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(57) ABSTRACT

A method for purifying a liquid is described. A liquid feed
is fed to a feed chamber. A carrier gas is fed through the
liquid feed in the feed chamber to form a humidified carrier
gas. A coolant is fed to a coolant chamber. The coolant
chamber is separated from the feed chamber by a permeate
gap chamber. The permeate gap chamber is separated from
the feed chamber by a membrane that allows vapor to pass
while blocking liquid flow across the membrane. The cool-
ant chamber is separated from the permeate gap chamber by
a thermally conductive plate. At least a portion of the vapor
from the feed chamber that transported through the mem-
brane is condensed by the coolant in the coolant chamber
and the thermally conductive plate to form a first distillate.
At least a portion of the humidified carrier gas is condensed
to form a second distillate.
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MULTI-STAGE PERMEATE GAP
MEMBRANE DISTILLATION SYSTEM AND
PROCESS

TECHNICAL FIELD

[0001] The present disclosure is directed to a multi-stage
permeate gap membrane distillation system and process.

BACKGROUND

[0002] Membrane distillation is a separation process that
is driven by phase change. A membrane provides a barrier
for a liquid phase while allowing a vapor phase to pass
through. Membrane distillation can be used, for example, in
water treatment. Several membrane distillation methods
exist. Some examples include direct contact membrane
distillation, air gap membrane distillation, vacuum mem-
brane distillation, sweeping gas membrane distillation,
vacuum multi-effect membrane distillation, and permeate
gap membrane distillation.

[0003] The existing conventional membrane distillation
systems are typically not efficient enough to be commer-
cially feasible. Therefore, research has continued into the
development of membrane distillation systems with a high
rate of water permeate flux, reduced energy consumption,
and efficient membrane fouling control.

SUMMARY

[0004] Certain aspects of the subject matter described can
be implemented as a multistage permeate gap membrane
distillation (MS-PGMD) system that includes multiple mod-
ules. Each module includes a feed chamber, a coolant
chamber, a permeate gap chamber, a membrane, and a
thermally conductive plate. The feed chamber of each mod-
ule is coupled to a feed line and a carrier gas line. The feed
line introduces a liquid feed into the feed chamber of each
module from a liquid feed tank. The carrier gas line intro-
duces a carrier gas into the feed chamber of each module.
The coolant chamber of each module is coupled to a coolant
line. The coolant line introduces a coolant into the coolant
chamber of each module from a coolant feed tank. The
permeate gap chamber of each module is intermediate of the
feed chamber and the coolant chamber of the respective
module. The permeate gap chamber of each module is
substantially filled with a liquid that includes water. The
membrane of each module separates the feed chamber from
the permeate gap chamber of the respective module. The
membrane of each module allows transportation of vapor
from the feed chamber to the permeate gap chamber of the
respective module while blocking liquid from moving from
the feed chamber to the permeate gap chamber of the
respective module. The thermally conductive plate of each
module separates the coolant chamber from the permeate
gap chamber of the respective module. The thermally con-
ductive plate of each module and the coolant within the
coolant chamber of the respective module are cooperatively
configured to condense at least a portion of the vapor from
the feed chamber that transported through the membrane of
the respective module to form a distillate.

[0005] This, and other aspects, can include one or more of
the following features. In some embodiments, the MS-
PGMD system includes a condenser that is fluidically
coupled to the feed chamber of each module. In some
embodiments, the condenser is configured to condense at
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least a portion of a vapor exiting the feed chamber of each
module to form a second distillate. In some embodiments,
the MS-PGMD system includes a carrier gas outlet line that
fluidically couples a carrier gas outlet on the feed chamber
of each module to the condenser. In some embodiments, the
modules are coupled in parallel to the feed line, the carrier
gas line, and the coolant line. In some embodiments, the
modules are fluidically coupled in series to the liquid feed.
In some embodiments, a liquid inlet to the feed chamber of
a first module in the series is fluidically coupled to the feed
line, a liquid outlet of the feed chamber of a last module in
the series is fluidically coupled to a feed return line, and each
intervening module between the first module and the last
module is fluidically coupled by a line from a liquid outlet
on the feed chamber of the intervening module to a liquid
inlet on the feed chamber of the next module. In some
embodiments, the modules are fluidically coupled in series
to the coolant. In some embodiments, a coolant inlet to the
coolant chamber of a first module in the series is fluidically
coupled to the coolant line, a coolant outlet of the coolant
chamber of a last module in the series is fluidically coupled
to a coolant return line, and each intervening module
between the first module and the last module is fluidically
coupled by a line from a coolant outlet of the coolant
chamber of the intervening module to a coolant inlet of the
coolant chamber of the next module. In some embodiments,
the modules are fluidically coupled in series to the carrier
gas. In some embodiments, a carrier gas inlet to the feed
chamber of a first module in the series is fluidically coupled
to the carrier gas line, a carrier gas outlet of the feed chamber
of a last module in the series is fluidically coupled to a
carrier gas outlet line, and each intervening module between
the first module and the last module is fluidically coupled by
a line from a carrier gas outlet of the feed chamber of the
intervening module to a carrier gas inlet of the feed chamber
of the next module. In some embodiments, the MS-PGMD
system includes a heating element coupled to the liquid feed
tank. In some embodiments, the MS-PGMD system includes
a heat exchanger coupled to the feed line. In some embodi-
ments, the MS-PGMD system includes a heating element
coupled to the feed chamber of at least one of the modules.
In some embodiments, the MS-PGMD system includes a
heating element coupled to the carrier gas line. In some
embodiments, the liquid feed includes an aqueous solution.
In some embodiments, the liquid feed includes a liquid
including a dissolved salt, a mixture of salts, a salt and an
organic contaminant mixture, or a salt and an inorganic
contaminant mixture, or any combinations thereof. In some
embodiments, the liquid feed includes seawater, industrial
wastewater, brackish water, produced water, fruit juice,
blood, milk, dye, hazardous wastewater, or a brine solution,
or any combinations thereof. In some embodiments, the
membrane includes a composite membrane, a nano-com-
posite membrane, a hydrophobic membrane, an omniphobic
membrane, a hydrophilic and hydrophobic composite dual
layer membrane, a modified ceramic membrane, a porous
ceramic membrane, a surface modified membrane, a poly-
mer electrolyte membrane, a porous graphene membrane, or
a polymeric membrane, or any combinations thereof. In
some embodiments, the membrane includes a reinforced
hollow tube, a non-reinforced hollow tube, a spiral wound,
a flat sheet, or a non-flat sheet, or any combinations thereof.
In some embodiments, a contact angle of a condensed
droplet on the membrane is greater than 90° (degrees). In
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some embodiments, the carrier gas includes air, nitrogen,
helium, argon, or carbon dioxide, or any combinations
thereof.

