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Low Temperature Distillation through Hydrophobic Membranes 
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RBSTRCICT 

The use of hydrophobic porous membranes 
makes it possible to maintain liquid-vapour 
interfaces localized at a membrane surface. 
Based on that, thermally driven separation 
processes were obtained through the membrane 
and thoroughly analyzed both experimentally 
and theoretically, Two experimental conditions 
were used: i) the porous membrane is in direct 
contact with two liquid aqueous phases on both 
sides and the vapour phase is trapped inside 
the pores (capillary distillation); ii) on one 
side of the porous membrane there 1s a warm 
aqueous solution, while an additional gaseous 
gap is maintained on the opposite side o f  the 
porous membrane ; the vaporizing component 
diffuses through the entire gas phase and con- 
denses at 3 cold surface confining the gaseous 
gap (cold wall distillation). 

The mathematical model, describing both the 
separation rate and the energy flu:.: is 
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856 GOSTOLI, SARTI, AND MATULLI 

presented and compared with the experimental 
results. The influence of the gas membrane 
thickness is also discussed, 

1. INTRODUCTION 

Various separation processes based on the use of 
hydrophobic membranes have been recently proposed. They 
are all based on the fact that when a non-wetting liquid 
faces a porous membrane a fixed interface is formed at 
the pores entrance, Thus a porous membrane may be used 
for gas absorption ( I ) ,  or for liquid extraction 12) 
purposes I 

When both sides of the porous membrane are in 
contact with non wetting liquids, a gasous phase, usually 
containing air, is entrapped within the pores; thus, 
under an appropriate driving force, mass transfer across 
the "gas membrane" occurs. 

Gas membranes supported by hydrophobic porous 
membranes have been used for iodine and for ammonia 
separation by Imai et al. (3) and for the separation of 
bromine by Zhang and Cussler ( 4 )  I 

The membrane distillation here considered is a gas 
membrane separation process in which a temperature 
difference is the driving force; more precisely the true 
driving force f o r  mass transfer is a partial pressure 
gradient across the gas membrane, sustained by an applied 
temperature difference. 

The process may be attractive for ultrapure water 
production, for desalination of brackish or sea waters or 
f o r  the concentration of dilute aqueous solutions. The 
main advantage over traditional distillation processes 
is associated with the possibility of using low tempera- 
ture energy sources6 

In previous papers (5,6) the present authors presen- 
ted results on the separation process through flat PTFE 
porous membranes, as well as the relevant mathemathical 
mode1,which proved to be in good agreement with experime- 
ntal data. In the present work the role played by various 
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LOW TEMPERATURE DISTILLATION 85 7 

parameters is further investigated both experimentally 
and theoretically. The influence of the membrane thic- 
kness on the mass flux is considered in some detail. 

Results on evaporation experiments through very thick 
gas membranes are presented and the theoretical model is 
suitably extended to account also for the presence of a 
thick air gap. 

2. EXPERIHENTRL 

The equipment used in the present investigation is 
the same detailed in ref. 5: a PTFE membrane separates 
two cylindrical chambers 6.1 cm in diameter and 1 cm 
depth; by circulating thermostated fluids through the 
jakets, the bottoms of the two chambers are maintained at 
two fixed temperatures ; the temperature values are re- 
corded by two thermocouples sealed at the bottoms of the 
cells, 

Commercial PTFE membranes, manufactured by Gelman 
Instruments C o n  as TF 200, were used. They are composite 
membranes formed by an actual porous PTFE layer 60 pm 
thick supported by a polypropylene mesh. The nominal pore 
size is .2 p m  the void fraction nearly .6 and the pene- 
tration pressure for water is nearly 3 bar ( 6 ) ,  

In all experiments,the warm semicell contained an 
aqueous solution, kept in direct contact with the mem- 
brane; a continuous flow of solution was maintained in 
order to obtain steady state concentration values, 

The following two types of experiments were perfor- 
med (Fig.1) : 

i) the cold semicell containes liquid distilled water, 
therefore the vapour, diffusing through the membrane 
pores, condenses at the cold membrane surface (simple 
capillary distillation, C D ) .  

i i )  the cold semicell containes an additional air gap 
in direct contact with the membrane; thus the vapour 
diffuses through the membrane pores and then through the 
air gap, while condensation takes place at the cold 
external walls of the semicell ( cold wall distillation 
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GOSTOLI, SARTI, AND MATULLI 

