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[57] ABSTRACT

An immobilized-interface solute-transfer unit for trans-
fernng solute from a feed solution to an extractant lig-
uid comprises a fluid-tight housing and a porous mem-
brane which divides the housing into a feed solution
chamber and an extractant chamber. The housing has

feed solution inlet and outlet ports which communicate
with the feed solution chamber, and extractant inlet an

outlet ports which communicate with the extractant
chamber. The solute-transfer unit also includes a pres-
sure difference controller for maintaining a difference
between a liquid pressure of a feed solution in the feed
solution chamber and a liquid pressure of an extractant
in the extractant chamber substantially within a prede-
termined pressure range so that an interface between
the feed solution and the extractant is substantially im-
mobilized at the membrane. The solute-transfer unit is
particularly adapted for transferring a solute from a
feed solution to an extractant, which feed solution and
extractant are immiscible with one another when In

' dll’ECt contact.

18 Claims, 2 Drawing Sheets
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IMMOBILIZED-INTERFACE SOLUTE-TRANSFER
APPARATUS

Matter enclosed in heavy brackets [ § appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

TECHNICAL FIELD

The present invention relates to a process for trans-
ferring solute from a liquid feed solution to a liquid
extractant which is substantially immiscible with the
feed solution.

BACKGROUND ART

Liquid-liquid extractions are often used in chemical
processes to transfer a solute dissolved in a first liquid to
a second liquid which is essentially immiscible with the
first liquid. The solution of the solute in the first liquid
1s generally termed a feed solution and the second liquid
1s generally termed an extractant. The undissolved sol-
ute can be a solid, a liquid, or a gas. When the feed
solution is brought into contact with the liquid extract-
ant, the solute tends to distribute itself between the two
liquids 1n accordance with the relative solubility of the
solute in the two liquids. Since the feed solution and the
liquid extractant are essentially immiscible, they form
two distinct thermodynamic phases when in contact
with one another. These two phases can be physically
separated from one another, which effects a separation
of a fraction of the solute from the feed solution.

In order to promote a rapid distribution of the solute
between a feed solution and an extractant in conven-
tional liquid-liquid extraction processes, the feed solu-
tion and the extractant are typically mixed together
intimately. However, such intimate mixing frequently
gives rise to troublesome problems. For example, the
mixing generally involves forming a dispersion of one
of (the liquids in the other. Frequently, the resulting
dispersion is relatively stable, so that it takes a long time
for the dispersed liquid to coalesce. As a result, the
throughput of the solute-transfer process is undesirably
low or the inventory of feed solution and extractant tied
up in the process is undesirably high.

U.S. Pat. No. 3,956,112 to Lee et al. refers to an ex-
traction process in which a porous membrane serves as
a partition between two immiscible solvents. Solutes
from one solvent are transferred to the other solvent via
direct solvent-solvent contact by way of the porous
membrane. In practice, however, conventional extrac-
tion processes in which immiscible solvents are sepa-
rated by a porous membrane generally do not prevent
one solvent from forming a dispersion in the other.
Typically one or the other solvent seeps through the
porous membrane and becomes dispersed in the solvent
on the other side of the membrane. As a result, conven-
tional extraction processes involving immiscible sol-
vents separated by a porous membrane generally must
provide a settling tank and a solvent return mechanism
to coalesce the dispersion formed by the seepage of one
of the solvents through the membrane and to return the
solvent thus recovered to its source.

DISCLOSURE OF THE INVENTION

I have invented a process for transferring solute from
a liquid feed solution to a liquid extractant and an appa-
ratus for carrying out liquid-liquid solute-transfer pro-
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cesses which avoids problems of the prior art noted
above.,

Broadly, the process of the invention involves trans-
ferring solute from a feed solution to a liquid extractant
through a porous membrane. In an undissolved state,
the solute may be a solid, a liguid, or a gas. The feed
solution and the extractant, when in direct contact with
each other, are essentially immiscible with each other.

The process of the invention includes the step of
contacting a first side of the porous membrane with the
feed solution containing the solute and contacting a
second, opposing side of the membrane with the liquid
extractant. The feed solution and the extractant can
come into contact through the pores of the membrane.
On the surface of the porous membrane, either the feed
solution tends to displace the extractant or the extract-
ant tends to displace the feed solution. The fluid which
tends to displace the other defines a membrane-wetting
liquid.

The process further includes the step of maintaining
an Interface-immobilizing pressure difference between
the feed solution and the extractant. The interface-
immobilizing pressure difference is imposed in a direc-
tion and a magnitude which is effective to substantially
prevent the membrane-wetting liquid from flowing
through the membrane and dispersing in the liquid on
the opposite side of the membrane. The interface be-
tween the feed solution and the extractant is thereby
effectively immobilized at the porous membrane.

The effective diameters of the pores of the porous
membrane should be sufficiently large to permit a flow
of the membrane-wetting liquid through the pores and
sufficiently large to permit the solute to pass through
the pores. The membrane should be mechanically
strong enough—with suitable reinforcement, if neces-
sary—to withstand the interface-immobilizing pressure
difference imposed across the membrane under the
intended operating conditions. In certain cases, the
membrane material may swell in the presence of the
feed solution or the extractant. So long as the swollen
membrane remains strong enough to withstand the in-
terface-immobilizing pressure difference, the swelling
of the membrane should not be a disadvantage.

The interface-immobilizing pressure difference
should be imposed in a direction to oppose the tendency
of the membrane-wetting liquid to pass through the
membrane. Thus a greater pressure is imposed on the
liquid opposite to the membrane-wetting liquid than is
imposed on the membrane-wetting liquid in order to
oppose the tendency of the membrane-wetting liquid to
pass through the membrane.

The range of differences in pressure effective to im-
mobilize the interface between a particular feed solution
and extractant at a particular porous membrane depends
on a number of factors, including the relative tendency
of the feed solution and the extractant to wet the mem-
brane material, the interfacial tension between the feed
solution and the extractant, the flow characteristics of
each liquid at the surface of the membrane, and the
effective diameters of the pores of the membrane. The
minimum value of the pressure difference effective to
immobilize the interface between the feed solution and
the extractant at the porous membrane cannot in gen-
eral be predicted a priori, largely because the formation
of a dispersion depends strongly on the pattern of flow
of the liquids at the surface of the membrane. As a prac-
tical matter, the average minimum pressure difference
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opposing the tendency of the membrane-wetting liguid
to pass through the membrane should at least be greater
than any pressure-difference fluctuations in the opposite
direction which, for example, might be expected to be
caused by pumping irregularities. In general, the
smaller the pores of the membrane and the greater the
interfacial tension between the feed solution and the
extractant, the greater is the maximum pressure differ-
ence which is effective to immobilize the interface.
Because of the number of factors involved, it is pre-
ferred to establish a range for the interface-immobiliz-
ing pressure difference experimentally for a particular
porous membrane, feed solution and extractant. A pres-
sure difference range of from about 5 kPa to about 620
kPa has been found to be suitable for certain applica-
tions, with the range of from about 140 kPa to about 410
kPa being particularly preferred.

A membrane solute transfer unit for carrying out
solute-transfer processes such as the process of the in-
vention includes a porous membrane located within a
hquid-tight housing. The porous membrane divides the
interior of the housing into two chambers: a feed solu-
tion chamber and an extractant chamber. Pores of the
membrane provide communication between the two
chambers. The housing 1s provided with inlet and outlet
ports which permit feed solution to be introduced and
discharged from the feed solution chamber and liquid
extractant to be introduced and discharged from the
extractant chamber.

The solute-transfer unit of the invention also includes
a mechanism for controlling the difference between the
liquid pressure of feed solution in the feed solution
chamber and the liquid pressure of the extractant in the
extractant chamber. The pressure difference is con-
trolled so that it falls within a pressure range effective
substantially to immobilize an interface between of the
feed solution and the extractant at the porous mem-
brane.

The porous membranes of the present invention may
be hydrophilic or hydrophobic. Preferred hydrophilic
membranes include porous regenerated cellulose, po-
rous cellulose acetate, porous cellulose acetate-nitrate,
porous cellulose triacetate, microporous glass, and po-
rous porcelain. Preferred hydrophobic membranes in-
clude porous polyethylene, porous polypropylene, and
porous polytetrafluoroethylene (PFTE). The effective
diameters of the pores of the membrane preferably lie in
the range of from about 1 nm to about 10 um. The
porous membrane should be as thin as is consistent with
the need to be strong enough to withstand the interface-
immobilizing pressure difference applied across the
membrane. Porous membranes from about 25 um to
about 125 um in thickness are preferred.

For solute-transfer processes carried out on an indus-
trial scale, it is preferred for the porous membrane to be
in the form of hollow tubular fibers with porous walls.
Bundles of large numbers of such tubular fibers can
provide a high value for the ratio of the area of porous
membrane through which the solute transfer occurs to
the volume of the vessel which contains the feed solu-
tion/membrane/extractant system. It is ordinarily pre-
ferred for the liquid which preferentially wets the po-
rous wall of the tubular fiber to be located within the
Jumen of the fiber, since in that case the interface-
immobihizing pressure difference would be directed
from the outside of the tubular fiber to the inside of the
fiber, thereby tending to compress the tubular wall of
the fiber. Generally, the walls of tubular fibers are
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stronger 1n compression than in tension. Preferably the
walls of the tubular fibers are sufficiently thick relative
to the diameter of the tube to permit the tube to with-
stand a compressive interface-immobilizing pressure
difference without collapsing. When a liquid is caused
to flow through a hollow tubular fiber, a significant
pressure drop can occur between the inlet and outlet
ends of the fiber. Care should be taken to ensure that an
interface-immobilizing pressure difference is maintained
across the porous wall of a hollow tubular fiber along
the entire length of the fiber.

