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A new concept of liquid entry pressure measurements is applied
to study the hydrophobicity of microporous membranes for aque-
ous alcohol solutions. The effects of alcohol concentration, type of
alcohol, and temperature on liquid entry pressure of the membrane
have been studied. Two theoretical equations for the determination
of membrane pore size have been proposed. The former equation
was developed taking into account the deviation from the Laplace—
Young equation due to the membrane structure by means of the
structure angle. The latter equation was established considering
only the range of alcohol concentration in which the dispersion
component of liquid surface tension remains practically constant.
Hydrophobicity has been expressed in terms of wetting surface
tension, y,". Based on these measurements, the maximum concen-
tration before the spontaneous wetting occurs would be predicted.
© 2000 Academic Press
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1. INTRODUCTION

In several membrane processes, the choice of membran

based on the pore size of the material. However, for separ
tion of organic solutes from aqueous solutions in membraﬁ
processes (1, 2), or for explaining fouling phenomena (3), thi

requirement is not sufficient. In fact, for membrane distillatio

which is a separation process of liquid mixtures through porot
hydrophobic membranes (4, 5), the pore size requirement |

not sufficient. The main requirement in this process is that t
membrane must not be wetted by liquid mixture. Interactions
liquid solutions with the membrane are an important parame
in these processes; therefore, in addition to the pore size,
hydrophobicity of the membrane must be known.

Different methods have been reported in the literature to 2
termine the hydrophobicity of the membrane and its pore siz
The pore size and its distribution can be known by the tradi-

tional methods such as mercury porosimetry, scanning elect
microscopy, and the bubble point method (6) or by biliqui

permporometry, thermoporometry (7), or the sticking bubb

technique (8). From analysis of permeate flow as a function
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pressure drop, the pore size distribution can also be obtain
(9, 10). Hydrophobic porous membranes do not permit th
liquid transfer until a certain pressure difference is exceede
The liquid entry pressure (LEP) is defined as the pressure d
ference from which the liquid penetrates into the pores of th
hydrophobic membrane (11). This critical pressure differenc
is correlated to the interfacial tension, the contact angle of tr
liquid on the surface, and the size and shape of membrane por
The liquid entry pressure is greatly important in membran
distillation processes because the liquid—vapor interfaces &
formed at the pore entrance of the membrane and the pern
antis transported as a vapor through the pores of the membra
The membrane is just a barrier between two nonwettable liquic
and the separation performance is predominantly determined
the liquid—vapor equilibrium. Solutions of inorganic solutes in
water have surface tensions greater than water surface tens
(72 mN/m), so the liquid does not penetrate into the membrar
pores. However, the surface tensipn, decreases sharply when
solutions contain organic solutes in water and if the concer
tration of organic solute becomes sufficiently high to exceed
celrstain critical value, spontaneous wetting of membrane occut
ah_us, the ranges of pressure difference, concentration, and te
erature allowable in these processes can be determined fr
£ P measurements. Additionally, the LEP only takes into ac
ount pores that connect both ends of the membrane (which
glled active pores), because the liquid cannot pass through po
gh a blocked end (inactive pores). However, other methoc
gch as permporometry or mercury porosimetry do not disce
o?tween active and inactive pores. Since the mass transfer
rembrane distillation processes takes place as vapors throt
Ele active pores, the hydrophobicity of the membrane and i
ac?ive pore size can be determined by LEP measurements. /
ther advantage of the LEP technique is that it can be measu
nder conditions similar to those normally used in membran

C
o
W

U
e.
rocesses.

rI\n previous experiments, we observed that the LEP was n
ependent on the solution’s concentration only, but also on tt

