed

stream and/or the retentate stream, with preference for the retentate stream.

2. Method according to Claim 1, characterised in that the perceptible heat loss of the retentate
stream is less than 300 kJ/kg condensate (less than 12 % of the latent heat) and the specific
flow rate is higher than 0.5 kg (preferably higher than 1.0 kg) condensate/m”

membrane/hour/kPa difference in water vapour pressure.

3. Method according to Claim 1 or 2, characterised in that the relationship between the
porosity ¢ of the membrane, the ratio S between condenser surface area and membrane

surface area, the local vapour pressure difference D between retentate and feed in kPa, the
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width L of the gas gap in cm and the ratio P between the absolute pressure in the gas gap and

the local water vapour pressure of the retentate is as follows:

1688

DLP

5 > 1 (preferably > 2)

4. Method according to one of the preceding claims, charactensedm that use is made of a
number of module segments '-éennected to one another and formed by a number of porous
retentate channels, placed in parallel which are separated by t:h'e: :Es-aid gas gap and the said
non-porous membranes from- the feed stream channels which are posmoned at an angle with

respect to the retentate channels

5. Method according to Claim 4, characterised in that the sa1d angle between the retentate

stream and feed stream chaxmels is between 10 and 170e.

6. Method according to Clalm 4 or 5, characterised in that the pores of the membrane are
larger than 0.1 ym. '

7. Method according to one of the preceding claims, charactensed in that the retentate
channels have been made from hydrophoblc porous membrane matenal

8. Method according to one Oi' the preceding claims, character'ised in that the feed stream
channels are made of hydrophoblc material that is covered or surrounded by hydrophlhc

material on the condensate distillate discharge side.

9. Method according to one of the preceding claims, charactensed in that the feed stream
channels are made of hydrophlhc matenal

10. Method according to one of the preceding claims, charaCtex_ised in that the width of the
gas gap between retentate stream and feed stream channels is determined by the use of a
hydrophobic spacer of poor thermal conductivity with a porosity of hlgher than 70 %,
preferably higher than 90 %.

11. Method according to one of the preceding claims, characterised in that the gas gap is
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filled with inert gas, such as Hz, CO2, N3, preferably He.

12. Method according to oti¢ of the preceding claims, charactériséd in that an external energy
source originating from fossil fuels, solar heat, ground heat, residual/waste heat from a wide
variety of processes, etc. is used in liquid, vapour/gaseous or solid form to supply the driving

force for the process.

13. Method according to Claim 12, characterised in that the external energy source is also
used for heating the retentate stream cooled by evaporation, the retentate stream being fed

alternately in heat exchange with a residual heat stream and the feed stream.

14. Method according to Claim 12, characterised in that the retentate stream is also brought
into heat exchange with a stream of cooling water, an additional distillate stream being

formed.

15. Method according to one of the preceding claims, characterised in that the retentate
stream is used, after it has been cooled by discharge of heat of evaporation to the feed stream,
as a condenser by feeding this retentate stream through vapour-tight channels in cross-flow
with the same retentate stream for cooling, the distillate being formed both by cooling by
means of the feed stream and by cooling by means of the retentate stream.

16. Module suitable for use with the method according to one of the preceding claims,
characterised in that said module consists of a number of segments connected to one another
and each segment is made up of layers of essentially parallel non-porous fibre membranes for
the feed stream and layers of essentially parallel porous fibre membranes for the retentate
stream, which porous fibre membranes are at an angle of between 10 and 170° to the non-
porous fibre membranes, and in that a layer or an assembly of several layers of porous fibre
membranes is arranged between each two successive layers or assembly of several layers of
non-porous fibre membranes, which layer or assembly of several layers of porous fibre
membranes are held some distance away from the layers of non-porous fibre membranes by

spacers, which distance is less than 3 mm.

17. Module according to Claim 16, characterised in that each segment has a distribution
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chamber for feed liquid to be supplied, a distribution chamber located opposite the latter for -
feed liquid to be discharged, a distribution chamber for retentate to be supplied and a
distribution chamber opposite the latter for retentate to be discharged.
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