The present invention permits two or more solute-
transfer processes to be carried out conveniently at the
same time in a single vessel. For example, a preferred
double-transfer solute-transfer unit includes a liquid-
tight housing, the interior of which is divided by two
porous membranes into a sequence of three side-by-side
chambers. A feed solution could be pumped through a
first end chamber. An intermediate chamber separated
from the first end chamber by a first porous membrane
could contain an intermediate extractant liquid substan-
tially immisible with the feed solution. A second end
chamber separated from the intermediate chamber by a
second porous membrane could have pumped through
it 2 back-extractant liquid which is immisible with the
intermediate extractant. The back-extractant liquid
could be completely miscible with the feed solution, if
desired. Solute in the feed solution in the first chamber
could be transferred to the intermediate extractant in
the intermediate chamber through the first porous
membrane. The solute could then diffuse through the
intermediate extractant to the second porous membrane
and then be transferred to the back extractant through
the second membrane. The intermediate chamber pref-
erably 1s as narrow as practical to minimize the diffusion
path length and to minimize the inventory of intermedi-
ate extractant and solute held up in the intermediate
chamber. A first interface-immobilizing pressure differ-
ence should be maintained across the first membrane to
oppose the tendency of the feed solution or the interme-
diate extractant, as the case may be, to pass through the
membrane. A second interface-immobilizing pressure
difference should be maintained across the second mem-
brane to oppose the tendency of the intermediate ex-
tractant or the back extractant, as the case may be, to
pass through the membrane.

Alternatively, a feed solution could be pumped
through the intermediate chamber of the preferred dou-
ble-transfer solute-transfer unit discussed in the preced-
ing paragraph. First and second extractant liquids, each
immiscible with the feed solution, could be pumped
through the first and second end chambers. An inter-
face-immobilizing pressure difference should then be
maintained across each of the first and the second po-
rous membrane to oppose the tendency of one or the
other of the feed solution or extractant liquid to pass
through the membrane. By using two different extract-
ant liquids, two different solutes could be extracted
from a single feed solution at the same time.

For industnal scale solute-transfer processes involv-
Ing two Or more simultaneous solute transfers, it is pre-
ferred to employ a plurality of bundles of hollow tubu-
lar fibers with porous walls. For example, in the case of
a process involving a solute transferred from a feed
solution to a back extractant by way of an intermediate
extractant which 1s substantially immiscible with both
the feed solution and the back extractant, a preferred
double-transfer extraction cell includes two bundles of
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hollow tubular fibers with porous walls passing through
the interior of a liquid-tight housing. The feed solution
1s pumped through the first bundle of tubular fibers and
the back extractant is pumped through the second bun-
dle of tubular fibers. The intermediate extractant fills
the interior of the housing, exterior of the tubular fibers.
The fibers of the two bundles are preferably commin-
gled and located close to one another to reduce the
diffusion path length from the fibers containing the feed
solution to the fibers containing the back extractant.

The mechanism for maintaining an interface-
immobilizing pressure difference across a porous mem-
brane in the process of the invention may be a closed-
loop feed back-type pressure regulating system, if de-
sired. A preferred closed-loop pressure regulating sys-
tem would sense the liquid pressure on both sides of the
porous membrane and control the fluid pressure on one
side or the other to maintain the difference between the
pressures to within a preset range. Alternatively, the
mechanism for maintaining an interface-immobilizing
pressure difference across the porous membrane could
be an open loop pressure regulating system. In a pre-
ferred open-loop pressure regulating system, the liquid
pressure on a first side of the membrane is maintained at
a first preset value and a liquid pressure on the opposite
side of the membrane is maintained at a second preset
value essentially independently of the pressure on the
first side. The two preset values are chosen so that the
difference between the pressure on the two sides falls
within a desired interface-immobilizing pressure range.

It 1s expected that the solute-transfer process of the
invention will have wide utility in the chemical and
pharmaceutical industries. In fermentation processes,
for example, fermentation products can be continuously
withdrawn from an aqueous fermentation broth as the
fermentation proceeds by transfer to an organic solvent
which 1s immiscible with water. Ethyl alcchol could be
extracted from such a broth by a solvent such as dibutyl
phthalate or tributyl phosphate separated from the
broth by a membrane of porous polypropylene. Cellular
debris and other particulate matter in the broth would
be prevented from contaminating the solvent stream by
the porous membrane. Antibiotics or other fermentation
products could be extracted from the broth in an analo-
gous manner with appropriate extractant liquids. Oxy-
gen could be introduced into and carbon dioxide with-
drawn from the fermentation broth using a gas-permea-
ble membrane at the same time as fermentation products
were being extracted using the process of the invention.

The process of the invention could also be used to
separate phenol from waste water using MIBK or diiso-
propyiether as an extractant. If the waste water con-
tained hydrogen sulfide or ammonia in addition to phe-
nol, the MIBK or diisopropylether extractant could be
used to extract the phenol and the hydrogen sulfide or
ammonmia could be removed simultaneously using a
gas-permeable membrane. Aromatics could be ex-
tracted from petroleum distillates using sulfolane or
propylene carbonate as an extractant. Other applica-
tions of the solute-transfer process of the invention will
occur to persons skilled in the art.

BRIEF DESCRIPTIONS OF THE DRAWINGS

Preferred membrane solute-transfer units of the in-
vention are described below with reference to the fol-
lowing figures:

FIG. 1 is a schematic diagram of a first preferred
membrane solute-transfer unit.
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FIG. 2 is a schematic diagram of a second preferred
membrane solute-transfer unit which employs an inter-
mediate extractant.

FIG. 3 1s a schematic diagram of a third preferred
membrane solute-transfer unit which employs porous
membranes in the form of hollow tubes.

FIG. 4 1s a schematic diagram of a fourth preferred
membrane solute-transfer unit which employs porous
membranes in the form of hollow tubes.

BEST MODE FOR CARRYING OUT THE
INVENTION

Turning now to FIG. 1, a membrane solute-transfer
unit 2 includes an extraction cell 3 which has a porous
membrane 4 located within a housing 6. The membrane
4 is sealed to the walls of the housing 6 and divides the
mterior of the housing into a feed solution chamber 8
and a liquid extractant chamber 10. Pores passing
through the membrane 4 provide communication be-
tween the feed solution chamber 8 and the extractant
chamber 10. A reinforcing screen 12 is adjacent to the
porous membrane 4 on the side of the membrane facing
the extractant chamber 10. The screen 12 provides me-
chanical support for the membrane 4.

A feed-solution inlet port 14 and a feed-solution out-
let port 16 permits a feed solution to be introduced into
and discharged from the feed solution chamber 8. A
feed-solution pump 22 is connected to the feed-solution
inlet port 14 and is capable of pumping feed solution at
a substantially constant rate under pressure into the feed
solution chamber 8. An electrially-controlled feed solu-
tion discharge throttle valve 24 is connected to the
feed-solution outlet port 16 for controlling the liguid
pressure of the feed solution flowing through the feed-
solution chamber 8.

An extractant inlet port 18 and an extractant outlet
port 20 permit a liquid extractant to be introduced into
and discharged from the extractant chamber 10. An
extractant pump 26 1s connected to the extractant inlet
port 18 and is capable of pumping the liquid extractant
through the extractant chamber 10 at a substantially
constant rate. An electrically-controlled extractant dis-
charge throttle valve 28 is connected to the extractant
outlet port 20 for controlling the liquid pressure of the
extractant flowing through the extractant chamber 10.

A pressure-difference regulator 30 has a head pres-
sure sensor input 32 in communication with the feed
solution chamber 8 for sensing the liquid pressure of the
feed solution in the chamber. A base pressure sensor
input 34 communicates with the extractant chamber 10
for sensing the fluid pressure of the extractant in the
chamber. A throttle valve control-signal output 36 of
the pressure-difference regulator 30 is connected to the
feed-solution discharge throttle valve 24. The pressure-
difference regulator 30 generates a throttle valve con-
trol signal at the control signal output 36 which varies
in response to changes in the difference between the
pressure sensed at the head pressure sensor input 32 and
the pressure sensed at the base pressure sensor input 34.

In operation, the feed solution is pumped by the feed
solution pump through the feed-solution chamber 8 at a
substantially constant rate. An extractant is pumped by
the extractant pump 26 through the extractant chamber
10 at a substantially constant rate. The pressure differ-
ence regulator 30 senses the liquid pressure in the feed
solution chamber 8 and in the extractant chamber 10
and generates a throttle valve control signal to control
the pressure drop across the feed-solution discharge



Re. 34,828

7

throttle valve 24 so that the difference between the
liquid pressure in the feed-solution chamber 8 and the
liquid pressure in the extractant chamber 10 is within a
predetermined range which is effective substantially to
immobilize the interface between the feed solution and
the liquid extractant at the membrane 4. Solute from the
feed solution is transferred through the pores of the
membrane 4 to the extractant.