%renperature (12). Therefore, we have studied the influence
0

r

temperature and the solution concentration on the LEP, f
several types of membranes and pore sizes. Additionally, oth
characteristic parameters of porous membranes such as the v
ting surface tension, the maximum pore radius, and the structu
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angle of the membrane will be estimated from LEP and contagherer is the mean pore radius, is the advancing contact
angle measurements. angle, R is the mean curvature radius of pore wall element
and« is the averager since its value may change along the
2. THEORY pore. The parametdR/r reflects the relative curvature of the
membrane pore structure. Larger valueRgt correspond to
The pressure difference at the liquid—vapor interface is exunder edged pores.
pressed according to the Laplace-Young equation (1, 9, 10, 13)The LEP is the minimum value ok P at which the liquid
supposing uniform cylindrical pores and sufficiently small spenetrates into the largest pores of the membrane. This mil
that the curvature radius can be assumed to be constant. Hawim value ofA P occurs at the narrowest constriction when the
ever, most of the membranes do not have cylindrical pores. Sogiicture angle reaches a maximum negative value. Therefo
membranes have a fibrous structure and the pores are the iregg. [2] is differentiated with respect i@ and its derivative is
ular spaces that remain between adjacent fibers. In other memuated to zero, it yields
branes, the pores are holes in a spongy structure and they tend to
suffer direction changes, crossing between them. Fraekah : R/r sinéa
(1) introduced a geometry coefficient of the poBg ,which in- SiNEa — o) = 1+ R/r
cludes the irregularities of the pore® & 1 for cylindrical pores
and O< B < 1 for no cylindrical pores). Kim and Harriott (13) and the minimum pressure difference can be estimated as
studied a model for membranes with no cylindrical pores. They _
supposed that the membrane structure is as areticular fiber struc- | pp_ _ 21 cos(arcsig)) 4]
ture, which is closer to real pores than the capillary uniform I max [1+ er sin? (%A - %‘“5))]
model, and deduced an equation similar to the Laplace—Young
equation, ThermaxandR/r values can be estimated using experimente
o0 results of LEPy, , andfa by nonlinear fit, or by minimizing a
AP = ——= CcOSHes, [1] given function,x?, as it will be indicated below. The maximum
r structure anglegmax, Can be obtained using Eq. [2] and the
where AP is the pressure difference at liquid—vapor interfacestimated o« and R/r values as explained later.
y_ is the liquid—vapor surface tensiaf; is the effective contact ~ On the other hand, a distilled water droplet on a hydrophob|
angle, and is the pore radius, which is defined as half of theurface has a contact angle greater thani®0rganic solutes are
mean distance between fibefs. can be expressed in terms ofdissolved in water, the liquid surface tension will decrease, ar
contact angled, and alway®es > 6. consequently, the contact anglevill decrease. Whef <90
If the geometry of the pore is axially irregular, a structure arthe liquid will penetrate into the membrane pores. The mecha
gle,a, may be defined as the angle between a pore wall eleméaratl equilibrium state of a membrane—liquid—air system can k
and the normal to the membrane surface in the axial directiondescribed by the Young equation as (15)
shown in Fig. 1. The force due to the pressure difference across
interface will be equal to the surface force so that the pressure YL COSOgt = ¥Ys — VsL, [5]
difference at the interface can be written as (14)

£, (3]

21 cosba — a) wheredgs is the effective contact angle of liquid on the mem:-

AP=———pr—, [2] brane,y is the surface tension, and the subscripts L, S, and €
r 1+ 7(1-cosw) refer to liquid—vapor, solid-vapor, and solid-liquid interfaces
respectively. If the roughness of the membrane surface is ¢

(1) sumed to be equal to the roughness inside the pores, and if

pressure has no effect on contact angle, then the effective cc
tact angle on the membrane pores can be approximated to
advancing contact angle on the membrane surface.

