
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Study of Polarization Phenomena in Membrane Distillation of Aqueous
Salt Solutions
L. Martínez-Díeza; F. J. Florido-Díaza; M. I. Vázquez-Gonzáleza

a DEPARTAMENTO DE FÍSICA APLICADA, UNIVERSIDAD DE MÁLAGA, MÁLAGA, SPAIN

Online publication date: 08 July 2000

To cite this Article Martínez-Díez, L. , Florido-Díaz, F. J. and Vázquez-González, M. I.(2000) 'Study of Polarization
Phenomena in Membrane Distillation of Aqueous Salt Solutions', Separation Science and Technology, 35: 10, 1485 —
1501
To link to this Article: DOI: 10.1081/SS-100100237
URL: http://dx.doi.org/10.1081/SS-100100237

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1081/SS-100100237
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Study of Polarization Phenomena in Membrane
Distillation of Aqueous Salt Solutions

L. MARTÍNEZ-DÍEZ,* F. J. FLORIDO-DÍAZ, and
M. I. VÁZQUEZ-GONZÁLEZ
DEPARTAMENTO DE FÍSICA APLICADA

FACULTAD DE CIENCIAS
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ABSTRACT

In this paper we study water transport in membrane distillation using a flat PTFE
membrane. Experiments have been carried out with water and aqueous solutions of
NaCl as feed. The effects of temperature and concentration polarization on the reduc-
tion of vapor pressure differences across the membrane with regard to the vapor pres-
sure differences corresponding to the bulk phases which are separated by the mem-
brane have been evaluated. A coefficient which measures this reduction has been
introduced. This coefficient and the known temperature polarization coefficient coin-
cide when water is used as feed, but they are more and more different when the salt
concentration of feed increases. In this last case it is the polarization coefficient in-
troduced here that measures the reduction of flux through the effect of the polariza-
tion phenomena. The measured flux results and the calculated polarization results are
discussed for different temperatures, recirculation rates, and feed concentrations.

INTRODUCTION

Membrane distillation (MD) is a transport process using hydrophobic mi-
croporous membranes. In the MD process studied here, we have a salt aque-
ous solution at an elevated temperature on one side of the membrane and pure
water on the other side. Neither media penetrates the microporous membrane,
and a liquid–vapor interface is formed on each side of the membrane. The tem-
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ORDER                        REPRINTS

perature and concentration differences between the interfaces results in a va-
por pressure difference between them. Evaporation takes place at the feed
membrane interface. After vapor flows through the membrane pores, conden-
sation takes place at the interface of the colder side. The vapor pressure dif-
ference is the driving force for transport, and the following relationship for the
mass flux, J, may be written

J � C(pm1 � pm2) (1)

where C is the membrane distillation coefficient, whose form depends on the
model used to describe the transport mechanism (1–3). In Eq. (1), pm1 and pm2

are the vapor pressures at the warm and cold membrane surfaces, respectively.
However, polarization phenomena are inevitable in MD, as has been stated

by many authors (1–6). In this way the temperature and concentration (and
therefore the vapor pressure) of the bulk solutions are different from those of
the membrane surface. As a result, the real flux given in Eq. (1) is lower than
the one that would be produced in the case if no polarization existed:

J* � C(pb1 � pb2) (2)

We can consider the polarization effect as a loss in the driving force for
transport with regard to the externally imposed force. We have measured this
loss by introducing the vapor pressure polarization coefficient
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The considerations about ƒ will be different if the feed is water or a con-
centrated salt solution.

