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METHOD FOR HYBRIDIZED DESALINATION SYSTEM USING MEMBRANE

DISTILLATION AND ADSORPTION DESALINATION CYCLES

TECHNICAL FIELD

[0001] The present disclosure generally relates to production of potable water or

other useable water from an aqueous feed, such as seawater, brine water, industrial

waste water and produced water.

BACKGROUND

[0002] Membrane distillation (MD) systems are efficient in converting seawater

or any other impaired or harsh water quality, such as desalination or concentrated

brines, industrial wastewater and produced water, to very high quality water

(distilled water) (Van der Bruggen and Vandecasteele, 2002, Chen et al., 2012, Kim

et al., 2013). The MD process is operational utilizing low-grade temperature heat

sources, such as solar energy, process low-grade waste heat or low-enthalpy

geothermal energy sources (Ghaffour et al., 2014). Some of the advantages of the

MD systems include: 1) the utilization of low-temperature heat sources (as low as

60 °C) at low pressure, requiring less energy and incurring less fouling and scaling;

2) the direct recovery or utilization of thermal energy in the feed stream (i.e., the hot

feed streams from process coolant or produced water) without the use of heat

exchangers; 3) the production of high quality product water (theoretically 100%

rejection) regardless of the feed water quality; 4) the volume per unit production due

to the utilization of highly porous hydrophobic membrane materials; and 5) the



process is scalable, modular and low-cost as most of the unit parts are made using

plastic based materials. (See, e.g., Khayet, 201 1, Alsaadi et al., 2014, Francis et

al., 2014, Alsaadi et al., 2015).

[0003] Yet, there still exist many gaps in the research on MD. Multiple

challenges remain, such as enhancing the flux and making the MD process more

energy-efficient and cost-effective, before MD reaches a level that can compete with

the reverse osmosis (RO) process and before it can be fully applicable to the

industry. (He et al., 2013, Khayet, 201 1, Matsukata et al., 201 1).

SUMMARY

[0004] The present disclosure addresses the aforementioned challenges. In

various aspects, methods and systems are provided herein for the hybridization of

membrane distillation (MD) and adsorption desalination (AD) cycles and their use,

for example their use in recovering useable water from impaired or harsh water.

Hybridizing the two thermally-driven systems can provide thermodynamic synergy

between the membrane distillation (MD) process and an adsorption desalination

(AD) cycle. The hybrid system can be integrated offering several advantages,

including: the use of a vacuum environment in the AD to drive a membrane

distillation (MD) system without the need for additional vacuum pump(s); the use of

the child water (coolant) produced by AD to run any type of MD configuration

(Francis et al., 2013); the enhancement of total water recovery by treating MD

brines using AD or treating any impaired water quality simultaneously with AD; and



the utilization of waste heat after a desorption process to assist in pre-heating the

MD feed.

[0005] In various aspects, the AD cycle can include an evaporator. The

evaporator can operate at low temperature, for example, below 10°C. In various

aspects, the evaporator can operate at a temperature as low as 10°C. Other AD

components such as cooling towers, solar modulating systems, tanks, and

deaerators can also be used in the hybrid system in an integrated manner.

[0006] The AD cycle can employ sorption phenomena for the production of

potable water from aqueous feed and a cooling power utilizing low-temperature heat

sources. In various aspects, by low temperature heat sources, we mean

temperatures of 55°C to 85°C and anywhere there between. The advantages and

the detailed working principles of the AD cycles can be found in Ng et al., 2009, Thu

et al., 20019, Thu et al., 2010, Thu et al., 2013a, Thu et al., 2013b. In the AD cycle,

the evaporator can operate at low temperature because of uptake of water vapor by

the adsorbent material. Thus, AD and MD processes can be synergistically

hybridized for overall system performance and improvement.

[0007] A number of benefits can be achieved by the present methods and

systems. Integration can increase overall system recovery by utilizing the MD brine

as a feed for an AD evaporator, as an example of potential application. Since the

AD evaporator can operate at low temperature, it can recover as much as 85%

(240,000 ppm) potable water without fouling and corrosion risks. The AD cycle can

operate with waste heat or low-grade renewable energy sources (for example, from

55°C to 85°C). This heat can be utilized to pre-heat the MD feed to enhance the



evaporation rate. An external heat source can be used to further heat the MD feed

that can be beneficial to increasing the MD flux.

[0008] The present disclosure can be applicable to any type of MD process

configuration, such as direct contact membrane distillation (DCMD), vacuum

membrane distillation (VMD), air gap membrane distillation (AGMD), material gap

membrane distillation (MGMD), and sweeping gas membrane distillation (SGMD).

The AD cycle can apply sorption principles, such as adsorption and desorption

processes, where the adsorbent material can be any porous hydrophilic material.

Examples of suitable absorbents include, but are not limited to, adsorbents such as

silica gel or zeolites.

[0009] The present hybridization scheme can provide a practical large-scale MD

process for multiple heat recovery configurations such as multi-effect membrane

distillation (MEMD) or multi-stage membrane distillation (MSMD) units for improved

heat recovery and gain output ratio (GOR) or performance ratio (PR). With the

present synergistically hybridized cycle, a quantum jump in useable water

production with improved specific energy consumption in (kWh/m3) can be realized.

Furthermore, the new hybrid AD+MD system disclosed herein can treat any

impaired water quality with harsh conditions, such as desalination or concentrated

brines, industrial wastewater or produced water by producing very high quality water

regardless of the feed water quality. It can also run autonomously without the need

to connect to electrical grid (low thermal and electrical energy consumptions), is

easy to operate, modular and scalable.