For polar or hydrogen bonding liquids (such as aqueous &
cohol solutions) on nonpolar solids with low energy surface
(such as PVDF or PTFE membranes), it can be supposed tl
the Van der Waals dispersion forces act between the liquid a
solid phases only (16). Therefore, the interfacial tension betwe
solid and liquid phases is given by

ysL=ys+n — 2/ vdyl, (6]

FIG.1. |Interfaceinanirregular pore of hydrophobic membrane. (1) Liquid ) .
phase and (2) gas phase. where ysd and y,? are the dispersion components of surfac
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tension of the solid and the liquid, respectively. The tegh @ ¢
means dispersion components of the work of adhesion of a liquid
to a solid surface. Substituting feg_ from Eq. [6] into Eq. [5]
yields

fan

\ resistor

thermometer
pressure

n 088 = —p + 2/ ydy. [7] gasge

"“c‘-“‘""{ @/ CELL capillary
This equation is similar to Good—Girafalco—Fowkes—Young of measure
equation if the reduction in surface energy of the solid resulting m

from adsorption of vapor from liquidss, and the reduction in

surface energy of the liquid resulting from adsorption of a film
of solid material from the solidz, , are considered negligible oy
(17). For the case of PVDF and PTFE membranes, the surface
energies are very low and it is expected that a strong interaction
between the liquid and the solid exists (15, 16). Taking Eq. [1] arid
into account, Eq. [7] can be solved yielding an equation that
relates the liquid entry pressure with the liquid surface tension,
the maximum pore radius, and the dispersion components of

liquid
reservoir

surface tension of the liquid and the solid: compressed ar
cylinder
2 d,,d
LEP = (L —2/v§¥0). (8] . o
I'max FIG. 2. Experimental apparatus for liquid entry pressure measurements.

For polar liquids,/y&,¢ is not a constant. The dispersion com-

ponent of surface tension of the solid, is equal toys, ysbeing 44 0.22m (PVDF22) and 0.45:m (PVDF45) pore sizes,

almost constant, whilg® varies with alcohol concentration until 5 4 the other of PTEE provided by Gore, which had 0.20 an
reaching a certain concentration value, from which the dispgy45,,m pore sizes, without support, (PTFE20 and PTFE4S5, re
sion component ofsurfjlge tension of the solution renzjee\finivpragﬁectivew), and an additional one supported by a polypropyler
cally constant (18). If; is constant, thenZ,&»’ =cte= 1", netwith 0.2Qum pore size (PTFS20). Membranes were tested :
which we will denote as the wetting surface tension. Therefoligceived without any pretreatment. Distilled water and aqueot
in the case of aqueous alcohol solutions, if it is considered t861utions of methanol, ethanol, isopropanoltent-buthanol at

range of alcohol concentrations wher€ remains practically gifferent concentrations were used. The aqueous solutions us

constant only, Eq. [8] can be simplified as in this work were freshly prepared from analytical grade alco
§ hol and distilled water. All the liquids were degassed using a

ep_ 2 — vs ~cte g ultrasonic bath for 10 min.
T Imax n—n yd ~ cte ’ The experimental apparatus used to measure liquid entry pre

sure is shown in Fig. 2. The membrane cell was a stainless st

Note that the wetting surface tension is the value of the surfalééer holder with a reservoir of 200 ml supplied by Sartorius.
tension when LEP is equal to zero, so it corresponds to thie wetted membrane area was 13*c@ompressed air was
highest value of the surface tension of all the solutions that wkged to generate the applied pressure, which was controlled
spontaneously the membrane pores. The wetting surface tengidifecision pressure regulator. The applied pressure relative
can be estimated from linear fit of liquid entry pressure versifte atmospheric pressure was measured with a digital pressi
surface tension for different alcohol concentrations. In additiogiauge (range, 0 to 6 bar; supplied by Wika) connected to tt

a maximum pore radius value can be estimated from its slopgPper part of the membrane cell. A small vessel provided wit
a capillary of 1 mm inner diameter was placed at the outle