[0006] Certain aspects of the subject matter described can
be implemented as a method for purifying a liquid using a
multi-stage permeate gap membrane distillation (MS-
PGMD) system. A liquid feed is fed to a feed chamber in
each of multiple modules. The liquid feed in the feed
chamber of each module is at a temperature of greater than
about 50 degrees Celsius (° C.). A carrier gas is fed through
the liquid feed in the feed chamber of each module to form
a humidified carrier gas. A coolant is fed to a coolant
chamber in each module. The coolant chamber in each
module is separated from the feed chamber in each module
by a permeate gap chamber that is substantially filled with
a liquid that includes water. The permeate gap chamber in
each module is separated from the feed chamber in each
module by a membrane that allows vapor to pass across the
membrane while blocking liquid flow across the membrane.
The coolant chamber in each module is separated from the
permeate gap chamber in each module by a thermally
conductive plate. At least a portion of the vapor from the
feed chamber in each module that transported through the
membrane of the respective module is condensed by the
coolant in the coolant chamber and the thermally conductive
plate of each module to form a first distillate. At least a
portion of the humidified carrier gas is condensed to form a
second distillate.

[0007] This, and other aspects, can include one or more of
the following features. In some embodiments, the liquid feed
in the feed chamber of each module is at a temperature in a
range of from about 50° C. to about 100° C. In some
embodiments, the liquid feed is heated before the liquid feed
is fed to the feed chamber of each module. In some embodi-
ments, the liquid feed is heated in the feed chamber of at
least one of the modules. In some embodiments, the liquid
feed is fed to the feed chamber of a first module, and then
the liquid feed exiting the feed chamber of the first module
is fed to the feed chamber of a second module. In some
embodiments, the coolant is fed to the coolant chamber of a
first module, and then the coolant exiting the coolant cham-
ber of the first module is fed to the coolant chamber of a
second module. In some embodiments, the carrier gas is fed
to the feed chamber of a first module, and then the carrier gas
exiting the feed chamber of the first module is fed to the feed
chamber of a second module.

BRIEF DESCRIPTION OF DRAWINGS

[0008] FIG. 1A is a simplified process flow diagram of a
multi-stage permeate gap membrane distillation (MS-
PGMD) system including a number of modules and an
external condenser, in which each of the modules is fluidly
connected in parallel to a feed line, a carrier gas line, and a
coolant line.

[0009] FIG. 1B is a simplified process flow diagram of a
MS-PGMD system, wherein each of the modules is fluidly
connected in parallel to a feed line, a carrier gas line, and a
coolant line.

[0010] FIG. 1C is a simplified process flow diagram a
MS-PGMD system including an external condenser,
wherein the modules are connected in parallel to the feed
line and the carrier gas line, and in series with the coolant
line.
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[0011] FIG. 1D is a simplified process flow diagram of a
MS-PGMD system, wherein the modules are connected in
parallel to the feed line and the carrier gas line, and in series
with the coolant line.

[0012] FIG. 1E is a simplified process flow diagram of a
MS-PGMD including an external condenser, wherein the
modules are connected in parallel to the feed line and the
coolant line, and in series with the carrier gas line.

[0013] FIG. 1F is a simplified process flow diagram of a
MS-PGMD system including an external condenser,
wherein the modules are connected in parallel to the feed
line, and in series with the carrier gas line and the coolant
line.

[0014] FIG. 1G is a simplified process flow diagram of a
MS-PGMD system including an external condenser,
wherein the modules are coupled in series to the feed line,
and in parallel to the carrier gas line and the coolant line.

[0015] FIG. 1H is a simplified process flow diagram of a
MS-PGMD system, wherein the modules are coupled in
series to the feed line, and in parallel to the carrier gas line
and the coolant line.

[0016] FIG. 11 is a simplified process flow diagram of a
MS-PGMD system including an external condenser,
wherein the modules are coupled in series to the feed line
and the coolant line, and in parallel to the carrier gas line.
[0017] FIG. 1] is a simplified process flow diagram of a
MS-PGMD system, wherein the modules are coupled in
series to the feed line and the coolant line, and in parallel to
the carrier gas line.

[0018] FIG. 1K is a simplified process flow diagram a
MS-PGMD system including an external condenser,
wherein the modules are coupled in series to the feed line
and the carrier gas line, and in parallel to the coolant line.
[0019] FIG. 1L is a simplified process flow diagram of a
MS-PGMD system including an external condenser,
wherein the modules are coupled in series to the feed line,
the carrier gas line, and the coolant line.

[0020] FIG. 2 is a process flow diagram of a method for
puritying a liquid feed using a MS-PGMD system.

DETAILED DESCRIPTION

[0021] Membrane distillation (MD) is a combined thermal
and membrane-based separation process, which allows
vapor permeation across a membrane and prevents liquid
penetration. The MD separation process is commonly
applied in water desalination by separating water vapor from
a brine stream using a micro- or nano-porous membrane,
depending on the pore size desired. The feed stream received
by the feed side of the MD is usually heated to encourage
evaporation, while the temperature of the coolant stream
received by the coolant side of the MD is usually kept lower
than that of the feed stream temperature to encourage
condensation. The driving force for water vapor permeation
across the membrane is the vapor pressure difference. The
vapor pressure difference is often induced by the tempera-
ture gradient across the membrane. Membrane distillation
can be performed at a low feed temperature (usually less
than 100° C.) and can be operated by renewable energy and
low-grade energy sources, such as solar energy, wind energy,
geothermal energy, and waste heat.

[0022] Four types of membrane distillation modules exist
in four configurations that include sweeping gas membrane
distillation (SGMD), vacuum membrane distillation (VMD),
direct contact membrane distillation (DCMD) and air gap
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membrane distillation (AGMD). These MD configurations
is operated by the same principle (vapor generation, vapor
permeation across membrane and vapor condensation). The
differences among these configurations lie in the design of
their condensation chambers, while the feed side of the
modules typically remain the same for all configurations.
While the direct contact membrane distillation system yields
high permeate flux, it is characterized by high conductive
heat loss and high temperature polarization effect. Permeate
contamination is possible in DCMD. AGMD is character-
ized by low conductive heat loss and low temperature
polarization effect. Permeate gap membrane distillation
(PGMD) is a type of MD configuration with an enhanced
permeate flux in comparison to AGMD. PGMD is some-
times referred to as liquid gap membrane distillation
(LGMD) or water gap membrane distillation (WGMD). In
PGMD, the stagnant air in the distillate chamber of an
AGMD is replaced with a liquid, such as distilled water or
deionized water. In PGMD, vapor from the feed stream
permeates across the membrane pores and condenses at the
interface between the permeate side of the membrane and
the water in the distillate zone.

