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( )Vacuum membrane distillation VMD is a separation process based on the use of
microporous hydrophobic membranes. The membrane is located between an aqueous
phase and a permeate, which is kept under ®acuum at pressure ®alues below the equilib-
rium ®apor pressure of the feed. The liquid stream ®aporizes at one side of the mem-
brane, and the ®apors diffuse through the gas phase inside the membrane pores. The
process rate and performance are affected highly by the transport phenomena both in
the liquid phase and through the membrane. Heat- and mass-transfer resistance in the
liquid phase, as well as mass-transfer resistance through the membrane, play an impor-
tant role in determining the process performance. Based on VMD experimental data for
se®eral binary aqueous mixtures containing ®olatile organic compounds, a simple crite-
rion to in®estigate the role of each transport resistance on the separation efficiency is
discussed.

Introduction

Ž .Vacuum membrane distillation VMD is a separation
process suitable for the purification of dilute aqueous solu-
tions. The process has been proposed for various purposes;

Ž .the extraction of volatile organic compounds VOC from
aqueous streams has been the more widely investigated appli-

Žcation Aptel et al., 1988; Bandini et al., 1992; Hofman et al.,
.1987; Lawson and Lloyd, 1996; Sarti et al., 1993 . The pro-

cess is particularly interesting when the aqueous mixtures
contain organic compounds highly volatile with respect to wa-
ter at very low concentration values. In that case, organic
concentrations in the permeate streams can be obtained up
to values exceeding 50 wt. %, for feed concentrations around

Ž .2 wt. % for example, Bandini et al., 1997 .
The separation technique is based on the use of microp-

orous hydrophobic membranes, which are separating an
aqueous liquid phase and a permeate kept under vacuum.
The basic operation conditions are represented by permeate
pressure values smaller than the equilibrium vapor pressure
of the feed to prevent condensation. On the other hand, the
liquid-side pressure must be maintained lower than the mini-
mum entry value of the membrane to immobilize a liquid-
vapor interface at the membrane pore entries. The process is
reported in Figure 1.

Correspondence concerning this article should be addressed to G. C. Sarti.

In the VMD separation process, the vapor stream perme-
ated from the membrane apparatus is condensed under
vacuum; in the case of aqueous mixtures containing VOC
partially miscible with water, the recovery of valuable prod-
ucts to a high degree of purity is possible under mild and

Ž .economically attractive conditions Bandini and Sarti, 1997 .
Rather extensive studies on VMD have been published: the

technical feasibility of the process has been established with
reference to several organic compounds and different mem-

Žbrane configurations Sarti et al., 1993; Lawson et al., 1995;
.Lawson and Lloyd, 1996, 1997; Bandini et al., 1997 . The more

relevant quantities describing the process performance and
productivity are given by the separation factor and the total
distillate flux, which are greatly affected by changes in the
working parameters. In particular, the vacuum-side pressure
and the feed-flow rate were identified as the major design

Ž .variables of the process Bandini et al., 1997 .
For all the cases investigated, reducing the permeate pres-

sure typically results in an increase in the overall permeate
flux, correspondingly, a remarkable decrease in the separa-
tion factor of the process occurs. On the other hand, by in-
creasing the downstream pressure, interestingly high values
of the VOC concentration in the permeate stream can be
obtained. As a general indication, when downstream pres-
sures increase above the vapor pressure of pure water at the
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( ) ( )Figure 1. a VMD process; b microporous membrane.

liquid feed temperature, the permeate flux becomes increas-
ingly richer in the VOC, thus leading to rather high vaporiza-
tion factors. Such a remarkable increase in the permeate VOC
concentration is paralleled by only minor decreases in the
VOC permeation flux; the same behavior is observed for all
the organic compounds more volatile than water.

By increasing the feed-flow rate, an appreciable increase in
the permeation rate is also observed in all cases, and, in par-
ticular, the organic component flux is much more sensitive to
changes in the feed-flow rate than the water flux.

At the operation conditions typical for the process, mass
transfer through the membrane and the polarization effects
in the liquid phase are the main physical phenomena deter-
mining the VMD performance.

VMD is characterized by the following steps: e®aporation
of the liquid mixture at the L-V interface and diffusion of the
®apors through the membrane pores. To take into account the
energy demanded by the evaporation of the feed taking place
from the menisci located at the membrane pore entries, heat
transfer towards the membranerliquid interface must be ob-
viously considered. As a consequence, the relevant resist-
ances determining the process performance are associated to
both heat and mass transfer through the liquid phase, as well
as to the mass transfer through the membrane.

The evaporation rates of water and of the organic species
are likely to be affected by the two transport resistances of-
fered by the liquid phase with rather different sensitivities.
Due to concentration and temperature polarization effects,
one reasonably expects the evaporation rate of the organic
component to be significantly influenced by both heat- and
mass-transfer resistances in the liquid phase. For the water
flux, vice versa, only temperature polarization could likely play
an appreciable role in view of the high water concentration
values considered.

The proper choice of the membrane to be used and of the
most appropriate operating conditions to be applied are based
on the evaluation of the effects produced by the various re-
sistances on the process performance. The main objective of
this present work is to perform a detailed analysis of the im-
portance of the different transport phenomena entering the
VMD process, and to obtain clear guidelines on how to im-
prove the process performance.