In fact, there is an extensive bibliography about MD [a summary can be
found in the review of Lawson and Lloyd (3)] that approaches the calculation
of the temperature polarization coefficient, �, defined as
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given the consequences that temperature polarization has in flux reduction
with respect to the expected value if such a phenomenon as temperature po-
larization did not exist. When the feed is water [and (Tb1 � Tb2) is less than
10°C], � gives approximately the measurement of the reduction of the driving
force imposed, since it coincides approximately with ƒ. This is so because the
exponential Antoine relation giving the vapor pressure as a function of the
temperature can be linearized, and the following approximate relation can be
considered (2):
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When the feed is a concentrated solution, concentration polarization as well
as temperature polarization is also inevitable. However, the effect of concen-
tration polarization in vapor pressure reduction is generally negligible in MD
(1, 6). We cannot conclude from this that the � coefficient will give us a cor-
rect measurement of the driving force reduction because the approximation in
Eq. (5) is not correct, especially if the concentration is high [although (Tb1 �
Tb2) is less than 10°C].

In this work we show that if the distillation of more and more concentrated
solutions is considered, � and ƒ will be more and more different, and it is nec-
essary to evaluate ƒ if a measurement of reduction of the driving force im-
posed is sought. The � coefficient does not measure the reduction of the driv-
ing force. � and ƒ show different tendencies with increasing feed
concentrations.

The coefficients � and ƒ have been calculated using a transport model pro-
posed by Schofield et al. (7). This model has been used to check the experi-
mental flux results. Different solution concentrations, recirculation flow rates,
and temperatures have been analyzed.

EXPERIMENTAL

Experimental tests were performed using a flat PTFE membrane manufac-
tured by Gelman Instrument Co. as TF450 (80% void fraction, 60 �m thick-
ness, 0.45 �m nominal pore size).

The experimental setup used has been described elsewere (4). The central
part of the experimental device was a modified Minitan-S cell supplied by Mil-
lipore. The flat membrane was sandwiched between two equal acrylic mani-
folds. Silicone separators were placed between the membrane and the mani-
folds, creating nine feed channels and nine permeate channels, each 55 mm
long, 7 mm wide, and 0.45 mm high. The effective membrane area for the trans-
port was 34 cm2. In all experimental runs the membrane was maintained in a
horizontal position. The feed solution was pretreated in a thermostatic bath and
then pumped onto the membrane low surface. Water was likewise preheated
(at a lower temperature than the feed solution) in another thermostatic bath and
then pumped onto the upper membrane surface. The recirculation of the fluids
on both sides of the membrane was in countercurrent directions.

The temperatures of the bulk liquid phases were measured at the hot en-
trance (Tb1-in), the cold entrance (Tb2-in), the hot exit (Tb1-out), and the cold exit
(Tb2-out) of the membrane cell. In the following study the average values

Tb1 ��
Tb1-in �

2

Tb1-out
�,

will be considered as the bulk temperatures of the distilland feed and the dis-
tillate permeate, respectively. These temperatures are different from the aver-

Tb2 ��
Tb2-in �

2

Tb2-out
�
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age temperatures at the hot and cold membrane sides, Tm1 and Tm2, due to tem-
perature polarization.

Different experiments were carried out for fixed temperatures in the mem-
brane module. The feed temperature Tb1 varied from 24 to 42°C at increments
of about 5°C, and the cooling water temperature Tb2 varied from 14 to 32°C,
also at increments of about 5°C. For all these experiments, values of (Tb1-in �
Tb1-out) and (Tb2-out � Tb2-in) lower than 1.5°C were obtained. The temperature
difference (Tb1 � Tb2) was 10°C in all experiments.

In the present work experiments were conducted where the feed was 0, 1, 2,
3, or 4 M sodium chloride solutions. In all cases, pure water was recirculated
in the cold semicell from the beginning of the run. In all cases the recirculation
flow rates on both membrane surfaces were the same. Different experiments
were carried out by applying recirculation rates of 9, 11, 13, and 15 cm3/s. Lin-
ear velocities of about 32, 39, 46, and 53 cm/s down the channel were estimated
as corresponding to the recirculation rates imposed, so the Reynolds numbers
in the experiments ranged from about 180 (for the lower recirculation rate,
lower temperature, and higher concentration) to about 720 (for the higher re-
circulation rate, higher temperature, and lower concentration). The transmem-
brane pressure gradient was minimum for all experiments.