3. MATERIALS AND METHODS of the cell in order to observe the continuous liquid flow, ac

cording to the procedure described in (11). The experiment

Two different experimental techniques have been used in tlaigparatus was introduced in an air thermostat to measure
work. The liquid entry pressure has been measured for diffelifferent temperatures. The measurement procedure was as
ent membranes, solutions, and temperatures, and additionatiws: the measurement capillary and the bottom part of the mer
advancing contact angle measurements have been performdatéme cell were filled with distilled water or an aqueous alcohc
some cases. solution as permeating liquid. A dry membrane was placed ©
Two commercial types of flat sheet hydrophobic membranttee grid and the cell reservoir was filled with the same liquid
were used: one sort of PVDF provided by Millipore, whichVhen the equilibrium temperature was reached, the presst
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difference was increased slowly and stepwise by adjusting th

of time using a cathetometer. The LEP value was taken as tF
applied pressure difference at which the liquid flow was con- 5
tinuous. The LEP was measured on three different samples «
the same membrane for each concentration and temperature. _
fourth sample was measured when there was a significant di. <
persion of the results. The LEP was obtained from the mea &
value. The temperatures were°@0(ambient temperature) and
25, 40, and 5QC (in the air thermostat).

Advancing contact angles were measured with the sessile dr¢ @
method using distilled water and aqueous solutions of sever: 5
alcohols at different concentrations. All the experiments were
carried out at 25C. A piece of membrane (of R 2 cn?) was
placed on a platform situated in a chamber that was closed late 1
in order to minimize evaporation, and the drop was observe:
through a window. The membrane was previously mounted on
1-mm-thick PTFE frame in order to avoid the possible influence ~ ©
of the platform on the drop. The drop volume, 1015 was
controlled by a microsyringe. The contact angles were calcu AP (bar)
lated from a digital video image of the drop on the membrane
using an image-processing program, which allowed the estimaElG' 3. Flovy obser\{ed in the capillary as afungtion of the appliegl pressur
ifference for different isopropanol concentration in aqueous solutiohs=at

. . . d
tion of the contact angle from the helght and the width of thﬁ?c. PTFS20 membranes. Solid lines represent the fits of the experimental d

drop. The value of contact angle was averaged over at leastg§i¥q. [10].
drops for each membrane and alcohol concentration. Each mea-
surement lasted less than 1 min in order to minimize the effect . , - i

of variation of the contact angle versus time and of evaporati&‘f%ere':/A P is defined as the liquid permeability abdpmax,

of the liquids used. It was experimentally found that the cognd APy are fitting parametergimax represents the maximum

tact angle remained constant within this time. Additionally, thléqUId permeability ands Py corresponds to the pressure differ-
dependence of contact angle on drop size was neglected sinicg® wherF /AP = Prax/2. . .

Drelich et al. (19) observed that the contact angle/drop size re- Itis well k”OWf_‘ thatwhen the pressure difference is increase
lationship for rough surfaces does not affect significantly t yond the minimum pressure differencePin, the largest

advancing contact angle when the drop base diameter is va 4es become wetted with the nonwetting liquid, and succe
from 1 to0 7 mm. sively smaller pores become wetted as the pressure differer

is further increased. When all the membrane pores are wett
subsequent increases in pressure difference result in linear
creases in flow rate, according to Darcy’s law (9, 10). Exac
determination of the liquid entry pressure,®Pq,, proved to
be difficult. Additionally, with our experimental data Darcy’'s
Figure 3 shows an example of the flow rate observed in thehavior was not reached (compare Fig. 3 with Fig. 4), so tt
capillary as a function of applied pressure difference for difralue of the fitting parametgumax was determined with a high
ferent isopropanol solutions in water as permeating liquids anfcertainty. Consequently, the LEP value was arbitrarily chc
PTFS20 membranes. It can be seen that the flow rate increasss as the pressure difference at which the flow rate obsen
very sharply as the pressure difference across the membran ihe capillary was equal to 1 mits, which assured that the
increased beyond a minimum value or LEP. Itis also worth ndtguid had penetrated into the membrane pores. Thus, errors ¢
ing that for the same flow rate the pressure difference decreage@rocesses of the membrane becoming convex and/or syst
as alcohol concentration increased and that the slope of flow ref@ansion were also minimized.
versus pressure difference tends to decrease as alcohol conceBome complementary measurements were performed w
tration decreases, being observed a more pronounced decré@giger flow values, so that Darcy’s behavior was reached. Fro
for distilled water. All the experimental data were fitted to thenese measurements, it was possible to check the accuracy

