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APPARATUS FOR PERVAPORATION CONTROL IN LIQUID DEGASSING SYSTEMS

Field of the Invention

The present invention relates to liquid degassing systems generally, and more particularly to a
liquid degassing apparatus that is specifically arranged to minimize pervaporation in a degassing
chamber. The apparatus of the present invention may be particularly adapted for control of

pervaporation in degassing systems utilized in liquid chromatography applications.

Background of the Invention

Solvent pervaporation through a membrane is a well known phenomenon that has been
harnessed in membrane separation applications. For example, the prior art is rich with examples of
the use of solvent pervaporation through a membrane for the purpose of concentrating relatively low
vapor pressure components on a retentate side of the membrane. In addition, distillation operations
utilizing pervaporation through a membrane have been performed to selectively recover solvent
components on the permeate side of the membrane.

While the beneficial aspects of pervaporation have long been known and utilized in
purposeful solvent separation processes, such pervaporation characteristics can have significant
negative effects in mixed-solvent applications wherein the relative concentrations of the respective
solvents is desired to be known and/or constant. A particular example of such a mixed-solvent
application is in liquid chromatography systems, wherein mobile phases of more than one solvent are
used. It has been recognized by the Applicants, however, that changes to the relative concentrations
of the mobile phases can occur over time, thereby negatively affecting the accuracy of
chromatographic analysis.

Pervaporation effects are particularly damaging to analytical accuracy in chromatographic
systems utilizing relatively low through-put mobile phase volumes, or in instances wherein the
chromatographic instrumentation is only periodically operated without complete flushing of supply
lines between each operation. For example, systems that utilize mobile phase flow rates of on the
order of nanoliters or microliters per hour are at risk of having the relative concentrations of the
solvents making up the mobile phase being substantially modified during analyte transportation
through the chromatographic instrumentation.

In particular, liquid chromatography systems typically employ degassing chambers in which
the liquid mobile phase is exposed to a degassing environment through a gas-permeable, liquid-
impermeable membrane. Such a degassing environment may be, for example, relatively low absolute
pressure maintained by evacuation pumps, or relatively low target material partial pressures in a
sweep fluid passed through a permeate side of a degassing chamber. Typically, degassing operations

have been arranged and controlled to maximize degassing performance on the mobile phase passing
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through the degassing chamber. To do so, vacuum pumps are typically programmed to maintain
relatively low absolute pressures on the permeate side of the membrane, or, in the cases of a sweep
fluid, a sweep fluid containing little or no concentration of the targeted gas species being withdrawn
from the mobile phase. In both cases, a target gas concentration gradient is maintained to drive target
gas transfer through the membrane to the permeate side. A result of maintaining such a large target
gas concentration gradient at all times in the degassing chamber can be pervaporation. Specifically,
relatively long residence time of mobile phase within the degassing chamber having a permeate side
maintained at the conditions described above has a tendency to cause a change in relative solvent
concentrations as a result of pervaporation through the membrane of relatively higher vapor pressure
solvent components. As a consequence, the mobile phase on the retentate side of the degassing
chamber can become concentrated in relatively lower vapor pressure component materials,
particularly if such mobile phase has a relatively high residence time within the degassing chamber, or
if the permeate side of the degassing chamber is conducive to ongoing pervaporative effects.

It is therefore an object of the present invention to provide an apparatus for controlling
pervaporation of a mobile phase having two or more component materials through a membrane.

It is another object of the present invention to provide an apparatus for establishing an
environment on the permeate side of a membrane that is effective in limiting pervaporation through
the membrane of a mobile phase having two or more component materials.

It is a further object of the present invention to provide an apparatus for attenuating pressure
oscillations in a vacuum degassing system.

It is a still further object of the present invention to inhibit cross-contamination of

pervaporated solvent among a plurality of distinct degassing chambers in a vacuum degassing system.

Summary of the Invention

By means of the present invention, pervaporated solvent cross-contamination may be
substantially eliminated by counteracting a pervaporated solvent backflow developed in non-suction
periods of a vacuum pump cycle. Counteraction may be in the form of an added volume downstream
of a degassing chamber and/or air/gas flow driven in a direction opposite of the potential backflow.
In a negative pressure degassing environment, counteracting air flow may be driven by pressure
differential in the system with respecf to ambient.

In one embodiment, a liquid degassing apparatus of the present invention includes a plurality
of degassing modules for degassing respective liquid compositions, each of the degassing modules
including a chamber separated by a gas-permeable, liquid-impermeable membrane into a permeate
side and a retentate side, wherein the retentate sides of the chambers are liquidly disconnected from
one another. The apparatus further includes a manifold fluidly connecting the permeate sides of the
chambers through outlet conduits individually extending between the manifold and respective vacuum

ports in fluid communication with the permeate sides of the chambers, wherein the manifold further
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fluidly connects the outlet conduits with the main degassing line at a connection. A vacuum pump of
the apparatus is fluidly coupled to the main degassing line for evacuating the permeate sides of the
chambers to a pressure set point. The apparatus further includes an air vent permitting air flow into
the apparatus between the connection and the chambers at an inflow rate that is equal to or greater
than a combined average backflow rate of the plurality of degassing modules, but not exceeding a
maximum capacity flow rate defining a maximum capacity of the vacuum pump for maintaining the
pressure set point.

In another embodiment, a method for controlling liquid pervaporation in a liquid degassing

system includes delivering liquid compositions to retentate sides of chambers within a plurality of
degassing modules, wherein a first liquid composition delivered to a first chamber is different from a
second liquid composition delivered to a second chamber. A vacuum pump fluidly coupled to
respective permeate sides of the chambers is operated to evacuate the permeate sides of the chambers
to a pressure set point that results in a liquid vapor pervaporation flow through a respective membrane
in at least one of first and second of the plurality of chambers. The method further includes
counteracting the liquid vapor pervaporation flow to prevent infiltration of the pervaporation flow into
another of the chambers.
A liquid degassing apparatus is arranged to limit pervaporation through a membrane, in one aspect, by
establishing a pervaporation control space at a permeate side of the membrane. The pervaporation
control space is defined in a vacuum chamber between the membrane and a shield member. The
shield member may be substantially gas and liquid impermeable to maintain an environment in
contact with the permeate side of the membrane that is relatively rich in solvent vapor concentration,
thereby limiting further liquid pervaporation across the membrane.

A liquid degassing apparatus may also be arranged to limit pervaporation by attenuating
pressure oscillations generated by a vacuum pump. The attenuation may be accomplished through a
pneumatic filtration in the evacuation line between the degassing chamber and the'vacuum pump.
Pneumatic filtration may be carried out through one or more of flow restriction and added volume,
and may be particularly effective when fluidly interposed between a pressure sensor and the
controlled vacuum pump.

In one embodiment of the invention, the liquid degassing apparatus includes a body defining a
chamber having a liquid inlet and a liquid outlet, and a vacuum port. A gas-permeable, liquid
impermeable membrane is disposed in the chamber to separate the chamber into a permeate side and a
retentate side, wherein the retentate side of the chamber is in liquid communication with the liquid
inlet and the liquid outlet. The permeate side of the chamber is in fluid communication with the
vacuum port. The liquid degassing apparatus further includes a shield member that is disposed in the
permeate side of the chamber, and is interposed between the membrane and the vacuum port. The
shield member defines a substantially closed pervaporation control space between the membrane and

the shield member. The pervaporation control space assumes a volume that is not greater than about



10

15

20

25

30

35

WO 2012/135088 PCT/US2012/030507

30 times the volume of the retentate side of the chamber. The liquid degassing apparatus also
includes a pump for evacuating the permeate side of the chamber through the vacuum port.

In some embodiments, the liquid degassing apparatus further includes a flow restrictor in a
fluid path between the chamber and the pump, with the flow restrictor being suitable for creating a
pneumatic pressure oscillation dampener having a time constant that is larger than an oscillation rate
of the vacuum pump.