[0023] An MS-PGMD system and a process for using the
MS-PGMD are provided herein. The MS-PGMD system
includes multiple cells or modules. Each of the modules
includes a feed chamber in which a liquid feed to be treated
is fed, and a coolant chamber through which a coolant is
circulated. Each of the modules includes a permeate gap
chamber intermediate of the feed chamber and the coolant
chamber. A vapor permeable, liquid impervious membrane
separates the feed chamber from the permeate gap chamber.
The membrane allows a component of the liquid to pass in
the form of vapor. A carrier gas is bubbled and humidified
through the feed chamber of each of the modules and is
condensed in an external condenser outside of the module,
producing a purified liquid and a concentrated feed solution.
Fouling of the membrane is controlled and a water flux is
improved by bubbling a carrier gas through the feed cham-
ber of each of the modules. A thermally conductive plate
separates the coolant chamber from the permeate gap cham-
ber. The coolant in the coolant chamber and the thermally
conductive plate cooperate to condense at least a portion of
the vapor that has flowed from the feed chamber through the
membrane and into the permeate gap chamber. The conden-
sate is a distillate (purified liquid). In some embodiments,
the distillate formed within the permeate gap chamber is
combined with the purified liquid produced by the external
condenser.

[0024] The subject matter described in this disclosure is
generally directed to a multi-stage permeate gap membrane
distillation (MS-PGMD) system that includes multiple mod-
ules for bubbling a carrier gas through a liquid feed to
separate and condense a distillate. The subject matter
described in this disclosure can be implemented, for
example, in desalination, waste treatment, food, and medical
applications. The subject matter described in this disclosure
can be implemented in particular embodiments, so as to
realize one or more of the following advantages. Bubbling
a carrier gas through the liquid feed can induce turbulent
dissipation in the feed chamber of the modules, thereby
promoting mass and heat transter within the feed chamber of
the modules and enhancing vapor generation in the liquid
feed. For example, flowing the carrier gas through the liquid
feed in the feed chamber of each module can increase the
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mass transfer coefficient of the feed chamber. The turbulent
dissipation rate in the liquid feed in the feed chamber of each
module can thus be increased, which can increase the rate of
vapor permeation through the membrane. The carrier gas
bubbling through the liquid feed can become humidified and
saturated with vapor from the liquid feed. This vapor can be
subsequently condensed, for example, by an external con-
denser (external to the modules) to generate additional
distillate, thereby enhancing the productivity of the system.
The carrier gas bubbling through the liquid feed can remove
scaling and/or fouling from surface(s) of the modules and/or
from the pores of the membrane material, thereby extending
the operating life of the membranes and/or modules and
reducing costs associated with replacing and/or performing
maintenance on the membranes and/or modules.

[0025] FIG. 1A is a simplified process flow diagram of a
MS-PGMD system 100 including a number of modules 102,
in which each of the modules 102 is fluidly connected in
parallel to a feed line 104, a carrier gas line 106, and a
coolant line 108. Each of the modules 102 are also con-
nected in parallel to a feed return line 110, a carrier gas outlet
line 112, and a coolant outlet line 114. In this embodiment,
an external condenser 116 is used to condense a fluid from
the vapor flow in the carrier gas outlet line 112. The fluid,
such as purified water, is removed from the MS-VMD
system 100 through a distillate outlet 118. In the embodi-
ment shown in FIG. 1A, the modules 102 are contained in
a housing 120. In other embodiments, the modules 102 may
be stand-alone units in individual housings. In some
embodiments, a base set of modules 102 are enclosed in the
housing 120, and additional modules 102 in individual
housings are added to increase the capacity of the MS-
PGMD system 100.

[0026] The feed line 104 provides a liquid feed to each of
the modules 102 from a liquid feed tank 122, for example,
by a pump 124. In some embodiments, the liquid feed tank
122 is heated, for example, by a heating element coupled to
the liquid feed tank 122 and/or by a heat exchanger on the
feed line 104, to provide a hot liquid feed in the feed line
104. In other embodiments, a heating element is coupled to
the feed chamber 126 of each module 102. A combination of
both heating methods can be used. In some embodiments,
the liquid feed is heated to a temperature of up to about 100
degrees Celsius (° C.). In some embodiments, the liquid feed
is heated to a temperature in a range of from about 50° C.
to about 100° C.

[0027] In some embodiments, the feed liquid in the feed
chamber 126 is statically processed by filling and closing
valves on the inlet points from the feed line 104 and outlet
points from the feed chamber 126 to the feed return line 110.
Alternatively, the feed liquid can be dynamically added to
the feed chamber 126 from the feed line 104 under the flow
of gravity by mounting of the liquid feed tank 122 higher
than the modules 102, then partially opening the inlet points
from the feed line 104 and outlet points from the feed
chamber 126 to the feed return line 110. As mentioned
herein, the liquid feed can also be pumped through the feed
chamber 126 using a pump 124. In some embodiments, the
pump 124 is variable and a control system is used to reach
a desired flowrate, for example, sufficient to keep the feed
chamber 126 liquid full.

[0028] The liquid feed provided from the liquid feed tank
122 can be an aqueous solution, for example, seawater,
industrial wastewater, brackish water, produced water, fruit
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juice, blood, milk, dye, hazardous wastewater, brine solu-
tion, non-condensable gas, non-potable water, or any liquid
including a dissolved salt, for example, a mixture of salts, a
salt and organic contaminant mixture, a salt and inorganic
contaminant mixture, or a combination of these.

[0029] The condenser 116 can create some vacuum by
condensing the distillate outlet 118 from the vapor in the
humidified gas in the carrier gas outlet line 112. Non-
condensable gases can vent from the condenser 116 through
a vent line 135. The carrier gas may include nitrogen, air,
helium, argon, carbon dioxide, and the like. In some embodi-
ments, different carrier gases may be used in different
modules 102. For example, compressed air may be used in
upstream modules 102, while dry air is used in modules 102
that are downstream to increase the removal of water.
[0030] The carrier gas can be supplied to the carrier gas
line 106 from a device such as a blower 134, compressor, gas
tank, gas line, or the like. After exiting through the vent line
135, the carrier gas may be recycled in the process, for
example, by pass through a dryer and returned to the blower
134. The carrier gas may be injected to the feed chamber 126
at ambient conditions or may be heated prior to injection to
feed chamber 126. In various embodiments, the injection
into the feed chamber 126 is from a single point injector or
a multiple point injector, such as a sparger or orifice coupled
to the carrier gas line 106.

[0031] The heat source for the MS-PGMD system 100 can
be from renewable energy sources, low-grade energy
sources, electrical energy, waste heat from other thermal
processes, or their combinations. As described herein, the
heat can be applied to the liquid feed in the liquid feed tank
122, a heater in the feed chamber 126, or both.

