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Summary

Membrane distillation is a membrane separation process which may overcome some
limitations of other membrane technologies. In particular, high solute concentrations
can be reached, overcoming concentration polarization phenomena and ultrapure water
can be produced as a permeate. The process uses microporous hydrophobic membranes,
impermeable to the transport of liquid water, while water vapor can be transported
across them, having as driving force a vapor pressure difference at the two solutions
membrane interfaces. Various polymeric hydrophobic membranes have been prepared
with an appropriate microporosity of the order e.g. of 0.2 mm, of interest for this
process. The influence of the feed temperature, transmembrane temperature gradient,
feed concentration, fluodynamic conditions, etc., have been studied theoretically and
tested experimentally. Various membrane configurations and operation techniques have
been also suggested for optimizing transmembrane fluxes and energy consumption.
Membrane distillation has shown interesting potential in water desalination, fruit juice
concentrations and in other various industrial productions. Furthermore, by using
membrane distillation in integrated operations it is possible to achieve higher
concentration values and better overall performance of the processes.

1. Introduction

Membrane distillation is a relatively new membrane separation process which might
overcome some limitations of the more traditional membrane technologies. In particular
high solute concentrations can be reached and ultrapure water can be produced in a
single step. The possibility of an industrial development of this technology is related to
the growing commercial availability of membranes of potential interest.

When a microporous hydrophobic membrane separates two aqueous solutions at
different temperatures, selective mass transfer across the membrane occurs: this process
takes place at atmospheric pressure and at temperatures which may be much lower than
the boiling point of the solutions. The hydrophobicity of the membrane prevents the
transport of the liquid phase across the pores of the partition while water vapor can be
transported across them from the warm side, condensing at the cold surface. The driving
force is the vapor pressure difference at the two solution membranes interfaces.

Because the process can take place at normal pressure and low temperature, membrane
distillation could be used to solve various wastewater problems, to separate and recover
chemicals, and also to concentrate to high osmotic pressures aqueous solutions of
substances sensitive to high temperatures. The possibility of using solar, wave or
geothermal energy, or existing low temperature gradients typically available in
industrial processing plants is particularly attractive.
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The fundamental simplicity of traditional distillation is compromised by various factors
such as the need for complete removal of all noncondensable gases. The use of vacuum
pumps, high pressure vessels, deaeration devices, etc. are required for removing the
effects of the noncondensable gases, with a significant energy consumption. A number
of distillation processes have been proposed with the aim of eliminating the need for
creating a vacuum. A relatively large number of evaporators based on the circulation or
convection of water-saturated air, from an evaporation surface to a condenser, have
been designed. An interesting result was found in the study of this kind of systems: the
production of pure water per unit area and per unit time was inversely proportional to
the gap existing between the evaporation and condensation surfaces. Obviously, it is
impossible to reduce this gap without causing contamination of the distillate by the feed
water, but this fact suggested the use of membrane systems.

Hydrophobic microporous membranes allow easy passage of water vapor, but
completely block the flow of liquid water. Surface tension of the water prevents its
passage through the pores of the hydrophobic material. If feed water is in contact with
one of the surfaces of the membrane, the gap distance between the evaporation and
condensation surfaces could be reduced to the thickness of the membrane, thus
preventing contamination by the feed water.

Early work was presented by Findley (1967) and Findley et al. (1969) where transport
in vapor phase across porous partitions was studied. The membrane materials used in
these works were paper hot cup, glass fibers, aluminum foil and similar. The efficiency
of the process was related to the stability of membrane materials. In the 1980s new
microporous hydrophobic membranes became commercially available and membrane
desalination (MD) again attracted significant attention.

1.1. Principle of Membrane Distillation

Non-isothermal transport of fluids, especially water, through membranes has been
studied since the beginning of the century . The first experiments in the field were based
on dense membranes. The measured fluxes were small and the process of diffusive
nature, was called "thermal osmosis" or "thermoosmosis”. The description of the
phenomenon was generally carried out within the framework of the Thermodynamics of
Irreversible Process.