Tuming now to FIG. 2, a membrane solute-transfer
unit 40 has a three-chamber extraction cell 42. The
extraction cell 42 has a housing 44 and a first and a
second porous membrane 46 and 48 located within the
interior of the housing 44. The first and the second
porous membranes 46 and 48 are sealed to the housing
44 and divide the housing into three chambers: a feed
solution chamber 50, an intermediate-extractant cham-
ber 52, and a back-extractant chamber 54. The inter-
mediate-extractant chamber 52 is located between the
feed-solution chamber 50 and the back-extractant cham-
ber 34. Pores in the first porous membrane 46 provide
commuunication between the feed-solution chamber 50
and the intermediate-extractant chamber 52; pores in
the second porous membrane 48 provide communica-
tion between the back-extractant chamber 54 and the
intermediate-extractant chamber $2.

The extraction cell housing 44 has a feed-solution
inlet port $6 and a feed-solution outlet port 58 for re-
spectively introducing a feed solution into and discharg-
ing the feed solution from the feed solution chamber 50.
A feed-solution input pump 60 is connected to the feed
solution inlet port 86 and an electrically-controlled
feed-solution throttle valve 62 i1s connected to the feed
solution discharge port 58. The extraction cell housing
44 has an intermediate-extractant inlet port 64 to which
an intermediate-extractant inlet valve 66 is connected
for introducing an intermediate extractant into the inter-
mediate extractant chamber 52. The extractant cell
housing 44 also includes an intermediate extractant
outlet port 68 to which an intermediate-extractant out-
let valve 70 1s connected for discharging the intermedi-
ate extractant from the intermediate extractant chamber
52. The extractant cell housing 44 also has a back-
extractant inlet port 72 to which a back-extractant inlet
pump 74 i1s connected and a back extractant outlet port
76 to which an electrically-controlled back-extractant
discharge throttle valve 78 is connected.

A first reinforcing screen 80 is located in the extract-
ant cell housing 44 adjacent to the first porous mem-
brane 46 facing the intermediate extractant chamber 52.
A second reinforcing screen 82 is located in the extract-
ant-cell housing 44 adjacent to the second porous mem-
brane 48 facing the intermediate-extractant chamber 52.

A first pressure difference regulator 84 has a head
pressure sensor input 86 which communicates with the
feed solution chamber 50 and a base pressure sensor
input 88 which communicates with the intermediate
extractant chamber 52. A throttle-valve control output
90 of the first pressure difference regulator 84 1s con-
nected to a control signal input 63 of the feed-solution
discharge throttle valve 62. The first pressure difference
regulator 84 1s capable of generating a valve control
signal at the throttle valve control outlet 90 which var-
ies in accordance with changes 1mn the difference be-
tween the liquid pressure at the head pressure sensor
input 86 and the liquid pressure at the base pressure
sensor input 88. The pressure drop accross the throttle
valve 62 and hence the liquid pressure in the feed-solu-
tion chamber 50 varies in response to changes in the
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valve control signal supplied to the control signal input
63 of the valve 62. As a result, the first pressure differ-
ence regulator 84 can control the difference in pressure
between the feed-solution chamber 50 and the inter-
mediate-extractant chamber 52.

A second pressure difference regulator 92 has a first
pressure sensor input 94 which communicates with the
back extractant chamber 54 and a base pressure sensor
input 96 which communicates with the intermediate
extractant chamber 52. A throttle valve control output
98 is connected to a control input 100 of the back-
extractant discharge throttle valve 78. The operation of
the second pressure difference regulator 92 is essentially
the same as the operation of the first pressure difference
regulator 84 with the result that the difference in liquid
pressure between the back extractant chamber 54 and
the intermediate extractant chamber 52 can be con-
trolled by the second pressure difference regulator 92 to
a preset value.

In operation, the feed solution is pumped by the feed-
solution pump 60 at a substantially constant rate
through the feed-solution chamber 50 and out through
the feed-solution discharge throttle valve 62. The inter-
mediate-extractant chamber 52 1s filled with an interme-
diate extractant liquid which is substantially immscible
with the feed solution. The intermediate extractant in
the mtermediate extractant chamber 52 preferably re-
mains essentially stagnant, although a trickle flow
through the chamber may be maintained if the interme-
diate extractant degenerates with time. The back-
extractant liquid is pumped through the back-extractant
chamber 54 at a substantially constant rate by the back-
extractant input pump 74 and discharged through the
back-extractant discharge throttle valve 78.

In the three-chamber extractant cell of FIG. 2, the
intermediate extractant wets the first and the second
membranes 46 and 48 preferentially relative to the feed
solution and the back extractant. Consequently, the
pressure in the feed-solution chamber 50 and the back-
extractant chamber 54 is maintained at a value greater
than the pressure in the intermediate-extractant cham-
ber 52 in order to oppose the tendency of the intermedi-
ate-extractant to flow through the porous membrane.

Solute in the feed solution is transferred through the
pores of the first porous membrane 46 to the intermedi-
ate extractant in the intermediate extractant chamber
52. The solute then diffuses across the intermediate
extractant chamber 52 and 1s transferred through the
pores of the second porous membrane 48 to the back-
extractant liquid in the back-extractant chamber 54. The
solute in the back-extractant chamber 54 is then swept
with the back-extractant out the chamber and collected.

Turning now to FIG. 3, a solute transfer unit 100
includes an extraction cell 102. The extraction cell 102
includes a generally cylindrical pressure vessel 104
which serves as the housing for the extraction cell. The
pressure vessel 104 1s made up of a feed-solution input
section 106, a solute transfer section 108 and a feed-solu-
tion output section 110. A feed-solution input patition
112 1s located between the feed-solution input section
106 and the solute-transfer section 108. The volume
enclosed by the feed solution inpui section 106 of the
pressure vessel 104 and the input partition 112 defines a
feed solution input manifold 122. A reed-solution output
partition 114 is located between th: solute-transfer sec-
tion 108 and the feed solution ou:~ .it section 110. 7 he
volume enclosed by the feed-soluti: - output secticr: (10
of the pressure vessel 104 and the - :1put partity: . 114
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defines a feed-solution output manifold 124. The vol-
ume enclosed by the solute-transfer section 108 of the
pressure vessel 104 and the input and output partitions
112 and 114 defines an intermediate extractant chamber
126.

The feed-solution input section 106 of the pressure
vessel 104 has a feed solution input port 116 which is
connected to a feed solution input pump 118 for pump-
ing feed solution into the feed solution input manifold
122. The feed solution output section 110 has a feed-
solution output port 120 to which an electrically-con-
trolled feed-solution discharge throttle valve 121 is
connected through which feed solution in the feed solu-
tion output manifold 124 can be discharged. A plurality
of hollow feed-solution solute transfer tubes 128 extend
from the feed-solution input manifold 122 to the feed-
solution output manifold 124. The feed-solution sclute-
transfer tubes 128 pass through the input partition 112,
extend across the intermediate-extractant chamber 126
and pass through the output bulkhead 114. The solute
transfer tubes 128 are embedded in the partitions 112
and 114 by an epoxy adhesive. The hollow solute-trans-
fer tubes 128 are made of porous polypropylene and
have a wall thickness of about 18.5 um and an inside
diameter of about 0.25 mm.

The solute transfer section 108 of the pressure vessel
104 has an intermediate extractant inlet port 130 con-
nected to an intermediate-extractant inlet valve 132 for
introducing an intermediate-extractant into the interme-
diate extractant chamber 126. An intermediate extract-
ant outlet port 134 connected to an intermediate outlet
valve 136 is provided in the solute-transfer section 108
for discharging intermediate extractant from the inter-
mediate-extractant chamber 126.

The solute transfer section 108 of the pressure vessel
104 has a back-extractant inlet port 138 and a final ex-
tractant outlet port 140 passing through it. Connected
to the back-extractant inlet port 138 is a back-extracaant
input manifold housing 142 the interior of which defines
a final extractant input manifold (not shown).