In another embodiment, the liquid degassing apparatus includes a degassing module for
degassing a liquid conveyed through a chamber thereof, with the degassing module including gas-
permeable, liquid-impermeable membrane separating the chamber into a permeate side and a retentate
side. The retentate side of the chamber is in liquid communication with a liquid inlet and a liquid
outlet for the liquid, and the permeate side of the chamber is in fluid communication with a vacuum
port of the degassing module. The apparatus further includes a vacuum pump fluidly coupled to the
vacuum port of the degassing module through a degassing line to evacuate the permeate side of the
chamber. A pressure sensor is included for sensing pressure of the permeate side of the chamber, and
to transmit signals to a controller communicatively coupled to the pressure sensor and the vacuum
pump for controlling vacuum pump operation responsive to the signals received from the pressure
sensor indicating pressure of the chamber. The apparatus further includes a pneumatic filtration
apparatus fluidly interposed between the vacuum pump and the pressure sensor within the degassing
line, with the pneumatic filtration apparatué including one or more of a first flow restrictor and a
volume exchange chamber defining a volume open to the degassing line. The pneumatic filtration
apparatus is capable of attenuating pressure oscillations developed in the degassing line by the
vacuum pump, wherein the attenuation provided by the pneumatic filtration apparatus is at least 10%.

A further liquid degassing apparatus includes a plurality of degassing modules for degassing
one or more liquid compositions, with each of the degassing modules including a chamber separated
by a gas-permeable, liquid-impermeable membrane into a permeate side and a retentate side. The
retentate sides of the chambers may be liquidly disconnected from one another, while a manifold
fluidly connects the permeate sides of the chambers through respective individual degassing lines
individually extending between the manifold and respective vacuum ports in fluid communication
with the permeate sides of the chambers. The manifold further fluidly connects the individual
degassing lines with a main degassing line at a connection. The apparatus also includes a vacuum
pump fluidly coupled to the main degassing line for evacuating the permeate sides of the chambers.
A buffer chamber may be fluidly interposed between the connection and at least one of the degassing
modules along a respective individual degassing line, wherein the buffer chamber defines a first
volume open to the individual degassing line. The first volume is of a magnitude exceeding an intake

volume, wherein the intake volume may be defined as: [(Po/Pse)x(100%)]xV .

Brief Description of the Drawings
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Figure 1 is a schematic illustration of a liquid degassing apparatus of the present invention;

Figure 2 is an enlarged view of a portion of the schematic illustration of Figure 1;

Figure 3 is an enlarged view of a portion of the schematic illustration of Figures 1 and 2;

Figure 4 is a schematic view of a portion of the liquid degassing apparatus of the present
invention;

Figure 5 is a schematic view of a portion of the liquid degassing apparatus of the present
invention;

| Figure 6 is a schematic view of a portion of the liquid degassing apparatus of the present

invention;

Figure 7 is a schematic view of a portion of the liquid degassing apparatus of the present
invention;

Figure 8 is a schematic view of a liquid degassing apparatus of the present invention;

Figure 9 is a schematic view of a liquid degassing apparatus of the present invention; and

Figure 10 is a schematic view of a liquid degassing apparatus of the present invention,

Detailed Description of the Preferred Embodiments

The objects and advantages enumerated above together with other objects, features, and
advances represented by the present invention will now be presented in terms of detailed
embodiments described with reference to the attached drawing figures which are intended to be
representative of various possible configurations of the invention. Other embodiments and aspects of
the invention are recognized as being within the grasp of those having ordinary skill in the art.

With reference now to the drawing figures, and first to Figure 1, a pervaporation control
system 10 in a liquid degassing apparatus 8 is arranged to provide a minimal volume pervaporation
control space 12, as will be described in greater detail hereinbelow. Liquid degassing apparatus 8
includes a body 14 which defines a chamber 16 through which pervaporation control system 10
operably extends. Body 14 may comprise one or more component parts, and defines a liquid inlet 18
and a liquid outlet 20. Body 14 further defines a vacuum port 22 which establishes fluid
communication between chamber 16 and a vacuum pump 17 coupled to port 22.

Body 14 may be fabricated from a non-porous, non-absorptive material such as
polyphenylene sulfide, PEEK, non-porous metal, or non-porous glass. Such materials inhibit solvent
pervaporation through an exterior wall thereof. In the embodiment illustrated in Figure 1, body 14
defines a vacuum chamber 16 that is separated into a permeate side 30 and a retentate side 32, with
the retentate side 32 of chamber 16 being in liquid communication with liquid inlet and outlet 18, 20
at liquid inlet connection 26 and liquid outlet connection 28, respectively. Permeate side 30 of
chamber 16 is in fluid communication with vacuum port 22. In the embodiment illustrated in Figure
1, membrane 24 is in the form of a tube for conveying liquidous material through chamber 16 from

liquid inlet connection 26 to liquid outlet connection 28. As such, retentate side 32 of membrane 24 is
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the lumen of the tube formed by membrane 24, and permeate side 30 is the space of chamber 16
external to the tubular membrane 24.

Membrane 24 may be disposed in chamber 16 in a variety of configurations, and being
limited only by the requirement that membrane 24 effectively contain the liquid portion of a mobile
phase entering chamber 16 at inlet connection 26 on a retentate side of membrane 24. Accordingly,
membrane 24 may be arranged in any suitable configuration for separating chamber 16 into a
permeate side 30 and a retentate side 32, with the retentate side of chamber 16 being in liquid
communication with liquid inlet and outlet connections 26, 28, and the permeate side 30 of chamber
16 being in fluid communication with vacuum port 22.

Membrane 24 may preferably be gas-permeable, liquid-impermeable so as to substantially
inhibit liquidous material from passing therethrough. Accordingly, membrane 24 may be fabricated
from a variety of materials, including flouropolymers such as PTFE, ePTFE, and perfluorinated
copolymer available from E.I. du Pont de Nemours and Company under the trade name Teflon AF®.
An example construction of a tubular membrane in a vacuum degassing chamber is described in U.S.
Patent No. 6,248,157, which is incorporated herein by reference.

While membrane 24 substantially prevents the permeation of liquidous material therethrough,
it is understood that solvent vapor may diffuse through the wall of membrane 24 to permeate side 30
of chamber 16. As described above, solvent vapor diffusion through membrane 24 may be driven by
differential partial pressures of the solvent vapor as between the retentate and permeate sides of
membrane 24. In the case of liquid degassing systems, mixed-solvent mobile phase may have
disproportionate pervaporation rates among each solvent in the mobile phase. Consequently, it is
desired to minimize solvent pervaporation across membrane 24, so as to maintain consistent and
accurate solvent blends in the mobile phase.

Henry’s Law of Partial Pressure controls the operational parameters in causing gaseous
species in the liquid mobile phase to migrate through gas-permeable membrane 24 to a permeate side
30 of chamber 16. In particular, to drive migration across the membrane, permeate side 30 exhibits a
lower relative concentration or partial pressure of the target gaseous species than that found in the
liquid mobile phase. For liquid chromatography applications, the critical gaseous species
concentration in the liquid mobile phase is the maximum target gas species solute concentration
sustainable in the mobile phase without outgassing. For example, methanol and water can each
individually hold up to 38% of air without outgassing in any mixture combination of the two solvents.
As such, the maximum pressure at the permeate side 30 for degassing air from a methanol/water
analyte may be calculated by the following relationship:

P egas = (0.38)(ambient atmospheric pressure)

The ambient atmospheric pressure value must take into account known decreases in pressure

introduced by the system. For example, flow restrictions between the mobile phase supply vessels

and the mobile phase pump must be deducted from ambient atmospheric pressure in order to calculate
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an accurate maximum pressure at permeate side 30 allowable in order to maintain the mobile phase
with a gas concentration sufficiently low to prevent outgassing.

In some applications, however, such a pressure value calculated at a level only to prevent
outgassing of the mobile phase is insufficient to adequately degas the mobile phase. As such, the gas
pressure at permeate side 30 required to achieve desired degasification of the mobile phase is likely to
be assessed for each set of operating conditions. In general, degassing rate is increased with
decreased target gas partial pressure on permeate side 30 of chamber 16. To effectuate such an
environment, permeate side 30 of chamber 16 may be evacuated to a relatively low total absolute
pressure by coupling vacuum port 22 to a vacuum pump 17.