A water flux from the hot to the cold phase was always observed. In the ex-
perimental setup the permeate continuously flows out of the distillate reser-
voir, and the corresponding distillate flux was measured by collecting the liq-
uid flowing out. In all experiments the final composition of the distillate liquid
was measured, and a total salt rejection was always observed.

THEORY

The mass flux through the membrane is driven by a vapor pressure differ-
ence resulting from the imposed temperature and salt concentration differ-
ences. This mass flux may be expressed as indicated by Eq. (1). It is well
known that the presence of air trapped within the membrane pores affects the
value of the flux. This is because air acts as a stagnant film. In that condition
it is usually accepted that the main resistances to vapor flux come from colli-
sions of the molecules with the pore walls and with the trapped air molecules.
In other words, the transport mechanism is a combined molecular/Knudsen
diffusion type (2, 3) from the membrane side where the vapor pressure is
higher to the membrane side where the vapor pressure is lower. So in Eq. (1)
C may be expressed as

�
C

1
� � ��

�

	



�� � � � (6)
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where 	 is the membrane porosity, 
 is the membrane thickness, � is the tor-
tuosity factor, r is the pore radius, M is the water molecular weight, R is the
gas constant, T is the temperature, Dwa is the diffusion coefficient of water va-
por in air, and �a is the log mean of the mole fraction of air within the pore.

For the water–air pair we may write (8)

PDwa (K�Pa�m2/s) � 4.46 
 10�9 T 2.334 (7)

where the temperature T is in Kelvin and P is the total pressure.
Equation (6) indicates that C will be slightly dependent of experimental

conditions. Inspection of this equation shows that when the temperature and
feed concentration change in the range studied, C will vary only by approxi-
mately �4%. That is, C can be considered approximately a constant.

Simultaneously to mass transport, heat transport occurs in MD. This heat Q
consists of the heat conducted through the membrane and the latent heat ac-
companying vapor flux:

Q � (km/
)(Tm1 � Tm2) � J�Hv (8)

where �Hv is the latent heat of vaporization and km is the thermal conductiv-
ity of the porous membrane that can be calculated from the gas (kg) and solid
(ks) conductivities (4) by:

km � 	kg � (1 � 	)ks

Due to temperature polarization, the temperatures Tm1 and Tm2 may vary
markedly from the measurable bulk temperatures Tb1 and Tb2. In order to cal-
culate the temperature polarization coefficient �, we consider the heat transfer
to and from the membrane surface. Heat transfers for steady conditions are
equal to the amount of heat transferred inside the membrane:

Q � h1(Tb1 � Tm1) � h2(Tm2 � Tb2) (9)

where h1 and h2 are the film heat transfer coefficients.
From Eqs. (8) and (9) we can calculate

Tm1 � Tb1 � (Tb1 � Tb2) (10)

and

Tm2 � Tb2 � (Tb1 � Tb2) (11)
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where hc is the conduction heat transfer coefficient,

hc � km/
 (12)

hv is the vapor heat transfer coefficient,

hv � �
Tm

J

1

�

�

H

T
v

m2
� (13)

and the feed and permeate film heat transfer coefficients can be estimated by
means of the dimensionless Nusselt number, Nu,

hi � Nuiki /dh, i � 1, 2 (14)

where 1 and 2 refer to feed and permeate, respectively. In Eq. (14), k is the
fluid thermal conductivity and dh is the hydraulic diameter. The hi (i � 1, 2)
coefficients can be estimated via an appropriate correlation, such as the Sieder
and Tate equation for laminar flow (9):

Nu � 1.86 �RePr �
d

L
h
��0.33

(15)

where L is the channel length, and Re and Pr are the Reynolds and Prandtl
numbers:

Re � dhv�/�, Pr � cp� /k (16)

with v, �, �, and k the velocity, density, viscosity, and thermal conductivity of
the liquid, respectively.