[0010] In an embodiment, a system for desalination of aqueous feed is

provided. The system can comprise a membrane distillation unit, the membrane

distillation unit including a vapor permeable membrane and a high pressure side to

one side of the membrane and a low pressure side to a side of the membrane

opposite the high pressure side for receiving aqueous vapor permeate that passes

from the high pressure side through the membrane to the low pressure side, the

high pressure side having a higher vapor pressure relative to the low pressure side,

the high pressure side having an aqueous feed liquid inlet and a liquid outlet, and

the low pressure side having a permeate vapor outlet; a preheater having an

aqueous feed liquid inlet and an aqueous feed liquid outlet, the aqueous feed liquid

outlet being in communication with the aqueous feed liquid inlet of the membrane

distillation unit, the preheater having a heating fluid inlet and an outlet for heating

fluid; an evaporator in communication with the liquid outlet of the membrane

distillation unit, the evaporator having a fluid inlet configured to provide heat of

evaporation to aqueous liquid in the evaporator received from the liquid outlet of the

membrane distillation unit and a fluid outlet configured to discharge fluid from the

evaporator, the evaporator having a vapor outlet for discharging vapor formed by

evaporation of aqueous liquid in the evaporator received from the aqueous liquid

outlet of the membrane distillation unit; at least one adsorption-desorption unit, the

adsorption-desorption unit having a vapor inlet in communication with the vapor

outlet of the evaporator and configured to receive aqueous vapor from the

evaporator, the adsorption-desorption unit including an adsorption-desorption bed,

the adsorption-desorption bed including a fluid inlet configured to receive either a



heating or a cooling fluid and a fluid outlet, the adsorption-desorption unit having a

vapor outlet, the adsorption-desorption unit further including a fluid inlet in

communication with the fluid inlet of the adsorption-desorption bed, the adsorption-

desorption unit including a fluid outlet in communication with the fluid outlet of the

adsorption-desorption bed and in communication with the heating fluid inlet of the

preheater; and a condenser including a condensation surface and a vapor inlet in

communication with the permeate vapor outlet of the membrane distillation unit or

the vapor outlet of the adsorption-desorption chamber or both, the vapor inlet of the

condenser configured to deliver vapor from the membrane distillation unit or the

adsorption-desorption chamber or both to the condensation surface, the condenser

including a condensation outlet configured to remove condensate from the

condenser, the condenser including a fluid inlet configured to deliver fluid from the

evaporator to a surface of the condensation surface and to cool the condensation

surface, and a fluid outlet configured to return the fluid from the condenser back to

the evaporator and ultimately for return of the fluid to the fluid inlet of the condenser

in a closed loop.

[0011] In various aspects, the membrane distillation unit can include a plurality

of membrane distillation modules configured for multi-effect membrane distillation.

Each membrane distillation module can include a vapor permeable membrane and

a high pressure side to one side of the membrane and a low pressure side to a side

of the membrane opposite the high pressure side for receiving aqueous vapor

permeate that passes from the high pressure side through the membrane to the low

pressure side. The high pressure side can have a higher vapor pressure relative to



the low pressure side. The high pressure side can have an aqueous feed liquid

inlet and a liquid outlet, and the low pressure side can have a permeate vapor

outlet. The permeate vapor outlet of each membrane distillation module can be in

communication with the aqueous vapor inlet of the condenser.

[0012] In any one or more aspects, the fluid outlet of the adsorption-desorption

unit, the heating fluid inlet and outlet of the preheater and the fluid inlet of the

adsorption-desorption unit can be in a closed loop configured to provide heating

fluid and heat of desorption to the adsorption-desorption bed and waste heat from

the adsorption-desorption unit to the preheater for preheating the aqueous feed to

the preheater. The adsorption-desorption bed can include a hydrophilic porous

material having a surface area higher than 400 m2/g. The fluid inlet and outlet of

the adsorption-desorption unit can be part of a closed loop configured to provide a

cooling fluid to the adsorption-desorption bed. The adsorption-desorption unit can

include a plurality of adsorption-desorption chambers, each chamber having a vapor

inlet in communication with the vapor outlet of the evaporator and configured to

receive vapor from the evaporator. Each chamber can further include an

adsorption-desorption bed, the adsorption-desorption bed including a fluid inlet

configured to receive either a heating or a cooling fluid and a fluid outlet, and having

a vapor outlet. Each chamber can further include a fluid inlet in communication with

the fluid inlet of the adsorption-desorption bed and a fluid outlet in communication

with the fluid outlet of the adsorption-desorption bed and in communication with the

heating fluid inlet of the preheater. The condenser can be configured to operate

under vacuum. The fluid inlet and outlet of the evaporator and the fluid inlet and



outlet of the condenser can be in a closed loop configured to provide a heating fluid

to the evaporator and return the fluid to the condenser as a cooling fluid for the

condenser. The low pressure side of the membrane distillation modules configured

as a multi effect or a multi stage membrane distillation unit can be controlled by the

condenser.