!J 

\ SALT SOLUTION 

Fig. 1 ,  Experimental Rpparatus 
left: Capillary Distillation 
right: Cold Wall Distillation 

CUD). The pressure in the cold semicell is controlled; 
different pressure values were maintained by connecting 
the semicell with a vacuum pump, In all cases, however, 
pressure was always kept at values larger than the water 
vapour pressure, 

Indeed, both operations are membrane distillation 
processes or gas membrane separations; in the capillary 
distillation the "gas membrane" is only that immobilized 
within the pores, while in the cold wall distillation the 
"gas membrane" is formed by the overall air gap, in 
addition to the gas contained within the pores. Essen- 
tially the two types of experiments differ from each 
other for the gas membrane thickness (60 pm in CD and Icm 
in CWD) I 

In the capillary distillation experiments three 
different orientation of the cell were investigated: 
- Horizontal cell, Warm Top (WT), in which the higher 
temperature is maintained in the upper semicell. 
- Horizontal cell, Warm eotton (We,, in which the higher 
temperature is maintained in the lower semicell. 
- Vertical cell. 
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LOW TEMPERATURE DISTILLATION 859 

In all the cold wall distillation experiments the 

The total transmembrane flu:.: was recorded under 
cell was placed in vertical position. 

steady state conditions. 

In the capillary distillation the separation rate 
gre.3tly depends on the orientation of the .3p~.ar,at1~s ~ 

reported in ref I 5; the niain features of the WT crrnfig~jra- 
tion are .as follows: 

Res~llts for the hhrm Tup CUT) C . E I S ~  were extensively 

- The flu:.: is a linear fUnctiOn of the temperature 
difference (ATb) between the semicell bottoms, 

- The slopes of the flu:.: VS. ATb lines are independent 
of the cancentration and increase by incveasing the ave- 
rage temperature I 

- The effect of an increase in the solute concentra- 
tion is an increase in the threshold value, ATho, which 
must be overcome in order to obtain a flu:.: from the 
solution towards the pure water; that effect results in 
an horizontal shift for the flu:.: v s ,  A T b  lines. 

In the Warm Eottom (WE) case and in the vertical 
cell position the flu:.: is much larger than in the WT 
(appro:,:imatively 4 to h times, for the experimental con- 
ditions inspected) and the flu:.: is no longer linear in 
ATb, Extensive reslJlts for WE 3re reported in ref I t ,  It 
was shown that the larger flu:.: observed in the We case 
and in the vertical cell position is clearly due to the 
effect of free convection which enhances the heat tran- 
sfer rate; as  a consequence, the temperature difference 
across the membrane , AT , which is the true driving 
force for mass transfer, is increased with respect to the 
WT ca5e, in which only puve conduction of heat tak.es 
place through the 1 iquid phases I 

In Fig. 2 the typical results for Cold Wall Distil- 
lation are reported and compared with the flu:.: observed 
in capillary distillation experiments under the same 
conditions (vertical cell) I 

It is worth obr;erving that the flu:.: in CWD is smaller 
than in CD, hut not so drammatically as one could e:.:pect, 
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860 GOSTOLI, SARTI, AND MATULLI 
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Fig. 2. Water flu:.: vs. ATb at Tm=50°C and P = l  bar for 
Capillary Distillation (.water, 0 NaCl , 5  M )  and 
for Cold Wall Distillation (.water, o NaCl - 5  M)  

Indeed the ratio between the thickness of the gas mem- 
branes is nearly 170, while the two fluxes differ from 
each other only by a factor of nearly 4 .  Thus the membra- 
ne thickness does not seem to play a crucial role in the 
membrane distillation performance. It is noteworthy to 
point out, in addition: that while for very thin gas 
membranes, as those used in CD, the flu:.: depends on the 
salt concentration , for very thick membranes, as those 
used in CWD, nearly the same values o f  the flu:.: are 
observed both f r o m  pure water and from salt solutions. 

In Figs. 3 and 4 the flu:.: data are reported vs, ATb 
for the cold wall distillation experiments, at various 
pressures and average temperatures. 