[0032] The coolant line 108 provides a coolant to each of
the modules 102 from a coolant tank 123, for example, by
a pump 125. In some embodiments, the coolant in the
coolant chamber 128 is statically processed by filling and
closing valves on the inlet points from the coolant line 108
and outlet points from the coolant chamber 128 to the
coolant outlet line 114. Alternatively, the coolant can be
dynamically added to the coolant chamber 128 from the
coolant line 108 under the flow of gravity by mounting of the
coolant tank 123 higher than the modules 102, then partially
opening the inlet points from the coolant line 108 and outlet
points from the coolant chamber 128 to the coolant outlet
line 114. As mentioned herein, the coolant can also be
pumped through the coolant chamber 128 using the pump
125. In some embodiments, the pump 125 is variable and a
control system is used to reach a desired flowrate, for
example, sufficient to keep the coolant chamber 128 liquid
full. The coolant provided from the coolant tank 123 can
include water, air, oil, or a combination of these. In some
embodiments, the coolant includes a fluid other than water,
air, or oil. In some embodiments, the coolant includes a
liquid including a dissolved salt, for example, a mixture of
salts, a salt and organic contaminant mixture, a salt and
inorganic contaminant mixture, or a combination of these.
[0033] The feed chamber 126 is separated from the cool-
ant chamber 128 by a permeate gap chamber 130. The
permeate gap chamber 130 is intermediate of the feed
chamber 126 and the coolant chamber 128. The permeate
gap chamber 130 is substantially filled with a liquid. In some
embodiments, the permeate gap chamber 130 is substan-
tially filled with a liquid including water. For example, the
permeate gap chamber 130 can be substantially filled with
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pure water, distilled water, or deionized water. In some
embodiments, the permeate gap chamber 130 is substan-
tially filled with a pure liquid other than water. In some
embodiments, the width of the permeate gap chamber 130 is
in a range of from about 0.05 millimeters (mm) to 200 mm.
In some embodiments, the permeate gap chamber 130 is a
fixed gap chamber. For example, the width of the permeate
gap chamber 130 is uniform. In some embodiments, the
permeate gap chamber 130 is a variable gap chamber. For
example, the width of the permeate gap compartment 130 is
non-uniform.

[0034] A membrane 132 separates the feed chamber 126
from the permeate gap chamber 130. In various embodi-
ments, the membrane 132 in each of the modules 102 is a
reinforced hollow tube, a non-reinforced hollow tube, a
spiral wound tube, a flat sheet, or a non-flat sheet. The
membrane 132 includes multiple pores that are sized to
allow water vapor originating from the hot liquid to pass
from the feed chamber 126 through the membrane 132 to the
permeate gap chamber 130. The membrane 132 prevents
liquid flow between the feed chamber 126 and the permeate
gap chamber 130. In various embodiments, the membrane
132 is a composite membrane, a nano-composite membrane,
a hydrophobic membrane, an omniphobic membrane, a
hydrophilic and hydrophobic composite dual layer mem-
brane, a modified ceramic membrane, a porous ceramic
membrane, a surface modified membrane, a polymer elec-
trolyte membrane, a porous graphene membrane, or a poly-
meric membrane. In some embodiments, the membrane 132
includes a support layer and an active layer. The membrane
132 can be made, for example, from a porous material, such
as a ceramic. In some embodiments, a contact angle of the
liquid on the membrane 132 is greater than 90 degrees (°).
In some embodiments, a different material is be used for the
membrane 132 different modules 102. For example, the
membrane 132 used in modules 102 that are upstream may
have smaller effective pore sizes as more vapor may be
released from more dilute liquid, while downstream mod-
ules 102 may have larger effective pore sizes as the more
concentrated liquid may release less vapor.

[0035] A thermally conductive plate 133 separates the
coolant chamber 128 from the permeate gap chamber 130.
The thermally conductive plate 133 and the coolant in the
coolant chamber 128 are cooperatively configured to con-
dense at least a portion of the vapor (from the feed chamber
126 that passed through the membrane 132) in the permeate
gap chamber 130 to form a distillate (purified liquid). In
some embodiments, the thermally conductive plate 133 is in
the form of a thin, metallic plate or a thin, polymeric plate.
In some embodiments, the thermally conductive plate 133 is
in the form of thin, metallic tubes or thin, polymeric tubes.
The thermally conductive plate 133 can be made, for
example, from metallic material, composite material, carbon
fibers, carbon nanotubes, or sapphire. The distillate formed
in the permeate gap chamber 130 is discharged from the
module 102 via a distillate outlet of the permeate gap
chamber 130. The distillate from the permeate gap chamber
130 has a water purity level that is greater than a water purity
level of the liquid feed entering the feed chamber 126.

[0036] As the vapor from the carrier gas outlet line 112 is
condensed in the condenser 116 to form additional distillate,
make-up liquid is added to the liquid feed tank 122 through
a make-up line 136. As the liquid feed is concentrated in the
process, it may reach a point at which it is too concentrated
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for effective separation. Accordingly, a portion of the liquid
feed may be removed from a drain line 138, for example,
coupled to the feed return line 110, to allow dilution of the
liquid feed with fresh liquid added through the make-up line
136.

[0037] In some embodiments, the condenser 116 includes
thin metallic tubes or thin polymeric tubes. The condenser
116 can be made, for example, from a metallic material, a
composite material, or carbon fibers, among others. As
described herein, the condensed water from the condenser
116 is removed through the distillate outlet 118. The distil-
late from the distillate outlet 118 can have a water purity
level that is greater than a water purity level of the liquid
feed from the liquid feed tank 122.

[0038] The modules 102, including the chambers (126,
128, 130), the membrane 132, and the thermally conductive
plate 133, of the MS-PGMD system 100 may be of any
shape, such as rectangular, triangular, square, circular, cylin-
drical, hexagonal, or spherical. The housing 120 can be
made, for example, from metallic material, polymeric mate-
rial, composite material, carbon fiber, carbon nanotube, or
sapphire. In some embodiments, the housing 120 is made of
steel, brass, copper, high-density polyethylene (HDPE),
acrylic, or polyvinyl chloride (PVC).

[0039] In some embodiments, the housing 120 includes a
frame, support, gasket, or a combination of these, which can
provide structural support, for the chambers 126, 128, and
130 of the modules 102, hold the membrane 132 between the
chambers 126 and 130, and hold the thermally conductive
plate 133 between the chambers 128 and 130. The support-
ing structure can be made of a material that is non-corrosive
and chemically inert in relation to the liquid feed. In various
embodiments, the housing 120 is made, for example, from
a metallic material, a polymeric material, a composite mate-
rial, or carbon fibers, among others.

[0040] As described herein, the MS-PGMD system 100
removes a distillate (such as water) as vapor from the liquid
feed using two different techniques. Vapor is entrained in the
carrier gas after it is bubbled through the liquid feed in the
feed chamber 126. Further, vapor is transported across the
membrane pores from the feed chamber 126 to the permeate
gap chamber 130. The driving force for mass/vapor transfer
across the pores of the membranes is the partial pressure
difference across the membrane 132.