. . 355 % 0® < = _
pressure regulator. The flow rate was obtained by measuringtt 6 g 2 g 8 = 3 2 ®
position of the liquid meniscus in the capillary as a function no " IR I [
ro O o o [®) 8] o L)
1

H

low (m
(]

4. RESULTS AND DISCUSSION

4.1. Liquid Entry Pressure Measurements

best-fit empirical equation: the chosen LEP criterion. Several mass flux measurements v
sus applied pressure difference were carried out by weightil
F Pmax [10] the liquid flow with a mass balance. PVDF22, PVDF45, an

AP~ 1+ exp(b(AP — ARy)’ PTFE20 membranes were used at 25 ar€40or distilled water



424 GARCIA-PAYO, IZQUIERDO-GIL, AND FERNANDEZ-PINEDA

1.2 The correlation coefficients were greater than 0.99 for at lea
16 points, and the experimental data were reproducible.
In order to check the LEP value criterion, some estima
1.0 - FVDFS tions were carried out. For the worst case (PTFS20 membra
/ and distilled water as testing liquid, see Fig. 3), the differenc
between the LEP value chosen and th@ value (for flow
rate = 0.1 mn¥/s) was determined to be lower than 0.2 bar
which was included within experimental errors. It must also b
pointed out that the error in flow rate was estimated to be abo
0.2 mn¥/s. On the other hand, a flow rate of 1 fis(measured
by means of the capillary) corresponds to a mass flux of the ord
of 7 x 1075 g/cn? s for our experimental device. This mass flux
can be considered negligible if the mass flux curves (measur
by weighting) are taken into account, since the minimum mas
flux observed is in the order of t 10-3 g/cn? s (Figs. 4 and
5). It is also worth noting that the mass flux fAP, is in the
order of 1x 10~! g/cn? s for the worst case. Therefore, it can
be concluded from these estimations that the chosen LEP val
is in a good agreement with thePy,;, value if the experimental
errors are taken into account.
AP (bar) Figure 6 shows the liquid entry pressure versus alcohol col
centration for aqueous solutions of ethanol or isopropanol. Th
FIG. 4. 'Distilled water mass flux through membrane pores versus appligq_)t of experiments was carried out with PVDE22 and PVDF4
pressure difference for several membrands-a25°C. The filled symbols are . .
values obtained with ascendingP, while the open symbols are values obtainec;nembranes atambient temperatLEQGC). It mus_t be pOImEd
with descendings P. Solid lines represent the fits of the experimental data t9Ut that LEP values for aqueous ethanol solutions are grea
Eq. [10], and dashed lines represent Darcy’s fits. than LEP values for isopropanol solutions at same alcoh
concentration. All the plots of LEP as a function of alcohol

0.6 -

PVDE22

0.4

Mass flux (g/cm2 S)

0.2

0.0

and aqueous isopropanol solutions at different concentrations.
These nonwetting liquids were pressurized by compressed
in a high-pressure tank of stainless steel, and were suppl
from it. Mass fluxes were measured with ascendiig until 015

no increment of the mass flux versus applied pressure differel i
was detected. At this point, the applied pressure difference v BEEY { ﬁ } PVDF22
decreased stepwise in order to observe the linear depende

on pressure difference when all the pores are wetted. Figur & 012
shows the measured mass fluxes as a function of the app 'fi
pressure difference using distilled water as nonwetting quu”E
at 25C. As can be seen in Fig. 4, the mass fluxes incree L
rapidly as the applied pressure difference is slightly increas N
more than theA Py, value. In addition, the mass fluxes mea %
sured with descending P show an excellent linear behavior, & 996 -
with larger slope as membrane pore size increases. This lin
behavior is not observed for PTFE20 membrane because
pressure difference could not be increased beyond 6 bar du 903
the experimental limitations. Effect of membrane type on liqui
permeability,F /AP, is shown in Fig. 5. PTFE20 and PVDF2Z
membranes were used with an aqueous solution of 9 wt% ic ~ 0.00
propanol at = 40°C as nonwetting liquid. The filled symbols

are values obtained with ascendifidp, while the open symbols AP (bar)

are values obtained with descending. A well-known linear

behavior of mass fluxes for descendin@ is also observed. The ) .