In the 1960s (Findley 1967; Findley et al. 1969) a much bigger non-isothermal water
transport was found in porous hydrophobic partitions, and called "membrane
distillation". The magnitude of fluxes were 1000 times greater than those found in dense
membranes, at the same conditions.

Up to now membrane distillation has referred to the non-isothermal transport of water,
via vapor phase, through the pores of a hydrophobic partition. The system consists of a
porous hydrophobic membrane, separating two aqueous solutions of a non-volatile
component maintained at different temperatures. Due to the liquid-rejecting properties
of the membrane material, the liquid phase is prevented from penetrating the pores, as
long as the pressure of liquid does not exceed the minimum entry pressure of the porous
partition. Liquid-vapor interfaces are formed on both sides of the membrane pores and,
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due to the temperature difference, a vapor pressure difference is created between sides
of each pore. Evaporation takes place at the warm interface and, after vapor is
transported through the pores, condensation takes place at the cold interface. In this way
a water flux occurs through the membrane in the direction from warm to cold.
Obviously, for membrane distillation to proceed, it is essential that liquid water is
excluded from the pores. In this sense, the role of the membranes is somewhat peculiar,
since it acts as a physical support for the liquid-vapor interfaces. A schematic
representation of the membrane distillation process is shown in Figure 1.
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Figure 1. A schematic representation of the membrane distillation process: T,
temperature at the hot side; To, temperature at the cold side; J, flux of the vapor phase.

The origin of water transport in this kind of process is a difference in water chemical
potential created by a vapor pressure difference. This is produced by a temperature
difference between the two solutions facing the membrane, but could also be produced
by different concentrations between the two aqueous solutions (Mengual 1993; Sheng et
al. 1991). The process is called "osmotic distillation™ if the system is kept in isothermal
conditions and the difference in concentration is produced by non-volatile solutes.

The systems described above are the so-called "direct contact membrane distillation™
and "osmotic membrane distillation” methods where the distance between the
evaporation and condensation surfaces is reduced to the membrane thickness. But,
following the description of the membrane transport, it is possible to imagine other
possible set ups, designed with the aim of increasing process efficiency. All these
different configurations, for example "gas-gap membrane distillation” or "vacuum
membrane distillation” will be considered in the next sections.

1.2. Future Development
Membrane distillation is an alternative to the traditional evaporative distillation systems

used for desalination or water purification processes. On the other hand, membrane
distillation can be compared with other membrane techniques, e.g. reverse 0Smosis.
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Reverse osmosis is industrially used in desalination processes (nearly 30 per cent of
desalinated water in the world is produced by this membrane technique), production of
ultrapure water and food concentration (juices, sugars and milk, for example). RO is a
pressure driven membrane process based on the solution-diffusion of the solvents,
mainly water, across the membrane. Reverse osmosis efficiency is strongly affected by
the osmotic pressure of the highly concentrate feed solutions (the osmotic pressure of
seawater is about 25 bar) and by the concentration polarization phenomena that occurs
on the pressurized membrane-solution interface. In addition, the membrane rejection is
generally of the order of 98-99 per cent, and some salts can diffuse in the permeate.

In contrast, membrane distillation is a thermally driven membrane process where
efficiency shows a slight decrease with increasing salt (or other inorganic solutes)
concentration, because of a decrease in vapor pressure. In principle, MD can also
produce ultrapure water from feeds at quite high concentrations where RO cannot
practically operate.

In addition, the quality of the permeate (the separation efficiency) is virtually
independent on the feed concentration. Mass transport in fact takes place in the vapor
phase; non-volatile solutes are completely rejected by the membrane and only volatile
solutes can be transported. This point has great relevance because it permits to design
separation systems, with efficiencies near 100 per cent. But MD has some
disadvantages. Compared to RO, the MD fluxes of permeate are usually lower and,
being a thermally driven process there is necessarily a higher energy consumption. In
addition, some membrane materials do not present a sufficiently high chemical
resistance in the presence of salt, which implies a loss in the process efficiency, or they
are still too expensive. These possible disadvantages could be overcome in different
ways. In Table 1, a summary of the advantages and disadvantages of membrane
distillation is shown.