The evaluation of the coefficients hc, hv, h1, and h2 from the last equations
allows us to calculate Tm1 and Tm2 from Eqs. (10) and (11). But, as (Tm1 �
Tm2) is in Eq. (13), an iterative solution is required. Initial values of Tm1 and
Tm2 were assumed. Then, using the measured J, the value of hv coefficient was
calculated from Eq. (13). Then by using Eqs. (10) and (11), the temperatures
Tm1 and Tm2 were obtained and compared with the initially assumed values.
The calculation was repeated until the assumed values for Tm1 and Tm2 agreed
with the calculated ones to a degree of relative error of 0.1%. In this way we
determined Tm1 and Tm2 for each experiment.

When pure water is used as a feed liquid, the permeation flux is affected
simply by the thermal boundary layers as a function of the stirring speed and
temperatures. A reduction of the permeate flux occurs with an increase of salt
concentration in the feed solution. This results because the decrease of the va-
por pressure is in equilibrium with the feed. But the effect of solute in the feed
also alters the fluid dynamics and influences the heat transfer (and therefore
Tm1 and Tm2, and so J) through density, thermal conductivity, and heat capac-
ity. Finally, concentration polarization is formed by water (and no solute) per-
meation through the membrane, and so the solute concentration cm1 at the hot
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ORDER                        REPRINTS

membrane surface becomes higher than that in the bulk solution, cb1:

cm1 � cb1 exp(J/�K) (17)

where K is the solute mass transfer coefficient. In our experiments we evalu-
ated the K coefficient using the Graetz–Lévêque equation:

Sh � 1.86�ReSc �
d

L
h
��0.33

(18)

where Sh and Sc are the Sherwood number and the Schmidt number:

Sh � Kdh/D, Sc � ���D (19)

with D being the diffusion coefficient of the solute.
These last relations allow us to evaluate cm1 and so the concentration po-

larization coefficient, �:

� � cm1/cb1 (20)

Summing up, if we proceed as indicated, we can know Tm1, Tm2, and cm1 for
each experiment, and therefore evaluate the polarization coefficients �, ƒ, and
�.

RESULTS AND DISCUSSION

As previously mentioned, experiments were carried out for different tem-
peratures, feed concentrations, and recirculation rates. In order to measure the
mass flux, the temperatures Tb1-in, Tb1-out, Tb2-in, and Tb2-out were maintained
constant (within �0.1°C) for the same feed concentration and recirculation
rates (all with oscillations lower than 2%).

The distillate flux was measured by weighing the water which overflows
from the cold reservoir for about 30 minutes. Each distillate flux measurement
was repeated at least three times. The maximum difference between the results
obtained was �0.00003 kg�m�2�s�1. The average value of the fluxes so mea-
sured was considered to be a measurement of the mass flux through the mem-
brane. Figures 1 and 2 show these results for recirculation rates of 9 and 13
cm3/s, respectively, as a function of the imposed feed temperature when dif-
ferent feed salt concentrations were used. The flux results shown in Fig. 3 are
representative of the general trend observed as the recirculation rate changes,
that is, J increases slightly as the recirculation rate increases.

The results in Figs. 1–3 agree qualitatively with the behavior expected for
mass flux in membrane distillation: flux increases with temperature and re-
circulation rate, and flux decreases as concentration feed increases. In addi-
tion, we have verified that there is good quantitative agreement between ex-
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FIG. 1 Water flux vs feed temperature for a recirculation rate of 9 cm3/s. The different sym-
bols correspond to different hot feeds of molar concentrations: (�) 0 M, (�) 1 M, (�) 2 M, (◊)
3 M, (�) 4 M. The solid lines correspond to model predictions for C � 17.4 
 10�7

kg�m�2�s�1�Pa�1.