The equilibrium point pressure at permeate side 30 is calculated as the sum of the vapor
pressures of each solvent component in the mobile phase. By operation of Dalton’s Law, solvent
vapor fills a void space to an extent at which its associated partial pressure meets the corresponding
solvent vapor pressure, when such void space is exposed to the corresponding solvent. Such an
arrangement is present in pervaporation control system 10, wherein only a pervaporation control
space 12 is available to be filled with solvent vapor up to the corresponding solvent vapor pressure of
a solvent component disposed at a retentate side 32. Pervaporation of the solvents will occur only to
the extent that each solvent vapor fills pervaporation control space 12 to a partial pressure equal to its
corresponding vapor pressure, at which point further pervaporation ceases. Accordingly, Applicants
have determined that pervaporation of liquid mobile phase from retentate side 32 may be limited by
minimizing the volume of permeate side 30 of chamber 16, through the establishment of
pervaporation control space 12 defined between membrane 24 and a shield member 36, which shield
member 36 is disposed in permeate side 30 of chamber 16, and interposed between membrane 24 and
vacuum port 22. In this manner, the equilibrium point pressure described above is reached with as
little solvent pervaporation as possible. Minimizing the void space defined by pervaporation control
space 12 provides a variety of other operational advantages, such as rapid pressure stabilization, low
volume requirements, and the like.

In one embodiment, shield member 36 defines pervaporation control space 12 by establishing
a solvent vapor permeability barrier in proximity to membrane 24. As a result, shield member 36 may
exhibit low solvent vapor permeability, and particularly low permeability to solvent vapors
pervaporating from the mobile phase at retentate side 32 of membrane 24. Shield member 36 may
therefore exhibit a solvent vapor permeability that is less than the solvent vapor permeability of
membrane 24.

In some embodiments, shield member 36 may be fabricated from one or more polymeric
materials such as FEP, PEEK, Tefzel™, or other suitable materials. In the illustrated embodiment,
shield member 36 is formed as a tube which surrounds tubular membrane 24. Shield member 36 may
concentrically or nonconcentrically surround membrane 24. Shield member 36 may surround tubular

membrane 24 to define a substantially closed pervaporation control space 12 between membrane 24
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and shield member 36. In some embodiments, shield member 36 may surround tubular membrane 24
as tubular membrane 24 extends between inlet connection 26 and outlet connection 28. Shield
member 36 may therefore extend continuously from inlet connection 26 to outlet connection 28, such
that pervaporation control space 12 is defined continuously from inlet connection 26 to outlet
connection 28, |

Shield member 36, however, may be provided in a variety of configurations to establish a
desired pervaporation control space 12. In the illustrated embodiment, pervaporation control space 12
is defined continuously from inlet connection 26 to outlet connection 28. In other embodiments,
however, pervaporation control space 12 may be defined only at one or more distinct locations in
proximity to membrane 24, such as at locations between inlet connection 26 and outlet connection 28.
Shield member 36 may be provided in configurations which are not tubular to suitably define
pervaporation control space 12 between membrane 24 and shield member 36.

In one particular embodiment, tubular membrane 24 may have an inside diameter “X;” of
0.011 in., and a wall thickness of 0.005 in. Shield member 36 may surround, concentrically or
otherwise, tubular membrane 24 with an inner diameter “X,;” of 0.030 in, and an outside diameter
“X3” 0of 0.062 in. In such an arrangement, therefore, an average distance between membrane 24 and
inner wall 37 of shield member 36 is about 0.007 in. In typical embodiments, inner wall 37 of shield
wall 36 may be spaced from membrane 24 by less than about 0.03 in. in defining pervaporation
control space. In some embodiments, pervaporation control space 12 assumes a volume between
membrane 24 and shield member 36 that is not greater than about 30x the volume defined by retentate
side 32 of chamber 16. It has been discovered by the Applicants that, at a ratio of less than about 30:1
(volume of pervaporation control space:volume of retentate side), pervaporation of liquid at retentate
side 32 may be limited to an extent which permits relative concentration ranges of a mixed solvent
system within an acceptable error range of chromatographic analysis. The ratio described above,
therefore, l'epresénts an understanding by the Applicants of empirical evidence of suitably minimized
pervaporation. It has been further discovered, however, that such ratio may preferably be
substantially less than 30:1, such as less than about 10:1, and even more preferably less than about
3:1. To provide a desirably functional pervaporation control space, both for controlling solvent
pervaportiaon across membrane 24 and for facilitating degassing of the solvent, the relative volume
ratio of the pervaporation control space to the spaced defined on the retentate side of membrane may
be at least about 1:1. Relative volumes as between pervaporation control space 34 and retentate side
32 may be established to suit the particular parameters of an operating system and its associated
materials and operating conditions.

It is also to be understood that the relative volume ratios described above may not be pertinent
for arrangements in which shield member 36 and/or tubular membrane 24 are not substantially
tubular. Accordingly, it is to be understood that pervaporation control space 12 may be defined as a

limited space between membrane 24 and shield member 36. In typical embodiments, an average
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distance between membrane 24 and inner wall 37 of shield member 36 may be at least about 0.001 in,
and may be between about 0.001 in and about 0.03 in. Such a range has been determined by the
Applicants to simultaneously facilitate a meaningful limitation on solvent pervaportaion through
membrane 24, and adequate degassing of the solvent at retentate side 32 of membrane 24,

In order to permit degassing of the liquid mobile phase at retentate side 32 of membrane 24,
permeate side 30 of chamber 16 may be dynamically controlled to establish and maintain sufficiently
low partial pressures of the target species for gaseous removal from the liquid mobile phase. In the
context of the vacuum degassing arrangement illustrated in the Figures, therefore, permeate side 30 of
the chamber 16 may be fluidly coupled to vacuum port 22, such that a vacuum pump may evacuate
permeate side 30 to an extent sufficient to establish and maintain a target gas partial pressure that
effectuates degassing of the liquid mobile phase. Such fluid connection extends to membrane 24, so
that gas removed from the liquid mobile phase through gas-permeable membrane 24 may be
evacuated out from chamber 16 through vacuum port 22.

Conventional degassing systems, such as that described in U.S. 6,248,157 establish direct
exposure of the permeate side surface of the membrane to a fluid environment that is connected in an
unimpeded fashion to a vacuum port outlet (see Figure 2 of U.S. 6,248,157). The presently described
shield member 36 presents a barrier, at least to an extent, for degassed molecules to be removed from
chamber 16. Consequently, shield member 36 may be configured to permit limited bypass of gaseous
species while maintaining a substantially closed pervaporation control space 12. A number of
approaches may be utilized to facilitate removal of degassed molecules from chamber 16. For
example, shield member 36 may be provided with one or more apertures 40 which permit limited gas
flow therethrough. In the enlarged view of Figure 4, apertures 40 may be slits formed in the wall of
shield member 36. Slits 40 may penetrate at least partially through shield member 36, and preferably
establish a pathway for limited gaseous escape through shield member 36. Slits 40 may be provided
at shield member 36 in any desired number, size, or arrangement to provide the desired balance of
degassed vapor outflow from pervaporation control space 12 and the maintenance of a substantially
closed pervaporation control space 12 to limit solvent vapor pervaporation pursuant to Dalton’s Law.
For example, apertures 40 may be in the form of slits formed longitudinally substantially parallel to a
luminal axis of a tubular shield member 36. It has been found by the Applicant that such an
arrangement for the one or more apertures 40 in shield member 36 provides for sufficient degassing
efficiency without compromising the structural strength of shield member 36.  Applicants
contemplate, however, that the one or more apertures may be provided any of a number of
configurations, including combinations of different configurations. In the example of slits, apertures
40 may be formed longitudinally, transversely, spirally, or any combination thereof to establish the
desired degree of gas flow out from pervaporation control space 12. Accordingly, apertures 40 may
be in the form of holes, valves, pathways, and the like. Figures 5-7 illustrate examp.le alternative

embodiments for one or more apertures 40 in shield member 36.