[0013] In an embodiment, a method for desalination of aqueous feed is

provided. The method can comprise: providing a membrane distillation unit, the

membrane distillation unit including a vapor permeable membrane and a high

pressure side to one side of the membrane and a low pressure side to a side of the

membrane opposite the high pressure side, the high pressure side having an

aqueous feed liquid inlet and a liquid outlet, and the low pressure side having a

permeate vapor outlet; heating an aqueous feed liquid and delivering the heated

aqueous feed liquid into the high pressure side of the membrane distillation unit

through the aqueous feed liquid inlet of the membrane distillation unit; passing

aqueous vapor permeate from the high pressure side of the membrane distillation

unit through the membrane to the low pressure side of the membrane distillation

unit; taking aqueous liquid from the high pressure side of the membrane distillation

unit and evaporating at least a portion of the aqueous liquid to produce an aqueous

vapor; providing at least one adsorption-desorption unit, the adsorption-desorption

unit having a vapor inlet configured to receive aqueous vapor from the evaporation,

the adsorption-desorption unit including an adsorption-desorption bed, the

adsorption-desorption unit including a fluid inlet configured to receive either a

heating or a cooling fluid and a fluid outlet; alternately adsorbing and desorbing the



aqueous vapor from the evaporation using the adsorption-desorption unit; and

taking aqueous vapor that has been absorbed and desorbed by the absorption-

desorption unit and condensing the aqueous vapor to produce a desalinated

aqueous product and taking the aqueous vapor permeate from the low pressure

side of the membrane distillation unit and condensing the aqueous vapor permeate

to produce aqueous product.

[0014] In various aspects of the method, the membrane distillation unit can

include a plurality of membrane distillation modules configured for multi-effect

membrane distillation. Each membrane distillation module can include a vapor

permeable membrane and a high pressure side to one side of the membrane and a

low pressure side to a side of the membrane opposite the high pressure side for

receiving aqueous vapor permeate that passes from the high pressure side through

the membrane to the low pressure side. The high pressure side can have a higher

vapor pressure relative to the low pressure side. The high pressure side can have

an aqueous feed liquid inlet and a liquid outlet, and the low pressure side can have

a permeate vapor outlet. The permeate vapor outlet of each membrane distillation

module can be in communication with the aqueous vapor inlet of a condenser.

[0015] In any one or more aspects, the aqueous vapor from the evaporation can

be alternately absorbed and desorbed by the adsorption-desorption unit by

alternately heating and cooling the adsorption-desorption bed by alternatively

providing a heating or a cooling fluid to the adsorption-desorption bed. A heater for

the aqueous feed liquid can be provided, the heater having a heating fluid inlet and

a heating fluid outlet, wherein the fluid outlet of the adsorption-desorption unit, the



heating fluid inlet and outlet of the heater and the fluid inlet of the adsorption-

desorption unit are in a closed loop configured for providing heating fluid and heat of

desorption to the adsorption-desorption bed and waste heat from the adsorption-

desorption unit to the heater for heating the aqueous feed to the heater. The

adsorption-desorption bed can include a hydrophilic porous material having a

surface area higher than 400m2/g. The fluid inlet and outlet of the adsorption-

desorption unit can be part of a closed loop configured for providing a cooling fluid

to the adsorption-desorption bed. The adsorption-desorption unit can include a

plurality of adsorption-desorption chambers. Each chamber can have a vapor inlet

for receiving aqueous vapor from the evaporation. Each chamber can include an

adsorption-desorption bed, each adsorption-desorption bed including a fluid inlet

configured for receiving either a heating or a cooling fluid and a fluid outlet, and

having a vapor outlet. Each chamber can include a fluid inlet in communication with

the fluid inlet of the adsorption-desorption bed, and a fluid outlet in communication

with the fluid outlet of the adsorption-desorption bed and in communication with the

heating fluid inlet of the preheater. The condensing of the aqueous vapor from the

adsorption-desorption unit can be done under vacuum. The method can include

heating a fluid used for condensing the aqueous vapor from the adsorption-

desorption unit from the heat of condensation of the aqueous vapor and using the

heated fluid for evaporating the at least a portion of the aqueous liquid from the

membrane distillation unit and after the evaporation returning the fluid to be used for

condensing aqueous vapor from the adsorption-desorption unit.



[0016] Other systems, methods, features, and advantages of the present

disclosure will be or become apparent to one with skill in the art upon examination

of the following drawings and detailed description. It is intended that all such

additional systems, methods, features, and advantages be included within this

description, be within the scope of the present disclosure, and be protected by the

accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Many aspects of the disclosure can be better understood with reference

to the following drawings. The components in the drawings are not necessarily to

scale, emphasis instead being placed upon clearly illustrating the principles of the

present disclosure. Moreover, in the drawings, like reference numerals designate

corresponding parts throughout the several views.

[0018] Fig. 1 is a schematic diagram of an aspect of a hybridized a MEMD and

AD cycle of the present disclosure.

[0019] Fig. 2 depicts a membrane distillation module for use in the present

disclosure.

DETAILED DESCRIPTION

[0020] Described below are various embodiments of the present systems and

methods for hybridized desalination of an aqueous feed. Although particular

embodiments are described, those embodiments are mere exemplary

implementations of the system and method. One skilled in the art will recognize

other embodiments are possible. All such embodiments are intended to fall within



the scope of this disclosure. Moreover, all references cited herein are intended to be

and are hereby incorporated by reference into this disclosure as if fully set forth

herein. While the disclosure will now be described in reference to the above

drawings, there is no intent to limit it to the embodiment or embodiments disclosed

herein. On the contrary, the intent is to cover all alternatives, modifications and

equivalents included within the spirit and scope of the disclosure.

Discussion

[0021] Before the present disclosure is described in greater detail, it is to be

understood that this disclosure is not limited to particular embodiments described,

as such may, of course, vary. It is also to be understood that the terminology used

herein is for the purpose of describing particular embodiments only, and is not

intended to be limiting, since the scope of the present disclosure will be limited only

by the appended claims.

[0022] Where a range of values is provided, it is understood that each

intervening value, to the tenth of the unit of the lower limit (unless the context clearly

dictates otherwise), between the upper and lower limit of that range, and any other

stated or intervening value in that stated range, is encompassed within the

disclosure. The upper and lower limits of these smaller ranges may independently

be included in the smaller ranges and are also encompassed within the disclosure,

subject to any specifically excluded limit in the stated range. Where the stated

range includes one or both of the limits, ranges excluding either or both of those

included limits are also included in the disclosure.