Advantages Disadvantages
(=POSSIBILITIES TO OVERCOME)
The continuous vapor permeation Energy consumption
increases the evaporation in the Use of solar, wave or geothermal energy.
warm liquid solution. Use of existing temperature gradients available in
Reduction of non-condensable industrial plants.
species vapor phase. Use of MD in the treatment of solutions
High concentration at low pressures discharged at high temperature.
and temperatures. Fluxes are lower than in other membrane
Integration with other membrane processes for industrial applications.
operations. Integration with other membrane processes or
Reduction of osmotic limits. traditional technologies.
Engineering improvement of the process.

Table 1. Advantages and disadvantages of membrane distillation operation.
The applications of membrane distillation, described in Section 5, are not restricted to

the desalination field. In fact, the applications are only determined by the wettability of
the membrane, which implies that mainly aqueous solutions containing inorganic or
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dilute aqueous solutions of organic compounds could be treated.

TO ACCESS ALL THE 54 PAGES OF THIS CHAPTER,
Visit: http://www.desware.net/ DESWARE-SampleAllChapter.aspx

Bibliography and Suggestions for further study

Andersson S-I, Kjellander N and Rodesjo B (1985) Design and field tests of a new membrane distillation
desalination process. Desalination 56, 345-354.

Bandini S, Gostoli C and Sarti G C (1991) Role of heat and mass transfer in membrane distillation
process. (Proceedings of 12" Int. Symp. on Desalination and Water Reuse).

Bandini S, Gostoli C and Sarti G C (1992) Separation efficiency in vacuum membrane distillation. J.
Membrane Sci. 73, 217-229.

Bandini S, Sarti GC and Gostoli C (1988) Vacuum membrane distillation: pervaporation through
hydrophobic membranes. (Proceedings of 3rd International Conference on Pervaporation in Chemical
Industry), (ed. R Bakish), pp. 117-126.

Basini L, D'Angelo G, Gobbi M, Sarti GC and Gostoli C (1987) A desalination process through
sweeping gas membrane distillation. Desalination 64, 231-243.

Calabro V, Drioli E and Matera F (1991) Membrane distillation in the textile wastewater treatment.
Desalination 83, 209-224.

Calabro V, Jiao B L and Drioli E (1994) Theoretical and experimental study on membrane distillation in
the concentration of orange juice. Ind. Eng. Chem. Res. 33(7), 1803-1808.

Calabro V, Pantano G, Kang M, Molinari R and Drioli E (1990) Experimental study on integrated
membrane processes in the treatment of solutions simulating textile effluents. Energy and exergy analysis.
Desalination 78, 257-277.

Calibo R L, Matsumura M and Kataoka H (1989) Continuous ethanol fermentation for concentrated sugar
solutions coupled with membrane distillation using a PTFE module. J. Fermentation and Bioengineering
67, 40-45.

Calibo R L, Matsumura M, Takahashi J and Kataoka H (1987) Ethanol stripping by pervaporation using
porous PTFE membrane. J. Fermentation Technology 65, 665-674.

Carlsson L (1983) The new generation in seawater desalination: SU membrane distillation system.
Desalination 45, 221-222.

Chmielewski G, Zakrzewska-Trznadel G, Maljevic NR and Van Hook W A (1995) Membrane
distillation employed for separation of water isotopic compounds. Sep. Sci. Technol. 30, 1653-1667.

Chmielewski G, Zakrzewska-Trznadel G, Van Hook W A and Miljevic N R (1991) *°0/**0 and H/D
separation factors for liquid/vapor permeation of water through a hydrophobic membrane. J. Membrane
Sci. 60, 319-329.