3. HODEL DESCRIPTION FOR HECIT CIND HCISS TRCINSFER RCROSS 
GFlS HEHBRBNES. 

Let us consider two aqueous solutions kept at dif- 
ferent temperatures and separated by a gas membrane. Fct 
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LOW TEMPERATURE DISTILLATION 861 

Fig 3, Cold Wall Distillation: Water flu:.: v s .  ATb 
at T m  = 5 0 ° C  ( @ , A , = ,  + water, O,A,L! ,X NaCl I 5 M)  

F i  

~ 1.5 L I 

ATb P 

. g ,  4 ,  Cold Wall Distillation: Water Flu:.: vs ATb 
P = 1 bar, pure water. 

at 
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862  GOSTOLI, SARTI, AND MATULLI 

the opposite sides of the membrane, liquid-vapor equili- 
bria hold at different temperatures and different activi- 
ties; as a consequence, a temperature and concentration 
gredient is maintained through the membrane, The mass 
flu:.: of water, N ,  and the energy flu:.:,, E, are given by 
(7) : 

dT 

dz 
E = -k,- + N h v  

In E q .  1 the term (P%Tb) for a given gas pair is a 
constant, The exponent b is 1 , 5  for perfect gases, while 
is 1.75, after Fuller (8) and is 2.334 according to Bird- 
Slattery's equation ( 7 ) -  In any case, in the range of 
temperatures here investigated both Fuller's and Bird- 
Slattery's equations give rise to essentially the same 
flu:.:, as shown in ref, 6; thus, for simplicity sake, the 
value of b=2 is assumed in all the calculations below. 

The mass and energy fluxes are coupled through E q .  
(1) and (2);however, the coefficients entering E q ,  (1) can 
be calculated at the average temperature Tm with negligi- 
ble error. Therefore, use of Eq.(l) into the mass balance 
equation leads to: 

The energy flu:.: can then be evaluated, The specific 
enthalpy of the diffusing water vapor can be e:.:pressrd 
as : 

Ey simple integration o f  Eq. 2 one has: 
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LOW TEMPERATURE DISTILLATION 86 3 

The temperature profile can be evaluated in a 
straighforward way from the energy balance equation and 
put into E q .  (5) I We finally obtain: 

in which: 

1 1 
-- a = .5 - 

1 - E:.:p(Fe) Fe 

and 

N C S  
Pe = - 

k, 

(7) 

(8) 

The quantity Pe has the usual structure of a FeclGt 
number, in which the bulk velocity is substituted with 
the velocity of the water vapour only. 

It can be easily shown that 0 a < , 5 ;  the term 
MFP in E q .  ( 7 )  becomes important for FeclGt numbers of the 
order of unity. Based on the experimental results repor- 
ted, the PP number may reach values close to unity in the 
cold wall experiments; in that case the term aFe is as 
small as few percents only. On the contrary in the capil- 
lary distillation experiments the Peclet number does not 
exceed .01, so that a is well below .001 and the product 
ape can be definitely disregarded, as has been made in 
ref. 5. 

Steady state heat transfer considerations lead to 
expressions for the temperatures values T 1  and T 2  at the 
membrane interfaces , in terms of the bulk temperatures, 
Tbi, T b Z :  
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864 GOSTOLI, SARTI, AND MATULLI 

h s 

k, ( l + c x P e )  
T2' Tb2 

in which: 

1 1  1 s 
U hl h 2  + k, (l+aPe) 

t- -= -  111) 

Linear model 

For  dilute solutions and for sufficiently small tempe- 
rature differences across the membrane, AT, the model 
above may be simplified. Indeed, by making use of 
Raoult's law and of Clausius - Clapeyron equation, E q ,  3 
can be written as: 

in which: 

and 

is the boiling point elevation. 
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LOW TEMPERATURE DISTILLATION 865 

/ ," I 

AT 

Fig. 5 .  Theoretical values of the water flu:,: vs. 
the temperature difference across the membrane 
at P = 1 bar. Exact values (continuous lines) 
compared with the linear model predictions 
(dashed lines), 

The use of the linear model, embodied by Eqs. 112)- 
(14), leads to underestimate values of the flu:.:, but the 
error becomes appreciable only for membrane temperature 
differences larger than 1 5 O C ,  as shown in Fig. 5, 

The linear model thus appears to be adequate for the 
description of capillary distillation processes; in that 
case indeed, due to the low membrane thickness, the 
temperature difference across the membrane is certainly 
rather small. 