FIG. 2 Water flux vs feed temperature for a recirculation rate of 13 cm3/s. Symbols as for Fig. 
1. The solid lines correspond to model predictions for C � 17.4 
 10�7 kg�m�2�s�1Pa�1.
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perimental flux results and theoretical predictions of the model described. In
order to make these predictions, it is first necessary to calculate the mem-
brane distillation coefficient C. In Eq. (6) the tortuosity factor � is unknown,
so a C value is assumed. Then the equations presented in the Theory section
are used to predict the flux through the membrane for each Tb1, Tb2, and re-
circulation rate studied when water is the feed. The iterative method used is
similar to that described for the calculation of Tm1 and Tm2 from the mea-
sured flux. Initial values of Tm1 and Tm2 are now assumed. Then, using the
Antoine equation, pm1 and pm2 are calculated. Next, the predicted flux is de-
termined by Eq. (1). By employing Eqs. (10) and (11), temperatures Tm1 and
Tm2 are obtained and compared with the initially assumed values. The cal-
culation is repeated until the assumed values for Tm1 and Tm2 agree with the
calculated ones to a degree of relative error of 0.1%. Finally, the flux value
predicted is obtained. Different C values are assumed, and the theoretical
fluxes for the different temperatures and recirculation rates studied for wa-
ter as feed are calculated. By the least-squares method, the best agreement
between theoretical and experimental fluxes for water was found to be C �
17.4 
 10�7 kg�m�2�s�1�Pa�1.

In Figs. 1–3 the solid lines are the theoretical predictions for this C value.
Literature data on activity coefficients (10) were used when the feed was a salt

POLARIZATION PHENOMENA IN MEMBRANE DISTILLATION 1493

FIG. 3 Water flux vs feed temperature when feed solution was 1 M. The different symbols cor-
respond to different recirculation rates in cm3/s: (�) 9, (◊) 11, (�) 13, (�) 15. The solid lines 

correspond to model predictions for C � 17.4 
 10�7 kg�m�2�s�1�Pa�1.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

solution. As can be seen, the model predictions are in good agreement with the
experimental results for feed solutions other than water. There is some dis-
crepancy between the predicted and experimental results when higher salt
concentrations are used. This can be due to the reduction of flux by the occur-
rence of thin salt layers in some places of the membrane (11).

A value of C � 17.4 
 10�7 kg�m�2�s�1�Pa�1 can be obtained from Eq.
(6) for a temperature of 300 K by using the manufacturer’s data for porosity,
thickness, and pore radius if a tortuosity factor of 1.17 is employed. A tortu-
osity value of 1.2 was estimated by Calabrò et al. (12) for other hydrophobic
membranes used in membrane distillation.

In Figs. 4–6 the � coefficients are shown. We have calculated these coeffi-
cients by using the iterative method described in the Theory section from the
measured J values (it is not necessary to know the C value of the membrane
in this calculation). From the representative results shown we can conclude the
following.

• In the temperature interval studied (Tb1 varied from 24 to 42°C), � varies
significantly, decreasing as the temperature increases. This is due to the
exponential rise of the vapor pressure curve which makes the permeate
flux increase substantially as the temperature rises. These larger mass
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FIG. 4 Temperature polarization (open symbols) and vapor pressure polarization (solid sym-
bols) coefficients vs feed temperature when the hot feed is water. The different symbols corre-

spond to different recirculation rates in cm3/s: (◊) 11, (�) 13, (�) 15.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS
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FIG. 5 Temperature polarization (open symbols) and vapor pressure polarization (solid sym-
bols) coefficients vs feed temperature when the hot feed is a 2 M solution. Symbols as for

Fig. 3.

FIG. 6 Temperature polarization (open symbols) and vapor pressure polarization (solid sym-
bols) coefficients vs feed temperature for a recirculation rate of 13 cm3/s. Symbols as for Fig. 1. 