Although the problem of comparing the different resist-
ances is rather typical and well-known in chemical engineer-

ing, in the present case, however, we must compare resist-
ances which are not dimensionally homogeneous so that the
usual standard techniques cannot be applied. Schofield et al.
Ž .1987 introduced the ‘‘temperature polarization coefficient,’’
which represents the fraction of the thermal driving force that
contributes to the mass transfer driving force in membrane
distillation processes. An analogous quantity was used by

Ž .Bandini et al. 1992 to characterize the role of heat transfer
in the liquid phase and mass transfer through the membrane
in determining the evaporation rate of the VMD process. The
study was performed only for aqueous solutions containing
nonvolatile solutes; it is worth noting that in those cases the
transmembrane flux consists of water flux only. Unfortu-
nately, the temperature polarization coefficient is not suffi-
cient to represent the influence of heat transfer on the distil-
late flux when two or more species permeate through the
membrane, in that it does not allow to separate the contribu-
tion of each resistance to the flux of each component.

A general criterion to properly perform the comparison
between dimensionally different resistances can be obtained
by a suitable generalization of the sensitivity analysis, which

Ž .was performed by Bandini et al. 1991 . However, since the
development of such a criterion is somewhat elaborate and
the mathematic formalism might hide simple and intuitive re-
sults behind the curtain of elaborate expressions, we prefer
hereafter to analyze several experimental VMD data by using
a direct and simpler method which will be discussed in detail.

The role of each single resistance on the VMD per-
formance will be apparent from the elaboration of the data
through the mathematical model of the process. The exten-

Žsive experimental study presented in a previous article Ban-
.dini et al., 1997 is considered as the main source of data; the

analysis is completed by also introducing model calculations
for different membranes and different membrane configura-
tions.

Experimental Results
The effectiveness of the transport phenomena taking place

in the liquid phase is strictly connected to the fluid-dynamic
conditions prevailing in the stream itself and can be experi-
mentally investigated by properly changing the feed-flow rate.

The detailed experimental study has been presented in a
Ž .previous article Bandini et al., 1997 in which VMD experi-

ments were performed through TF200 membranes, testing di-
lute binary aqueous solutions containing acetone, ethanol,

Ž . Ž .isopropanol IPA , ethylacetate EtAc , methylacetate
Ž . Ž .MeAc , and methylterbutyl ether MTBE .

For clarity sake, the data obtained in the VMD of dilute
solutions containing acetone are reported in Figure 2 as an
example. The transmembrane fluxes of water and of the or-
ganic component are separately plotted vs. the feed-flow rate
in the liquid phase at various feed temperatures, composi-
tions, and downstream pressures. For all the mixtures tested,
the same qualitative behavior is observed, characterized by
the following main features:

v Both the organic and water flux significantly increase with
the feed-flow rate, especially so in the range of lower-flow
rates;

v The influence of the feed-flow rate is much higher on
the organic flux than on the water flux.
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Figure 2. VMD of acetone-water mixtures at various feed
conditions and downstream pressures.
Acetone and water fluxes vs. the feed-flow rate.

The behavior observed clearly shows the significant impor-
tance of the transport phenomena in the liquid phase in de-
termining the process performance; as the feed-flow rate in-
creases, the heat- and mass-transfer resistances in the liquid
phase decrease and the flux of each component increases.

On the basis of the above experimental observations, only
some qualitative remarks can be made: the strong influence
of the feed-flow rate on the organic flux shows that certainly
the mass-transfer resistance through the membrane is not the

limiting factor, since otherwise the effect of the recirculation
rate would not be so significant. For water flux, on the con-
trary, the relatively weak influence of the recirculation rate
indicates that the membrane resistance may not be negligi-
ble.

A simple criterion will be presented in the next section to
analyze the contribution on the flux of each single resistance,
and to determine if there is a single resistance controlling the
whole process.

Analysis of Transport Resistances
Three main resistances are involved in the VMD process:

in the general case, there is a mass-transfer resistance through
the membrane which is in series with both the mass-transfer
and the heat-transfer resistances within the liquid phase. The
role of each resistance on the process is investigated from the
elaboration of experimental data through the mathematical
model of the process. The mathematical description of the
VMD process has been discussed in detail in previous arti-

Ž .cles Sarti et al., 1993; Bandini et al., 1997 . For clarity sake,
a brief summary of the relevant model equations is reported
in the following.

Theory
Mass transfer through the membrane occurs essentially by

a diffusive transport of vapors across the membrane, in which
Knudsen diffusion is the prevailing mechanism. That has been
recognized by a previous thorough experimental analysis
Ž .Sarti et al., 1993; Bandini et al., 1997 and was also con-

Žfirmed by other groups Lawson and Lloyd, 1997; Cabassud
.et al., 1998 .