. . . . _and PVDF22 membranes, 9 wt% aqueous isopropanol solution as permeat
maximum liquid permeabilitypmay, for PVDF22 m_embranes IS liquid att = 40°C. Filled symbols are values obtained with ascenadiriy while
greater than that for PTFE20 membranes. In Figs. 4 and 5, H@n symbols are values obtained with descendifg Solid lines represent the
solid lines represent the fits of the experimental data to Eq. [16f of the experimental data to Eq. [10], and dashed lines represent Darcy’s fi

0.18

-

FIG. 5. Effect of membrane type on liquid permeabilify/ AP. PTFE20
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2.5 45

o Ethanol-water (PVDF45) W
o Ethanol-water (PVDF22) 4.0

A Isopropanol-water (PVDF45)
v Isopropanol-water (PVDF22)

PTFS20
PTFE20
PTFE45
PVDF22
PVDF45

w
2
T

[ @
(&) o
e <« » o

Liquid entry pressure (bar)
Liquid entry pressure (bar)

0 5 10 15 20 25 30 20 25 30 35 40 55

Alcohol concentration (wt.%) Isopropanol concentration (wt.%)

FIG. 6. Effect of membrane pore size and type of alcohol on liquid en-
try pressure, LEP. PVDF22 and PVDF45 membrands=a®0°C. Solid lines
represent the fits of the experimental data to Eq. [11].

FIG. 7. Effect of membrane type on LEP. Aqueous isopropanol solution:
att =40°C. Solid lines represent the fits of the experimental data to Eq. [11].

the studied membranes would become hydrophilic for a value
concentration for different temperatures, membranes, and alf®s concentration that is independent of the membrane pore si
hol types have been fitted to the best-fit empirical equation, Forinstance, the value of.,, was found to be 13-14K3) wt%
B.c of isopropanol for PVDF membranes at*d) andc{,, varied
, [11] from 46 to 49 &6) wt% of isopropanol for PTFE membranes
Atc without support at 4CC.
whereA, B, and LERy are fitting parameters. LEPw represents The effect of the PP support of the PTFE membrane on ligui
the distilled water entry pressure, ands the alcohol concen- entry pressure was also studied. The LWERilue for PTFS20
tration in percentage by weight. As seen in Fig. 6, excellent fisembrane is greater than that for the similar membrane wit
were achieved, obtaining correlation coefficients greater thaut PP support (PTFE20), as shown in Fig. 7. However, from
0.992 for at least 10 points. given isopropanol concentration onward, the curve of LEP ve
The dependence of LEP on membrane type is shown in Figstis isopropanol concentration for PTFS20 membrane cuts thc
Aqueous solutions of different isopropanol concentrations wefier PTFE20 and PTFE45 membranes, becoming hydrophilic
used at = 40°C. Itis clearly observed that the LEP values oblower concentration than those for PTFE membranes without F
tained for PTFE membranes are greater than those for PVBW#pport. Additionally, an asymmetrical behavior for PTFS2
membranes. At a given isopropanol concentration, the LEP val-

LEP = LEPy —

ues for PTFE and PVDF membranes increase as the membrane TABLE 1
pore size decreases. Both trends have also been observed for the Results of the Fit to Eq. [11] of the Experimental Data
different types of alcohol and temperatures studied in this work. (Together with Their Standard Errors)

