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Summary

Membrane distillation (MD) is a non-isothermal membrane separation process applied
for desalination of seawater and brackish water. It is known since 1963 and is still being
developed at desalination testing stages and not fully implemented in industry. The
process is still under evaluation and different contradicted opinions exist concerning its
future. Increasing attempts are being made for scaling-up MD systems and pilot plants
have proved recently employing solar energy. MD exhibits various advantages over the
industrially well-established reverse osmosis (RO) process in the field of water
desalination. Aqueous solutions of salts with higher concentrations than seawater can be
treated by MD and higher salts rejections have been achieved in MD compared to the
pressure driven membrane process RO. The present chapter offers a comprehensive
overview of MD applied in saline water desalination. Membranes and modules used in
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MD, different MD configurations, heat and mass transport and effects of different
parameters on the MD performance as well as energy consumption and integrated MD
systems to other desalination processes are presented. Some key factors for the
improvement of MD, aimed at MD industrialization, are highlighted.

1. Introduction

During the past fifty years, membrane technologies have been incessantly progressing
because the demand for good quality drinking water is increasing steadily world-wide.
Although over two thirds of the planet is covered with water, 99.3% of the total water is
either too salty (seawater) or inaccessible (ice caps). Since water becomes potable if it
contains less than 500 ppm of salts, much research has gone into finding efficient
technologies for removing salt from seawater and brackish water called desalination
processes.

Membrane technology is today well recognized as the most convenient desalination
technology. Currently, it seems that there is no limit for the future progress of
membrane processes. The growing interest towards membrane science and technology
is evident. Most of membrane transport processes are isothermal and their driving forces
are transmembrane hydrostatic pressures, concentrations, electrical potential, etc. For
example the well known reverse osmosis (RO) used specially in desalination of
seawater or brackish waters is an isothermal process. However, less membrane
processes are non-isothermal technologies requiring a thermal driving force to establish
the necessary transmembrane chemical potentials or transmembrane partial vapor
pressures. Among these processes, one can find membrane distillation (MD) process
that is applied also in desalination of seawater and brackish waters.

MD is a process mainly suited for applications in which water is the major component
present in the feed solutions to be treated and refers to a thermally driven transport of
vapor through non-wetted porous hydrophobic membranes. The driving force of this
technology is the partial pressure difference between each side of the membrane pores.

The potential applications of MD are:

e Production of high-purity water, concentration of ionic, colloid or other non-volatile
aqueous solutions and removal of trace volatile organic compounds (VOCs) from
waste water.

¢ Desalination, environmental/waste cleanup, water-reuse, food, medical, etc.

The advantages of MD are:

e Lower operating temperatures than the temperatures normally applied in
conventional distillation. The process can be performed at feed temperatures
considerably lower than the boiling point of water (i.e., temperatures as low as 30°C
have been used). This permits the efficient use of low-grade or waste heat streams as
well as the alternative energy sources (solar, wind or geothermal).

e Lower operating hydrostatic pressures than the pressure-driven processes, for
example RO. The MD process can be performed at operating pressures generally
near the atmospheric pressure.
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e High rejection factors achieved when solutions containing no-volatile solutes (salts,
colloids, etc.) are considered. This makes MD more attractive than other popular
separation processes such as RO in the field of desalination as well as in nuclear
desalination. MD can also be used in medical, pharmaceutical and semi-conductor
sectors as water permeate is very pure.

e Less demanding membrane mechanical properties.

e Possibility to use equipments made of plastic material reducing or avoiding erosion
problems.

e Membrane fouling in MD is less of a problem than in the pressure driven processes
such as in RO.

e Possibility to use waste heat and renewable energy sources enabling MD technique
to cooperate in conjunction with other processes in an industrial scale. Based on its
high flexibility and compatibility, MD can be integrated in various important
industrial production cycles increasing the efficiency of the whole process.

The disadvantages of MD include:

e Lack of membranes and modules designed specifically for MD. Compared to other
membrane separation processes including RO only few research groups have
considered the possibility of designing and manufacturing novel membranes for MD
applications.

e Risk of membrane pore wetting. The pores of the hydrophobic membrane must be
maintained always dry. Only water vapor and gases must be present inside the pores.

e Low productivity (i.e. permeate flux). Recently, for desalination purposes, permeate
fluxes of some membranes developed for MD are “similar” to the ones achieved for
RO process. Permeate fluxes higher than 100 kg/m*h has been achieved in MD
desalination with a salt rejection of nearly 100%, which are competitive with the
fluxes typically observed in RO.

e Permeate flux decay with time due to fouling, membrane deterioration, etc.

e Uncertain and “high” energetic and economic costs. With respect to RO higher
energy consumption is needed to establish the thermal membrane operation.

e Commercial membrane modules are still expensive.