The molar flux of a permeating specie J is linearly relatedi
to its partial pressure difference across the membrane, as fol-
lows

K m
J s P y y P y 1Ž .Ž .i I i , I 2 i , 2M' i

Ž 1r2 y1where K is the permeability coefficient s ?mol ?m ?m
y1r2 .kg , which represents a quantitative measure of the mem-

brane resistance. Remarkably, this parameter is not associ-
ated to the permeating species, but it depends only upon the
membrane geometrical properties and slightly on tempera-

Ž .ture; a detailed study is reported in Bandini et al. 1997 .
By taking the sum over all the components, the total molar

Ž y2 y1.flux J mol ?m s can be easily expressed ast

K m
J s P y P 2Ž .Ž .t I 2'M

Ž y1.where M is a suitable average molecular weight kg ?mol
in the permeating stream, defined as

Ji'M s M 3' Ž .Ý iJti

The heat required for the interfacial evaporation is supplied
by the heat flux through the liquid stream; neglecting the
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convective heat transfer within the gaseous phase, the heat
balance across the evaporation surface gives

S J l s h T yT 4Ž .Ž .i i i b I

where h is the heat-transfer coefficient in the liquid phase
Ž y2 y1.W ?m ?K .

Mass transfer through the liquid phase can be described by
the film theory model; for binary mixtures, the mole fractions
in the liquid bulk x , and at the interface x , are relatedi, b i, I
to the molar fluxes by the following relationship

J x y J rJt i , I i t
s ln 5Ž .

k c x y J rJL L i , b i t

in which k is the mass-transfer coefficient in the liquid phaseL
Ž y1.m ? s .

Equations 1 to 5, coupled with the relationships describing
the vapor-liquid equilibrium conditions existing at the inter-
face, embody the mathematical description of the process with
reference to any cross section of the membrane. The model
was already shown to adequately describe and predict the ex-

Ž .perimental behavior observed Bandini et al., 1997 .

Role of the liquid phase
Moving from the analysis of the transport phenomena in

the liquid phase, the dependence of each single flux J andi
J on the different transport resistances is separately consid-w
ered hereafter.

For each experimental run, the values of both temperature
and organic mole fraction in the liquid phase at the L-V in-
terface are calculated through the model Eqs. 1 to 5. For
each case under consideration, one can thus calculate the ac-
tual driving force D P both for VOC and for water trans-i, I
port through the membrane; this term, appearing in the
righthand side of Eq. 1, is given by

def
UD P P x g y P y 6Ž .i , I i , I i , I i , I 2 i , 2

where PU and g represent the vapor pressure and the ac-i, I i, I
tivity coefficient of species i at the interface, respectively.

The transport resistances within the liquid phase, due to
both the heat and mass transport, will be negligible for the
overall process rate whenever the actual driving force calcu-
lated above D P is well approximated by the value obtainedi, I
when the bulk temperature and bulk concentration are used
instead of the corresponding interfacial values, prevailing at
the V-L menisci, that is, when

def
UD P fD P P T x g x , T y P yŽ . Ž .i , I i , b i , b b i , b i , b i , b b 2 i , 2

´No resistance in the liquid phase 7Ž .

Indeed, in that case the same flux is obtained either con-
sidering or neglecting the liquid-phase resistances.

It is, therefore, necessary to obtain immediately the indica-
tion whether or not the membrane offers the controlling re-
sistance by plotting the VOC flux vs. D P , as well as thei, b
water flux vs. D P , and checking if a linear dependence isw, b
obtained in both cases with a slope equal to K r M or'm i

K r M , respectively. In that case, according to Eq. 1, we'm w
can conclude that the transport resistances offered by the liq-
uid phase are negligible and the process rate is controlled by
the membrane resistance only. In the opposite case, we con-
clude that the transport resistances in the liquid phase also
have to be taken into account.

Please note that, on the other hand, similar conclusions
Žcould not be drawn simply by considering Schofield et al.,

.1987 the so-called temperature polarization coefficient q s
Ž . Ž w x.T yT r T yT P , y since the latter is an indicationb I b eb 2 i, 2
of the temperature profile only and does not immediately
represent the influence of heat transfer on the distillate flux

Ž .of one or of both species Bandini et al., 1992 .
By applying the criterion above, the same qualitative be-

havior is obtained for all the mixtures inspected, and, thus,
only the data for acetone aqueous mixtures are explicitly re-
ported here. For that case, water flux J vs. D P is shownw w, b
in Figure 3a, which is not suggestive of any meaningful corre-
lation; thus, for water transport, the resistances within the
liquid phase play an important role, possibly in addition to
the membrane resistance. The acetone flux is reported vs.
D P in Figure 4a, which again does not indicate any generali, b
correlation so that also for acetone the liquid-phase resis-
tances play an important role, possibly in addition to the
membrane resistance.