10

15

20

25

30

35

WO 2012/135088 PCT/US2012/030507

In each of the illustrated embodiments, shield member 36 is adapted to permit limited gas
flow at least from pervaporation control space 12 to a chamber space 31 of permeate side 30 that is
separated from pervaporation control space 12 by shield member 36. In some embodiments, shield
member 36 may be adapted to permit gas flow between pervaporation control space 12 and chamber
space 31. It is contemplated that shield member 35 may be variously configured to achieve the
limited gas passage from pervaporation control space 12 to chamber space 31. In some embodiments,
the one or more apertures 40 in shield member 36 permits gas passage from pervaporation control
space 34 to chamber space 31 only upon at least one millimeter Hg absolute pressure differential
between pervaporation control space 12 and chamber space 31. In typical such embodiments,
therefore, degassing of liquid at retentate side 32 through gas-permeable membrane 24 that is
effectuated by a reduced partial pressure of the target gas at permeate side 30 increases the absolute
pressure at pervaporation control space 12 due to the “enclosure effect” of shield member 36 in
relation to membrane 24. Shield member 36 may be arranged to permit gas passage from
pervaporation control space 12 to chamber space 31 only upon reaching a threshold absolute pressure
differential, with the absolute pressure at pervaporation control space 12 being greater than the
absolute pressure of chamber space 31 by the threshold differential value. As indicated above, such a
threshold absolute pressure differential may be at least one mm Hg,.

In one particular embodiment of the present invention, apertures 40 may comprise one or
more slits substantially longitudinally aligned with a central luminal axis of a tubular shield member
36, wherein the one or more slits are of a width, length, and penetration depth to produce an air flow
restriction of between about 10-50 SCCM with an absolute pressure at chamber space 31 of about 100
mm Hg. To accomplish such an airflow restriction, the one or more apertures 40 may penetrate
partially or completely through a wall of shield member 36. In one embodiment, for example, a gas
passage slit aperture 40 may be produced at shield member 36 by cutting into shield member 36 with
a standard razor blade along an axial direction.

In the illustrated embodiment, a tubular shield member 36/membrane 24 assembly may be
secured at each of inlet and outlet connections 26, 28 with suitable ferrules 27, 29 which are
configured to crimpingly engage upon shield member 36 at inlet and outlet connections 26, 28.
Respective nuts 27a, 29a operate conventionally to press ferrules 27, 29 into crimping engagement
between body 14 and shield member 36.

To limit air-vapor exchange due to pressure fluctuations within chamber 16 caused by the
operation of the vacuum pump coupled to vacuum port 22, a pneumatic filtration device may be
established by including a flow restrictor 52 between chamber 16 and the vacuum pump, such as at
vacuum port 22. In the illustrated embodiment, flow restrictor 52 is in the form of a capillary tube
disposed at vacuum port 22, which capillary tube is suitable for creating a pneumatic pressure

oscillation dampener having a time constant that is larger than an oscillation rate of the vacuum pump.
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The pneumatic pressure oscillation attenuation of flow restrictor 52 may be calculated by the

following relationship:

A=1+1+Qrx FxT)?
Where: F =T, —frequency of fluctuations
T =V x128x ux L)+ (mwxd" x P)
V' = chamber volume
4 = dynamic viscosity of air
L =restrictor length
d =restrictor inside diameter
P =pressure

Flow restrictor 52 is preferably configured to be effective in reducing pressure fluctuations in
chamber 16 caused by the reciprocal displacement operation of the vacuum pump. The time constant
of flow restrictor 52 and chamber 16 should therefore be larger than the oscillation rate of the positive
displacement effected through the reciprocating piston of vacuum pump 17. In a particular
embodiment, flow restrictor 52 is configured to permit up to about 1 mm Hg absolute pressure
differential thereacross. In one embodiment, flow restrictor 52 is a capillary tube having an inside
diameter of 0.01 in, and length of 0.5 in, wherein the volume of chamber 16 is about 28 cm’. Flow
restrictor 52 and chamber 16, however, may be provided in a variety of configurations to meet the
pneumatic pressure oscillation dampening performance of the present invention.

While flow restrictor 52 may be effective in reducing pressure fluctuations in chamber 16,
such pressure fluctuations may nevertheless be imparted upon pressure sensor 70 between flow
restrictor 52 and vacuum pump 17. Such pressure oscillations detected by sensor 70 may, without
corrective programming to controller 72, cause controller 72 to drive vacuum pump 17 at varying
speeds in an effort to maintain a pressure set point in chamber 16. The changing speeds of vacuum
pump 17 may exacerbate pressure oscillations, both detected by pressure sensor 70, and within
degassing chamber 16. In fact, in a closed-loop control scheme for maintaining a pressure setpoint
within degassing chamber 16, the pressure oscillations detected by pressure sensor 70 may drive the
system to actually create pressure oscillations within degassing chamber 16 which overcome the
dampening properties of flow restrictor 52, thereby potentially leading to undesired pervaporation.

To reduce pressure oscillations, both within degassing chamber 16 and at sensing point 68 of
pressure sensor 70, a pneumatic filtration apparatus 74 may be operably positioned between vacuum
pump 17 and sensing location 68. The pneumatic filtration apparatus 74 includes one or more of a
volume exchange chamber 76 and a flow restrictor 78. In the embodiment illustrated in Figure 8§,
volume exchange chamber 76 is disposed downstream from flow restrictor 78. However, it is

contemplated that the relative positions of exchange chamber 76 and flow restrictor 78 may be
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reversed, wherein flow restrictor 78 is downstream from exchange chamber 76. For the purposes of
this application, the terms “downstream” and “upstream” are intended to refer to the prevailing gas
flow direction from degassing chamber 16 to exhaust 80 of vacuum pump 17. Thus, a component
disposed “downstream” from another component or location in the pervaporation control system is
proximally disposed to exhaust 80 with respect to the other component or location.

Volume exchange chamber 76 and flow restrictor 78 may work individually or in
combination to attenuate pressure oscillations upstream from pneumatic filtration apparatus 74.
Consequently, the attenuation contribution of each of exchange chamber 76 and flow restrictor 78
may be assigned in the construction of pneumatic filtration apparatus 74 to optimally perform in the
respective pervaporation control/degassing system. In one aspect, for example, flow restrictor 78 may
be limited in its attenuation contribution by the pressure drop thereacross. Specifically, the pressure
drop magnitude across flow restrictor 78 is preferably of a magnitude within desired operating ranges
for vacuum pump 17, such that vacuum pump 17 possesses the capability to maintain the pressure
setpoint within degassing chamber 16 even through the change in pressure caused by flow restrictor
78. In some cases, flow restrictor 78 is designed to contribute to pressure oscillation attenuation while
not sigﬁiﬁcantly increasing the power draw (speed) of vacuum pump 17. In one embodiment, flow
restrictor 78 may be a capillary tube with an inside diameter that is substantially smaller than a
nominal inside diameter of degassing line 71 coupling degassing chamber 16 to vacuum pump 17.
For example, the capillary tube of flow restrictor 78 may have an inside diameter of 0.01 in. and a
length of 2 in. However, it is to be understood that capillary tubes of various dimensions, as well as a
variety of other configurations or devices may be utilized to achieve the desired flow restriction.

Volume exchange chamber 76 of pneumatic filtration apparatus 74 may be provided as an
added “dead space” volume between sensor location 68 and vacuum pump 17. Such volume of
exchange chamber 76, as well as the flow restriction of flow restrictor 78, operate individually or in
combination to provide pneumatic pressure oscillation attenuation in accordance with the relationship
described above. Namely, the attenuation provided by pneumatic filtration device 74 may be
calculated with “¥” being the volume of exchange chamber 76, and “L” and “d” being the diameter
and length dimensions, respectively, of flow restrictor 78. The pressure oscillation attenuation
provided by pneumatic filtration apparatus 74 may be at least 10%, and, in some embodiments, at
least 50%.

It is contemplated that exchange chamber 76 may be provided in any of a variety of
configurations, including a separate chamber body fluidly coupled to degassing line 71, or a widened
and/or lengthened degassing line 71. As expressed in the above relationship, the increased volume
being pumped by vacuum pump 17, and in some embodiments downstream from sensor location 68,
contributes to the attenuation of pressure oscillations within degassing line 71 and degassing chamber

16. In one embodiment, exchange chamber 76 may be in the form of an extended length of degassing
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line 71 for a total added volume of 5-10 milliliters. Other volumes and configurations for exchange
chamber 76, however, are contemplated by the present invention.