[0023] Unless defined otherwise, all technical and scientific terms used herein

have the same meaning as commonly understood by one of ordinary skill in the art

to which this disclosure belongs. Although any methods and materials similar or

equivalent to those described herein can also be used in the practice or testing of

the present disclosure, the preferred methods and materials are now described.

[0024] All publications and patents cited in this specification are herein

incorporated by reference as if each individual publication or patent were

specifically and individually indicated to be incorporated by reference and are

incorporated herein by reference to disclose and describe the methods and/or

materials in connection with which the publications are cited. The citation of any

publication is for its disclosure prior to the filing date and should not be construed as

an admission that the present disclosure is not entitled to antedate such publication

by virtue of prior disclosure. Further, the dates of publication provided could be

different from the actual publication dates that may need to be independently

confirmed.

[0025] As will be apparent to those of skill in the art upon reading this

disclosure, each of the individual embodiments described and illustrated herein has

discrete components and features which may be readily separated from or

combined with the features of any of the other several embodiments without

departing from the scope or spirit of the present disclosure. Any recited method can

be carried out in the order of events recited or in any other order that is logically

possible.



[0026] Embodiments of the present disclosure will employ, unless otherwise

indicated, techniques of chemistry, synthetic inorganic chemistry, analytical

chemistry, and the like, which are within the skill of the art. Such techniques are

explained fully in the literature.

[0027] The following examples are put forth so as to provide those of ordinary

skill in the art with a complete disclosure and description of how to perform the

methods and use the compositions and compounds disclosed and claimed herein.

Efforts have been made to ensure accuracy with respect to numbers (e.g., amounts,

temperature, etc.), but some errors and deviations should be accounted for. Unless

indicated otherwise, parts are parts by weight, temperature is in °C, and pressure is

in bar. Standard temperature and pressure are defined as 0 °C and 1 bar.

[0028] It is to be understood that, unless otherwise indicated, the present

disclosure is not limited to particular materials, reagents, reaction materials,

manufacturing processes, or the like, as such can vary. It is also to be understood

that the terminology used herein is for purposes of describing particular

embodiments only, and is not intended to be limiting. It is also possible in the

present disclosure that steps can be executed in different sequence where this is

logically possible.

[0029] It must be noted that, as used in the specification and the appended

claims, the singular forms "a," "an," and "the" include plural referents unless the

context clearly dictates otherwise. Thus, for example, reference to "a support"

includes a plurality of supports. In this specification and in the claims that follow,



reference will be made to a number of terms that shall be defined to have the

following meanings unless a contrary intention is apparent.

Description

[0030] Various embodiments and aspects of methods and systems for

hybridized desalination using membrane distillation and adsorption desalination

cycles are provided herein. In various aspects, the present methods and systems

hybridize a membrane distillation (MD) process with an adsorption desalination (AD)

cycle. In one or more aspects, the hybridization is carried out by connecting a low

pressure side of membrane distillation (for example a vacuum side for a vacuum

membrane distillation configuration) or other low pressure or low temperature side

of an MD process with the condenser of an adsorption desalination (AD) cycle. In

one or more aspects, waste heat of the desorption cycle of the AD process can be

used to heat the aqueous feed to the membrane distillation (MD) cycle. In addition,

membrane distillation brine flows from the MD cycle to an evaporator in the AD

cycle. The evaporator can be connected to one or more adsorption desalination

adsorbent beds in the AD cycle, which in its turn can be connected with a

condenser for enhanced water recovery.

[0031] Fig. 1 shows one embodiment of our present systems and methods in

which a multi-effect membrane distillation (MEMD) system is hybridized with an

adsorption desalination (AD) cycle. In this embodiment, at least three synergetic

effects are demonstrated, namely; (i) MEMD brine reutilization in AD as feed for

higher recovery, (ii) AD waste heat utilization for MEMD feed preheating to improve

the system's performance, and (iii) connection of the MEMD unit to the condenser



of the AD to drive the MD process by creating the required vacuum pressure, or low

pressure side, across the membrane.

[0032] Aqueous feed, e.g. seawater, is supplied from a deaerator (not shown) to

tank 1. The deaerator can remove non-condensable gases (such as N2, O2, CO2

and the like) in the feed to the MD cycle or system. In Fig. 1 , the MD system is

shown as a multi-effect membrane distillation (MEMD) system that includes a

plurality of MD modules forming an MD unit 4 .

[0033] Before supplying the aqueous feed to the MD unit 4 , the feed can be

passed through a feed preheater 2 to extract heat from the AD desorption process.

The preheater 2 can have an aqueous feed input 2a and an aqueous feed outlet 2b.

The aqueous feed can be a liquid aqueous feed. The preheater 2 can also have a

heating fluid inlet 2c and a heating fluid outlet 2d. The aqueous feed can be heated

by a heating fluid, such as hot water, passed through a conduct, such as a pipe, 19

from the AD cycle to the heating fluid inlet 2c to the preheater 2 . In one or more

aspects, the heating fluid for heating the preheater 2 can be in the range of about

65°C to about 70°C. In one or more aspects, the heating fluid can be in the range of

about 50°C to about 55°C as it exits the preheater 2 . The heating fluid that exits the

preheater 2 can be delivered to a heating fluid tank 2 1, for example a hot water

tank, and can ultimately be returned to one or more AD chambers, as described

below. In an aspect, the preheater 2 can be a heat exchanger or feed pre-heater.

An additional heat source (not shown) can be used through or with the heat

exchanger 2 to increase the aqueous feed temperature to enhance the flux across

the membrane(s) in the MD unit 4 .