An interesting additional result can be obtained in the
analysis by considering whether both heat- and mass-transfer
resistances within the liquid phase are equally important for
the process rate or, alternatively, if only one of them plays a
relevant role. To that extent, it is not sufficient to simply con-
sider the temperature polarization coefficient q or the corre-
sponding concentration polarization coefficient which could
be defined in an analogous way, they are representative of
dimensionally different resistances, offered by different
transport mechanisms which cannot be simply compared with
each other based only on the temperature and concentration
profiles. The proper comparison of the dimensionally differ-
ent resistances can be obtained through a sensitivity analysis
on the values of the species flux. Therefore, the contributions
of the two resistances can be appreciated properly by testing
whether the actual driving forces for the transmembrane
transport, namely D P and D P are well approximated ei-i, I w , I
ther by the values obtained by replacing T for the actualb
interfacial temperature T , while using the proper x value,I i, I
or, alternatively, by replacing x for the actual interfaciali, b
mole fraction x while using the proper interfacial tempera-i, I
ture T .I

In the first case, that is, when one obtains

def
UD P f P T x g x , T y P y D P T , xŽ . Ž . Ž .i , I i b i , I i i , I b 2 i , 2 i b i , I

8Ž .

Ž .the flux of species i, J , is linear vs. D P T , x with a slopei i b i, I

given by the membrane permeability K r M according to'm i
Eq. 1. In this case the so-called temperature polarization does
not affect the distillate flux of species i and, thus, heat-trans-
fer resistance, even if experimentally detectable, does not play
any role for the VMD process rate; thus, the only liquid-phase
resistance affecting the process is associated solely to mass
transport.
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Figure 3. Water flux vs. different driving force values
through the membrane.
Elaboration of the data reported in Figure 2.

In the second case, on the contrary, for the transmem-
brane flux driving force we have

def
UD P f P T x g x , T y P y D P T , xŽ . Ž . Ž .i , I i I i , b i i , b I 2 i , 2 i I i , b

9Ž .

Consequently, the flux of species i, J , is linear vs.i
Ž .D P T , x , with the slope being the membrane permeabil-i I i, b

ity K r M . Therefore, if this is the case, the presence of a'm i

Figure 4. Acetone flux vs. different driving force values
through the membrane.
Elaboration of the data reported in Figure 2.

concentration profile within the liquid phase does not appre-
ciably alter the transmembrane flux, indicating that mass
transfer within the liquid phase does not play any significant
role and, finally, that heat transfer is the only liquid-phase
process which contributes to the overall VMD process rate.

As suggested by the above considerations, the water flux
resulting from all the operating conditions experimentally in-

Ž .spected was plotted vs. D P T , x in Figure 3b and vs.w I i, b
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Ž .D P T , x in Figure 3c, respectively, for acetone aqueousw b i, I
mixtures. While in Figure 3c no meaningful correlations are
obtained, in Figure 3b the trend of all the data points is well
represented by the continuous line the slope of which is in-
deed K r M . It is therefore concluded that for water flux,'m w
the resistance offered by the liquid phase is embodied by the
heat-transfer resistance only, whereas mass transfer within the
liquid feed does not play any relevant role. The latter result
is obviously consistent with the use of dilute VOC mixtures
for the VMD separations.

The same conclusions are reached for the water flux ob-
Žtained from all the other mixtures inspected IPA, ethanol,

.EtAc, MeAc, and MTBE , as it is apparent from Figures 5a
to 5e, in which J actually shows a linear dependence vs.w

Ž .D P T , x with slopes just equal to the value K r M ,'w I i, b m w
which characterizes the continuous lines.

On the other hand, a different behavior is obtained for the
fluxes of the organic component. The acetone transmem-
brane fluxes, resulting from all the operating conditions in-

Ž .spected, are reported in Figures 4b and 4c vs. D P T , xi I i, b
Ž .and D P T , x , respectively. In Figure 4b, the data doi b i, I

not show any meaningful correlation when mass-transfer re-
sistance within the liquid phase is neglected. A good linear
correlation is obtained vice versa in Figure 4c when the
heat-transfer resistance is neglected and only mass transport
is accounted for within the liquid; however, the slope of the
dashed line which interpolates all the experimental data is
approximately half the value K r M , which would be ob-'m i
tained in the case of negligible heat-transfer resistance and

Žcomplete mass transport control in the liquid phase continu-
.ous line . Therefore, the conclusion is drawn that the trans-

membrane flux of acetone is simultaneously affected by both
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heat- and mass-transfer resistances within the liquid phase;
even if the mass-transfer contribution appears to be more im-
portant, neglecting the heat-transfer resistance would lead to
a large overestimation of the acetone flux.

Analogous conclusions hold also for all the other mixtures
Ž .inspected IPA, ethanol, EtAc, MeAc, and MTBE as shown

in Figures 6a to 6e, where the VOC flux is plotted vs.
Ž .D P T , x . The experimental data obtained for all the op-i b i, I

erating conditions inspected for each mixture are satisfacto-
rily interpolated by the straight dashed lines, the slope of
which is always lower than the value K r M , which would'm i

Žcorrespond to negligible heat-transfer resistance continuous
.line . Therefore, both heat- and mass-transfer processes in

the liquid are relevant for the transmembrane flux of the or-
ganic component in all cases. Their relative importance varies
with the volatility of the organic with respect to water. More
precisely, the higher the vapor pressure of the organic com-
ponent is, the higher appears to be the role of heat-transfer

resistance with respect to the mass-transfer resistance within
the liquid phase. For instance, the slope of the line interpo-
lating the experimental data in Figure 6 is approximately 1r6
of K r M in the case of MTBE, while it is 1r2 of K r M' 'm i m i
for acetone and is 1r1.75 for the case of MeAc.