Some liquid degassing systems involve a plurality of distinct degassing chambers assigned to
degas distinct liquid mobile phase streams. In some cases, such distinct mobile phase streams may
contain identical mobile phase compositions. In other cases, however, such mobile phase streams
may carry distinct mobile phase compositions. Typically, vacuum degassing of such plurality of
degassing chambers is effected through a single vacuum pump fluidly coupled to each of the
degassing chambers through a manifold. It has been discovered that pressure oscillations caused by
the reciprocating characteristic of the vacuum pump can induce pervaporated solvent from one
chamber to be retrogradedly transferred into a different vacuum chamber through the manifold. In
particular, increased pressure in the manifold during the non-intake portion of the vacuum pump cycle
can cause air and pervaporated solvent to “reverse” course from the manifold into a degassing
chamber.

To limit or prevent such “cross-contamination” of pervaporated solvent into the degassing
chambers, first volume buffer chambers may be disposed between the manifold and the respective
degassing chambers. An example embodiment of the present invention is illustrated in Figure 9,
wherein pervaporation control system 110 includes a plurality of liquid degassing apparatus 108a-
108d, each including a degassing chamber 116a-116d, and a flow restrictor 152a-152d in similarity to
that described above with reference to pervaporation control system 8. However, it is to be
understood that degassing apparatus 108a-108d need not be identical, or even similar to one another,
nor with degaséing apparatus 8. Pervaporation control system 110 further includes a manifold 186
fluidly coupling individual degassing lines 171a-171d with main degassing line 171. Manifold 186
may comprise any suitable configuration for coupling respective degassing lines 171a-171d into a
single degassing line 171 for coupling to vacuum pump 117. In one embodiment, manifold 186 may
include a combination of tubing and connection joints for establishing the respective degasser
connections 104a-104d to manifold 186, and a connection 105 fluidly coupling manifold 186 to
degassing line 171. In some embodiments, pervaporation control system 110 includes a pressure
sensor 170 for detecting pressure at sensor location 168, a controller 172 for controlling vacuum
pump 117 based upon signals generated by pressure sensor 170, and a pneumatic filtration device 174
including a volume exchange chamber 176 and a flow restrictor 178.

As indicated above, pervaporation control system 110 may include first volume buffer
chambers 190a-190d fluidly coupled between respective degassing chambers 116a-116d and vacuum
pump 117. In the illustrated embodiment, first volume buffer chambers 190a-190d may be fluidly
coupled to the respective individual degassing lines 171a-171d between the respective flow restrictors
152a-152d and manifold connections 104a-104d. It is to be understood, however, that pervaporation
control system 110 may incorporate one or more volume buffer chambers in any of a variety of

arrangements and configurations to suitably inhibit cross-contamination of pervaporated solvent into
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one or more of the degassing chambers 116a-116d. Therefore, the illustrated embodiment of first
volume buffer chambers 190a-190d is merely exemplary, and may specifically alternatively include
one or more buffer chambers disposed respectively upstream from flow restrictors 152-152d, or
downstream from manifold connections 104a-104d.

In order to effectively inhibit the pervaporated solvent cross-contamination described above,
first volume buffer chambers 190a-190d may be appropriately sized and configured to diminish
pressure oscillations at respective degassing lines 171a-171d that are caused by the intake/exhaust
stroke cycles of vacuum pump 117. In a particular embodiment, the volume of first buffer chambers
190a-190d may be selected to exceed a theoretical intake volume to the respective degassing chamber
116a-116d as a result of the pressure oscillation. The following relationship is used to calculate the
theoretical intake volume to each degassing chamber 116a-116d:

Vi= (Po/Pser) * Van
Wherein,
V= intake volume
P,=pump pressure oscillation
Pse=pressure set point in respective chamber
Va=respective degassing chamber volume

In one embodiment, therefore, each of first volume buffer chambers 190a-190d may be
configured with a volume which exceeds the respective intake volume (V;). However, it is to be
understood that the volumes for first volume buffer chambers 190a-190d may be equal or inequal, and
one or more of such first volume buffer chambers 190a-190d may not exceed an intake volume of an
associated degassing chamber 116a-116d. In a particular embodiment, buffer chambers 190a-190d
may be provided as an added “dead space” volume in the respective degassing lines 171a-171d, and
may be provided in any of a variety of configurations, including a separate chamber body fluidly
coupled to a respective degassing line 171a-171d, or a widened and/or lengthened degassing line
171a-171d. In one embodiment, the first buffer chamber volume may be in the form of an extended
length of a respective degassing line for a total added volume of 0.2-1 ml.

Another embodiment to limit or prevent “cross-contamination” of pervaporated solvent into
the degassing chambers is illustrated in Figure 10, wherein pervaporation control system 210 includes
a plurality of liquid degassing apparatus 208a-208d, each including a degassing chamber 216a-216d,
and a flow restrictor 252a-252d in similarity to that described above with reference to pervaporation
control systems 8, 110. It is to be understood that degassing apparatus 208a-208d need not be
identical, or even similar to one another, nor with degassing apparatus 8, 110. For example, degassing
apparatus 210 may or may not include one or more of the components illustrated in Figure 10. In the
illustrated embodiment, however, pervaporation control system 210 includes a manifold 286 fluidly
coupling individual degassing lines or outlet conduits 271a-271d with a main degassing line 271.

Manifold 286 may comprise any suitable configuration for coupling respective degassing lines 271a-
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271d into a single degassing line 271 for coupling to vacuum pump 217. In one embodiment,
manifold 286 may include a combination of tubing and connection joints for establishing the
respective degasser connections 204a-204d to manifold 286, and a connection 205 fluidly coupling
manifold 286 to degassing line 271. In some embodiments, pervaporation control system 210
includes a pressure sensor 270 for detecting pressure at sensor location 268, a controller 272 for
controlling vacuum pump 217 based upon signals generated by pressure sensor 270, and a pneumatic
filtration device 274 including a volume exchange chamber 276 and a flow restrictor 278.

Pervaporation control system 210 may include first volume buffer chambers 290a-290d
fluidly coupled between respective degassing chambers 216A-216D and vacuum pump 217. First
volume buffer chambers 290a-290d may be substantially as described as above with respect to
pervaporation control system 110.

Pervaporation control system 210 may further include second volume buffer chambers 292a-
292d fluidly coupled between respective chambers 216a-216d and vacuum pump 217. In the
illustrated embodiment, second volume buffer chambers 292a-292d may be fluidly coupled to the
individual degassing lines 271a-271d between respective first volume buffer chambers 290a-290d and
manifold connections 204a-204d. Tt is to be understood, however, that pervaporation control system
210 may incorporate one or more second volume buffer chambers in any of a variety of arrangements
and configurations to suitably inhibit cross-contamination of pervaporated solvent into one or more of
the degassing chambers 216a-216d. Therefore, the illustrated embodiment of second volume buffer
chambers 292a-292d is merely exemplary, and may specifically alternatively include volume buffer
chambers disposed downstream of manifold connections 204a-204d, and/or without first yolume
buffer chambers 290a-290d, and/or other arrangements and relative positions of second volume buffer
chambers 292a-292d with respect to other components of pervaporation control system 210.

Although significant reduction of pervaporation solvent cross-contamination is achieved in
the embodiments described above, “back flow” diffusion of pervaporated solvent can nonetheless
occur during periods of a pumping cycle of vacuum pump 217 in which gas within degassing lines
271, 271a-271d and manifold 286 is not actively drawn into vacuum pump 217. Such “non-suction”
periods may be defined by a discharge segment of the pumping cycle, as well as portions of an intake
segment of the pumping cycle prior to developing a pressure within vacuum pump 217 that is less
than the pressure within degassing line 271 (at which time suction into vacuum pump 217 can occur).
During the “non-suction” period of vacuum pump 217, degassing and solvent pervaporation continue
in degassing chambers 216a-216d. In the event that degassing and/or pervaporation occurs at
different rates within the respective degassing chambers 216a-216d, a localized relative high pressure
is generated, causing “instantaneous backﬂéw” through manifold 286 to the other degassing lines
271a-271d having relatively lower degassing and/or pervaporation rates, resulting in a relatively lower
préssure. In some cases, such instantaneous backflow can include pervaporated solvent that can

eventually diffuse into and cross-contaminate other degassing chambers 216a-216d.
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For the purposes hereof, the term “combined instantaneous backflow volume” shall mean the
following:
V=P * T
Wherein,
V. =combined instantaneous backflow volume
P=maximum pervaporation flow rate (cm’/min)
To=time portion of each pump cycle without suction applied

For the purposes of this application, the term “maximum pervaporation flow rate” means the
single greatest pervaporation flow rate from any one of the plurality of degassing chambers 216a-
216d.