Collares Pereira M, Maldonado Carbajal W, Correia de Oliveira J, Branco R (2006) Brief review of the
state of the art for heating water with solar energy. The concept of a new CPC collector for membrane
distillation (operation up to 100°C). Internal Report MEDESOL-T120-A0SOL-01, MEDESOL Project.

Drioli E and Wu Y (1984) Membrane distillation: an experimental study. Desalination 53, 339-346.

© Encyclopedia of Desalination and Water Resources (DESWARE)


https://www.eolss.net/ebooklib/sc_cart.aspx?File=D09-034

MEMBRANE PROCESSES - Vol. Il - Membrane Distillation - Enrico Drioli, Alessandra Criscuoli and Louis Pefia Molero

Drioli E, Calabro V and Wu Y (1986) Microporous membranes in membrane distillation. Pure and Appl.
Chem. 58(12), 1657-1662.

Drioli E, Chlubek N and Punzo A (1984) Studio sui processi a membrana condotti sotto gradiente
termico. La chimica e l'industria 66(3), 147-152.

Drioli E, Jiao B L and Calabro V (1992) Preliminary study on the concentration of orange juice by
membrane distillation. (Proceedings of VII International Citrus Congress, Acireale, Italy).

Drioli E, Wu Y and Calabro V (1987) Membrane distillation in the treatment of aqueous solutions. J.
Membrane Sci. 33, 277-284.

Durham R J and Nguyen M H (1994) Hydrophobic membrane evaluation and cleaning for osmotic
distillation of tomato puree. J. Membrane Sci. 87, 181-189.

El-Halwagi M M and Spriggs H D (1998) Educational tools for pollution prevention through process
integration. Chemical Engineering Education, 246-249.

Fane A-G, Schofield R W and Fell CJ D (1987) The efficient use of energy in membrane distillation.
Desalination 64, 244-257.

Findley M E (1967) Vaporization through porous membrane. I. and EC. Process Design and
Development 6(2), 226-237.

Findley M E, Tanna V V, Rao Y B and Yeh C L (1969) Mass and heat transfer relations in evaporation
through porous membranes. AIChE Journal 15(4), 483-489.

Franken A C M (1988) Membrane distillation: a new approach using composite membranes. Ph.D.
Thesis, University of Twente.

Franken ACM and Ripperger S (1988) Terminology for membrane distillation. (E.S.M.S.T., Issued
Jan.).

Franken A C M, Nolten JA M, Mulder M HV and Smolders C A (1987) Ethanol/water separation by
membrane distillation: effect of temperature polarization. Synthetic Polymeric Membranes (ed. J.
Kahovec).

Fujii Y, Kigoshi S, Iwatani H and Aoyama M (1992) Selectivity and characteristics of direct contact
membrane distillation type experiment. 1. Permeability and selectivity through dried hydrophobic fine
porous membranes. J. Membrane Sci. 72, 53-72.

Fujii Y, Kigoshi S, Iwatani H, Aoyama M and Fusaoka Y (1992) Selectivity and characteristics of direct
contact membrane distillation type experiment. 1l. Membrane treatment and selectivity increase. J.
Membrane Sci. 72, 73-89.

Gaeta F S, Ascolese E, Bencivenga U, Ortiz de Zarate J M, Pagliuca N, Perna G, Rossi S and Mita D G
(1992) Theories and experiments on nonisothermal transport in porous membranes. J. of Phys. Chem.
96(15), 6342-6354.

Gore D W (1982) Gore-Tex Membrane Distillation (Proceedings 10th Annual Conference Water), pp. 25-
29.

Gostoli C and Sarti G C (1989) Separation of liquid mixtures by membrane distillation. J. Membrane Sci.
41, 211-224.

Gostoli C, Sarti G C and Bandini S (1987) Membrane distillation of ethanol/water mixtures. Separation
for biotechnology (eds Verral M S and Hudson M J), Ch. 29, 383-394.

Hanbury W T and Hodgkiess T (1985) Membrane distillation - an assessment. Desalination 56, 287-297.