That behavior confirms that the temperature profile within
Ž .the liquid temperature polarization is not significant per se,

but only to the extent to which it can significantly affect the
transmembrane flux, that is, the driving force across the
membrane. The latter obviously increases with the species va-
por pressure at the temperature T . Any given variation in TI I
leads to different changes in the species vapor pressure, and,
thus, in the flux of the various VOCs; it is well known, on the
other hand, that vapor pressure is more sensitive to tempera-
ture changes when the volatility of the organic compound is
higher, consistently with the observed behavior.

As a general conclusion, we remark that the liquid phase
offers resistances which determine the process rate, as well
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Table 1. Selection of Commercially Available Membranes Suitable for VMD

Permeab. Coeff.Avg.-Max.
at 258CThickness IDPore Size

1r2 y1 y1r2Ž . Ž . Ž . Ž .mm Porosity mm mm mol ? s ?m ?kg
U‡ y5TF200 PTFE 0.2 60% 60 Flat 3.15=10

†† y6†Celgard 2400 PP 0.02 38% 25 Flat 1.6=10
U†† y6Celgard X-20 PP 0.03]0.05 40% 25 0.4 2.0%2.5=10

a y6†Accurel Q3r2 PP 0.2 75% 200 0.6 4.0=10
UUa y6Accurel V8r2 PP 0.2]0.65 75% 1,500 5.5 1.15=10

UMeasured through air permeation.
UUMeasured through water vapor permeation.

† Ž .Predicted with tortuosity factor s 2 Bandini et al., 1997 .

‡From Gelman Inst. Co.
††From Hoechst-Celanese.
aFrom Akzo-Nobel.

as the separation factor and in particular:
Ž .i water flux is affected only by heat-transfer resistance

within the liquid;
Ž .ii the flux of the organic component is affected by both

heat- and mass-transfer resistances; the actual contribution
of heat transfer may be different for different mixtures, and
is more important for the highly volatile VOCs.

The conclusion is quite general, even if it is drawn from
the elaboration of experimental data obtained only through
the TF200 membranes. Since this kind of membranes is one
of the most permeable membranes commercially available
Ž .see Table 1 , the total fluxes measured are certainly the
highest which can be achievable with the fluid-dynamic
conditions considered. VMD through TF200 membranes
therefore represents the case in which the heat-transfer
resistance in the liquid phase is relevant and leads to high
values of the temperature polarization.

Role of the membrane
The analysis is completed by comparing the membrane re-

sistance with the transport resistances offered by the liquid
phase. Based on the previous discussion, it is convenient to
consider separately the effects on the flux of the organic
species J and on the water flux J .i w

Analysis of VOC Transport Data. In the case of the VOC
flux, the mass-transfer resistance through the membrane must
be compared with both heat-transfer and mass-transfer resis-
tances through the liquid phase.

For the organic component, the usual standard consider-
ations can be followed since mass-transfer resistances are
present, both in the liquid phase and in the membrane; for
their comparison, it is sufficient therefore to determine
whether or not the permeation across the membrane affects
the distillation rate of the organic species.

To that extent, let us consider Eqs. 1 and 5 describing the
mass transfer through the membrane and the mass transfer
within the liquid phase, respectively. We are faced with the
very usual situation in which two mass-transfer resistances
are in series and can be added to give an overall mass-trans-
fer resistance.

With reference to the organic species, Eq. 5 can be rewrit-
ten as

J x y xt i , b i , I
s ln 1q 10Ž .ž /k c J rJ y xL L i t i , b

In view of the low VOC concentration in the liquid stream
and of the relatively high composition in the corresponding
distillate, Eq. 10 can be linearized without losing numerical
precision to all practical purposes; the resulting linear ex-
pression for the molar flux of the organic component is

J s kX c x y x 11Ž . Ž .i Li L i , b i , I

in which kX is defined asLi

kLXk s 12Ž .Li xi , b
1y

J rJi t

and is the mass-transfer coefficient of the ith species in the
liquid phase, including also the contribution of convective
transport, apparent in the denominator on the righthand side
of Eq. 12. Remarkably, only in the case in which very high
volatile organic compounds are processed or, alternatively,
high-pressure values in the vacuum side are considered, the
convective contribution does not affect appreciably the flux
of the single organic species. Indeed, in that case, very high
VOC compositions in the distillate are obtained with respect

Ž .to the feed composition and, thus, the term x r J rJ isi, b i t
negligible with respect to unity. The mass-transfer coefficient
of the organic species can therefore be predicted only on the
basis of fluid-dynamic and operating conditions.

By making use of Eqs. 1 and 11, the flux of the ith species
can finally be expressed as

KOV UJ s P g x y P y 13Ž .Ž .i i , I i , I i , b 2 i , 2M' i

in which the overall mass-transfer coefficient K is definedOV
as

1 1 1
s q 14X Ž .K K k cOV m Li L

UP gM M' ' i , I i , Ii i

The overall mass-transfer resistance of the organic species
can thus be calculated once the membrane permeability and
the mass-transfer coefficients in the liquid phase are avail-
able; for predictive purposes, concerning the relative extent
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Figure 7. VMD of aqueous solutions through TF200
membranes.
VOC of overall mass-transfer resistance vs. the reciprocal of
the feed-flow rate. Operative conditions are reported in
Table 2.

of the mass transport resistances, the factor PUg appearingi i
in Eq. 14 could be calculated at the liquid bulk conditions.