Recently, interest in MD has increased significantly specially at academic levels, and
various studies are reported in desalination field.

2. Membrane Distillation (MD)

Membrane distillation (MD) is a non-isothermal process known for more than forty
years (First patent was filed by Bodell on 3rd June 1963, first MD paper was published
4 years later by Findley in the journal “Industrial & Engineering Chemistry Process
Design Development™). Intense interests in MD process began in early 1980s when
membranes such as Gore-Tex Membrane (expanded polytetrafluoroethylene, PTFE,
porous membrane supplied by Gore & Associated Co.). During last three years, the
number of papers published on MD and the research groups focusing on MD studies
have been increasing. However, MD still needs to be developed for its industrial
implementation.

The term MD comes from its similarity to conventional distillation (i.e. simple and
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multi-effect distillation). Both MD and conventional distillation technologies are based
on the vapor/liquid equilibrium for salt separation from water and both require latent
heat of evaporation to be supplied to the aqueous feed solution of salt.

The driving force in MD is the difference in partial vapor pressure of water across a
membrane that must fulfill the following characteristics:

e Porous with high void volume fraction or porosity

e Pore size range may be from several nanometers to few micrometers

e Totally hydrophobic or at least the layer facing the salt aqueous solution is
hydrophobic

e Not wetted by the aqueous solution of salt with sufficiently high liquid entry
pressure (LEP)

e Does not alter the vapor/liquid equilibrium interfaces formed at the entrances of
membrane pores

e Does not permit condensation to occur inside its pores

e Be maintained in direct contact with the hot feed aqueous solution of salt to be
treated

e Low thermal conductivity of the membrane material with good thermal stability at
temperatures as high as 100 °C

e Membrane material of excellent chemical resistance permitting cleaning with case
acid and base components is necessary

e Long life with a stable MD performance, permeability and salt rejection.

Hot feed salt solution

Heat and mass fluxes

Permeate

Figure 1. Schema of MD process at the feed salt aqueous solution
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In this process, the membrane is maintained in contact with an aqueous salt solution on
the feed or retentate side (Figure 1). The temperature of the feed solution is below its
boiling point. It can vary between few degrees over the ambient temperature, about
30°C, to 90 °C. Feed pressures near atmospheric pressure are applied. The hydrophobic
nature of the membrane prevents the feed solution to penetrate into the membrane pores
creating vapor-liquid interfaces at the entrance of the membrane pores. Under these
conditions, water molecules evaporate at the hot vapor/liquid interface, flow across the
membrane pores in vapor phase, and finally condense at the cold side of the membrane
module or removed out of the membrane module depending on the method applied to
establish the driving force and to collect the permeate or distillate.

In MD process both heat and mass transfer phenomena occur through the membrane
(Figure 1).

Mass transfer:

Water flux, J,, which is dependent on the membrane characteristics and on the
magnitude of the transmembrane driving force, Ap,, , is expressed as:

J, =B,Ap, 1)

where By, is the membrane permeability, which is a function of the applied temperature
and the membrane properties such as pore size and effective porosity. This is
proportional to the porosity and inversely proportional to the thickness and pore
tortuosity.

The diffusion of non-condensable gases from the aqueous feed solution across the
membrane can be neglected, as it is very small compared to the water vapor flux.

Eq. (1) can be simplified and rewritten depending on the considered MD configuration
as will be explained in the next section.

The hydrophobic character of the used membranes as well as the proper use of the MD
configuration permits to achieve very high salts rejection. Close to 100 % separation
factors, «, were obtained when aqueous solutions of salts were employed as feed.

The separation factor, « , is calculated using the following expression:

=|1 C oo 100 2
a=|1-2* (2)

b.f

where C, jand C, . are the salts concentration in the permeate and in the bulk feed
solution, respectively.

The concentrations of both permeate and feed solutions are determined at a temperature

of 20 °C, by a calibrated electrical conductivity meter (i.e. electrical conductivity vs.
solute concentration). Temperature effect should be considered during the calibration of
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the electrical conductivity sensor.
Heat transfer:

The heat transfer is described by three steps: 1)- heat transfer through the feed boundary
layer, 2)- heat transfer though the membrane and 3)- heat transfer through the permeate
boundary layer depending on the considered MD configuration.

The total heat flux through the membrane, Q. , is due to two mechanisms: 1)-
conduction across the membrane material and its gas filled pores (Q,), and 2)- latent
heat associated to the water vapor molecules (Q, ). Therefore, the balance of energy is
expressed as:

Qn=Q.+Q, ©)

Membrane
Membrane

Conduction

Equivalent membrane
resistant

Figure 2. Heat transfer resistances of the membrane

The following integrated equation is normally used.
km
Qc :?(Tm,f _Tm,p) (4)

where o is the membrane thickness and k, is the thermal conductivity of the
membrane. Various models have been considered to calculate k. In general the
following expression has been used.