The wetting concentratiorty,,, is defined as the concentra- O
tion when the LEP value is equal to zero and it corresponds¥§mPrane t(
the lowest concentration of all the solutions that penetrate Spopypros 25 217(0.02) 101(£07) 3.6 (0.1) 15@2)
taneously into the membrane pores. The valuegggdc can be 40 205(0.02) 92(+05) 346(0.08) 13&2)
calculated empirically from the fitting parameters of Eq. [11]. 50 191(+£0.03) 97(+11) 3.4 (0.2) 12 &2)
Such fitting parameters, LR A, andB, as well as the values PvDF45 40 110(*0.03) 10 @2) 189(+0.14) 14@4)
of cg,, for different membranes and temperatures are summerFE20 40 D1(£0.07) 122(k14) 374(£0.15)  49¢k7)
rized in Table 1. As can be seen in Figs. 6 and 7 and Table 1, tReFE4> 40 B2(£0.05 1Q7(+10) 290(£0.08)  46(L5)

T PTFS20 40 45007) 126(+12) 5.6 02)  36(2)
curves of LEP versus alcohol concentration intercept on the can-
centration axis in the neighborhood of a common value for thenote Aqueous isopropanol solutions for different membranes and temper
same type of membrane and alcohol. These results suggest ihed.

C) LERy (bar) A (wWt%) B (bar) Cép (W1%0)
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membrane was observed. The LigRalue was measured by 35
placing the PTFE membrane side into contact with the grid, a
applying pressure atthe PP side &t@0n this configuration, the 30
- @ tertbuthanol-water

value of LERy was about 10 times less than the value of LEP
measured by applying pressure at the PTFE side at the se
temperature (from 25+ 0.05 to Q44 + 0.07 bar). Moreover, &
PP support was separated from PTFE side and a hydrophilic .§
havior was observed due to the large pore size of the PP supj g
(approximately 5Q.m). Therefore, we think that the coupling 2
between both materials would give rise to this asymmetric &
behavior, being favored the flow in one way. S: 15
In order to study the effects of alcohol type on LEP, sever £ '

sets of experiments were carried out for aqueous solutions ¥
methanol, ethanol, isopropanol, tert-buthanol at different al- "5 1.0
cohol concentrations. PVDF22 and PTFE20 membranes wé’;

2.5

2 20

isopropancl-water
4 ethano!-water

methanol-water

used at 25 and 4C. At a given alcohol concentration, the plots
shown in Figs. 8 and 9 indicate that the LEP value for aqu
ous methanol solution is greater than the LEP value for ethatr
solution, and the latter is greater than that for isopropanol sol
tion. In the case of PTFE20 membranes, the lowest LEP val
corresponds to aqueotgst-buthanol solutions. Wetting concen-

0.5

30 40 50

.
AN

i
10 20

0.0

0 60 70 80 100

Alcohol concentration (wt.%)

trations obtained for these membranes and alcohols are listed in
Table 2. It is worth noting that the wetting concentration wasFIG. 9. Liquid entry pressure as a function of alcohol concentration for
always significantly higher for PTFE membranes than the wifferent alcohols in aqueous solutions. PTFE20 membrartes 46°C. Solid

ting concentration obtained for PVDF membranes under sa
experimental conditions.
The effect of temperature on liquid entry pressure was al

rlwgs represent the fits of the experimental data to Eq. [11].

$Qlues tend to decrease with increasing temperature. This t

investigated. The data shown in Fig. 10 indicate that the LERvior is observed for PVDF and PTFE membranes as it can |

25

® isopropanol-water

g
=}

8 ethanol-water
4 methanol-water

—
o

Liquid entry pressure (bar)

g
2

0.0 .

35 40 45

Alcohol concentration (wt.%)

inferred from the data listed in Tables 1 and 2.