Finally, the explicit dependance on the bulk tempe- 
ratlure difference can be introduced. B y  making use of 
E q s .  1 9 )  and (10) the water flux can be expressed as: 

N = K e f t  ( ATb - ATbO) (15) 
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866 GOSTOLI, SARTI, AND MATULLI 

in which K e f f  is a sort of overall effective mass transfer 
coefficient, calculated as: 

and the symbol ATbOindicates the threshold valcle for the 
bulk temperature difference which must be overcome in 
order to have a positive water flu:.:. Qpparently, ATbOis 
influenced by both heat transfer coefficient and boiling 
point elevation. 

k, 
ATbo =- AT. 

us 
(17) 

4. DISCUSSION 

R direct comparison of the linear model predictions 
and the experimental data for capillary distillation, 
Warm Top case, has been presented in refs. 5 , 6 .  In that 
case the quantitative agreement between the theory and 
experiments is quite satisfactory, 

In the present work Eq. ( 3 )  is synthetically compared 
with experimental data by plotting all the flu:.: data for 
capillary distillation, WT, against ln(Plz /PIi ) (Fig.6), 
The interfacial temperatures Ti and T2 were calculated 
by assuming pure heat conduction through the liquid 
phases, The data refer to pure water and NaCl solutions 
with molar concentrations ranging from 0 to , 5  mof/l, 
temperature differences from 0 to 20°C and average tempe- 
ratures from 30 to 5 0 ° C .  

It is interesting to observe that all the data reduce 
to a unique straight line,as Eq. (3 )  demands. Rctually Eq. 
( 3 )  predicts an explicit dependance of the slope on the 
average absolute temperature; however, the latter quanti- 
ty only changes to within few percents in the temperature 
range experimentally investigated, so that no slope 
difference was experimentally observable. 
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LOW TEMPERATURE DISTILLATION 86 7 

In [PI 2/Pl,] 

Fig. 6 ,  Capillary Distillation, Warm Top Case: 
The water flu:.: v s ,  ln(PIs /PI< ) ,  o water, 

NaCl .1 M, + NaCl . 2 5  M ,  fl N a C 1  . 5  M ,  
The temperature difference, ATb, ranges 
from 0 to 2 0 ° C  and the average tempera- 
ture from 30 to 5 O o C  

In Fig. 7 all the data for Cold Wall Distillation 
are replotted in similar way, again all the data at 
different pressures, temperatures and temperature diffe- 
rences, reduce to a unique straight line, 

The slope of the straight line in Fig. 7 which best 
fits the data, is nearly twice as much as the value 
predicted by E q .  ( 3 )  I That discrepancy, however, is not 
due to a failure in the underlying physical model, but 
rather is associated to some geometrical considerations. 
The theory presented is one dimensional as are indeed the 
experimental conditions in capillary distillation, In 
cold wall distillation tests, on the contrary, the mem- 
brane cross sectional area and the area of the external 
surface on which condensation takes place are siynifican- 
tly different from each other and their ratio is close to 
one half. That explaines the above mentioned slope diffe- 
rence I 
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868  GOSTOLI, SARTI, AND MATULLI 

F i g .  7 ,  C o l d  Wall D i s t i l l a t i o n :  The  water flu:.: v s .  
l n ( P I a  /PIi ) f o r  p u r e  water a t  P = 1 b a r  ( O ) ,  

.8 b a r  (A), I 59 b a r  ( m ) ,  .37 b a r  (+)  a n d  f o r  
, 5  m o l / l  NaCl s o l u t i o n s  a t  t h e  same p r e s s l u r e s  
!open  s y m b o l s )  . The t e m p e r a t u r e  d i f f e r e n c e  
r a n g e s  f rom 0 t o  3 0 ° C  a n d  t h e  a v e r a g e  t e m p e r a -  
t ~ r e  f rom 30 t o  b U * C ,  

Some comments  are  now i n  o r d e r  a b o u t  t h e  c a l c u l a -  
t i o n s  i n v o l v e d  i n  F i g ,  7 .  The h e a t  t r a n s f e r  c o e f f i c i e n t  
t h r o u g h  t h e  c o n d e n s e d  l i q u i d  f i l m ,  h 2 ,  h a s  b e e n  t a k e n  a s  
i n f i n i t ) ) . ,  i s e ,  T 2  = Tb2, w h i l e  i n s t e a d  t h e  h e a t  t r a n s f e r  
c o e f f i c i e n t  i n  t h e  w a r m  l i q u i d  p h a s e ,  h i ,  h a s  b e e n  c a l c u -  
l a t e d  a c c o u n t i n g  f o r  f r e e  c o n v e c t i o n .  F o r  a v e r t i c a l  box  
e n c l o s u r e  o f  t h i c k n e s s  1 a n d  h e i g h t  d o n e  h a s  (9): 

0.28 0.25 h 1  R a  F r  
- =  .2.( ) (+) 

.2 + P r  kv? 