[0041] The MS-PGMD system is not limited to the con-
figuration shown in FIG. 1A. In addition to this, in various
embodiments, the modules 102 are connected in series to
one or more of the lines used for fluid flow through the
modules 102, such as the feed line 104 and feed return line
110, the carrier gas line 106 and the carrier gas outlet 112,
and the coolant line 108 and the coolant outlet line 114.
These configurations are discussed with respect to FIGS.
1B-1H.

[0042] FIG. 1B is a simplified process flow diagram a
MS-PGMD system 140, wherein the modules 102 are con-
nected in parallel to the feed line 104, the feed return line
110, the carrier gas line 106, and the carrier gas outlet line
112, the coolant line 108, and the coolant outlet line 114. In
this embodiment, the feed line 104, the feed return line 110,
the carrier gas line 106, and the carrier gas outlet line 112 are
all coupled to the feed chamber 126 of each of the modules
102 in parallel. In this embodiment, the coolant line 108 and
the coolant outlet line 114 are coupled to the coolant
chamber 128 of each of the the modules 102 in parallel. In
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this embodiment, the condenser 116 is omitted, and the
carrier gas exiting the feed chamber 126 of each of the
modules 102 flows to the permeate gap chamber 130 of the
respective module 102. A vent stream (dotted arrow) includ-
ing the carrier gas can be separated from the distillate and
can be vented or recycled, for example, to the blower 134.
[0043] FIG. 1C is a simplified process flow diagram a
MS-PGMD system 142, wherein the modules 102 are con-
nected in parallel to the feed line 104, the feed return line
110, the carrier gas line 106, and the carrier gas outlet line
112, and in series with the coolant line 108 and the coolant
outlet line 114. In this embodiment, the feed line 104, the
feed return line 110, the carrier gas line 106, and the carrier
gas outlet line 112 are all coupled to the feed chamber 126
of each of the modules 102 in parallel. In this embodiment,
the coolant line 108 and the coolant outlet line 114 are
coupled to the coolant chambers 128 of the modules 102 in
series. In this embodiment, the condenser 116 is included for
condensing the carrier gas exiting the feed chambers 126 of
the modules 102 to produce additional distillate.

[0044] FIG. 1D is a simplified process flow diagram a
MS-PGMD system 144, wherein the modules 102 are con-
nected in parallel to the feed line 104, the feed return line
110, the carrier gas line 106, and the carrier gas outlet line
112, and in series with the coolant line 108 and the coolant
outlet line 114. In this embodiment, the feed line 104, the
feed return line 110, the carrier gas line 106, and the carrier
gas outlet line 112 are all coupled to the feed chamber 126
of each of the modules 102 in parallel. In this embodiment,
the coolant line 108 and the coolant outlet line 114 are
coupled to the coolant chambers 128 of the modules 102 in
series. In this embodiment, the condenser 116 is omitted, and
the carrier gas exiting the feed chamber 126 of each of the
modules 102 flows to the permeate gap chamber 130 of the
respective module 102. A vent stream (dotted arrow) includ-
ing the carrier gas can be separated from the distillate and
can be vented or recycled, for example, to the blower 134.
[0045] FIG. 1E is a simplified process flow diagram of a
MS-PGMD 146, wherein the modules 102 are connected in
parallel to the feed line 104, the feed return line 110, the
coolant line 108, and the coolant outlet line 114, and in series
with the carrier gas line 106 and the carrier gas outlet line
112. In this embodiment, the feed line 104 and the feed
return line 110 are coupled to the feed chamber 126 of each
of the modules 102 in parallel. In this embodiment, the
coolant line 108 and the coolant outlet line 114 are coupled
to the coolant chamber 128 of each of the modules 102 in
parallel. In this embodiment, the carrier gas line 106 and the
carrier gas outlet line 112 are coupled to the feed chambers
126 of the modules 102 in series. In this embodiment, the
condenser 116 is included for condensing the carrier gas
exiting the feed chamber 126 of the last module of the
plurality of modules 102 to produce additional distillate.
[0046] FIG. 1F is a simplified process flow diagram of a
MS-PGMD system 148, wherein the modules 102 are con-
nected in parallel to the feed line 104 and the feed return line
110, and in series with the carrier gas line 106, the carrier gas
outlet line 112, the coolant line 108, and the coolant outlet
line 114. In this embodiment, the feed line 104 and the feed
return line 110 are coupled to the feed chamber 126 of each
of the modules 102 in parallel. In this embodiment, the
carrier gas line 106 and the carrier gas outlet line 112 are
coupled to the feed chambers 126 of the modules 102 in
series. In this embodiment, the coolant line 108 and the
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coolant outlet line 114 are coupled to the coolant chambers
128 of the modules 102 in series. In this embodiment, the
condenser 116 is included for condensing the carrier gas
exiting the feed chamber 126 of the last module of the
plurality of modules 102 to produce additional distillate.
[0047] FIG. 1G is a simplified process flow diagram of a
MS-PGMD system 150, wherein the modules 102 are
coupled in series to the feed line 104 and the feed return line
110, and in parallel to the carrier gas line 106, the carrier gas
outlet line 112, the coolant line 108, and the coolant outlet
line 114. In this embodiment, the feed line 104 and the feed
return line 110 are coupled to the feed chambers 126 of the
modules 102 in series. In this embodiment, the carrier gas
line 106 and the carrier gas outlet line 112 are coupled to the
feed chamber 126 of each of the modules 102 in parallel. In
this embodiment, the coolant line 108 and the coolant outlet
line 114 are coupled to the coolant chamber 128 of each of
the modules 102 in parallel. In this embodiment, the con-
denser 116 is included for condensing the carrier gas exiting
the feed chambers 126 of the modules 102 to produce
additional distillate.

[0048] FIG. 1H is a simplified process flow diagram of a
MS-PGMD system 152, wherein the modules 102 are
coupled in series to the feed line 104 and the feed return line
110, and in parallel to the carrier gas line 106, the carrier gas
outlet line 112, the coolant line 108, and the coolant outlet
line 114. In this embodiment, the feed line 104 and the feed
return line 110 are coupled to the feed chambers 126 of the
modules 102 in series. In this embodiment, the carrier gas
line 106 and the carrier gas outlet line 112 are coupled to the
feed chamber 126 of each of the modules 102 in parallel. In
this embodiment, the coolant line 108 and the coolant outlet
line 114 are coupled to the coolant chamber 128 of each of
the modules 102 in parallel. In this embodiment, the con-
denser 116 is omitted, and the carrier gas exiting the feed
chamber 126 of each of the modules 102 flows to the
permeate gap chamber 130 of the respective module 102. A
vent stream (dotted arrow) including the carrier gas can be
separated from the distillate and can be vented or recycled,
for example, to the blower 134.