One proposal to eliminate pervaporated solvent cross-contamination is to position check
valves in each individual degassing line 271a-271d. This solution, however, is limited to the
availability of check valves which are of materials compatible with the solvent vapors pervaporating
in degassing chambers 216a-216d. Many pervapofated solvents are damaging to common check
valve materials, such that the employment of check valves has limited applicability. Moreover, check
valve cracking pressure and backflow may affect efficiency of cross-contamination reduction.

Another approach in diminishing or eliminating instantaneous backflow solvent cross-
contamination is to introduce inlet air flow through an air vent 296 in manifold 286. Inlet air flow is
driven by the differential pressure between the total pressure in manifold 286 and the exterior
environment, such as the atmospheric pressure. Air vent 296 may take the form of, for example, a
ca.pillary tube, sintered frit, an orifice, or other structure which permits air flow at a limited rate
therethrough into manifold 286. The vent air flow through vent 296 mitigates pressure differentials
among degassing lines 271a-271d, which is the driving force for the instantaneous backflow
pervaporation cross-contamination described above. To effectively mitigate pressure differentials
among individual degassing lines 271a-271d, the air flow rate through air vent 296 (R,) may exceed
the combined average backflow rate of degassing chambers 216a-216d, as follows:

Ra=P*(N-1)

Wherein,

R, = combined average backflow rate (cm®/min)
P = maximum pervaporation flow rate (cm’/min)
N = number of degassing chambers

When multiple chambers are employed in the pervaporation control system, a relatively high
air vent flow rate is required, which could limit the degassing efficiency of the system. Moreover,
any air flow permitted into the pervaporation control system should not exceed a maximum capacity
flow rate, which is defined as a maximum capacity of vacuum pump 217 to maintain a selected
pressure set point in degassing chambers 216a-216d that is effective for degassing the liquid

compositions passing therethrough. In other words, the “maximum capacity flow rate” is the
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maximum air inlet flow rate which nonetheless permits vacuum pump 217 to maintain the selected
pressure setpoint in permeate sides of the degassing chambers 216a-216d.

An alternative approach may include air vents 296a-296d in each of the individual outlet
conduits 271a-271d, as illustrated in Figure 10. The individual air vents 296a-296d may permit air
flow from an exterior environment into the individual outlet conduits 271a-271d, such as at respective
connections 297a-297d. As in air vent 296, the individual air vents 296a-296d may permit air inflow
to individual outlet conduits 271a-271d through various orifices, including capillary tubes, porous
frits, or the like. The air flow rates through the individual air vents 296a-296d may each exceed the

maximum pervaporation flow rate from any degassing chamber 216a-216d, as follows:

R,zpx N-D

Wherein,

R, = individual air vent flow rate (cm’/min)

The total air vent flow in this arrangement is designed to be equivalent to the air vent flow
through main air vent 296, but divided among the individual air vents 296a-296d. Thus, again,
relatively high bleed air flow rate is involved in this solution to diminish or eliminate pervaporated
solvent cross-contamination among the degassing chambers 216a-216d.

In the event that Ra or R; exceed the maximum capacity flow rate of the vacuum
pump, or are merely undesirably large, second volume buffer chambers 292a-292d may be positioned
in individual outlet conduits 271a-271d as illustrated in Figure 10 to reduce the air vent flow rate
needed to significantly lower or eliminate pervaporated solvent cross-contamination into the
degassing chambers 216a-216d. In the illustrated embodiment, second volume buffer chambers 292a-
292d are disposed downstream from air vents 296a-296d, though it is contemplated that various
configurations and relative positions for second volume buffer chambers 292a-292d may be employed
in pervaporation control system 210. The volume of second buffer chambers 292a-292d may be
arranged to exceed an individual instantaneous backflow volume to respective degassing chamber
216a-216d as a result of differential pervaporation flow rates. The following relationship is used to
calculate the individual instantaneous backflow volume to each degassing chamber 216a-216d where
a selected individual air vent flow rate (R) is less than the maximum pervaporation flow rate from
any degassing chamber:

Vbz(P—R,* N )* Loy
S N-1) N -1

Wherein,
V,, = individual instantaneous backflow volume

T = time portion of each pump cycle without suction applied
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R <P * M

As the selected individual flow rate (R;) approaches or exceeds the individual air flow rate (R-
1) as calculated above, the necessary volume of the second buffer chamber 292a-292d reaches zero,
and theoretically becomes negative. Such zero volume second buffer chambers 292a-292d are
attained where air vent flow rates Ra, R; exceed the maximum pervaporation flow rates, and can do so
without deteriorating the effectiveness of the vacuum degassing system.

In typical arrangements for a pervaporation control system, such as system 210, the Tog of
vacuum pump 217 is greater than one half of the pump cycle time, due to the intake segment of the
pump cycle not performing suction on the degassing line 271 until the pressure in the headspace of
vacuum pump 217 is less than the pressure within degassing line 271. In some cases, To may be 80-
90% of a complete cycle time for vacuum pump 217.

Each of second volume buffer chambers 292a-292d may therefore be configured with a
volume which exceeds the respective individual instantaneous backflow volume (Vy,). However, it is
to be understood that the volume for second volume buffer chambers (292a-292b) may be equal or
inequal, and one or more of such second volume buffer chambers 292a-292d may not exceed an
instantaneous backflow volume of an associated outlet conduit 271a-271d. Second volume buffer
chambers 292a-292b may be provided as an added “dead space” volume in the respective outlet
conduits 271a-271d, and may be provided in any of a variety of configurations, including a separate
chamber body fluidly coupled to a respective outlet conduit 271a-271d, or a widened and/or
lengthened outlet conduit 271a-271d.

"Through the incorporation of second volume buffer chambers 292a-292d, the necessary air
vent flow rate Ry may be reduced to substantially less than the air vent flow rate R, so that the
vacuum pump is capable of accommodating the bleed air flow without compromising degassing
performance. The following relationship clarifies the necessary air vent flow rate with a selected
second volume buffer chamber volume (V) which exceeds the individual instantaneous backflow

volume (Vy);

NT,

Wherein,
V>V,
R = necessary air vent flow rate to substantially reduce or eliminate pervaporated
solvent cross-contamination
The volumes and flow rates described in the relationships above assume “slug” flow regimes

of the pervaporated solvent, and do not take into account backflow diffusion and flow mixing

phenomenon. It may therefore be appropriate to increase the calculated volumes/flows by 2-5x in

18



10

15

20

25

30

WO 2012/135088 PCT/US2012/030507

order to enhance the confidence level that pervaporation cross-contamination through backflow

diffusion and flow mixing is minimized or prevented altogether.

Example

A pervaporation control system includes first and second degassing chambers, each having a
volume of 11 ¢m®, and a membrane in the form of tubing with a total length of about 65 cm. Pressure
in the system is set to 50 mm Hg. The first chamber operates with an aqueous solvent mobile phase,
while the second chamber operates with acetonitrile (ACN) solvent mobile phase in a low flow
condition. Under such conditions, ACN has about 30 micro liter/hour permeability, while the aqueous
solvent in the first chamber has nearly zero permeability. The ACN permeability in the second
chamber leads to about 0.2 SCCM (or about 3 CCM at 50 mm Hg).

The vacuum pump operates at 15 RPM, with a Tgof 90% of the cycle time, resulting in a Ty
of about 3.6 seconds per cycle. Consequently, during the non suction portion of the vacuum pump
cycle (about 3.6 seconds), about 0.18 cc of ACN vapor is pervaporated into the system from the
second degassing chamber, to result in about 0.09 cc of ACN vapor per chamber of the system. To
prevent cross-contamination into the first degassing chamber, a second volume buffer chamber is
provided that is equal to or greater than the individual instantaneous backflow volume (0.09 cc)
available to cross-contaminate the first degassing chamber. The second volume buffer chamber
therefore exhibits a volume of 0.2-0.5 cc.