Kn =&k, +(1- &)k, ()

where k; is the thermal conductivity of the material forming the membrane matrix and
k, is the thermal conductivity of the gas filling the membrane pores.

The term Q, is defined as:

Q, =J,AH,, (6)
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where AH,  is the evaporation enthalpy of water at the absolute temperature T of the
transmembrane flux J, .

Typically between 50 to 80 % is consumed as latent heat for water vapor production
that is the useful heat (Q, ), while the remainder is lost by thermal conduction (Q, ).

The heat loss Q_, becomes less significant at high operating feed temperatures and the
thermal efficiency, 77, of a MD process defined by means of Eq. (7) is high.

In Eq. (7), the heat used effectively in MD is the latent heat of evaporation associated
with the mass flux (J,,), whilst the heat transferred by conduction across the membrane

is considered as heat lost.

The first theoretical calculations on MD process, have been reported by Findley et al. in
AIChE J. (volume 15, page 483) taking into account the membrane thermal conductivity
and the film heat transfer coefficients. The study concerns heat and mass transfer of
water vapor from a hot salt aqueous solution through a hydrophobic porous membrane
to a cooled water condensate. Their experimental studies indicated that the major factor
affecting the rates of heat and mass transfer was the diffusion through the stagnant gas
(i.e. air) in the membrane pores.

3. MD Configurations

Four different MD configurations have been considered to apply the driving force (Ap,,

in Eg. 1). The hot feed side that must be maintained in direct contact with one side of
the membrane is similar for all possible modes (Figure 1). Changes are made only in the
permeate side. There are four such possibilities as described below.
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sheet membrane module. This paper also examines a new complete VMD model based on the dusty-gas
model, which accounts for both Knudsen and viscous mass transport across the membrane. The new
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Desalination, 45, 221-222. [A new patented process for desalination of sea water has been developed by
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capacities. The standard modules in large scale systems was claimed to produce about 5 m® per 24 h
period and module].
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model for DCMD process considering pore size distributions of three hydrophobic porous membranes.
The common model of cylindrical capillaries was assumed for the membrane and flux equations
including both diffusive and viscous mechanisms for gas transport in pores have been used].
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L. Martinez-Diez, M.I. Vazquez-Gonzilez, (1999) Temperature and concentration polarization in
membrane distillation of aqueous salt solutions, J. Membr. Sci., 156, 265-273. [This paper presents both
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of fabrication and application of novel porous composite hydrophobic/hydrophilic membranes for DCMD
fabricated by phase inversion method using surface modifying macromolecules, SMMs. Characteristics
required by a membrane to be used in MD are outlined].
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© Encyclopedia of Desalination and Water Resources (DESWARE)



MEMBRANE PROCESSES - Vol. | - Desalination by Membrane Distillation - Mohamed Khayet

using another host polymer, polysulfone and applied in desalination by DCMD].
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applied to study the structural and morphological characteristics of the hollow fibers].
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M.E. Findley, V.V. Tanna, Y.B. Rao, C.L. Yeh, (1969), Mass and heat transfer relations in evaporation
through porous membranes, AIChE J. 15, 483. [This paper is one of the first papers published on MD and
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water condensate. The membrane thermal conductivity and the film heat transfer coefficients in the feed
and permeate sides have been considered in the theoretical model. Their experimental studies indicated
that the major factor affecting the rates of heat and mass transfer was the diffusion through the stagnant
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M.N. Chernyshov, G.W. Meindersma, A.B. De-Haan, (2003) Modelling temperature and salt
concentration distribution in membrane distillation feed channel, Desalination, 157, 315-324. [The paper
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soluble salt (barium sulfate)].
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R.W. Schofield, A.G. Fane, C.J.D. Fell, R. Macoun, (1990) Factors affecting flux in membrane
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S. Al-Obaidani, E. Curcio, F. Macedonio, G.D. Profio, H. Al-Hinai, E. Drioli, (2008) Potential of
membrane distillation in seawater desalination: thermal efficiency, sensitivity study and cost estimation,
J. Membrane Sci., 323, 85-98. [In this work, an extensive analysis on DCMD performance was developed
to estimate the mass flux and the heat efficiency, considering transport phenomena, membrane structural
properties and most sensitive process parameters, with the aim to provide optimization guidelines for
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hydrophilic-hydrophobic hollow fiber membranes, J. Membrane Sci., 306, 134-146. [For the first time,
co-extrusion was applied for the fabrication of dual layer hydrophilic—hydrophobic hollow fiber
membranes for DCMD process. The effect of different non-solvents on the morphology of the PVDF
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and inner layer dope solutions, respectively. Permeate fluxes as high as 55 kg/m? h were achieved].