[0034] The MD unit 4 can be formed of one or more membrane distillation (MD)

modules (see, for example, Fig. 2 and its discussion below). Preferably, the MD unit

4 is formed of a plurality of MD modules to form an MEMD system. The modules of

the MEMD system can be arranged in a vertical manner so that feed can flow by

gravity from the top or upper module(s) of the MD unit 4 to the bottom module(s).

The preheated aqueous feed 3 exiting the preheater 2 can be supplied through an

aqueous feed inlet 4a by an aqueous feed conduit 3 to the high pressure side or

evaporator side of an MD module of a first effect of the MD unit 4 . By high

pressure, we mean the pressure on the evaporator side of the MD module is

relatively higher than the pressure on the opposed side, or outlet side, of the MD

module. Some of the aqueous feed is evaporated through a hydrophobic membrane

material with a drop in temperature due to removal of latent heat producing an

aqueous vapor on the opposite side of the membrane. The remainder of the

aqueous feed 5 can be outlet or discharged from the MD module of the first effect

and supplied to an MD module of a next lower effect and so on where additional

aqueous vapor can be produced.

[0035] The produced aqueous vapor can be delivered from the MD unit 4

through a vapor outlet in the MD unit 4 and through a conduit, for example through

a vapor header 4b, to a condenser 7 of the condenser side of the AD cycle where it

can be condensed along with the vapor released from the AD adsorbent

(desorption) side of the AD cycle. In one or more aspects, the condenser 7 can be

operated at a pressure in the range of about 5-6 kPa and at a temperature in the



range of about 42°C to about 46°C. The total condensed product, for example

potable water, can be collected in a tank, such as distillate tank 6 .

[0036] The process of producing the vapor can be repeated at the successive

MEMD effects at lower temperatures and pressures until the last effect. The first

effect of the MD unit 4 can include a plurality of individual MD modules. The MD

unit 4 can be comprised of a plurality of such effects, each having for example a

number of individual MD modules. While Fig. 1 shows an array of four effects, each

having four individual MD modules, one skilled in the art will recognize that the MD

unit 4 can include more than four or less than four effects and each effect can have

more than four or less than four MD modules.

[0037] MEMD brine reject 8 from the last module or effect of the MD unit 4 can

be supplied through an aqueous liquid outlet 6 , for example through a brine header,

to an evaporator 9 of the AD cycle. In an aspect, the reject 8 can be sprayed onto

the evaporation surface(s) of the evaporator 9 , such as tube surfaces. Aqueous

vapor from the evaporator 9 is adsorbed on the AD cycle adsorbent beds 10 and

11. The remaining concentrated liquid brine can be rejected from the evaporator 9

through a liquid outlet. The heat of condensation from AD condenser 7 is supplied

to AD evaporator 9 for evaporation by close loop liquid circulation 14.

[0038] The AD cycle can employ one or more adsorber chambers 10, 11. In an

aspect, when a plurality of adsorber chambers are employed, they can be staged

and operated in parallel each producing desorption vapor 15 . Each adsorber

chamber can include an vapor inlet in communication with the aqueous vapor outlet

of the evaporator 9 and adsorbent material within the chamber. The adsorbent



material 12 in each chamber can be packed around one or more heat transfer

devices 13, such as heat transfer tubes 13 of a heat exchanger in the chamber(s).

The chamber(s) 10, 11 can each have a fluid inlet and a fluid outlet configured to

receive either a cooling fluid or a heating fluid. The heat transfer device(s) can also

have a fluid inlet and a fluid outlet in communication with the fluid inlet and fluid

outlet of the chamber(s) and configured to receive either the cooling fluid or the

heating fluid for cooling or heating the adsorbent material, as desired.

[0039] The adsorbent material 12 can adsorb and desorb water vapor

introduced into the chamber(s) from the evaporator 9 . In operation, cooling fluid

can be provided through the fluid inlet of a chamber and through a heat transfer

device 13 causing a cooling of the adsorbent material and causing the adsorbent

material to adsorb water vapor introduced from the evaporator 9 into the chamber

10, 11. The vapor can be adsorbed at low pressure, for example 1-2 kPa or less

and a low temperature, for example 30°C or less. Flow of cooling fluid can be

terminated and heat can be applied to the adsorbent material by passing a heating

fluid through the fluid inlets and outlets of the chamber and heat transfer device(s)

causing the adsorbent material to release desorption vapor 15 into the condenser

chamber. Desorbed vapor 15 is condensed as a fresh water from AD condenser 7 .

[0040] The chamber(s) can be cycled between a cooling and a heating of the

adsorbent material to continuously adsorb and desorb the water aqueous vapor. A

plurality of chambers can be employed such that at least one chamber is always

being cooled to adsorb water vapor while another chamber is being heated to

desorb water vapor. In this way water vapor from the evaporator 9 can be



continuously feed to at least one chamber that is undergoing a cooling. The

adsorbent material 12 can be any hydrophilic porous material. In various aspects,

the adsorbent material can be an absorbent material with a surface area higher than

400 m2/g. In any one or more aspects, the absorbent material can be comprised of

a silica gel or any one or more zeolites. The zeolites can be natural or synthetic

microporous, aluminosilicate minerals. The zeolites can have a porous structure

that can accommodate a variety of cations. They can include mineral zeolites such

as analcime, chabazite, clinoptilolite, heulandite, natrolite, phillipsite, and stilbite.

The silica gel can be a chemically inert, polar amorphous form of S1O2.