A plurality of back-extractant solute-transfer tubes
146 extend from the back-extractant input manifold to
the back-extractant output manifold. The back-extract-
ant solute-transfer tubes 146 are made of the same po-
rous polypropylene matenial as the feed-solution solute-
transfer tubes 128. The back-extractant solute-transfer
tubes 146 extend through the intermediate-extractant
chamber 126 and intermingle with the feed-solution
solute transfer tubes 128. The feed-solution solute trans-
fer tubes 128 and the back-extractant solute-transfer
tubes 146 are located close to one another to minimize
the mean distance the solute must traverse in passing
from the one set of tubes to the other. Comingled bun-
dles of the feed-solution solute-transfer tubes 128 and
the back-extractant solute-transfer tubes 146 can be
prepared as follows. First, about 500 lengths of hollow
tubular fiber are cut to substantially the same length to
serve as the feed-solution solute-transfer tubes 128. The
lengths of fibers are laid side-by-side on a flat surface.
By weaving thread crosswise of the hollow tubular
fibers in strips at other end, the fibers are bound to-
gether to form a flat mat. A similar mat is prepared with
about 500 sections of hollow tubular fibers of a length
suitable for the back-extractant solute-transfer tubes
146. The back-extractant solute-transfer fibers 146 are
longer than the feed-solution solute transfer fibers 128 in
the extraction cell 102. The mat of the fibers for the
feed-solution solute-transfer fibers 128 is placed on top
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of the mat for the back-extractant solute-transfer fibers
146, with the fibers of each mat running essentially in
parallel and with the shorter mat centered lengthwise
on the longer mat. The two mats are then rolled up to
form a cylinder with the fibers running generally paral-
lel to the cylinder axis. The cylinder of fibers is then
placed in the solute-transfer section 108 of the extrac-
tion cell 102. The woven strip of the shorter mat are
then unravelled to free the ends of the shorter fibers.
The ends of the longer fibers, which protrude from
either end of the cylinder, are gathered into three or
four bundles and brought out through the correspond-
ing back-extractant input or output manifold. The four
groups of ends of fibers are then potted separately in
epoxy. Especially, the ends are immersed 1in a layer of
ligud epoxy and hardened, which is allowed to cure.
The epoxy blocks the openings of most of the hollow
fibers. In order to reopen the openings in the fibers, a
slice 1s cut from the epoxy. Depending on the nature of
the fibers and the epoxy, the slice may be cut from the
epoxy after it has fully cured or when it has only par-
tially cured. The cured epoxy serves as the feed solution
input and output partitions 112 and 114.

A back-extractant input pump 148 is connected to the
back-extractant input fitting 142 for pumping a back-
extractant hiqmud through the back-extractant solute
transfer tubes 146.

A first pressure difference regulator 150 senses the
pressure in the feed-solution input-manifold 122 and the
intermediate extractant chamber 126 and controls the
feed-solution discharge throttle valve 121 to maintain
the difference between the pressure in the feed-solution
input manifold and the pressure in the intermediate
extractant chamber within a predetermined range. Simi-
larly, a second pressure difference regulator 152 senses
the pressure in the back-extractant input manifold and
the intermediate extractant chamber 126 and controls
the back-extractant discharge throttle valve 145 to
maintain the difference in pressure between the back-
extractant input manifold and the intermediate extract-
ant chamber 126 within a predetermined range.

In operation, the feed-solution input pump 118 pumps
a feed solution at a substantially constant rate into the
feed-solution input manifold 122, through the feed-solu-
tion solute-transfer tubes 128, and into the feed-solution
output manifold 124 where it i1s discharged through the
feed solution discharge throttle valve 121. The back-
extractant input pump 148 pumps a back-extractant
hquid at a substantially constant rate into the back-
extractant input manifold, through the back-extractant
solute-transfer tubes 146, and into the back-extractant
output manifold, from which it is discharged through
the back-extractant discharge throttle valve 143.

The pressure difference between the feed solution
and the intermediate extractant is maintained by the first
pressure difference regulator 150 in a range which sub-
stantially immobilizes the interface between the feed
solution and the intermediate extractant at the porous
walls of feed-solution solute-transfer tubes 128. Simi-
larly, the presssure difference between the back extract-
ant and the intermediate extractant is regulated by the
second pressure difference regulator 152 to fall within a
range which substantially immobilizes the interface
between the back extractant and the intermediate ex-
tractant at the porous walls of the back-extractant solute
transfer tubes 146.

Solute in the feed solution is transferred through the
porous walls of the feed solution solute-transfer tubes
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128 to the intermediate extractant in the intermediate
extractant chamber 126 and thence through the porous
walls of the back extractant solute-transfer tubes 146 to
the back-extractant flowing in the transfer tubes 146.
The back extractant in which the solute is dissolved is
collected from the output of the back-extractant dis-
charge throttle valve 145,

FIG. 4 illustrates a fourth solute-transfer unit 160
which 1s generally similar to the third solute-transfer
unit 100 described above. For conciseness, only those
features of the fourth solute transfer unit 160 which
differ from the third solute transfer unit 100 will be
discussed below. Corresponding parts in the third and
fourth solute-transfer units 100 and 160 are given corre-
sponding reference numerals.

‘The pressure vessel 104" which serves as a housing for
the extraction unit 160 includes a back-extractant input
section 162 which is located between the feed solution
output section 110' and the solute-transfer section 108’
of the pressure vessel. A back-extractant output section
164 1s located between the feed-solution mput section
106 and the solute-transfer section 108’. The feed-solu-
tion input partition 112" i1s located between the feed-
solution input section 106" and the back-extractant out-
put section 164. A first intermediate partition 166 is
located between the back-extractant output section 164
and the solute transfer section 108’. The volume en-
closed by the back-extractant output section 164, the
feed-solution input partition 112', and the first interme-
diate bulkhead 166 defines a extractant output manifold
170.

The feed-solution output partition 114’ 1s located
between the back-extractant input section 162 and the
feed-solution output section 104’. A second intermedi-
ate partition 168 1s located between the back-extractant
input section 162 and the solute-transfer section 108’
The volume enclosed by the back-extractant input sec-
tion 162, the feed-solution output partition 114 and the
second intermediate partition 168 defines a back-
extractant input manifold 172.

The feed-solution solute-transfer tubes 128" extend
from the feed-solution input manifold 122’ to the feed-
solution output manifold 124'. Each feed-solution so-
lute-transfer tube 128" passes through, in turn: the feed-
solution input partition 112°, the back-extractant output
manifold 170, the first intermediate partition 166, the
intermediate-extractant chamber 126’, the second inter-
mediate partition 168, the back-extractant manifold 172
and the feed-solution output partition 114'. A non-por-
ous sheath 174 surrounds each fed solution solute trans-
fer tube 128 in the back-extractant input manifold 172
and output mamfold 170 to prevent the feed solution
and the back-extractant from mixing.

EXAMPLES

The following solute-transfer unit was used in the
Examples set forth below.

As immobilized-interface extraction cell had a hous-
ing consisting of a first and a second generally disk-
shaped block of stainless steel. The extraction-cell hous-
ing blocks were about 6.4 cm 1in diameter and about 2.2
cm thick. A generally disk-shaped depression was
milled in one face of each block to define a liquid cham-
ber which served as either the extractant chamber or
the feed-solution chamber of the extraction cell. The
liguid-chamber depressions were approximately 0.25
mm deep and approximately 3.7 cm 1n diameter.
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Each extraction-cell housing block had two channels
passing through it to serve as liquid inlet and outlet
channels. Each channel consisted of a hole which ex-
tended radially inward from a side of the block at ap-
proximately the midplane of the block and connecting
with seven holes extending axially from the midplane to
the base of the liquid-chamber depression. The openings
of the seven holes for each channel were disposed along
a radius of the disk-shaped liquid-chamber depression
for about 0.5 cm from the center of the depression to
about 1.6 cm from the center. The radius along which
the seven openings of one channel were located ex-
tended in generally the opposite direction from the
radius along which the seven openings of the other
channel were located. The use of seven openings into
the liquid-chamber depression permitted liquid to be
introduced mnto and withdrawn from the chamber at
linear velocities not substantially higher than the linear
velocities of the liquid passing through the chamber.

Two substantially circular grooves for two O-ring
seals were cut in the face of the first extraction cell
housing block substantially concentric with one another
and encircling the liquid-chamber depression in the
face. The radially inner groove was about 4.1 cm in
diameter and the radially outer groove was about 5.0
cm 1n diameter.

Porous membranes for the extraction cell were in the
form of disks about 4.8 cm in diameter cut from sheets
of porous-membrane material. The diameter of the po-
rous membrane disks was greater than the diameter of
the inner O-ring seal but less than the diameter of the
outer O-ring seal. The porous membrane disks were
made of a number of different materials, which are
identified in the vanious examples set forth below.

A circular disk of porous stainless-steel screening
about 3.7 cm in diameter and about 0.3 mm thick was
cut from a sheet of screening available under the trade
name “Rigimesh, Grade Z” from Pall Trinity Corpora-
tion of Cortland, New York. The disk of screening was
just large enough to fit within a depression on the face
of a housing block. The disk of screening provided
mechanical support for the porous membrane.

The extraction cell was assembled by placing O-ring
seals in the O-ring seal grooves of the first extraction
cell housing block and placing the disk of screening in
the liquid-chamber depression in the face of the second
housing block. The porous membrane disk was placed
over the mouth of the depression on the second housing
block on top of the disk of screening in substantially
coaxial alignment with the depression. The two extrac-
tion cell housing blocks were then clamped together in
substantially coaxial alignment with the faces of the
blocks having liquid-chamber depressions facing omne
another. The radially inner O-ring seal held the porous
membrane disk in place, and the radially outer O-ring
seal formed a liquid-tight seal between the two housing
blocks.