(18) 

The h e i g h t  d was a s s u m e d  t o  be e q u a l  t o  t h e  c e l l  
d i a m e t e r .  I n  s p i t e  o f  t h e  f a c t  t h a t  Eq,(i8) c a n  b e  a p -  
p l i e d  o n l y  f o r  a p p r o x i m a t e  estimate p u r p o s e s . d u e  t o  t h e  
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LOW TEMPERATURE DISTILLATION 869 

cylindrical shape and to the effect of the lateral 
surfaces, we can nevertheless accept using E q ,  (18) since 
in cold wall distillation experiments the largest resis- 
tance to heat transfer is given by the gas membrane. 

The above results clearly show that the basic mecha- 
nism of capillary distillation and of cold wall distilla- 
tion is the same and it is well described by the already 
reported theory. 

The influence of the relevant parameters in memhrlne 
distillation is now considered. The role played by some 
membrane properties, such as the void fraction and the 
thermal conductivity are obvious. Less obvious is the 
influence of the membrane thickness; indeed two competing 
effects are present: an increase in the thickness leads 
to a greater diffusion resistance, but the effective 
temperature difference AT is also increased. The latter 
effect depends on the value of the heat transfer coeffi- 
cient IJ,. 

F o r  very low values of the membrane thickness, say 
S ( (  k p  /U, , we have U = UL , and E q .  (16 )  shows that 

K e f f  becomes indipendent of S ,  and so does the flu:.: for 
pure water case, 

Under the same operating conditions, the flu:.: from 3 
salt solution may increase by increasing 6 due to the 
lowering of ATbo (see E q .  17). 

For large values of the membrane thickness,, say 6 > >  
k,/U, , the thermal resistance o f  the gas membrane domi- 
nates and A T  = ATb ; under these conditions the trans- 
membrane water flu:.: becomes proportional to 116 , accor- 
ding to E q .  ( 3 ) ,  

Interestingly, while for very thick membranes the 
flu:.: from a salt solution is much lower than the flu:.: 
from pure water, such a difference decreases by using 
thicker membranes. Indeed in the former case AT is 
comparable withATo, while in the latter case A T  is 
quite close to A T b  ~ and much larger than AT0. 

The influence of the thickness and of the heat 
transfer characteristics, discussed above, are shown in 
Fig. 8, For the sake of simplicity, reference is made 
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870 GOSTOLI, SARTI, AND MATULLI 

- 
r 

v1 
N 

E 
m 

Y 
v 

z 

Fig. 8. The water flu:.: vs. the gas membrane 
thickness at various liquid phase heat 
transfer coefficient, U,(W/m K ) .  Tm = 5 0 ° C ,  
ATb = 2 0 ° C ,  & =  1, X =  1, k,= ,027 W/mK 

to a hypothetical gas membrane with & =  X = 1 and 
k, = ,027 W/m K (the thermal conductivity of air). In 
addition use has been made n i  the follouing assumptions: 
h, = he = 2 U, , T,= 5 0 ° C ,  AT,, = 20OC. 
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NOTIITIONS 

C 
E 
H 
h 
K 
K e i <  

k 
M 

heat capacity 
energy flu:.: 
enthalpy 
heat transfer coefficient 
Mass transfer coefficient, Eq. 13 
Overall mass transfer coefficient, €4. 16 
Thermal conductivity 
Molecular weight 
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N 
P 
P* 
AT i, 
n T b o  
T 
Pe 
Pr 
Ra 
?I 
U L  
x 

y 
z 
(x 

6 
& 
x 
A 

1 
2 
b 
I 
In 
m 
P 
V 

W 
A 

I 

Mass flu:.: 
Pressure 
Vapor pressure of pure water 
Boiling point elevation 
Defined by E q .  17 
Temperature 
PeclCt Number 
Prandl Number 
Rayleigh Number 
Overall heat transfer coefficient, E q . 1 1  
1 /  (l/hl +l/h2) 
Ionic mole fraction 
Mole fraction of water vapor 
Distance along the gas membrane 
Defined by Eq. 7 
Membrane thickness 
Void fraction 
Tortuosity factor 
Latent heat 

Warm side 
Cold side 
Bulk 
Inert gas (air) 
Logarithmic mean 
Civerage value 
Membrane 
Vapor 
Water 
Specific value 
Molar value 
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