[0041] Desorbed water vapor 15 can be delivered from the one or more

adsorber chambers to the condenser 7 of the AD cycle where it can be mixed with

vapor delivered to the condenser 7 from the MD unit 4 , and ultimately heat of

condensation can be recovered 14 from the desorption vapor 15 by condensation of

the vapor in the AD condenser 7 , in a closed loop. In one or more aspects, the

desorption vapor 15 delivered to the AD condenser 7 can be in the range of about

42°C to about 46°C.

[0042] During the adsorption process, the heat of adsorption can be rejected to

a cooling fluid tank 17. Cooling fluid can be provided from the cooling fluid tank 17

through a cooling tower 16 back to the one or more adsorber chambers 10, 11. In

various aspects, the cooling fluid provided from the cooling tower 16 to the one or

more adsorber chambers 10, 11 can be in the range of about 32°C to about 35°C,

preferably about 30°C. The cooling fluid can be a cooling water. The adsorbent 12



can be regenerated by removing the previously adsorbed vapor by the heating fluid

circuit 18, in a closed loop. In an aspect, the heating fluid can be hot water.

[0043] The whole system can be placed under a low pressure, such as a

vacuum condition. The vacuum condition can involve application of negative

pressure. MD system vacuum can be maintained by continuous vapor

condensation in the AD condenser 7 . The heating fluid after desorption 19 can be

utilized to preheat the feed to the MD unit 4 via heat exchanger 2 . This can fully

utilize the waste heat potential. The vapor can be condensed inside the AD

condenser 7 where the latent heat can be recovered to power the AD evaporator 9

by delivering heating fluid from the AD condenser 7 to the AD evaporator 9 . This

heating fluid can also be hot water. Condensate (distillate) from the AD condenser

7 in the form of useable water can be collected in the collection tank 6 . As shown

in Fig. 1 , the system can include various valves and pumps for the various conduits,

along with pressure and temperature sensors as needed, for example to control the

cycling of the cooling and heating of the adsorbent material in the chambers 10, 11.

[0044] In this embodiment, the hybridization provides improved water

production by utilizing MEMD brine in the AD evaporator 9 and hence improvement

of specific energy consumption and water production can be realized. The system

can offer a wider exploration by combining innovative and alternative technologies

to propel the applicability and suitability of MD for different applications, such as the

desalination industry.

[0045] The MD process portion of the system and process in Fig. 1 is shown as

a multi-effect membrane distillation (MEMD) system including a plurality of



membrane distillation modules. A simplified schematic of an embodiment of an MD

module 210 for use in MD unit 4 of the present disclosure is shown in Fig. 2 . In an

aspect, the MD module 210 includes a source of preheated aqueous feed 3 . In one

or more aspects the source of preheated aqueous feed 3 can include a supply line

225 and a pump 226 to supply preheated aqueous feed 3 to the MD module 210.

[0046] Module 210 can include a housing or enclosure within which a warm or

hot aqueous feed section or compartment 212 and an aqueous vapor or permeate

section or compartment 216 can be housed. A membrane 214 can be provided

between the warm feed section 212 and the permeate section 216. In an aspect

the permeate section 216 can include a gap, such as an air gap. In any one or

more aspects, the membrane 214 can be either a hollow fiber, tubular or flat sheet

standard membrane used for MD process, such as a microporous hydrophobic

membrane. The feed section 212 can be considered the high pressure side of the

membrane, and the permeate section 216 can be considered the low pressure side

of the membrane. By high pressure we mean that the high pressure side has a

relatively higher pressure than the pressure of the low pressure side. And by low

pressure we mean that the low pressure side has a pressure relatively lower than

that of the high pressure side.

[0047] Module 210 can include a preheated aqueous liquid feed inlet 222 for

providing warm or hot aqueous liquid feed (e.g., warm seawater) from supply line

225 to the warm feed section 212. The warm feed section 212 can also include an

aqueous liquid outlet 224 for passing aqueous liquid feed (e.g., concentrated

seawater) out of the warm fluid section 212 and out of module 210.



[0048] When the aqueous vapor passes (permeates) through the membrane

214 with a partial pressure difference across the membrane due to the temperature

difference created by flowing the preheated liquid aqueous feed across the warm or

hot side of the membrane 214, aqueous vapor is generated from the warm liquid

aqueous feed and passes through the MD membrane 214 into the permeate section

216. This vapor, also referred to as permeate, will ultimately condense when it

comes into contact with a condensing surface, such as that in condenser 7 (e.g., a

condensation plate).

[0049] In an embodiment, vacuum can be maintained in the permeate section

216 through communication with the AD cycle by the negative pressure in the AD

condenser 7 . Vacuum can also be maintained by an optional vacuum pump 232.

Aqueous vapor can be withdrawn by the negative pressure in the AD condenser 7 ,

or pumped out via pump 232 and can be used for fresh water requirements or any

other purpose. In one or more aspects the recovered water can undergo suitable

re-mineralization. Alternatively, a positive air pressure can be used to withdraw

aqueous vapor from section 216, such as a sweeping air passed through section

216.

[0050] Thus, Fig. 2 depicts an embodiment of an MD module configuration for

use in the present system, it is possible to integrate any MD module configuration

into the system, such as: direct contact membrane distillation (DCMD), vacuum

membrane distillation (VMD), air gap membrane distillation (AGMD), material gap

membrane distillation (MGMD), and sweeping gas membrane distillation (SGMD)

modules.



[0051] Accordingly, it can be seen that the present disclosure utilizes thermal

energy potential in the feed stream or waste heat and maximizes the potable water

(desalting) production by synergistic arrangement of the Membrane Distillation (MD)

and Adsorption Distillation (AD) cycles. The hybridization helps to utilize MD brine,

as an example, for higher recovery at lower temperature operation of AD. Since AD

evaporator can operate as low as 10°C so it also reduces the risks of corrosion and

fouling at high feed concentrations. Waste heat extracted after desorption can be

utilized in preheating the MD feed to improve the system's performance. AD

provides coolant and/or vacuum to run the MD process without the need for external

vacuum or cooling energies.