The two housing blocks were oriented azimuthally
relative to one another so that an inlet to the liquid
chamber of the first housing block was substantially
aligned with an outlet of the liguid chamber in the sec-
ond housing block, and an outlet to the liquid chamber
of the first housing block was substantially aligned with
an inlet of the liquid chamber in the second housing
block. Consequently, liquid flowing from the inlet to
the outlet in the two liquid chambers flowed in gener-
ally opposing directions to one another.
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Two stainless-steel pressure vessels served as reser-
voirs for the feed solution and the extractant, respec-
tively. Each pressure vessel was connected to an inlet
port of one of the liquid chambers of the extractant cell
via a pressure line. An adjustable throttle valve was
connected to the outlet port for each liquid chamber. A
source of compressed air was connected to each pres-
sure vessel across a pressure regulating valve for pres-
surizing the contents of the pressure vessel to a pressure
set by the valve. Pressurizing liquid contained in a pres-
sure vessel to a value above ambient atmospheric pres-
sure caused it to flow under pressure through the liquid
chamber connected to the pressure vessel and then from
the liquid chamber through the throttle valve to be
discharged. The throttle valve was adjusted so that the
resistance to flow imposed by the valve was substan-
tially greater than the resistance to flow in the liquid
path from the pressure vessel to the throttle valve. Con-
sequently, essentially all of the pressure drop between
the pressure in the pressure vessel and the ambient at-
mospheric pressure at the discharge outlet of the throt-
tle valve occurred across the throttle valve. As a result,
the pressure in the liquid chamber was substantially the
same as the pressure impressed on the liquid in the pres-
sure vessel by the compressed air. Thus, if the pressure
in one pressure vessel differed from the pressure in the
second pressure vessel by a selected amount, the pres-
sure in the two fluid chambers connected respectively
to the two pressure vessels differed by essentially the
same amount.

The disk of screening in the liquid-chamber depres-
sion in the face of the second housing block supported
the porous membrane clamped between the two hous-
ing blocks against a pressure difference directed from
the liquid chamber in the first housing block to the fluid
chamber in the second housing block. In other words,
the screening supported the porous membrane if the
pressure in the fluid chamber adjacent to the side of the
porous membrane against which the screening was
located was less than the pressure on the opposite side
of the membrane. Consequently, the liquid which pref-
erentially wet the porous membrane was caused to flow
through the liquid chamber which contained the screen-
ing.

EXAMPLE 1

A feed solution of acetic acid in water was prepared
from reagent grade glacial acetic acid and distilled wa-
ter. The concentration of acetic acid in the feed solution
was found to be about 5.6X 10—4 gmol/ml by titrating
an aliquot of the solution with a standard NaOH solu-
tion.

A disk of porous polypropylene film 4.8 cm in diame-
ter was cut from a sheet of the film. The film was ap-
proximately 25 pum thick and had an effective pore
diameter of about 20 nm. The porosity of the film was
about 0.38. The film is available under the trade name
“Celgard 2400” from Celanese Corporation of Summit,
N.J.

The disk of porous polypropylene was mounted be-
tween the two extraction-cell housing blocks as de-
scribed above. The pressure vessel connected to the
second extraction-cell housing block which contained
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The first pressure vessel was then pressurized to a
pressurized just slightly above ambient atmospheric
pressure. The throttle valve connected to the outlet of
the second housing block was adjusted so that the vol-
ume flow rate of xylene through the extraction cell was
about 20 cm3/min.

The second pressure vessel was then charged to a
pressure of about 280 kPa above ambient atmospheric
pressure. The throttle valve connected to the outlet of
the first extraction-cell housing block was adjusted so
that the volume flow rate of the aqueous acetic acid
feed solution through the extraction cell was about 20
cm3/min. |

Both the aqueous feed solution and the xylene were
about 25° C. upon passing through the extraction cell.

Inttially the aqueous solution discharged from the
extraction cell was observed to contain droplets of a
xylene phase. However, after several minutes a steady
state was reached in which no organic liquid was ob-
served 1n the aqueous solution discharged from the
extraction cell and no aqueous liquid was observed in
the xylene phase discharged from the cell.

An aliquot of the xylene phase discharged from the
extraction cell was collected after the steady state was
reached and analyzed for acetic acid content by titrat-
ing with a standard NaOH solution. The xylene was
found to contain 4.66 X 10—7 gmol/ml acetic acid.

For comparison, if equal volumes of the aqueous
acetic acid feed solution and xylene were mixed to-
gether and allowed to equilibrate at 25° C., the xylene
phase would be expected to contain about 6.6 10—6
gmol/ml of acetic acid at equilibrium. This equilibrium
concentration of acetic acid in xylene was calculated
using a distribution coefficient of about 0.012 measured
for acetic acid in water and xylene at about 25° C. over
a concentration range of acetic acid in xylene which
includes the concentration calculated here.

After the steady state conditions have been reached
in the extraction cell, the quantity of acetic acid trans-
ferred across a unit area of the porous membrane from
the aqueous feed solution to the xylene solution per unit
time can be measured by collecting the xylene solution
discharged from the cell for a given length of time,
analyzing the solution collected for total acetic acid
content, and dividing the quantity of acetic acid so
found by the collection time and by the area of the
porous membrane accessable to the feed solution and
the xylene. The resulting value for the rate of solute
transfer, denoted W, has the units gmol acetic acid/cm?
sec. The rate of solute transfer W can be related to a
transfer coefficient K,, which characterizes the porous
membrane of the extraction cell. Specifically, the trans-
fer coefficient K, is defined by the equation

W=K,A(m Cs—C.)

where: |

W is the rate of solute transfer defined above.

A is the area of the porous membrane contacted by
the feed solution and extractant in the extraction
cell. In the present extraction cell, the area A has a
value of 13.37 cm?.

M i1s the equilibrium distribution coefficient of acetic
acid in water and xylene at the concentration of
acetic acid in water discharged from the extraction
cell and at the temperature of the extraction.

Cs 1s the concentration of acetic acid in the aqueous
feed solution at the inlet to the extraction cell.
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Ce1s the concentration of the acetic acid in the xylene
discharged from the extraction cell. In the present

example, the transfer coefficient K, was found to
be about 17.3 X 10—4 cm/sec

EXAMPLE 2

The procedure of Example 1 was repeated with the
following differences. The porous membrane was a
porous polypropylene film having an effective pore
diameter of about 40 nm, a thickness of about 25 pum,
and a porosity of about 0.45. The porous polypropylene
film is available under the trade name *“Celgard 2500”
from Calanese Corporation of Summit, N.J.

The feed solution was a solution of acetic acid in
water with an acetic acid concentration of 4.2 10—4
gmol/ml. The extractant was xylene.

The pressure vessel charged with xylene was pressur-
ized to a pressure above ambient atmospheric pressure
just great enough to cause a flow rate of about 32
ml/mn of xylene through the extraction cell. The pres-
sure and flow rate of the agqueous feed solution were
substantially the same as Example 1.

After the steady state was reached essentially no
droplets of a xylene phase were observed in the aqueous
solution discharged from the extraction cell and no
droplets of a water phase were observed in the xylene
solution discharged from the extraction cell.

The concentration of acetic acid in the xvlene dis-
charged from the extraction cell after a steady state was
reached was found to be about 2.54x10—7 gmol/ml.
The solute transfer coefficient K, for the membrane was
about 19.7 X 10—4 cm/sec.

EXAMPLE 3

The procedure of Example 1 was repeated with the
exceptions noted below.

A porous membrane of porous polytetrafluoroe-
thylene(PTFE) was used. The porous PTFE had an
effective pore diameter of about 20 nm, a thickness of
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PFTE film was available under the trade name “Gore-

tex” from W. L. Gore and Associates of Elton, Md.
The feed solution was solution of acetic acid in water

having an acetic acid concentration of about 4.2 10—4 45

gmol/ml. The extractant was xylene. The flow rate of
xylene through the extraction cell was about 50 ml/min
and the pressure of the xylene was only slightly above
ambient atmospheric pressure. The flow rate of the
aqueous feed solution was about 22 ml/min and the
pressure was about 69 kPa above ambient atmospheric
pressure.

After a steady state was reached, essentially no drop-
lets of a xylene phase were observed in the aqueous
solution discharged from the extraction cell and essen-
tially no droplets of a water phase were observed in the
xylene solution discharged from the extraction cell.

The concentration of acetic acid in the xvlene dis-
charged from the extraction cell after a steady stake was
reached was found to be about 1.2 10—7 gmol/ml.

The solute transfer coefficient K, was about
14.9 % 10—4 cm/sec.

EXAMPLE 4

The procedure of Example 1 was repeated with the
following exceptions.

The porous membrane was porous PTFE having an
effective pore diameter of about 200 nm, a thickness of
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about 63 pm, a porosity of about 0.78 and a minimum
pressure for water entry of about 280 kPa. The porous
film had a backing of nonwoven polyester fabric. The
film was available under the trade name “Goretex”
from W. L. Gore and Associates of Elton, Md.

The feed solution used was acetic aced in water hav-
ing an acetic acid concentration of about 4.2 10—4
gmol/ml. The extractant was pure xylene. The volume
flow rate of the xylene through the extraction all was
about 28 ml/min The pressure of the xylene was only
slightly greater than ambient atmospheric pressure. The
volume flow rate of the aqueous feed solution through
the extraction cell was about 20 ml/min. The pressure
on the feed solution was about 110 kPa above ambient
atmospheric pressure.

After a steady state was reached, essentially no drop-
lets of a xylene phase were observed in the aqueous
solution discharged from the extraction cell and essen-
tially no droplets of a water phase were observed in the
xylene solution discharged from the extraction cell.

The concentration of acetic acid in the xvlene solu-
tion discharged from the extraction cell after a steady
state was achieved was found to be about 4.12 X 107
gmol/ml. The solute transfer coefficient K, was found
to be about 28 X 10—* cm/sec.