The solid lines are the fits of the results to a quadratic function.
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fluxes involve more important heat fluxes through the liquid phases, in-
creasing the temperature gradient in the boundary liquid layers and so the
temperature polarization. For this reason J does not increase with the tem-
perature as fast as the vapor pressure curve.

• In the recirculation rate range studied (this varies from 9 to 15 cm3/s), the
change of � with the recirculation rate is important. The reason is that when
the polarization temperature values are important, an increase of the recir-
culation rate enhances the heat transport, and so � and J increase.

• In the concentration range studied (cb1 varies from 0 to 4 M), we observe
an increase of � as cb1 increases in correspondence with the decrease of J
when the feed concentration increases.

As indicated previously, after evaluating � we evaluated the concentration
polarization coefficient � from Eqs. (17)–(20). The � values obtained are lower
than 1.04, which shows that the effect of concentration polarization in the
studied systems was small. The coefficient � was approximately constant with
the recirculation rate as a result of two compensating contributions, the in-
creases of K and J with the recirculation rate. As a consequence of the increase
of J with the temperature, � increases as the temperature increases. Finally, �
decreases as the feed concentration increases due to the important decrease of
J with the feed concentration and, on a lower scale, to the increase of � with
concentration. Figure 7 shows some representative results. We can conclude
that for the mass transfer coefficients in this work (that is, for the module and
the operational conditions used), membranes with higher fluxes than the mem-
brane employed here will be necessary in order to have an important concen-
tration polarization.

After evaluating � (that is, Tm1 and Tm2) and � (that is, cm1), we calculated
ƒ using the bibliography data of vapor pressure (10) in order to evaluate pm1,
pm2, pb1, and pb2 as a function of temperature and concentration. The results
obtained are shown in Figs. 4–6. From these results we can conclude:

1. The ƒ values differ significantly from the unity value. That is, in the mem-
brane distillation process only a part of the driving force externally im-
posed is effective for transport.

2. When water is used as feed, the values of � and ƒ are similar. In this case
the value of � can be considered to be a good measurement of the reduc-
tion of driving force imposed by the effect of polarization.

3. When cb1 increases, the difference between � and ƒ increases. This dif-
ference is important even when concentration polarization effects in va-
por pressure reduction are negligible. For each concentration, ƒ shows
with the temperature and the recirculation rate the qualitative trends ex-
plained for �.

4. When the feed is a concentrated solution, Eq. (5) is not true and the vapor
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ORDER                        REPRINTS

pressure dependence with concentration must be taken into account in or-
der to explain the ƒ values and the important reduction in flux with regard
to the one obtained with water, even when � increases a little with the con-
centration. As a general conclusion, the drop of flux with rising concen-
trations has several causes: the temperature polarization, the decrease of
the vapor pressure, and, on a lower scale, the concentration polarization.
Taking into account the dependence of the vapor pressure with tempera-
ture and concentration,

p � p(T, c)

We have defined

J id � C(p*b1 � p*b2) � C[p(Tb1, 0) � p(Tb2, 0)] (21)

J t � C(p*m1 � p*m2) � C[p(Tm1, 0) � p(Tm2, 0)] (22)

Jv � C[ p(Tm1, cb1) � p(Tm2, 0)] (23)

where p*b1, p*b2, p*m1, and p*m2 are the vapor pressures of pure water at tem-
peratures Tb1, Tb2, Tm1, and Tm2, respectively. The Jid values represent the
ideal situation whose temperature and concentration polarization does not

POLARIZATION PHENOMENA IN MEMBRANE DISTILLATION 1497

FIG. 7 Concentration polarization coefficients vs feed temperature for a recirculation rate of 9
cm3/s. The different symbols correspond to different hot feeds of molar concentrations: (�) 1 M, 