[0049] FIG. 11 is a simplified process flow diagram of a
MS-PGMD system 154, wherein the modules 102 are
coupled in series to the feed line 104, the feed return line
110, the coolant line 108, and the coolant outlet line 114, and
in parallel to the carrier gas line 106 and the carrier gas outlet
line 112. In this embodiment, the feed line 104 and the feed
return line 110 are coupled to the feed chambers 126 of the
modules 102 in series. In this embodiment, the carrier gas
line 106 and the carrier gas outlet line 112 are coupled to the
feed chamber 126 of each of the modules 102 in parallel. In
this embodiment, the coolant line 108 and the coolant outlet
line 114 are coupled to the coolant chambers 128 of the
modules 102 in series. In this embodiment, the condenser
116 is included for condensing the carrier gas exiting the
feed chambers 126 of the modules 102 to produce additional
distillate.

[0050] FIG. 1] is a simplified process flow diagram of a
MS-PGMD system 156, wherein the modules 102 are
coupled in series to the feed line 104, the feed return line
110, the coolant line 108, and the coolant outlet line 114, and
in parallel to the carrier gas line 106 and the carrier gas outlet
line 112. In this embodiment, the feed line 104 and the feed
return line 110 are coupled to the feed chambers 126 of the
modules 102 in series. In this embodiment, the carrier gas
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line 106 and the carrier gas outlet line 112 are coupled to the
feed chamber 126 of each of the modules 102 in parallel. In
this embodiment, the coolant line 108 and the coolant outlet
line 114 are coupled to the coolant chambers 128 of the
modules 102 in series. In this embodiment, the condenser
116 is omitted, and the carrier gas exiting the feed chamber
126 of each of the modules 102 flows to the permeate gap
chamber 130 of the respective module 102. A vent stream
(dotted arrow) including the carrier gas can be separated
from the distillate and can be vented or recycled, for
example, to the blower 134.

[0051] FIG. 1K is a simplified process flow diagram a
MS-PGMD system 158, wherein the modules 102 are
coupled in series to the feed line 104, the feed return line
110, the carrier gas line 106, and the carrier gas outlet line
112, and in parallel to the coolant line 108 and the coolant
outlet line 114. In this embodiment, the feed line 104 and the
feed return line 110 are coupled to the feed chambers 126 of
the modules 102 in series. In this embodiment, the carrier
gas line 106 and the carrier gas outlet line 112 are coupled
to the feed chambers 126 of the modules 102 in series. In this
embodiment, the coolant line 108 and the coolant outlet line
114 are coupled to the coolant chamber 128 of each of the
modules 102 in parallel. In this embodiment, the condenser
116 is included for condensing the carrier gas exiting the
feed chamber 126 of the last module of the plurality of
modules 102 to produce additional distillate.

[0052] FIG. 1L is a simplified process flow diagram of a
MS-PGMD system 160, wherein the modules 102 are
coupled in series to the feed line 104, the feed return line
110, the carrier gas line 106, the carrier outlet gas line 112,
the coolant line 108, and the coolant outlet line 114. In this
embodiment, the feed line 104 and the feed return line 110
are coupled to the feed chambers 126 of the modules 102 in
series. In this embodiment, the carrier gas line 106 and the
carrier gas outlet line 112 are coupled to the feed chambers
126 of the modules 102 in series. In this embodiment, the
coolant line 108 and the coolant outlet line 114 are coupled
to the coolant chambers 128 of the modules 102 in series. In
this embodiment, the condenser 116 is included for con-
densing the carrier gas exiting the feed chamber 126 of the
last module of the plurality of modules 102 to produce
additional distillate.

[0053] FIG. 2 is a process flow diagram of a method 200
for purifying a liquid feed using a MS-PGMD system. The
method 200 begins at block 202 when a liquid feed is fed to
a feed chamber (such as the feed chamber 126) in each of a
plurality of modules (102). The liquid feed in the feed
chamber 126 is at a temperature of greater than about 50° C.
The liquid feed can be heated before it is fed to the feed
chamber 126, or the liquid feed can be heated in the feed
chamber 126. In some embodiments, the liquid feed is fed to
a feed chamber 126 of a first module of the plurality of
modules 102, and the liquid exiting the feed chamber 126 of
the first module of the plurality of modules 102 is then fed
to a feed chamber 126 of a second module of the plurality
of modules 102.

[0054] Atblock 204, a carrier gas is fed through the liquid
feed in the feed chamber 126 of each of the plurality of
modules 102 to form humidified carrier gas. In some
embodiments, the carrier gas is fed to a feed chamber 126 of
a first module of the plurality of modules 102, and then the
carrier gas exiting the feed chamber 126 of the first module
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of the plurality of modules 102 is fed to a feed chamber 126
of a second module of the plurality of modules 102.
[0055] At block 206, a coolant is fed to a coolant chamber
(such as the coolant chamber 128) of each of the plurality of
modules 102. The coolant chamber 128 in each module 102
is separated from the feed chamber 126 in each module 102
by a permeate gap chamber 130. The permeate gap chamber
130 is substantially filled with a liquid that includes water.
The permeate gap chamber 130 in each module 102 is
separated from the feed chamber 126 in each module 102 by
a membrane (such as the membrane 132), and wherein the
membrane 132 allows vapor to pass across the membrane
132 while blocking liquid flow across the membrane 132.
The coolant chamber 128 in each module 102 is separated
from the permeate gap chamber 130 in each module 102 by
a thermally conductive plate (such as the thermally conduc-
tive plate 133). In some embodiments, the coolant is fed to
the coolant chamber 128 of a first module of the plurality of
modules 102, and then the coolant exiting the coolant
chamber 128 of the first module of the plurality of modules
102 is fed to a coolant chamber 128 of a second module of
the plurality of modules 102.

[0056] At block 208, at least a portion of the vapor from
the feed chamber 126 that transported through the mem-
brane 132 is condensed by the coolant in the coolant
chamber 128 to form a first distillate. At block 210, at least
a portion of the humidified carrier gas is condensed (for
example, by the external condenser 116) to form a second
distillate. In some embodiments, the first distillate and the
second distillate are combined.

[0057] The details of one or more embodiments of the
subject matter of this disclosure are set forth in the accom-
panying drawings and the description. Other features,
aspects, and advantages of the subject matter will become
apparent from the description, the drawings, and the claims.

Embodiments

[0058] In a first embodiment, a multistage permeate gap
membrane distillation (MS-PGMD) system includes mul-
tiple modules. Each module includes a feed chamber, a
coolant chamber, a permeate gap chamber, a membrane, and
a thermally conductive plate. The feed chamber of each
module is coupled to a feed line and a carrier gas line. The
feed line introduces a liquid feed into the feed chamber of
each module from a liquid feed tank. The carrier gas line
introduces a carrier gas into the feed chamber of each
module. The coolant chamber of each module is coupled to
a coolant line. The coolant line introduces a coolant into the
coolant chamber of each module from a coolant feed tank.
The permeate gap chamber of each module is intermediate
of the feed chamber and the coolant chamber of the respec-
tive module. The permeate gap chamber of each module is
substantially filled with a liquid including water. The mem-
brane of each module separates the feed chamber from the
permeate gap chamber of the respective module. The mem-
brane of each module allows transportation of vapor from
the feed chamber to the permeate gap chamber of the
respective module while blocking liquid from moving from
the feed chamber to the permeate gap chamber of the
respective module. The thermally conductive plate of each
module separates the coolant chamber from the permeate
gap chamber of the respective module. The thermally con-
ductive plate of each module and the coolant within the
coolant chamber of the respective module are cooperatively
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configured to condense at least a portion of the vapor from
the feed chamber that transported through the membrane of
the respective module to form a distillate.