[0052] Ratios, concentrations, amounts, and other numerical data may be

expressed in a range format. It is to be understood that such a range format is used

for convenience and brevity, and should be interpreted in a flexible manner to

include not only the numerical values explicitly recited as the limits of the range, but

also to include all the individual numerical values or sub-ranges encompassed

within that range as if each numerical value and sub-range is explicitly recited. To

illustrate, a concentration range of "about 0.1 % to about 5%" should be interpreted

to include not only the explicitly recited concentration of about 0.1 % to about 5 % ,

but also include individual concentrations (e.g., 1% , 2%, 3%, and 4%) and the sub

ranges (e.g., 0.5%, 1. 1 % , 2.2%, 3.3%, and 4.4%) within the indicated range. In an

embodiment, the term "about" can include traditional rounding according to

significant figure of the numerical value. In addition, the phrase "about 'x' to 'y'"

includes "about 'x' to about 'y'".



[0053] It should be emphasized that the above-described embodiments are

merely examples of possible implementations. Many variations and modifications

may be made to the above-described embodiments without departing from the

principles of the present disclosure. All such modifications and variations are

intended to be included herein within the scope of this disclosure and protected by

the following claims.
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CLAIMS

Therefore, the following is claimed:

1. A system for desalination of aqueous feed, comprising:

a membrane distillation unit, the membrane distillation unit including a vapor

permeable membrane and a high pressure side to one side of the membrane and a

low pressure side to a side of the membrane opposite the high pressure side for

receiving aqueous vapor permeate that passes from the high pressure side through

the membrane to the low pressure side, the high pressure side having a higher

vapor pressure relative to the low pressure side, the high pressure side having an

aqueous feed liquid inlet and a liquid outlet, and the low pressure side having a

permeate vapor outlet;

a preheater having an aqueous feed liquid inlet and an aqueous feed liquid

outlet, the aqueous feed liquid outlet being in communication with the aqueous feed

liquid inlet of the membrane distillation unit, the preheater having a heating fluid inlet

and an outlet for heating fluid;

an evaporator in communication with the liquid outlet of the membrane

distillation unit, the evaporator having a fluid inlet configured to provide heat of

evaporation to aqueous liquid in the evaporator received from the liquid outlet of the

membrane distillation unit and a fluid outlet configured to discharge fluid from the

evaporator, the evaporator having a vapor outlet for discharging vapor formed by

evaporation of aqueous liquid in the evaporator received from the aqueous liquid

outlet of the membrane distillation unit;



at least one adsorption-desorption unit, the adsorption-desorption unit

having a vapor inlet in communication with the vapor outlet of the evaporator and

configured to receive aqueous vapor from the evaporator, the adsorption-

desorption unit including an adsorption-desorption bed, the adsorption-desorption

bed including a fluid inlet configured to receive either a heating or a cooling fluid and

a fluid outlet, the adsorption-desorption unit having a vapor outlet, the adsorption-

desorption unit further including a fluid inlet in communication with the fluid inlet of

the adsorption-desorption bed, the adsorption-desorption unit including a fluid

outlet in communication with the fluid outlet of the adsorption-desorption bed and in

communication with the heating fluid inlet of the preheater; and

a condenser including a condensation surface and a vapor inlet in

communication with the permeate vapor outlet of the membrane distillation unit or

the vapor outlet of the adsorption-desorption chamber or both, the vapor inlet of the

condenser configured to deliver vapor from the membrane distillation unit or the

adsorption-desorption chamber or both to the condensation surface, the condenser

including a condensation outlet configured to remove condensate from the

condenser, the condenser including a fluid inlet configured to deliver fluid from the

evaporator to a surface of the condensation surface and to cool the condensation

surface, and a fluid outlet configured to return the fluid from the condenser back to

the evaporator and ultimately for return of the fluid to the fluid inlet of the condenser

in a closed loop.



2 . The system of claim 1, wherein the membrane distillation unit includes a

plurality of membrane distillation modules configured for multi-effect membrane

distillation, each membrane distillation module including a vapor permeable

membrane and a high pressure side to one side of the membrane and a low

pressure side to a side of the membrane opposite the high pressure side for

receiving aqueous vapor permeate that passes from the high pressure side through

the membrane to the low pressure side, the high pressure side having a higher

vapor pressure relative to the low pressure side, the high pressure side having an

aqueous feed liquid inlet and a liquid outlet, and the low pressure side having a

permeate vapor outlet, the permeate vapor outlet of each membrane distillation

module being in communication with the aqueous vapor inlet of the condenser.

3 . The system of claim 1 or 2 , wherein the fluid outlet of the adsorption-

desorption unit, the heating fluid inlet and outlet of the preheater and the fluid inlet

of the adsorption-desorption unit are in a closed loop configured to provide heating

fluid and heat of desorption to the adsorption-desorption bed and waste heat from

the adsorption-desorption unit to the preheater for preheating the aqueous feed to

the preheater.

4 . The system of any of claims 1 - 3 , wherein the adsorption-desorption bed

includes a hydrophilic porous material having a surface area higher than 400 m2/g.



5 . The system of any of claims 1 - 4 , wherein the fluid inlet and outlet of the

adsorption-desorption unit are part of a closed loop configured to provide a cooling

fluid to the adsorption-desorption bed.