For the experimentally investigated cases, the interfacial
conditions and the mass-transfer coefficients in the liquid
phase were calculated on the basis of the model Eqs. 1]5;
the data were then used in order to evaluate the actual over-
all mass-transfer resistance of the organic species. In all the
aqueous mixtures inspected, the same qualitative behavior is
observed. We hereafter refer to two typical cases only for the

Žsake of simplicity. The overall mass-transfer resistance kg ?m
y1 y1.?mol s of the organic species R , defined as R sOV OV'Ž .Mi rK , is reported in Figure 7 vs. the reciprocal of theOV

Ž .liquid-flow rate for the VMD of acetone Figure 7a and
Ž .MTBE Figure 7b aqueous mixtures, respectively. The corre-

Žsponding values of the membrane resistance R kg ?m ?m
y1 y1. Ž .mol ? s , defined as R s M rK , are also reported'm i m

for comparison. Apparently, for both cases, the same qualita-
tive behavior is observed: the overall mass-transfer resistance
is greatly affected by the liquid-flow rate and rapidly in-
creases as the flow rate decreases. In addition, the liquid-
phase mass-transfer resistance is always largely dominant with
respect to the membrane resistance. As a numerical example,
it can be noted that, in the case of 5 wt. % acetone-water

Ž .mixtures at 258C and 40 mbar Figure 7a , the ratio R rROV m
varies from 15 to 130; in the case of mixtures containing highly
volatile compounds such as 0.5 wt. % MTBE-water mixtures

Ž .at 258C and 30 mbar Figure 7b , the ratio R rR variesOV m
from 800 to 13,000 in the range of the feed-flow rates in-
spected.

Based on the above comparison between mass-transfer re-
sistance within the liquid phase and mass-transfer resistance
in the membrane, the conclusion is drawn that, for the TF200
membranes and for all the operative conditions inspected
here, the mass-transfer resistance through the membrane
never controls the flux of the organic species and its contri-
bution is always negligible.

Model Calculations of VOC Resistances. The above conclu-
sions are also valid for several commercially available mem-
branes. A comparison between the mass-transfer resistances
of the organic component through the membrane R and inm
the liquid phase R is reported in Figure 8; the latter quan-L
tity is defined as

PU gi , I i , I
R s R y R s 15Ž .XL OV m k cLi L

Five different microporous hydrophobic membranes are con-
sidered: TF200, Celgard 2400, Celgard X-20, Accurel Q3r2,
and Accurel V8r2, whose properties are reported in Table
1. The calculations are performed according to Eq. 14 for
the reference case of VMD of 3 wt. % MeAc-water mix-
tures at 358C. Spiral wound and shell-and-tube configura-
tions are considered in different flow regimes for which the

Figure 8. VMD of 3 wt. % MeAc-water mixtures at 358C.
Comparison between the VOC mass-transfer resistance
through the membrane and in the liquid phase for various
membranes, different module configurations, and flow con-
ditions.
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Table 2. Operative Conditions in the VMD Experiments
through TF200 Membranes at Different Feed-Flow RatesU

v T PF F 2
Ž . Ž . Ž .VOC wt. % 8C mbar

IPA B 5 25 20
' 5 25 30
= 5 25 35
v 5 35 30
= 5 35 35
l 5 35 50
` 10 35 45
q 10 35 50

Ethanol B 5 35 12
v 5 35 30
' 3.3 25 30

EtAc B 9 30 27
' 3 30 25

MeAc v 5 35 40

MTBE v 0.5 25 30
ULegend for Figures 5, 6, 7, and 9.

mass-transfer coefficients in the liquid phase are calculated
according to the relationships reported in Table 3. For the
spiral wound configuration, typical values of the hydraulic di-
ameter and of the liquid-side velocity were taken as 1 mm
and 0.5 mrs, respectively; for the shell-and-tube arrange-
ment, modules 1 m long are considered with the liquid flow-
ing in the tube side at 0.5 mrs and at 1.5 mrs in the laminar
and turbulent flow regimes, respectively.

In Figure 8, the relative role of VOC mass-transfer
resistances in the VMD process is apparent. The most rele-
vant features which are noteworthy are the following:
Ž .1 The spiral wound configuration allows high mass-trans-

fer coefficients in the liquid phase, so that the overall mass-
transfer resistance of the organic component is relatively low;
the resistance in the liquid phase controls the organic flux
when high permeability membranes such as TF200 are con-
sidered, whereas the membrane resistance prevails when
lower permeability membranes are used such as Celgard 2400.
Ž .2 Hollow fibers, such as Celgard X-20 and Accurel Q3r2

working in laminar flow conditions, show the highest overall
mass-transfer resistances; the organic flux is greatly affected
by the mass-transfer resistance in the liquid phase.