Hoffmann E, Pfenning D M, Philippsen E, Schwahn P, Sieber M, Wehn R and Woermann D (1987)
Evaporation of alcohol/water mixtures through hydrophobic porous membranes. J. Membrane Sci. 34,
199-206.

Hogan P A, Canning R P, Peterson P A, Johnson R A and Michaels A’ S (1998) A new option: osmotic
distillation. Chemical Engineering Progress 94, 49-61.

Honda Z, Komada H, Okamoto K and Kai M (1986) Nonisothermal transport of organic aqueous solution

© Encyclopedia of Desalination and Water Resources (DESWARE)



MEMBRANE PROCESSES - Vol. Il - Membrane Distillation - Enrico Drioli, Alessandra Criscuoli and Louis Pefia Molero

in hydrophobic porous membrane. Memb. and Memb. Processes (ed. Drioli E), 587-594.

J. Koschikowski, M. Wieghaus, M. Rommel(2003), Solar thermal-driven desalination plants based on
membrane distillation, Desalination, 295-304, 156 .

Jonsson A-S, Wimmerstedt A and Harrysson A-C (1985) Membrane Distillation - A theoretical study of
evaporation through microporous membranes. Desalination 56, 237-249.

Kim B-S and Harriott P (1987) Critical entry pressure for liquids in hydrophobic membranes. Journal of
Colloid and Interface Science 115(1), 1-8.

Kimura S and Nakao S| (1987) Transport phenomena in membrane distillation. J. Membrane Sci. 33,
285-298.

Kjellander N (1986) Applications and engineering aspects of membrane distillation. (Proceedings of
Summer School on Engineering Aspects of Membrane Processes, Aarhus, Denmark).

Kjellander N (1987) Design and field tests of a membrane distillation system for sea water desalination.
Desalination 61, 237-243.

Kong Y, Lin X, Wu Y, Chen J and Xu J (1992) Plasma polymerization of octafluorocyclobutane and
hydrophobic microporous composite membranes for membrane distillation. J. of App. Polymer Sci. 46,
191-199.

Kubota S, Ohta K, Hayano I, Hirai M, Kikuchi K and Murayama Y (1988) Experiments on seawater
desalination by membrane distillation. Desalination 69, 19-26.

Lagana F, Barbieri G and Drioli E (1998a) A mathematical model for membrane distillation in apple juice
concentration. Membrane distillation, osmotic distillation and membrane contactors (Proceedings of
Workshop, Cetraro (CS) Italy).

Lagana F, Barbieri G and Drioli E (1998b) Membrane distillation for high recovery factors in sea water
desalination. Membrane distillation, osmotic distillation and membrane contactors (Proceedings of
Workshop, Cetraro (CS) Italy).

Lagana F, Barbieri G and Drioli E (1999) Direct contact membrane distillation: modelling and
concentration experiments. Journal of Membrane Science.

Lawson KW, Hall MS and Lloyd DR (1994) Compaction of microporous membranes used in
membrane distillation. I. Effect on gas permeability. J. Membrane Sci. 101, 99-108.

Lee K-H and Hwang S-T (1986) The transport of condensable vapors through a microporous Vycor Glass
Membrane. J. Colloid and Interface Sci. 110(2), 544-555.

Leslie GL et al. (1998) Performance and economic evaluation of membrane processes for reuse
applications. Water Reuse Conference (Proceedings of A.W.W.A., Florida).

Lior, Noam; Alklaibi,(2004), Membrane-distillation desalination: status and potential, Desalination 171
(2004), 111-131.

Liu, C., Martin, A, Membrane Distillation and Application for Water Purification in Thermal
Cogeneration- A Pre-study, VARMEFORSK Service AB, (2005) Stockholm.

M. Khayet, J.I. Mengual, T. Matsuura,(2007) ,Porous hydrophobic/hydrophilic composite membranes:
application in desalination using direct contact membrane distillation, J. Membr. Sci. 252 ,101-113.