6 . The system of any of claims 1 - 5 , wherein the adsorption-desorption unit

includes a plurality of adsorption-desorption chambers, each chamber having a

vapor inlet in communication with the vapor outlet of the evaporator and configured

to receive vapor from the evaporator, each chamber further including an

adsorption-desorption bed, the adsorption-desorption bed including a fluid inlet

configured to receive either a heating or a cooling fluid and a fluid outlet, and having

a vapor outlet, each chamber further including a fluid inlet in communication with the

fluid inlet of the adsorption-desorption bed, and a fluid outlet in communication with

the fluid outlet of the adsorption-desorption bed and in communication with the

heating fluid inlet of the preheater.

7 . The system of any of claims 1 - 6 , wherein the condenser is configured to

operate under vacuum.

8 . The system of any of claims 1 - 7 , wherein the fluid inlet and outlet of the

evaporator and the fluid inlet and outlet of the condenser are in a closed loop

configured to provide a heating fluid to the evaporator and return the fluid to the

condenser as a cooling fluid for the condenser.



9 . The system of any of claims 1 - 8 , wherein the low pressure side of the

membrane distillation modules of a multi effect or a multi stage membrane

distillation unit is controlled by the condenser.

10 . A method for desalination of aqueous feed, comprising:

a) providing a membrane distillation unit, the membrane distillation unit

including a vapor permeable membrane and a high pressure side to one side of the

membrane and a low pressure side to a side of the membrane opposite the high

pressure side, the high pressure side having an aqueous feed liquid inlet and a

liquid outlet, and the low pressure side having a permeate vapor outlet;

b) heating an aqueous feed liquid and delivering the heated aqueous feed

liquid into the high pressure side of the membrane distillation unit through the

aqueous feed liquid inlet of the membrane distillation unit;

c) passing aqueous vapor permeate from the high pressure side of the

membrane distillation unit through the membrane to the low pressure side of the

membrane distillation unit;

d) taking aqueous liquid from the high pressure side of the membrane

distillation unit and evaporating at least a portion of the aqueous liquid to produce

an aqueous vapor;

e) providing at least one adsorption-desorption unit, the adsorption-

desorption unit having a vapor inlet configured to receive aqueous vapor from the

evaporation, the adsorption-desorption unit including an adsorption-desorption bed,



the adsorption-desorption unit including a fluid inlet configured to receive either a

heating or a cooling fluid and a fluid outlet;

f) alternately adsorbing and desorbing the aqueous vapor from the

evaporation using the adsorption-desorption unit; and

g) taking aqueous vapor that has been absorbed and desorbed by the

absorption-desorption unit and condensing the aqueous vapor to produce a

desalinated aqueous product and taking the aqueous vapor permeate from the low

pressure side of the membrane distillation unit and condensing the aqueous vapor

permeate to produce aqueous product.

11. The method of claim 10, wherein the membrane distillation unit includes a

plurality of membrane distillation modules configured for multi-effect membrane

distillation, each membrane distillation module including a vapor permeable

membrane and a high pressure side to one side of the membrane and a low

pressure side to a side of the membrane opposite the high pressure side for

receiving aqueous vapor permeate that passes from the high pressure side through

the membrane to the low pressure side, the high pressure side having a higher

vapor pressure relative to the low pressure side, the high pressure side having an

aqueous feed liquid inlet and a liquid outlet, and the low pressure side having a

permeate vapor outlet, the permeate vapor outlet of each membrane distillation

module being in communication with the aqueous vapor inlet of a condenser.



12. The method of claim 10 or 11, wherein the aqueous vapor from the

evaporation is alternately absorbed and desorbed by the adsorption-desorption unit

by alternately heating and cooling the adsorption-desorption bed by alternatively

providing a heating or a cooling fluid to the adsorption-desorption bed.

13 . The method of claims 10-12, further providing a heater for the aqueous feed

liquid, the heater having a heating fluid inlet and a heating fluid outlet, wherein the

fluid outlet of the adsorption-desorption unit, the heating fluid inlet and outlet of the

heater and the fluid inlet of the adsorption-desorption unit are in a closed loop

configured for providing heating fluid and heat of desorption to the adsorption-

desorption bed and waste heat from the adsorption-desorption unit to the heater for

heating the aqueous feed to the heater.

14. The method of any of claims 10-13, wherein the adsorption-desorption bed

includes a hydrophilic porous material having a surface area higher than 400m2/g.

15. The method of any of claims 10 - 14, wherein the fluid inlet and outlet of the

adsorption-desorption unit are part of a closed loop configured for providing a

cooling fluid to the adsorption-desorption bed.

16. The method of any of claims 10 - 15, wherein the adsorption-desorption unit

includes a plurality of adsorption-desorption chambers, each chamber having a

vapor inlet for receiving aqueous vapor from the evaporation, each chamber further



including an adsorption-desorption bed, each adsorption-desorption bed including

a fluid inlet configured for receiving either a heating or a cooling fluid and a fluid

outlet, and having a vapor outlet, each chamber further including a fluid inlet in

communication with the fluid inlet of the adsorption-desorption bed, and a fluid

outlet in communication with the fluid outlet of the adsorption-desorption bed and in

communication with the heating fluid inlet of the preheater.

17 . The method of any of claims 10-1 6 , wherein the condensing of the aqueous

vapor from the adsorption-desorption unit is done under vacuum.

18 . The method of any of claims 10-1 7 , including heating a fluid used for

condensing the aqueous vapor from the adsorption-desorption unit from the heat of

condensation of the aqueous vapor and using the heated fluid for evaporating the at

least a portion of the aqueous liquid from the membrane distillation unit and after

the evaporation returning the fluid to be used for condensing aqueous vapor from

the adsorption-desorption unit.
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