EXAMPLE 5

The procedure of Example 1 was repeated with the
following exceptions.

A hydrophilic porous membrane of porous cellulose
acetate was used. The porous membrane had an effec-
tive pore diameter of about 200 nm and a thickness of
about 130 pum. The porous membrane was available
under the trade name “Milipore EG” from Milipore
Corporation at Bedford, Mass.

A feed solution of acetic acid in water with an acetic
acid concentration of about 4 X 10—4 gmol/ml was used.
The extractant was pure xylene.

The extractant had a volume flow rate of about 60
ml/min and a pressure of about 55 kPa above ambient
atmospheric pressure.

The feed solution had a volume flow rate of about 30
ml/min and a pressure of only slightly above ambient
atmospheric pressure. The feed solution was directed
through the fluid-chamber depression of the second
extraction cell housing block, which contained the disk
of screening for support. The aqueous feed solution was
introduced into the extraction cell before the xylene in
order to allow the feed solution to wet the hydrophilic
membrane.

After a steady state was reached, essentially no drop-
lets of a xylene phase were observed in the aqueous
solution discharged from the extraction cell and essen-
tially no droplets of a water phase were observed in the
xylene solution discharged from the extraction cell.

The concentration of the acetic acid in the xylene
solution discharged from the extraction cell after a
steady state was achieved was found to be about
1.6 10—7 gmol/ml The solute transfer coefficient K,
was found to be about 24 X 10—4 cm/sec.

EXAMPLE 6

The procedure of example 1 was followed with the
following exceptions.

The porous membrane of example 1 and the feed
solution of example 2 were used. The extractant was

methylisobutylketone (MIBK).
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The volume flow rate of the MIBK through the ex-
traction cell was about 22 ml/min. The pressure of the
MIBK extractant was only slightly above ambient at-
mospheric pressure. The volume flow rate of the feed
solution was about 33 ml/min and the pressure of the
feed solution was about 140 kPa above ambient atmo-
spheric pressure.

After a steady state was reached, essentially no drop-
lets of an MIBK phase were observed in the agueous
solution discharged from the extraction cell and essen-
tially no droplets of a water phase were observed in the
MIBK solution discharged from the extraction cell.

The concentration of acetic acid in the MIBK solu-
tion discharged from the extraction cell after a steady
state was achieved was found to be about 3.9 10—6
gmol/ml. The solute transfer coefficient K, was found
to be about 5x 10—4 cm/sec.

The results of examples 1-6 are summarized in the
following Table I which follows.

It 1s not intended to limit the present invention to the
specific embodiments disclosed above. It is recognized
that changes may be made in the processes and appara-
tus specifically described herein without departing from
the scope and teachings of the instant invention. For
example, the screens 80 and 82 in the extraction cell 42
of FIG. 2 can be placed on the opposite side of the
membranes if the feed solution and the back extractant
preferentially wet the membranes 46 and 48. It is in-
tended to encompass all other embodiments, alterna-
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outlet port which communicate with the feed solu-
tion chamber and an extractant inlet port and an
extractant outlet port which communicate with the
extractant chamber:

(¢) pressure difference control means for maintaining

a difference between a liquid pressure of a feed
solution in the feed solution chamber and a liquid
pressure of an extractant in the extractant chamber
substantially within a predetermined pressure
range so that an interface between the feed solution
and the extractant is substantially immobilized at
the membrane, to effectively prevent the formation
of a dispersion of feed solution and extractant in
either chamber on opposing sides of the mem-
brane.}

[2. The membrane solute-transfer unit according to
claim 1 in which the porous membrane is in the shape of
a hollow tube, the interior of the tube defining one of
the feed solution chamber and the extractant chamber.’}

[ 3. The membrane separation unit according to claim
1 in which the porous membrane is composed of a hy-
drophilic material selected from the group consisting of
porous regenerated cellulose, porous cellulose acetate,
porous cellulose acetate-nitrate, porous cellulose triace-
tate, microporous glass and porous porcelain.

[4. The membrane separation unit according to claim
1 in which the porous membrane is composed of a hy-
drophilic material selected from the group consisting of
porous polyethylene, porous polypropylene and porous

tives and modifications consistent with the present in- 30 polytetrafluoroethylene.’}

vention. [5. The membrane-separation unit according to
TABLE 1
Extraction of Acetic Acid from Water into an Organic Extractant
Feed Solution Extractant Solute
Membrane Inlet HAc Outlet HAc Transfer
Polymer Conc. Conc. Coef.
Example Pore size (um) (gmol/cm?) Flow Rate Pressure (gmol/cm®) Flow Rate  Pressure (cm/se:c)
No. Thickness (pm) % 10~%  (cm3/min) (kPa) Compound X 107  (cm3/min) (kPa) % 10—
1. Polypropyiene 5.6 20 280 xylene 4.66 20 O+ 17.3
0.02
25
2. Polypropylene 4.2 20 280 xylene 2.54 32 0+ 19.7
0.04
25 |
3. PTFE, 4.2 22 59 xylene 1.23 50 0+ 14.9
0.04
50
4. PTFE®*, 4.2 20 110 xylene 4.12 28 04 28.0
0.2
63
5. Celluose Acetate 4.0 30 04 xylene 1.60 60 55 24.0
0.2.
130
6. Polypropylene 4.2 33 140 MIBK 39.0 22 0+ 5.00
0.02
25
*Backing of nonwoven polyester fibers
I claim: 55

1. An immobilized-interface solute-transfer unit for
transferring a solute from a feed solution to an extract-
ant liquid, the solute-transfer unit comprising:

(a) a fluid-tight housing;

(b) a porous membrane located in and connected to
the housing, the porous membrane including pores
having effective pore diameters in the range of
from about 7 nm to about 10 um, the porous mem-
brane being preferentially wettable by one of the
feed-solution and liquid extractant, the porous
membrane dividing the housing into a feed solution
chamber and an extractant chamber, the housing
having a feed solution inlet port and a feed solution

60

65

claim 1 in which the porous membrane is approximately
planar in shape and the unit further comprises:

(d) a membrane reinforcing screen connected to the
housing and located adjacent to the porous mem-
brane on a stde of the membrane facing a chamber
maintained in operation at a pressure lower than
the pressure of the chamber on the opposing side of
the membrane.}

[ 6. The membrane separation unit according to claim

1 1n which the pressure difference control means in-
cludes:



Re. 34,828

19

(c.1) a feed-solution pressure sensor in communica-
tion with the feed-solution chamber for detecting a
liquid pressure in the chamber;

(c.2) an extractant pressure sensor in communication
with the extractant chamber for detecting a liquid
pressure in the chamber;

(c.3) a pressure-difference regulator having a head
pressure-sensor input, a base pressure-sensor input
and a control signal output, the head pressure-sen-
sor input being connected to one of the feed-solu-
tion pressure sensor and the extractant pressure
sensor and the base pressure-sensor input being
connected to the other of the feed-solution pressure
sensor and the extractant pressure sensor, the pres-
sure-difference regulator being adapted to generate
a pressure control signal at the control-signal out-
put which varies in response to changes in the
difference between the pressure sensed at the head
pressure-sensor input and the base pressure-sensor
input; and

(c.4) a pressure control valve having a valve control
input connected to the control-signal output of the
pressure-difference regulator, the pressure control
valve being in fluid communication with one of the
feed solution chamber and the extractant chamber
and being adapted to change the liquid pressure in
the chamber with which it communicates in re-
sponse to changes 1n a control signal at the valve
control input. }

I 7. The immobilized-interface solute-transfer unit
according to claim 1 in which the extractant inlet port is
connected to a source of extractant liquid.]}

[ 8. A membrane solute-transfer unit for transferring
solute from a liquid feed solution to a liquid extractant,
the solute-transfer unit comprising:

(a) a solute-transfer unit housing having feed-solution
inlet port means for introducing a feed solution into
an interior of the housing and feed solution outlet
port means for discharging the feed solution from
the interior of the housing, the housing having
extractant inlet and outlet port means for introduc-
ing and discharging an extractant from the interior
of the housing;

(b) a plurality of hollow solute-transfer tubes, the
solute-transfer tubes extending through the interior
of the solute-transfer unit housing from the feed-
solution inlet port means to the feed-solution outlet
port means, the walls of the tubes being made of a
porous membrane material, the porous membrane
material including pores having effective pore di-
ameters in the range of from about 7 nm to about 10
pm, the porous membrane material being preferen-
tialy wettable by one of the feed-solution and liquid
extractant interiors of the tubes communicating at
an inlet end with the feed-solution inlet port means
for receiving the feed-solution and at an outlet end
with the feed solution outlet port means for dis-
charging the feed solution; and

(c) pressure difference control means for maintaining
a difference between a liquid pressure of a feed
solution in the interior of the solute-transfer tubes
and a liquid pressure of an extractant in the interior
of the separation unit housing exterior of the so-
lute-transfer tubes substantially within a predeter-
mined pressure range so that an interface between
the feed solution and the extractant is substantially
immobilized at the porous membrane wall of the
solute-transfer tubes to effectively prevent the for-
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mation of a dispersion of feed solution and extract-
ant 1n either the interior of the solute-transfer tubes
or m the interior of the separation unit housing
exterior of the solute-transfer tubes.’}

[9. The membrane solute-transfer unit according to
claam 8 in which the extractant inlet and outlet port
means in connected to a source of liquid extractant.]