M.S. El-Bourawi, Z. Ding, R. Ma, M. Khayet, (2006),A framework for better understanding membrane
distillation separation process, J.Membr. Sci. 285 (2006) 4-29

MEDESOL,(2007)Seawater desalination by innovative solar-powered membrane distillation, Critical
assessment of the state-of-the-art and bibliographic review on membrane distillation technology, solar
collector technology and low-fouling heat transfer modified surfaces

Mengual J I, Ortiz de Zarate J M, Pefia L and Velazquez A (1993) Osmotic distillation through porous
hydrophobic membrane. J. Membrane Sci. 82, 129-140.

Morrison G L, Sudjito, Fane A G and Hogan P(1991) Solar heated membrane distillation. (Proceedings of
26th International Congress of ISES).

© Encyclopedia of Desalination and Water Resources (DESWARE)



MEMBRANE PROCESSES - Vol. Il - Membrane Distillation - Enrico Drioli, Alessandra Criscuoli and Louis Pefia Molero

Ohta K, Kikuchi K, Hayano I, Okabe T, Goto T, Kimura S and Ohya H (1990) Experiments on sea water
desalination by membrane distillation. Desalination 78, 177-185.

Ortiz de Zarate J M, Garcia-Lopez F and Mengual J | (1990) Temperature Polarization in non-isothermal
mass transport through membranes, J. Chem. Soc. Faraday Trans. 86(16), 2891-2896.

Ortiz de Zarate J M, Gracia-Lépez F and Mengual J 1 (1991) Non-isothermal water transport through
membranes. J. Membrane Sci. 56, 181-194.

Ortiz de Zarate J M, Mengual J I, Veldzquez A and Pefia L (1993) Influence of temperature polarization
on separation by membrane distillation. Separation Sci. and Tech. 28(7), 1421-1436.

Ortiz de Zarate J M, Veladzquez A, Pefia L, Garcia-Lopez F and Mengual J | (1992) Non-isothermal solute
transport through PTFE membranes. J. Membrane Sci. 69, 169-178.

Pagliuca N, Bencivenga U, Mita D G, Perna G and Gaeta F S (1987) Isothermal and non-isothermal water
transport in porous membranes. 11. The steady state. J. Membrane Sci. 33, 1-25.

Pagliuca N, Mita D G and Gaeta F S (1983) Isothermal and non-isothermal water transport in porous
membranes. I. The power balance, J. Membrane Sci. 14, 31-37.

Pefia L, Ortiz de Zarate J M and Mengual J | (1992) Hysteresis processes in membrane distillation.Anales
de Fisica 89(2), 115-121.

Pefia L, Ortiz de Zarate J M and Mengual J 1 (1992) Membrane distillation of ethylene glicol through
PTFE membranes. Anales de Fisica 89(2), 123-129.

Pefia L, Ortiz de Zarate J M and Mengual J | (1993) Steady states in membrane distillation: Influence of
membrane wetting. J. Chem. Soc. Faraday Trans. 89(24), 4333-4338.

Sakai K, Koyano T and Muroi T (1986) Effects of temperature and concentration polarization on water
vapor permeability for blood in membrane distillation. The Chemical Engineering Journal 38, B33-B38.

Sakai K, Muroi T, Ozawa K, Takesawa S, Tamura M and Makane T (1986) Extraction of solute-free
water from blood by membrane distillation. Trans. Am. Soc. Artif. Intern. Organs 32, 397-400.

Sarti G C and Gostoli C (1986) Use of hydrophobic membrane in thermal separation of liquid mixtures:
theory and experiments. Memb. and Memb. Processes (ed. Drioli E), 349-360.

Sarti G C, Gostoli C and Matulli S (1985) Low energy cost desalination processes using hydrophobic
membranes. Desalination 56, 277-286.

Schneider K and van Gassel T J (1984) Membrane distillation. Chem. Eng. Tech. 56, 514-520.