Table 3. Transport Correlations for Spiral Wound and
Tubular Geometries

Correlation Flow Range Remarks
0.875 0.25Shs0.065Re Sc Re-500 Spiral wound configuration

Ž .Shock and Miquel, 1987
©D k Dh L h

Res , Shs
n DD

1r3Shs1.62Gz Gz )20 Hollow fibers; tube side;m m
laminar flow

2k D D ®L
Shs , Gz smDD DDL
Ž .Yang and Cussler, 1986

0.8 1r3Shs0.023Re Sc Re)10,000 Shell and tube. Tube side.
LrD)60 Turbulent regime.

Sieder-Tate equation

Ž .3 The behavior of the tubular Accurel V8r2, working in
turbulent flow conditions, is quite interesting: although the
membrane resistance is the highest among the membranes
investigated, a good overall mass-transfer resistance is ob-
served due to a relatively low resistance in the liquid phase.

It can be observed, therefore, that low permeability mem-
branes in turbulent regime can result in competition with
higher permeability membranes which are constrained to
work in laminar flow conditions because of the small fiber
lumen; indeed, in view of the lower VOC mass-transfer re-
sistances encountered in the liquid feed, higher organic fluxes
can be obtained even if the membrane permeability is lower,
and thus, lower membrane areas will be necessary in order to
achieve a required VOC removal. However, generally, only a
detailed economic evaluation of the process can finally estab-
lish which membrane and which module configuration give
the best process performance.

Finally, it is interesting to observe the influence of the feed
concentration on the overall mass-transfer resistance. While
the membrane resistance depends slightly on the permeating
species through M , but greatly depends upon the geomet-' i
rical properties of the membrane itself, the mass-transfer re-
sistance in the liquid phase, on the contrary, is greatly af-
fected by changes in the feed VOC concentration. In particu-
lar, as the feed concentration decreases, its activity coeffi-
cient g increases, and thus, in view of Eq. 15, the mass-i
transfer resistance in the liquid phase also increases, as well
as the overall mass-transfer resistance increase.

Water Flux. When the water flux J is considered, thew
liquid phase does not exhibit an appreciable mass-transfer
resistance as it was observed in the previous section, so that a
different procedure is needed in order to compare the re-
sistances offered by the membrane and by the liquid feed.
Indeed in this case, we have to compare the influence of
mass-transfer resistance through the membrane with the ef-
fects produced on the water flux by the heat-transfer resis-
tance in the liquid phase.

To that extent, we can define the overall polarization coef-
ficient for the water flux h , as followsw

D P D P T , xŽ .w , I w I w , I
h s s 16Ž .w D P D P T , xŽ .w , b w b w , b

The overall polarization coefficient represents the ratio be-
tween the actual driving force for water transport across the
membrane, resulting from the transport resistances in the liq-
uid feed, and the corresponding maximum value which would
be obtained when the transport resistances in the liquid phase
are negligible. The coefficient h is essentially affected byw
changes in temperature, since typically x is very close tow, b
x in all the cases currently inspected.w, I

Since the mass-transfer resistance in the liquid phase has
negligible effects on J , the overall polarization coefficientw
h , defined in Eq. 16, ultimately allows the comparison ofw
the relative influence on the transmembrane water flux of
heat-transfer resistance in the liquid phase and mass-transfer
resistance through the membrane.

The actual driving force for water flux can vary from a very
small value, virtually zero, if the mass-transfer resistance of-
fered by the membrane is negligible, to its maximum value,
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obtained when the temperature T at the evaporation surfaceI
is practically equal to the value T prevailing in the liquidb
bulk, that is, when the heat-transfer resistance in the liquid
phase is negligible. Therefore, in terms of the overall polar-
ization coefficient, we obtain that when h ™0 and the waterw
flux is controlled by the heat transfer in the liquid phase,
whereas h ™1 indicates that no appreciable resistance is of-w
fered by the liquid feed and, therefore, only mass transfer
through the membrane controls the evaporation rate of wa-
ter.

The overall polarization coefficients for water were calcu-
lated for each set of experimental results, and qualitatively
similar behaviors were obtained in all the cases inspected.
For the sake of simplicity, only the results obtained in two
typical cases are explicitly reported here. Figure 9 shows the
values of h vs. the feed-flow rate for two reference cases:w

Ž .VMD of acetone-water mixtures Figure 9a and of MeAc-
Ž .water mixtures Figure 9b , based on TF200 membranes.

Apparently, in the entire flow rate range inspected, hw
varies from 0.2 to 0.5, indicating that the heat-transfer re-
sistance in the liquid phase prevails in determining the water
flux.

In general terms one would expect a remarkable depen-
dence of the water distillate flux on the recirculation rate,
when there is a heat-transfer control within the liquid. On
the other hand, under the operating conditions considered
here, the heat-transfer coefficient h is not particularly sensi-

Figure 9. VMD of aqueous solutions through TF200
membranes.
Overall polarization coefficient for water vs. the feed-flow
rate. Operative conditions are reported in Table 2 and Fig-
ure 2 for MeAc and acetone, respectively.