[10. A membrane solute-transfer unit for transferring
solute from a liquid feed solution to a liquid extractant,
the solute-transfer unit comprising:

(a) a solute-transfer unit housing having extractant
mnlet port means for introducing a liquid extractant
into an interior of the housing and extractant outlet
port means for discharging the extractant from the
interior of the housing, the housing having feed-
solution inlet and outlet port means for introducing
and discharging a feed solution from the interior of
the housing;

(b) a plurality of hollow solute-transfer tubes, the
solute-transfer tubes extending through the interior
of the solute-transfer unit housing from the extract-
ant inlet port means to the extractant outlet port
means, the walls of the tubes being made of a po-
rous membrane material, the porous membrane
material including pores having effective pore di-
ameters in the range of from about 7 mm to about
10 pm, the porous membrane material being prefer-
entially wettable by one of the feed-solution and
liquid extractant interiors of the tubes communicat-
ing at an inlet end with the extractant inlet port
means for receiving the liquid extractant and at an
outlet end with the extractant outlet port means for
discharging the extractant; and

(¢) pressure difference control means for maintaining
a difference between a liquid pressure of the ex-
tractant in the interior of the solute-transfer tubes
and a liquid pressure of the feed solution in the
interior of the separation unit housing exterior of
the solute-transfer tubes substantially within a pre-
determined pressure range so that an interface be-
tween the feed solution and the extractant is sub-
stantially immobilized at the porous membrane
wall of the solute-transfer tubes to effectively pre-
vent the formation of a dispersion of feed solution
and extractant in either the interior of the solute-
transfer tubes or in the interior of the separation
unit housing exterior of the solute-transfer tubes.}

[ 11. The membrane solute-transfer unit according to
claim 7 in which the pores of the porous membrane
material of the solute-transfer tubes are of a size substan-
tially to prevent cellular debris in a feed solution from
passing from the feed solution exterior of the solute-
transfer tubes to the interior of the solute-transfer tubes,
and the solute-transfer unit further comprnises:

(d) gas-permeable membrane means for introducing
oxygen into the feed solution in the interior of the
separation-unit housing.}

[ 12. The membrane solute-transfer unit according to
claim 10 in which the extractant inlet port means i1s
connected to a source of liquid extractant. }

13. An immobilized-interface solute-transfer unit for
transferring a solute from a feed solution to an extract-
ant liquid, the solute-transfer unit comprising:

(a) A fluid-tight housing;

(b) a first porous membrane located in and connected
to the housing, the first porous membrane being
preferentially wettable by one of the feed solution
and the extractant liquid, the first porous mem-
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brane dividing the housing into a feed solution
chamber and an extractant chamber, the housing
having a feed solution inlet port and a feed solution
outlet port which communicate with the feed solu-
tion chamber and an extractant inlet port and an 5
extractant outlet port which communicate with the
extractant chamber; |

(c) feed-solution/extractant pressure difference con-
trol means for maintaining a difference between a
hqutd pressure of a feed solution in the feed solu- 10
tion chamber and a liguid pressure of an extractant
in the extractant chamber substantially within a
predetermined pressure range so that an interface
between the feed solution and the extractant is
substantially immobilized at the first porous mem- 15
brane to effectively prevent the formation of a
dispersion of feed solution and extractant in either
chamber on opposing sides of the membrane;

(d) a second porous membrane located in and con-
nected to the housing the second porous membrane 20
being preferentially wettable by one of the extract-
ant liquid and a back-extractant, the second porous
membrane being located in the extractant chamber
and dividing the chamber into an intermediate
extractant subchamber and a back extractant sub- 25
chamber, the extractant inlet and outlet ports being
In communication with the intermediate extractant
subchamber, the housing having a back extractant
inlet port and a back extractant outlet port which
communicate with the back extractant subcham- 30
ber; and

(e) back-extractant/pressure difference control means
for maintaining a difference between a liquid pres-
sure of a back extractant in the back extractant
subchamber and a liquid pressure of an intermedi- 35
ate extractant in the intermediate extractant sub-
chamber substantially within a predetermined pres-
sure range so that the interface between the back
extractant and the intermediate extractant is sub-
stantially immobilized at the second porous mem- 40
brane to effectively prevent the formation of a
dispersion of back-extractant and extractant in ei-
ther subchamber on opposing sides of the second
porous membrane.

14. The immobilized-interface solute-transfer unit 45

according to claim 13 in which the extractant inlet port
1s connected to a source of extractant liquid.

15. The membrane-separation unit according to claim

13 in which

(b.1) The porous membrane is in the shape of a hol- 50
low tube, the interior of the tube defining a feed-
solution chamber: and

(d.1) the second porous membrane is in the shape of a
hollow tube, the interior of the tube defining a back
extractant subchamber. 55

16. A membrane solute-transfer unit for transferring

solute from a liquid feed solution to a liquid extractant,
the solute-transfer unit comprising:

(a) a solute-transfer unit housing having extractant
inlet port means for introducing a liquid extractant 60
into an interior of the housing and extractant outlet
port means for discharging the extractant from the
interior of the housing, the housing having feed-
solution 1nlet and outlet port means for introducing
and discharging a feed solution from the interior of 65
the housing, and the housing having auxiliary-
extractant inlet port means for introducing a liquid
auxiliary extractant into the interior of the housing
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and auxihary-extractant outlet port means for dis-
charging the auxiliary extractant from the interior

of the housing;

(b) a plurality of hollow solute-transfer tubes, the

solute-transfer tubes extending through the interior
of the solute-transfer unit housing from the extract-
ant inlet port means to the extractant outlet port
means, the walls of the tubes being made of a po-
rous membrane material the porous membrane
material being preferentially wettable by one of the
feed solution and the extractant liquid, interiors of
the tubes communicating at an inlet end with the
extractant inlet port means for receiving the liquid
extractant and at an outlet end with the extractant
outlet port means for discharging the extractant;

(c) extractant/feed-solution pressure difference con-

trol means for maintaining a difference between a
liquid pressure of the extractant in the interior of
the solute-transfer tubes and a liquid pressure of the
feed solution in the interior of the separation unit
housing exterior of the solute-transfer tubes sub-
stantially within a predetermined pressure range so
that an interface between the feed solution and the
extractant 1s substantially immobilized at the po-
rous membrane wall of the solute-transfer tubes to
effectively prevent the formation of a dispersion of
feed solution and extractant in either the interior of
the solute-transfer tubes or in the interior of the
separation unit housing exterior of the solute-trans-
fer tubes:

(d) a plurality of hollow auxiliary-extractant solute-

transfer tubes, the auxiliary extractant solute-trans-
fer tubes extending through the interior of the so-
lute-transfer unit housing from the auxiliary-
extractant inlet port means to the auxiliary-extract-
ant outlet port means, the wall of the tubes being
made of a porous membrane material, the porous
membrane material being preferentially wettable
by one of the auxiliary-extractant and the feed
solution, interiors of the tubes communicating at an
inlet end with the auxiliary-extractant inlet port
means for receiving the auxiliary extractant and at
an outlet end with the auxiliary-extractant outlet
port means for discharging the auxiliary extractant;
and

(e) auxiliary-extractant/feed-solution pressure-differ-

ence control means for maintaining a difference
between a liqmd pressure of the auxiliary-extract-
ant in the interior of the auxiliary-extractant solute-
transfer tubes and a liquid pressure of the feed
solution in the interior of the separation unit hous-
ing exterior of the auxiliary-extractant solute-trans-
fer tubes substantially within a predetermined pres-
sure range so that an interface between the feed
solution and the auxiliary extractant is substantially
immobilized at the porous membrane wall of the
auxiliary-extractant solute-transfer tubes to effec-
tively prevent the formation of a dispersion of feed
solution and auxiliary-extractant in either the inte-
rior of the auxiliary-extractant solute-transfer tube
or in the interior of the separation unit housing
exterior of the auxiliary-extractant solute-transfer
tubes.

17. The membrane solute transfer unit according to
claim 16 in which the extractant inlet and outlet port
mans is connected to a source of liquid extractant.
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18. A membrane solute transfer unit for transferring
solute from a liquid feed solution to a liquid extractant,
the solute-transfer unit comprising;:

a solute-transfer unit housing having feed-solution
inlet port means for introducing a feed solution into
an interior of the housing and feed solution outlet
port means for discharging the feed solution from
the interior of the housing, the housing having
extractant inlet and outlet port means for introduc-

24

tractant is substantially immobilized at the porous
membrane wall of the back-extractant solute-trans-
fer tubes to effectively prevent the formation of a
dispersion of back-extractant and extractant in ei-
ther the interior of the back-extractant solute-trans-
fer tubes or in the interior of the separation unit
housing extertor of the back-extractant solute-
transfer tubes.