S. Kimura, S. Nakao, (1987) Transport phenomena in membrane distillation, J. Membrane Sci., 33, 285-
298. [The characteristics of polytetrafluoroethylene membranes used in MD were measured using both
non-volatile and volatile solutes in water].

S.1. Andersson, N. Kjellander, B. Rodesjo, (1985) Design and field tests of a new membrane distillation
desalination process, Desalination, 56, 345-354. [In this paper it is reported that a theoretical research and
laboratory tests have resulted in a desalination module design. The produced modules have been subject
to field tests].
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S.T. Hsu, K.T. Cheng, J.S. Chiou, (2002) Seawater desalination by contact membrane distillation,
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configurations and a new membrane module were investigated to improve water desalination. Vacuum
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Y. Fujii, S. Kigoshi, H. Iwatani, M. Aoyama, (1992) Selectivity and characteristics of direct contact
membrane distillation type experiment: |. Permeability and selectivity through dried hydrophobic fine
porous membranes, J. Membrane Sci., 72, 53-72. [This presents DCMD permeability and ethanol
selectivity of fabricated hydrophobic porous membranes. Polarization of temperature and concentration
and heat transport characteristics are also studied].

Y. Fujii, S. Kigoshi, H. lwatani, M. Aoyama, Y. Fusaoka, (1992) Selectivity and characteristics of direct
contact membrane distillation type experiment: 1l. Membrane treatment and selectivity increase, J.
Membrane Sci., 72, 73-89. [The selectivity and characteristics of coated and uncoated PVDF hollow fiber
membranes have been investigated considering DCMD process. Some coating materials and heat
treatment of the PVDF membrane increased the selectivity].

Y. Kong, X. Lin, Y. Wu, J. Cheng, J. Xu, (1992) Plasma polymerization of octafluorocyclobutane and
hydrophobic microporous composite membranes for membrane distillation, J. Appl. Polym. Sci., 46, 191-
199. [This study is on the application of modified membranes by plasma polymerization of
octafluorocyclobutane in MD].

Y. Wu, E. Drioli, (1989) The behaviour of membrane distillation of concentrated aqueous solution, Water
Treat., 4, 399-415. [This is the first paper reported on possible crystallization of salts solutes when
treating high concentrated aqueous solutions by MD leading to membrane distillation crystallization,
MDC].

Y. Wu, Y. Kong, X. Lin, W. Liu, J. Xu, (1992) Surface-modified hydrophilic membranes in membrane
distillation, J. Membrane Sci., 72, 189-196. [In this work, hydrophilic cellulose acetate and cellulose
nitrate membranes were modified into hydrophobic membranes by radiation grafting polymerization and
plasma polymerization, and used in MD studies successfully].

Z. Al Suleimani, V.R. Nair, (2000) Desalination by solar-powered reverse osmosis in a remote area of the
Sultanate of Oman, Applied Energy, 65, 367-380. [Average cost of a solar-powered RO desalination plant
has been estimated for brackish ground water over the 20 year life time of the equipment. It was
demonstrated that solar-powered RO systems are particularly appropriate to remote locations that have
limited or no access to supply services such as fuel, power or potable water].

Z.D. Hendren, J. Brant, M.R. Wiesner, (2009) Surface modification of nanostructured ceramic
membranes for direct contact membrane distillation, J. Membrane Sci., 331, 1-10. [This work is on the
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o Visiting Researcher in various International Research Institutions (Institute of Nuclear Chemistry and
Technology in Warsaw, Poland; Centre for Clean Water Technologies, University of Nottingham,
UK, etc.)

e Author of more than 100 scientific papers to various international refereed journals, including among

others, Journal of Membrane Science and Desalination. Various book chapters and 2 books.

Author of 2 patents in the field of Membrane Science and Technology.

Grants of various national and international projects.

Supervision of various research studies (Ph.D. thesis, master and undergraduate students).

Member of the European Desalination Society (EDS), European Membrane Society (EMS), North

American Membrane Society (NAMS) and Real Sociedad Espafiola de Fisica (RSEF).

e Conferences and lectures in various International Institutions for example in IBM Research, Zurich,
University of Ottawa, University of Nottingham, etc.

e Participation in various national and international congresses and workshops.

o Referee of Journal of Membrane Science, Desalination, Polymer, Separation Science and
Technology, International Journal of Heat and Mass Transfer, Industrial & Engineering Chemistry
Research, etc.

e Member of the Editorial Board of the Journals: Desalination; Applied Membrane Science &
Technology, Membrane Water Treatment (MWT), Polymers, and Membranes.
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