To further reduce or eliminate any cross-contamination of pervaporated ACN vapor into the
first degassing chamber, air vents are added to each degassing line allowing continuous air purging of
the second volume buffer chambers. The air flow permitted through the air vents is less than the
vacuum pump’s maximum capability to maintain the pressure set point of the system, and may be
equal to or slightly greater than the ACN vapor flow rate per chamber (0.1 SCCM or 1.5 CCM at 50
mm Hg). The air vents employed in this example constitute capillary tubes coupled to an orifice in
the respective degassing lines, with the capillary tubes having an inside diameter of 0.01 in, and a
length of 0.5 in. Such air vents resulted in air flow therethrough of about 0.1-0.3 SCCM.

The invention has been described herein in considerable detail in order to comply with the
patent statutes, and to provide those skilled in the art with the information needed to apply the novel
principles and to construct and use embodiments of the invention as required. However, it is to be
understood that the invention can be carried out by specifically different devices and that various

modifications can be accomplished without departing from the scope of the invention itself.
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Claims

What is claimed is:

I. A liquid degassing apparatus, comprising:

a plurality of degassing modules for degassing respective liquid compositions, each of said
degassing modules including a chamber separated by a gas-permeable, liquid-impermeable membrane
into a permeate side and a retentate side, wherein said retentate sides of said chambers are liquidly
disconnected from one another;

a manifold fluidly connecting said permeate sides of said chambers through outlet conduits
individually extending between said manifold and respective vacuum ports in fluid communication
with said permeate sides of said chambers, said manifold further fluidly connecting said outlet
conduits with a main degassing line at a connection;

a vacuum pump fluidly coupled to said main degassing line for evacuating said permeate
sides of said chambers to a pressure set point; and |

an air vent permitting air flow into said apparatus between said connection and said chambers
at an inflow rate that is equal to or greater than a combined average backflow rate of said plurality of
degassing modules, but not exceeding a maximum capacity flow rate defining a maximum capacity of

said vacuum pump for maintaining said pressure set point.

2. A liquid degassing apparatus as in Claim 1 wherein said inflow rate is determined by:
Ry > P * (N-1)
Wherein,

R, = inflow rate for said air vent;

P = a maximum pervaporation flow rate among said degassing modules; and

N = number of degassing modules.

3. A liquid degassing apparatus as in Claim 1, including a plurality of air vents together
permitting air flow into said apparatus at said inflow rate.

4, A liquid degassing apparatus as in Claim 3 wherein said air vents permit air flow into
each of said outlet conduis.

5. A liquid degassing apparatus as in Claim 4 wherein said inflow rate for each of said
plurality of air vents is determined by:

N-1

Ri>pP*
N

Wherein,
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R, = inflow rate for each of said air vents;

P = a maximum pervaporation flow rate among said degassing modules; and

N = number of degassing modules. |

6. A liquid degassing apparatus as in Claim 4, including a first buffer chamber fluidly
interposed between at least one of said air vents and at least one of said degassing modules within a
respective outlet conduit, said first buffer chamber defining a first volume open to said outlet conduit,

which first volume is of a magnitude exceeding an intake volume, wherein said intake volume is

defined as:
VI :(PO/Pset) ' Vch
wherein,

V; = intake volume;

Py = pump pressure oscillation of said pressure pump;

P, = said pressure set point; and

Va = a volume of said respective degassing module chamber. ,

7. A liquid degassing apparatus as in Claim 6, including a second buffer chamber
downstream of at least one of said air vents, said second buffer chamber defining a second volume of
a magnitude equal to or greater than a combined instantaneous backflow volume.

8. A liquid degassing apparatus as in Claim 7, including a plurality of said second
buffer chambers associated with respective outlet conduits of said degassing modules, said second
buffer chambers each defining an individual second volume of a magnitude equal to or greater than
said combined instantaneous backflow volume to said respective outlet conduit.

9. A liquid degassing apparatus as in Claim 8 wherein said individual second volume is

determined as:

T
VZ(P—Rs* Nl)* of

N - N -1

Wherein,

V =individual second volume;

P = a maximum pervaporation flow rate among said degassing modules;

R, = inflow rate for each of said air vents;

T, = portion of a cycle time of said vacuum pump in which suction is not drawn upon said
main degassing line;

N = number of degassing modules.

10. A method for controlling liquid pervaporation in a liquid degassing system having a

plurality of degassing modules, each including a chamber separated by a gas-permeable, liquid—
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impermeable membrane into a permeate side and a retentate side, wherein said retentate sides of said
chambers are liquidly disconnected from one another, and an outlet conduit extending from each of
said plurality of degassing modules, said outlet conduits fluidly coupling respective permeate sides of
said chambers to each other and to a vacuum pump at a connection, said method comprising:

(a) delivering liquid compositions to said retentate sides of said chambers, wherein a first
liquid composition delivered to a first chamber is different from a second liquid composition
delivered to a second chamber; '

(b) operating said vacuum pump to evacuate said retentate sides to a pressure set point
that results in a liquid vapor pervaporation flow through a respective said membrane in at least one of
said first and second chambers;

(c) counteracting the liquid vapor pervaporation flow to prevent infiltration of the
pervaporation flow into another of said chambers;

11. A method as in Claim 10 wherein said counteracting involves permitting air flow into
said apparatus between said connection and said chambers at an inflow rate that is equal to or greater
than a combined average backflow rate of said plurality of said degassing modules, but not exceeding
a maximum capacity flow rate defining a maximum capacity of said vacuum pump for maintaining
said pressure set point. |

12. A method as in Claim 11 wherein said inflow rate is determined by:

Ry > P * (N-1)

Wherein,

Ry = inflow rate for said air vent;

P = a maximum pervaporation flow rate among said degassing modules; and

N = number of degassing modules.

13. A method as in Claim 11, including a plurality of air vents together permitting air
flow into said apparatus at said inflow rate.

14, A method as in Claim 13 wherein said air vents permit air flow into each of said
outlet conduits.

15. A method as in Claim 14 wherein said inflow rate for each of said plurality of air
vents is determined by:

N-1

R;>P*
N

Wherein,
R, = inflow rate for each of said air vents;

P = a maximum pervaporation flow rate among said degassing modules; and
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N = number of degassing modules.

16. A liquid degassing apparatus as in Claim 10 wherein said counteracting includes
interposing a first buffer chamber in fluid communication between said first and second chambers,
said first buffer chamber defining a first volume open to at least one of said outlet conduits of said
first and second chambers, which first volume is of a magnitude exceeding an intake volume, wherein
said intake volume is defined as: |

Vi=(Po/Pset) * Var

wherein,

V| = intake volume;

Py = pump pressure oscillation of said pressure pump;

P, = said pressure set point; and

Va.= a volume of said respective degassing module chamber.

17. A method as in Claim 10 wherein said counteracting includes interposing a second
buffer chamber in fluid communication between said first and second chambers, said second buffer
chamber defining a second volume open to at least one of said outlet conduits of said first and second
chambers, which second volume is of a magnitude equal to or greater than a combined instantaneous
backflow volume.

18. A method as in Claim 17, including a plurality of said second buffer chambers
associated with respective outlet conduits of said degassing modules, said second buffer chambers
each defining an individual second volume of a magnitude equal to or greater than said combined
instantaneous backflow volume to said respective outlet conduit.

19. A liquid degassing apparatus comprising:

a degassing module for degassing a liquid conveyed through a chamber thereof, said
degassing module including a gas-permeable, liquid-impermeable membrane separating said chamber
into a permeate side and a retentate side, wherein said retentate side of said chamber is in liquid
communication with a liquid inlet and a liquid outlet for the liquid, and said permeate side of said
chamber is in fluid communication with a vacuum port of said degassing module;

a vacuum pump fluidly coupled to said vacuum port of said degassing module through a
degassing line to evacuate said permeate side of said chamber;

a pressure sensor for sensing pressure of said permeate side of said chamber;

a controller communicatively coupled to said pressure sensor and said vacuum pump for
controlling vacuum pump operation responsive to signals received from said pressure sensor

indicating pressure of said chamber; and
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a pneumatic filtration apparatus fluidly interposed between said vacuum pump and said
pressure sensor within said degassing line, said pneumatic filtration apparatus including one or more
of a first flow restrictor and a volume exchange chamber defining a volume open to said degassing
line, said pneumatic filtration apparatus being capable of attenuating pressure oscillations developed
in said degassing line by said vacuum pump, wherein the attenuation provided by said pneumatic
filtration apparatus is at least 10%.