[0059] The foregoing and other described embodiments
can each, optionally, include one or more of the following
features.

[0060] A first feature, combinable with any of the follow-
ing features, in which the MS-PGMD system includes a
condenser that is fluidically coupled to the feed chamber of
each module and the condenser is configured to condense at
least a portion of a vapor exiting the feed chamber of each
module to form a second distillate.

[0061] A second feature, combinable with any of the
previous or following features, in which the MS-PGMD
system includes a carrier gas outlet line that fluidically
couples a carrier gas outlet on the feed chamber of each
module to the condenser.

[0062] A third feature, combinable with any of the previ-
ous or following features, in which the modules are coupled
in parallel to the feed line, the carrier gas line, and the
coolant line.

[0063] A fourth feature, combinable with any of the pre-
vious or following features, in which the modules are
fluidically coupled in series to the liquid feed, a liquid inlet
to the feed chamber of a first module in the series is
fluidically coupled to the feed line, a liquid outlet of the feed
chamber of a last module in the series is fluidically coupled
to a feed return line, and each intervening module between
the first module and the last module is fluidically coupled by
a line from a liquid outlet on the feed chamber of the
intervening module to a liquid inlet on the feed chamber of
the next module.

[0064] A fifth feature, combinable with any of the previ-
ous or following features, in which the modules are fluidi-
cally coupled in series to the coolant, a coolant inlet to the
coolant chamber of a first module in the series is fluidically
coupled to the coolant line, a coolant outlet of the coolant
chamber of a last module in the series is fluidically coupled
to a coolant return line, and each intervening module
between the first module and the last module is fluidically
coupled by a line from a coolant outlet of the coolant
chamber of the intervening module to a coolant inlet of the
coolant chamber of the next module.

[0065] A sixth feature, combinable with any of the previ-
ous or following features, in which the modules are fluidi-
cally coupled in series to the carrier gas, a carrier gas inlet
to the feed chamber of a first module in the series is
fluidically coupled to the carrier gas line, a carrier gas outlet
of the feed chamber of a last module in the series is
fluidically coupled to a carrier gas outlet line, and each
intervening module between the first module and the last
module is fluidically coupled by a line from a carrier gas
outlet of the feed chamber of the intervening module to a
carrier gas inlet of the feed chamber of the next module.

[0066] A seventh feature, combinable with any of the
previous or following features, in which the MS-PGMD
system includes a heating element coupled to the liquid feed
tank.

[0067] An eighth feature, combinable with any of the
previous or following features, in which the MS-PGMD
system includes a heat exchanger coupled to the feed line.
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[0068] A ninth feature, combinable with any of the pre-
vious or following features, in which the MS-PGMD system
includes a heating element coupled to the feed chamber of
at least one of the modules.

[0069] A tenth feature, combinable with any of the previ-
ous or following features, in which the MS-PGMD system
includes a heating element coupled to the carrier gas line.

[0070] An ecleventh feature, combinable with any of the
previous or following features, in which the liquid feed
includes an aqueous solution.

[0071] A twelfth feature, combinable with any of the
previous or following features, in which the liquid feed
includes a liquid including a dissolved salt, a mixture of
salts, a salt and an organic contaminant mixture, or a salt and
an inorganic contaminant mixture, or any combinations
thereof.

[0072] A thirteenth feature, combinable with any of the
previous or following features, in which the liquid feed
includes seawater, industrial wastewater, brackish water,
produced water, fruit juice, blood, milk, dye, hazardous
wastewater, or a brine solution, or any combinations thereof.
[0073] A fourteenth feature, combinable with any of the
previous or following features, in which the membrane
includes a composite membrane, a nano-composite mem-
brane, a hydrophobic membrane, an omniphobic membrane,
a hydrophilic and hydrophobic composite dual layer mem-
brane, a modified ceramic membrane, a porous ceramic
membrane, a surface modified membrane, a polymer elec-
trolyte membrane, a porous graphene membrane, or a poly-
meric membrane, or any combinations thereof.

[0074] A fifteenth feature, combinable with any of the
previous or following features, in which the membrane
includes a reinforced hollow tube, a non-reinforced hollow
tube, a spiral wound, a flat sheet, or a non-flat sheet, or any
combinations thereof.

[0075] A sixteenth feature, combinable with any of the
previous or following features, in which a contact angle of
a condensed droplet on the membrane is greater than 90°
(degrees).

[0076] A seventeenth feature, combinable with any of the
previous features, in which the carrier gas includes air,
nitrogen, helium, argon, or carbon dioxide, or any combi-
nations thereof.

[0077] In a second embodiment, a method for purifying a
liquid using a multi-stage permeate gap membrane distilla-
tion (MS-PGMD) system includes feeding a liquid feed to a
feed chamber in each of multiple modules. The liquid feed
in the feed chamber of each module is at a temperature of
greater than about 50 degrees Celsius (° C.). The method
includes feeding a carrier gas through the liquid feed in the
feed chamber of each module to form a humidified carrier
gas. The method includes feeding a coolant to a coolant
chamber in each module. The coolant chamber in each
module is separated from the feed chamber in each module
by a permeate gap chamber that is substantially filled with
a liquid that includes water. The permeate gap chamber in
each module is separated from the feed chamber in each
module by a membrane that allows vapor to pass across the
membrane while blocking liquid flow across the membrane.
The coolant chamber in each module is separated from the
permeate gap chamber in each module by a thermally
conductive plate. The method includes condensing, by the
coolant in the coolant chamber and the thermally conductive
plate of each module, at least a portion of the vapor from the
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feed chamber in each module that transported through the
membrane of the respective module to form a first distillate.
The method includes condensing at least a portion of the
humidified carrier gas to form a second distillate.

[0078] The foregoing and other described embodiments
can each, optionally, include one or more of the following
features.

[0079] An eighteenth feature, combinable with any of the
following features, in which the liquid feed in the feed
chamber of each module is at a temperature in a range of
from about 50° C. to about 100° C.

[0080] A nineteenth feature, combinable with any of the
previous or following features, in which the liquid feed is
heated before the liquid feed is fed to the feed chamber of
each module.