Schneider K, Hlz W and Wollbeck R (1988) Membranes and modules for transmembrane distillation. J.
Membrane Sci. 39, 25-42.

Schofield R J (1987) Membrane distillation. Ph.D. Thesis, University of New South Wales, Australia.

Schofield RJ, Fane AG and Fell JD (1985) Membrane distillation - a novel evaporative process.
Chemeca 85, Paper C3A.

Schofield R W, Fane A G and Fell CJD (1987) Heat and mass transfer in membrane distillation. J.
Membrane Sci. 33, 299-313.

Schofield RW, Fane AG and Fell CJD (1990) Gas and vapor transport through microporous
membranes. I. Knudsen-Poiseuille transition, J. Membrane Sci. 53, 159-172.

Schofield RW, Fane AG and Fell CJD (1990b) Gas and vapor transport through microporous
membranes. Il. Membrane distillation. J. Membrane Sci. 53, 173-185.

Schofield RW, Fane AG, Fell CJD and Macoun R (1990a) Factors affecting flux in membrane
distillation. Desalination 77, 279-294.

Sheng J, Johnson R A and Lefebvre M S (1991) Mass and heat transfer mechanisms in the osmotic
distillation process. Desalination 80, 113-121.

Tasaka M, Mizuta T and Sekiguchi O (1990) Mass transfer through polymer membranes due to a
temperature gradient. J. Membrane Sci. 54, 191-204,

© Encyclopedia of Desalination and Water Resources (DESWARE)



MEMBRANE PROCESSES - Vol. Il - Membrane Distillation - Enrico Drioli, Alessandra Criscuoli and Louis Pefia Molero

Tomaszewska M, Gryta M and Morawski A W (1994) Study on the concentration of acids by membrane
distillation. J. Membrane Sci. 102, 113-122.

Udriot H (1990) Distillation transmembranaire - Etude d'un procédé de séparation a membrane et
développement de nouveaux champs d'application. Ph.D. Thesis, Ecole Polytechnique Federale de
Lausanne, Switzerland.

Udriot H and von Stockar U (1990) New method for the determination of wettability in a membrane
distillation process. I. Chem. E. Symposium Series 118, 135-145.

Udriot H, Ampuero S, Marison | W and von Stockar U (1989) Extractive fermentation of ethanol using
membrane distillation. Biotechnology Letters 11(7), 509-514.

Udriot H, Araque A and von Stockar U (1994) Azeotropic mixtures may be broken by membrane
distillation. The Chem. Eng. J. 54, 87-93.

van Gassel T J and Schneider K (1986) An energy-efficient membrane distillation process. Memb. and
Memb. Processes (ed. Drioli E), 343-348.

Véazquez-Gonzalez M | and Martinez L (1994) Non isothermal water transport in a stirred cell. Sep. Sci.
Technol. 41, 1957-1966.

Veléazquez A and Mengual J | (1995) Temperature polarization coefficients in membrane distillation. Ind.
Eng. Chem. Res. 34, 585-590.

Wu Y and Drioli E (1989) The behavior of membrane distillation of concentrated aqueous solution. Water
treatment 4, 399-415.

Wu'Y, Kong Y, Lin X, Liu W and Xu J (1992) Surface-modified hydrophilic membranes in distillation. J.
Membrane Sci. 72, 189-196.

Wu Y, Kong Y, Liu Jand Xu J (1991) An experimental study on membrane distillation-crystallisation for
treating waste water in taurine production. Desalination 80, 235-242.

Xu S C, Wang Y X and Wang S C (1994) Transport mode of membrane distillation process and the VMD
method to determine the membrane configurational number. J. Membrane Sci. 97, 1-6.

Zolotarev P P, Ugrozov V V, Yolkina I B and Nikulin V N (1994) Treatment of wastewater for removing
heavy metals by membrane distillation. J. of Hazardous Materials 37, 77-82.

© Encyclopedia of Desalination and Water Resources (DESWARE)