Figure 10. VMD of acetone-water mixtures through
TF200 membranes.
Overall polarization coefficient for water vs. the down-
stream pressure. Elaboration of some experimental data

Ž .from Bandini et al. 1997 .

tive to the feed-flow rate and, consequently, no major changes
in the water flux are obtained; the albeit minor variations in
the interfacial temperature T which are obtained, are re-I
sponsible for the effects on the water flux shown in Figure 2.

Finally, the relative role of heat- and mass-transfer re-
sistances on the water flux is affected by the operating con-
ditions and, particularly, by the downstream pressure. In

Ž .the case of acetone-water mixtures Figure 10 for a given
feed-flow rate, h decreases as the downstream pressure in-w
creases, namely in the case in which lower fluxes are evapo-
rated. The effect becomes more evident once the down-
stream pressure approaches the vapor pressure of pure water
at the feed temperature. In this condition, the actual driving
force for water is very small, and a significant percentage of
changes in the water flux are associated to even minor changes
in the absolute value of the interfacial temperature.

Conclusions
The separate influence of membrane permeability and of

the heat- and mass-transfer resistances on the VMD per-
formance have been thoroughly studied with the aim of rec-
ognizing the more appropriate actions affecting the separa-
tion factors and the fluxes resulting from the process. The
extraction of VOCs from aqueous streams was considered as
the reference case, through Teflon microporous membranes
TF200.

Based on the model equations already tested in a previous
work, a simple criterion was considered to test:
Ž .1 Whether the leading resistances for the process rate

are offered by the membrane or else by the transport phe-
nomena in the liquid feed; and
Ž .2 Whether the fluxes of water and of VOC are affected

by both heat- and mass-transfer resistances in the liquid or by
only one of them.

The analysis has been performed by comparing the actual
driving force for the transmembrane flux of each species with
the driving force, which would be present in each of the fol-

Ž .lowing cases: a the mass-transfer resistance through the liq-
Ž .uid phase is negligible; b the heat-transfer resistance

Ž .through the liquid feed is negligible; c the mass-transfer re-
sistance offered by the membrane is dominant.
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The flux of water is determined only by the heat transfer
within the liquid feed and by the mass-transfer resistance of-
fered by the membrane. That is essentially due to the low
concentration range in the VOC typically of interest, which
rules out for the water flux any mass-transfer resistance in
the liquid phase. It has been shown, in addition, that the sen-
sitivity of water flux to the heat-transfer rate is higher when
the downstream pressure becomes closer to the vapor pres-
sure of pure water. The latter case represents indeed an in-
teresting operating condition, insofar as it minimizes the flux
of water and leads to interestingly high VOC concentrations
in the permeate side.

For all the mixtures inspected, the VOC flux is signifi-
cantly affected by both heat- and mass-transfer resistances in
the liquid feed, while being rather insensitive to the mem-
brane permeability. The documented importance of mass
transfer in the feed is, of course, consistent with the relatively
dilute concentrations of the VOC mixtures. Interestingly, the
sensitivity of the VOCs flux to the heat-transfer rate in the
liquid is different from solute to solute, and increases with
the volatility of the VOC considered.

The VMD performance in terms of both separation factors
and transmembrane fluxes is generally affected by all the re-
sistances encountered in the process. The separation factor is
particularly sensitive to the mass transport resistance within
the liquid feed and increases significantly by improving the
mass-transfer rate; therefore, it is much more convenient to
use membranes which allow operation in turbulent regime,
even if their permeability is not so high, instead of using highly
permeable membranes which are bound to operate in a lami-

Ž .nar regime for example, hollow fibers .
In addition, the separation factor is also affected to a

smaller extent by the heat-transfer rate in view of its effects
on the water flux. In particular, the separation factor of VOC
vs. water decreases by increasing the heat-transfer rate in the
feed; this effect is therefore in the opposite direction with
respect to the mass-transfer rate. Since the fluid-dynamic
regime affects both transport processes, the indication is then
obtained that it is more convenient to operate with suffi-
ciently short modules for which the temperature profile is
already well developed, while the concentration profile is still
in the entry region. That is particularly important when hol-
low fiber membranes are used with the liquid feed flowing in
the lumen side.
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Notation
c smolar concentration in the liquid phase, mol ?my3

L
Dsdiameter, m

D shydraulic diameter, mh
DDsdiffusion coefficient, m2 ? sy1

kX smass transfer coefficient in the liquid phase defined in Eq.Li
12, m ? sy1

Lsmodule length, m

®sfluid velocity, m ? sy1

K soverall mass-transfer coefficient defined in Eq. 14, s ?mol1r2 ?OV
my1 ?kgy1r2

Pspressure, Pa
PUs vapor pressure, Pa
Qsfeed-flow rate, L ?miny1

R s PU g rkX c mass-transfer resistance in the liquid phase, kgL i, I i, I L i L
?m ?moly1 ? sy1

ysmole fraction in the vapor phase
lsmolar latent heat of vaporization, J ?moly1

us temperature polarization coefficient
nskinematic viscosity, m2 ? sy1

Dsdifference
vsmass fraction

Subscripts
2s vacuum side

ebsboiling
Ž .is ith component VOC

ts total
Fs feed
Is interface
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