(�) 2 M, (◊) 3 M, (�) 4 M.
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exist and where the reduction of the vapor pressure that occurs when c �
0 has not been taken into account. The differences between the J id and J t

values represent the effect of temperature polarization, and the relation
J t/J id coincides approximately with �. The differences between the J t and
Jv values represent flux reduction due to the decrease of the vapor pres-
sure of the solution with respect to pure water; these differences are a in-
creasing function of the feed concentration. Finally, the differences be-
tween Jv and J values represent the effect of concentration polarization.
The results obtained for J id, J t, and Jv, together with the ones obtained ex-
perimentally, J, are shown in Figs. 8 and 9 for some representative ex-
perimental conditions for 1 and 3 M feed concentrations, respectively. In
both cases the effects of temperature polarization are similar, while the ef-
fect of the dependence of the vapor pressure with concentration is signif-
icantly higher for the 3 M solution. The effects of the concentration po-
larization are negligible, as can be seen in the drawings.

Summing up, � is not a measurement of the total reduction of the driving
force imposed for concentrated solutions. When the feed is a concentrated so-
lution, f gives the measurement of the mentioned reduction. Likewise, the
temperature boundary layers exert a large influence in mass transport. The
permeate flux might be substantially higher if we had no temperature polar-
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FIG. 8 Mass flux through the membrane vs feed temperature for a recirculation rate of 9 cm3/s
and a 1 M hot feed solution. The lines correspond to Jid (——), Jt (- - -) and Jv (���) values 

calculated as defined in Eqs. (21)–(23) using a C value of 17.4 
 10�7 kg�m�2s�1�Pa�1.
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ization. As the concentration increases, the effect of vapor pressure in the re-
duction of the driving force imposed becomes more important. In all cases
studied, the effect of concentration polarization is small.

NOMENCLATURE

c molar concentration (mol�L�1)
cp specific heat (J�kg�1�K�1)
C membrane distillation coefficient (kg�m�2�s�1�Pa�1)
dh hydraulic diameter of channel (m)
D diffusion coefficient of solute (m2�s�1)
Dwa diffusion coefficient of water vapor in air (m2�s�1)
ƒ vapor pressure polarization coefficient (—)
h heat transfer coefficient (W�m�2�K�1)
J mass flux through the membrane (kg�m�2�s�1)
J* as defined in Eq. (2) (kg�m�2�s�1)
Jid as defined in Eq. (21) (kg�m�2�s�1)
Jt as defined in Eq. (22) (kg�m�2�s�1)
Jv as defined in Eq. (23) (kg�m�2�s�1)
k thermal conductivity of the liquid (W�m�1�K�1)
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FIG. 9 Mass flux through the membrane vs feed temperature for a recirculation rate of 9 cm3/s 
and a 3 M hot feed solution. Symbols as for Fig. 8.
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km thermal conductivity of the membrane (W�m�1�K�1)
kg thermal conductivity of the air (W�m�1�K�1)
ks thermal conductivity of the solid phase of the membrane

(W�m�1�K�1)
K solute mass transfer coefficient (m�s�1)
L channel length (m)
M water molecular weight (kg�mol�1)
Nu Nusselt number (—)
P total pressure (Pa)
p pressure of water vapor (Pa)
p* vapor pressure of pure water at the same temperature as the solution

(Pa)
Pr Prandtl number (—)
Q heat flux (W�m�2)
R gas constant (J�mol�1�K�1)
r pore radius (m)
Re Reynolds number (—)
Sc Schmidt number (—)
Sh Sherwood number (—)
T temperature (K)
v linear velocity (m�s�1)

Greek Letters

� tortuosity factor (—)

 membrane thickness (m)
	 porosity (—)
� liquid viscosity (Pa�s)
�Hv latent heat of vaporization (J�kg�1)
� liquid density (kg�m�3)
� temperature polarization coefficient (—)
� concentration polarization coefficient (—)
�a log mean of the mole fraction of air (—)

Subscripts

b in the bulk phase
c conduction
m at the membrane surface
v vapor
1 hot feed solution
2 cold water
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