20, A liquid degassing apparatus as in Claim 19 wherein the attenuation provided by said
pneumatic filtration apparatus is at least 50%.

21. A liquid degassing apparatus as in Claim 19 wherein said pneumatic filtration
apparatus includes said volume exchange chamber downstream from said first flow restrictor.

22, A liquid degassing apparatus as in Claim 19, including a second flow restrictor
disposed upstream from said pressure sensor within said degassing line.

23. A liquid degassing apparatus as in Claim 22 wherein said second flow restrictor is
suitable for creating a pneumatic pressure oscillation dampener having a time constant that is larger
than an oscillation rate of said vacuum pump.

24, A liquid degassing apparatus, comprising:

a plurality of degassing modules for degassing one or more liquid compositions, each of said
degassing modules including a chamber separated by a gas-permeable, liquid-impermeable membrane
into a permeate side and a retentate side, wherein said retentate sides of said chambers are liquidly
disconnected from one another;

a manifold fluidly connecting said permeate sides of said chambers through respective
individual degassing lines individually extending between said manifold and respective vacuum ports
in fluid communication with said permeate sides of said chambers, said manifold further fluidly
connecting said individual degassing lines with a main degassing line at a connection;

a vacuum pump fluidly coupled to said main degassing line for evacuating said permeate
sides of said chambers; and

a buffer chamber fluidly interposed between said connection and at least one of said
degassing modules within a respective individual degassing line, said buffer chamber defining a first
volume open to said individual degassing line, which first volume is of a magnitude exceeding an
intake volume, wherein the intake volume is defined as:

[(Po/Pee)x(100%)] X Ve
wherein,

P,=pump pressure oscillation of said vacuum pump;
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P.=a pressure set point in said permeate side of said respective degassing module;
and v
Va=a volume of said respective degassing module chamber.

25. A liquid degassing apparatus as in Claim 24, including a buffer chamber fluidly
interposed between said connection and each of said degassing modules within respective said
individual degassing lines.

26, A liquid degassing apparatus as in Claim 24, including a flow restrictor fluidly

interposed between said buffer chamber and said degassing module in said individual degassing line.

217. A liquid degassing apparatus, comprising:

a body defining a chamber having a liquid inlet and a liquid outlet, and a vacuum port;

a gas-permeable, liquid-impermeable tubular membrane in said chamber and separating said
chamber into a permeate side and a retentate side, wherein said retentate side of said chamber is in
liquid communication with said liquid inlet and said liquid outlet, and said permeate side of said
chamber is in fluid communication with said vacuum port;

a tubular shield member disposed in said permeate side of said chamber and interposed
between said membrane and said vacuum port, said shield member being substantially gas and liquid
impermeable and defining a substantially closed pervaporation control space between said membrane
and said shield member, said pervaporation control space assumes a volume of between about 1 and
about 30 times the volume of said retentate side of said chamber;

a passageway through said shield member to permit limited fluid flow from said
pervaporation control space to a chamber space separated from said pervaporation control space by
said shield member; and

a pump for evacuating said permeate side of said chamber through said vacuum port.

28. A liquid degassing apparatus as in Claim 27 wherein a portion of said shield member
defining said pervaporation control space is spaced from said membrane by less than about 0.03
inches.

29. A liquid degassing apparatus as in Claim 27, wherein said tubular shield member and
said tubular membrane substantially concentrically extend between said liquid inlet and said liquid
outlet.

30. A liquid degassing apparatus as in Claim 27 wherein said membrane is a liquid
conveyance tube to convey liquidous material through said chamber from said liquid inlet to said

liquid outlet.

25



WO 2012/135088 PCT/US2012/030507

31. A liquid degassing apparatus as in Claim 27 wherein said passageway permits gas
passage from said pervaporation control space to said chamber space only upon at least 1 mm Hg
absolute pressure differential between said pervaporation control space and said chamber space.

32. A liquid degassing apparatus as in Claim 27, including a flow restrictor in a fluid
path between said chamber and said pump, with said flow restrictor and said chamber being suitable
for creating a pneumatic pressure oscillation dampener having a time constant that is larger than an
oscillation rate of said vacuum pump.

33. A liquid degassing apparatus as in Claim 32, wherein said flow restrictor permits up

to about 1 mm Hg differential pressure thereacross.

26



PCT/US2012/030507

WO 2012/135088

7

Z2

/44
~

oc

,,:V%V
>y

WNd
WNNov

\»r///r
n Ty ey
e T T

s s s s ]

24



N\ 2 bid

S S S S S
AN -
N /
N o<

£
re
43
3 cr
o
=

Npgggasest



WO 2012/135088 PCT/US2012/030507

37
367
w~
f )
T 1 32 37 24
4 )
X 2 X 3 )
T wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
l » ~—1
r/
Y.

W
J

90 ') 40
7




WO 2012/135088 PCT/US2012/030507

47

36
\
J

403 401 40j 401 403

Fig. 5

N P

\/&




PCT/US2012/030507

WO 2012/135088

57

\‘ or
AIGWYHD

g 914

dWrd
wnnovi

!

INISSY9Iq
>
26 2L
\, I N
SIGWYH
S FINVHIXT
89
% /m\ \
o/
ol HTIOZLNO?
o~ 2/

08



PCT/US2012/030507

WO 2012/135088

6/7

yPPOI 2801 9801 D801
6 29I

\_ o
I | fums. i /&S. | g
IIJNMN IIJ.QNQN ll.jQNhN llnjUNhN \/\Q\N

2067 906 vos!
\8 o | .\ g
U prer UL 2zr L awr \uﬂ.\\. .
\ o) woi— Kﬁ
@9.\ \ 2$07 . 9.\ s ) LSNYHXT
\ [ ~—— ] awrd
i \ | \// \ Y wnnova D
1)
u..www%w, » STTIOLLNOD



PCT/US2012/030507

WO 2012/135088

77

—

amwnd

wnrova

/NNN

yPE0Z 980z 9802 o802
f o1
x .Mo&m v | 9972 v VQ&N v
L pzee W 22qae LW qeee L oggz
2 9062 D062
| Pgsz 062
o= = = =4
T Sposz[T1 2962 [T 9962 [T 962
2 D262
| Pgez 26 9262
=120 .T\&Nm L gize + 7%
o e e e e M G
o502 05027 Db02
proe \ GoZ (
982 \c —1—
g9¢ /Rm (\m w\m\
mwwm\,wwwm SFTIONLNOD
otz 2

km.mx{xm



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 12/30507

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - B0O1D 19/00 (2012.01)
USPC - 96/156

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

IPC (8) - BO1D 19/00 (2012.01)
USPC - 96/156

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PubWEST (PGPB,USPT,USOC,EPAB,JPAB) Terms - deaerating degassing pervaporation vacuum manifold membrane pressure
oscillating fluctuating bump spike wave ballast buffer chamber space container vessel air vent frit

Google - (deaerating OR degassing OR pervaporation) membrane liquid vacuum pressure-(oscillation OR fluctuation) (ballast OR buffer)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

> » » » >» » >

US 2001/0037731 A1 (SIMS, ET AL.) 08 November 2001 (08.11.2001), paras [0036]-{0047]
US 2001/0035093 A1 (YOKOTA) 01 November 2001 (01.11.2001), entire document

US 2008/0163752 A1 (WILLIAMS, ET AL.) 10 July 2008 (10.07.2008), entire document

US 2007/0086923 A1 (LI, ET AL.) 19 April 2007 (19 04.2007), entire document

US 6,494,938 B2 (SIMS, ET AL.) 17 December 2002 (17.12.2002), entire document

US 5,976,226 A (BASTIAN, ET AL.) 02 November 1999 (02.11.1999), entire document

US 5,814,134 A (EDWARDS, ET AL.) 29 September 1998 (29.09.1998), entire document

D Further documents are listed in the continuation of Box C.

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive-
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the ant

“&” document member of the same patent family

Date of the actual completion of the international search

26 June 2012 (26.06.2012)

Date of mailing of the international search report

05JUL 2012

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No.

571-273-3201

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - wo-search-report