[0081] A twentieth feature, combinable with any of the
previous or following features, in which the liquid feed is
heated in the feed chamber of at least one of the modules.
[0082] A twenty-first feature, combinable with any of the
previous or following features, in which the liquid feed is
fed to the feed chamber of a first module, and then the liquid
feed exiting the feed chamber of the first module is fed to the
feed chamber of a second module.

[0083] A twenty-second feature, combinable with any of
the previous or following features, in which the coolant is
fed to the coolant chamber of a first module, and then the
coolant exiting the coolant chamber of the first module is fed
to the coolant chamber of a second module.

[0084] A twenty-third feature, combinable with any of the
previous features, in which the carrier gas is fed to the feed
chamber of a first module, and then the carrier gas exiting
the feed chamber of the first module is fed to the feed
chamber of a second module.

[0085] Other embodiments are also within the scope of the
following claims.

What is claimed is:

1. A multistage permeate gap membrane distillation (MS-
PGMD) system comprising a plurality of modules, wherein
each module comprises:

a feed chamber coupled to a feed line and a carrier gas
line, wherein the feed line introduces a liquid feed into
the feed chamber from a liquid feed tank, and wherein
the carrier gas line introduces a carrier gas into the feed
chamber;

a coolant chamber coupled to a coolant line, wherein the
coolant line introduces a coolant into the coolant cham-
ber from a coolant feed tank;

a permeate gap chamber intermediate of the feed chamber
and the coolant chamber, the permeate gap chamber
substantially filled with a liquid comprising water;

a membrane separating the feed chamber from the per-
meate gap chamber, wherein the membrane allows
transportation of vapor from the feed chamber to the
permeate gap chamber while blocking liquid from
moving from the feed chamber to the permeate gap
chamber; and

a thermally conductive plate separating the coolant cham-
ber from the permeate gap chamber, wherein the ther-
mally conductive plate and the coolant within the
coolant chamber are cooperatively configured to con-
dense at least a portion of the vapor from the feed
chamber that transported through the membrane to
form a distillate.
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2. The MS-PGMD system of claim 1, comprising a
condenser fluidically coupled to the feed chamber, wherein
the condenser condenses at least a portion of a vapor exiting
the feed chamber to form a second distillate.

3. The MS-PGMD system of claim 2, comprising a carrier
gas outlet line fluidically coupling a carrier gas outlet on the
feed chamber to the condenser.

4. The MS-PGMD system of claim 1, wherein the plu-
rality of modules are coupled in parallel to the feed line, the
carrier gas line, and the coolant line.

5. The MS-PGMD system of claim 1, wherein the plu-
rality of modules are fluidically coupling in series to the
liquid feed, wherein a liquid inlet to the feed chamber of a
first module in the series is fluidically coupled to the feed
line, a liquid outlet of the feed chamber of a last module in
the series is fluidically coupled to a feed return line, and each
intervening module between the first module and the last
module is fluidically coupled by a line from a liquid outlet
on the feed chamber of the intervening module to a liquid
inlet on the feed chamber of the next module.

6. The MS-PGMD system of claim 1, wherein the plu-
rality of modules are fluidically coupled in series to the
coolant, wherein a coolant inlet to the coolant chamber of a
first module in the series is fluidically coupled to the coolant
line, a coolant outlet of the coolant chamber of a last module
in the series is fluidically coupled to a coolant return line,
and each intervening module between the first module and
the last module is fluidically coupled by a line from a coolant
outlet of the coolant chamber of the intervening module to
a coolant inlet of the coolant chamber of the next module.

7. The MS-PGMD system of claim 1, wherein the plu-
rality of modules are fluidically coupled in series to the
carrier gas, wherein a carrier gas inlet to the feed chamber
of a first module in the series is fluidically coupled to the
carrier gas line, a carrier gas outlet of the feed chamber of
a last module in the series is fluidically coupled to a carrier
gas outlet line, and each intervening module between the
first module and the last module is fluidically coupled by a
line from a carrier gas outlet of the feed chamber of the
intervening module to a carrier gas inlet of the feed chamber
of the next module.

8. The MS-PGMD system of claim 1, comprising a
heating element coupled to the liquid feed tank.

9. The MS-PGMD system of claim 1, comprising a heat
exchanger coupled to the feed line.

10. The MS-PGMD system of claim 1, comprising a
heating element coupled to the feed chamber of at least one
of the modules.

11. The MS-PGMD system of claim 1, comprising a
heating element coupled to the carrier gas line.

12. The MS-PGMD system of claim 1, wherein the
membrane comprises a reinforced hollow tube, a non-
reinforced hollow tube, a spiral wound 2, a flat sheet, or a
non-flat sheet, or any combinations thereof.

13. The MS-PGMD system of claim 1, wherein a contact
angle of a condensed droplet on the membrane is greater
than 90° (degrees).
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14. The MS-PGMD system of claim 1, wherein the carrier
gas comprises air, nitrogen, helium, argon, or carbon diox-
ide, or any combinations thereof.
15. A method for purifying a liquid using a multi-stage
permeate gap membrane distillation (MS-PGMD) system,
comprising:
feeding a liquid feed to a feed chamber in each of a
plurality of modules, wherein the liquid feed in the feed
chamber is at a temperature of greater than about 50°
C.

feeding a carrier gas through the liquid feed in the feed
chamber of each of the plurality of modules to form a
humidified carrier gas;

feeding a coolant to a coolant chamber in each of the

plurality of modules, wherein the coolant chamber in
each module is separated from the feed chamber in
each module by a permeate gap chamber that is sub-
stantially filled with a liquid comprising water, wherein
the permeate gap chamber in each module is separated
from the feed chamber in each module by a membrane
that allows vapor to pass across the membrane while
blocking liquid flow across the membrane, wherein the
coolant chamber in each module is separated from the
permeate gap chamber in each module by a thermally
conductive plate;

condensing, by the coolant in the coolant chamber and the

thermally conductive plate of each module, at least a
portion of the vapor from the feed chamber that trans-
ported through the membrane of the respective module
to form a first distillate; and

condensing at least a portion of the humidified carrier gas

to form a second distillate.

16. The method of claim 15, comprising heating the liquid
feed before feeding the liquid feed to the feed chamber.

17. The method of claim 15, comprising heating the liquid
feed in the feed chamber.

18. The method of claim 15, comprising feeding the liquid
feed to the feed chamber of a first module of the plurality of
modules, then feeding the liquid feed exiting the feed
chamber of the first module of the plurality of modules to the
feed chamber of a second module of the plurality of mod-
ules.

19. The method of claim 15, comprising feeding the
coolant to the coolant chamber of a first module of the
plurality of modules, then feeding the coolant exiting the
coolant chamber of the first module of the plurality of
modules to the coolant chamber of a second module of the
plurality of modules.

20. The method of claim 15, comprising feeding the
carrier gas to the feed chamber of a first module of the
plurality of modules, then feeding the carrier gas exiting the
feed chamber of the first module of the plurality of modules
to the feed chamber of a second module of the plurality of
modules.