19. The membrane solute-transfer unit according to

ing and discharging an extractant from the interior 10 claim 18 in which the extractant inlet port means is

of the housing, the housing having back-extractant
inlet port means for introducing a liquid back ex-
tractant into the internior of the housing and back-
extractant outlet port means for discharging the
back extractant from the interior of the housing;

(b) a plurality of hollow solute-transfer tubes, the
solute-transfer tubes extending through the interior
of the solute-transfer unit housing from the feed-
solution 1nlet port means to the feed-solution outlet
port means, the walls of the tubes being made of a
porous membrane material, the porous membrane
matenal being preferentially wettable by one of the
feed solution and the extractant liquid, interiors of
the tubes communicating at an inlet end with the
feed-solution inlet port means for receiving the
feed-solution and at an outlet end with the feed
solution outlet port means for discharging the feed
solution;

(c) feed-solution/extractant pressure difference con-
trol means for maintaining a difference between a
liquid pressure or a feed solution in the interior of
the solute-transfer tubes and a liquid pressure of an
extractant in the interior of the separation unit
housing exterior of the solute-transfer tubes sub-
stantially within a predetermined pressure range so
that an interface between the feed solution and the
extractant is substantially immobilized at the po-
rous membrane wall of the solute-transfer tubes to
effectively prevent the formation of a dispersion of
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feed solution and extractant in either the interior of 40

the solute-transfer tubes or in the interior of the
separation unit housing exterior of the solute-trans-
fer tubes;

(d) a plurality of hollow back-extractant solute-trans-
fer tubes, the back-extractant solute-transfer tubes
extending through the interior of the solute-trans-
fer unit housing from the back-extractant inlet port
means to the back-extractant outlet port means, the
walls of the tubes being made of a porous mem-
brane maternial the porous membrane material being
preferentially wettable by one of the extractant
liguid and the back-extractant, the back-extractant
solute-transfer tubes commingling with the solute-
transfer tubes, interiors of the back-extractant so-
lute-transfer tubes communicating at an inlet end
with the back-extractant inlet port means for re-
ceiving the back-extractant hiquid and at an outlet
end with the back-extractant outlet port means for
discharging the back extractant; and

(e) back-extractant/extractant pressure difference
control means for maintaining a difference between
a liquid pressure of a back-extractant liquid in the
interior of the back-extractant solute-transfer tubes
and a liquid pressure of the extractant in the inte-
rior of the separation unit housing exterior of the
back-extractant solute-transfer tubes substantially
within the predetermined pressure range so that an
interface between the back extractant and the ex-
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connected to a source of iquid extractant and the auxili-
ary-extractant inlet port means is connected to a source
of hquid auxiliary extractant.

20. An immobilized-interface solute-transfer unit for
transferring a solute from a feed solution to an extractant
liquid, the solute-transfer unit comprising:

(a) a fluid-tight housing;

(b) a porous membrane located in and connected to the
housing, the porous membrane including pores having
effective pore diameters in the range of from about 20
nm to about 10 um, the porous membrane being
preferentially wettable by one of the feed-solution and
liguid extractant, the porous membrane dividing the
housing into a feed solution chamber and an extract-
ant chamber, the housing having a feed solution inlet
port and a feed solution outlet port which communi-
cate with the feed solution chamber and an extractant
inlet port and an extractant outlet port which commu-
nicate with the extractant chamber;

(¢) pressure difference control means for maintaining a
difference between a liquid pressure of a feed solution
in the feed solution chamber and a liquid pressure of
an extractant in the extractant chamber substantially
within a predetermined pressure range so that an
interface between the feed solution and the extractant
Is substantially immobilized at the membrane, to
effectively prevent the formation of a dispersion of feed
solution and extractant in either chamber on opposing
sides of the membrane.

21. The membrane solute-transfer unit according to

claim 20 in which the porous membrane is in the shape of
a hollow tube, the interior of the tube defining one of the

Sfeed solution chamber and the extractant chamber.

22. The membrane separation unit according to claim
20 in which the porous membrane is composed of a hydro-

philic material selected from the group consisting of porous

regenerated cellulose, porous cellulose acetate, porous cel-
lulose acetate-nitrate, porous cellulose triacetate, micropo-
rous glass and porous porcelain.

23. The membrane separation unit according to claim
20 in which the porous membrane is composed of a hydro-
phobic material selected from the group consisting of po-
rous polyethylene, porous polypropylene and porous polytet-
rafluoroethylene.

24. The membrane-separation unit according to claim
20 in which the porous membrane is approximately planar
in shape and the unit further comprises:

(d) a membrane reinforcing screen connected to the
housing and located adjacent to the porous membrane
on a side of the membrane facing a chamber main-
tained in operation at a pressure lower than the pres-
sure of the chamber on the opposing side of the mem-
brane.

25. The membrane unit according to claim 20 in which

the pressure control means includes:

(c.]) a feed-solution pressure sensor in communication
with the feed-solution chamber for detecting a liquid
pressure in the chamber;
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(¢c.2) an extractant pressure sensor in communication
with the extractant chamber for detecting a liquid
pressure in the chamber;

(c.3) a pressure-difference regulator having a head pres-
sure-sensor input, a base pressure-sensor input and a 5
control signal output, the head pressure-sensor input
being connected to one of the feed-solution pressure
sensor and the extractant pressure sensor and the base
pressure-sensor input being connected to the other of
the feed-solution pressure sensor and the extractant 10
pressure sensor, the pressure-difference regulator
being adapted to generate a pressure control signal at
the control-signal output which varies in response to
changes in the difference between the pressure sensed
at the head pressure-sensor input and the base pres- 15
sure-sensor input; and

(c.9) a pressure control valve having a valve control input
connected to the control-signal output of the pressure-
difference regulator, the pressure control valve being
in fluid communication with one of the feed solution 20
chamber and the extractant chamber and being
adapted to change the liquid pressure in the chamber
with which it communicates in response to changes in
a control signal at the valve control input.

20. The immobilized-interface solute-transfer unit ac- 25
cording to claim 20 in which the extractant inlet port is
connected to a source of extractant liquid.

27. A membrane solute-transfer unit for transferring
solute from a liquid feed solution to a liguid extractant, the
solute-transfer unit comprising: 30

(@) A solute-transfer unit housing having feed-solution
inlet port means for introducing a feed solution into
an interior of the housing and feed solution outlet port
means for discharging the feed solution from the inte-
rior of the housing, the housing having extractant inlet 35
and outlet port means for introducing and discharging
an extractant from the interior of the housing;

(b) a plurality of hollow solute-transfer tubes, the solute-
transfer tubes extending through the interior of the
solute-transfer unit housing from the feed-solution 40
inlet port means to the feed-solution outlet port
means, the walls of the tubes being made of a porous
membrane material, the porous membrane material
including pores having effective pore diameters in the
range of from about 20 nm to about 10 um, the porous 45
membrane material being preferentially wettable by
one of the feed-solution and liquid extractant interiors
of the tubes communicating at an inlet end with the
feed-solution inlet port means for receiving the feed-
solution and at an outlet end with the feed solution 50
outlet port means for discharging the feed solution;
and

(¢) pressure difference control means for maintaining a
difference between a liquid pressure of a feed solution
in the interior of the solute-transfer tubes and a liquid 55
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pressure of an extractant in the interior of the separa-
tion unit housing exterior of the solute-transfer tubes
substantially within a predetermined pressure range so
that an interface between the feed solution and the
extractant is substantially immobilized at the porous
membrane wall of the solute-transfer tubes to effec-
tively prevent the formation of a dispersion of feed
solution and extractant in either the interior of the
solute-transfer tubes or in the interior of the separation
unit housing exterior of the solute-transfer tubes.

28. The membrane solute-transfer unit according to

claim 27 in which the extractant inlet and outlet port
means in connected to a source of liquid extractant.

29. A membrane solute-transfer unit for transferring

solute from a liquid feed solution to a liguid extractant, the
solute-transfer unit comprising:

(@) a solute-transfer unit housing having extractant inlet
port means for introducing a liguid extractant into an
interior of the housing and extractant outlet port
means for discharging the extractant from the interior
of the housing, the housing having feed-solution inlet
and outlet port means for introducing and discharging
a feed solution from the interior of the housing;

(b) a plurality of hollow solute-transfer tubes, the solute-
transfer tubes extending through the interior of the
solute-transfer unit housing from the extractant inlet
port means to the extractant outlet port means, the
walls of the tubes being made of a porous membrane
material, the porous membrane material including
pores having effective pore diameters in the range of
from about 20 nm to about 10 um, the porous mem-
brane material being preferentially wettable by one of
the feed-solution and liguid extractant interiors of the
tubes communicating at an inlet end with the extract-
ant inlet port means for receiving the liqguid extractant
and at an outlet end with the extractant outlet port
means for discharging the extractant; and

(¢) pressure difference control means for maintaining a
difference between a liquid pressure of the extractant
in the interior of the solute-transfer tubes and a liquid
pressure of the feed solution in the interior of the
separation unit housing exterior of the solute-transfer
tubes substantially within a predetermined pressure
range so that an interface between the feed solution
and the extractant is substantially immobilized at the
porous membrane wall of the solute-transfer tubes to
effectively prevent the formation of a dispersion of feed
solution and extractant in either the interior of the
solute-transfer tubes or in the interior of the separation
unit housing exterior of the solute-transfer tubes.

30. The membrane solute-transfer unit according to

claim 29 in which the extractant inlet port means is con-
nected to a source of liquid extractant.
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