4.2. Contact Angle Measurements

Advancing contact angles of distilled water and aqueous st
lutions of different alcohols on several membranes were me
sured. Alcohol concentrations close to the wetting concentratic
for each alcohol and membrane were used. The mean values

TABLE 2
Wetting Concentration, cg,,, Obtained from the Fit to Eq. [11] of
the Experimental Data for Different Membranes and Temperatures

Membrane t (°C) Alcohol Coip (W1%)
PVDF22 40 Methanol 39 £8)
40 Ethanol 23 £7)
40 Isopropanol 13 £2)

PTFE20 40 Methanol 100 H19)
40 Ethanol 85 £9)
40 Isopropanol 49 «7)
40 tert-Buthanol 18 £3)

PTFE20 25 Methanol >10C (£20)
25 Ethanol 86 £6)
25 Isopropanol 54 «£5)
25 tert-Buthanol 22 {£2)

FIG. 8. Liquid entry pressure as a function of alcohol concentration for

different alcohols in agueous solutions. PVDF22 membranies-at0°C. Solid
lines represent the fits of the experimental data to Eq. [11].

Note.The estimated standard errors are indicated in parentheses.
2 Note that pure methanol does not wet the membrane.
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25

Liquid entry pressure (bar)

Isopropanol concentration (wt.%)

of alcohol concentration at different temperatures were found
the literature. For agueous solutions of methanol, ethanol,

isopropanol these data were taken from (21), and for aqueo
tert-buthanol solutions they were taken from (22). All the dat:
were fitted, for each alcohol and temperature, to the empiric
equation (21),

1+ax
1-— bX2

=1 — (rw — va) X1, [12]

wherey, yw, andya are the surface tension of the liquid solu-
tion, distilled water, and alcohol, respectivety,andx, are the
molar fraction of alcohol and water, respectively, andndb
are the fitting parameters.

An example of LEP versus liquid surface tension plots at dif
ferent temperatures is shown in Fig. 11. The experimental de
recede below the linear regression line (solid line) for low al
cohol concentrations and for distilled water, which correspon
to higher surface tensions. This behavior is in agreement wi
Section 2 since the alcohols are polar liquids. So, the ranges
alcohol concentration for different alcohols whe# remains
practically constant must be known in order to use Eq. [9]. Th

FIG. 10. Effect of temperature on LEP. Aqueous isopropanol solutions and
PVDF22 membranes. Solid lines represent the fits of the experimental data to

Eq. [11].

TABLE 3

Contact Angles (in Sexagesimal Degrees) for Different
Membranes at t =25°C

contact angles obtained for each type of alcohol and membrane
are summarized in Table 3. It can be seen that the values of cif§mbrane

Liquid

Alcohol concentration (wt%)

()

tact angle for distilled water on PTFE membranes are greatg(,pe,,

) . . Distilled water — 110«3)
than those on PVDF membranes. It is also interesting to note Methanol-water 26.0 93H2)
that the contact angles for distilled water tend to be independent 29.6 85 (3)
of membrane pore size, even if the membrane is supported or Ethanol-water 16.9 921(1)
not (the contact angles for PTFS20 membranes were measured 19.6 85&2)
on the PTFE side). Mean values @ffor distilled water were Isopropanol-water 1;2'4 7323;
estimated to be 11t 3° on PVDF membranes and 1232° - '

" . . . PVDF45  Distilled water — 11242)

on PTFE membranes. Additionally, a visual inspection of data Ethanol-water 196 9012)
appearing in Table 3 indicates that the contact angle decreases Isopropanol—water 10.4 9a-()
with increasing alcohol concentration, i.e., with decreasing lig- 14.0 90 (2)
uid surface tension. PTFE20  Distilled water — 123#2)
On the order hand, the membranes used in this work are not Methanol-water 87.4 9440)
ideal smooth surfaces. The roughness is caused by the presence 88.1 92 &5)
of the pores and by the roughness of the polymer, so the drop is 89.1 87 &4)
. . e " Ethanol-water 70.9 9342)
in contact with both the rough polymer surface and air cavities. 727 87 (2)
For these systems, the contact angle is always larger than that Isopropanol-water 24.0 98:()
for a smooth surface (20). For example, the advancing contact 48.1 93 (£2)
angle of distilled water on a smooth PTFE surface reported in 67.6 42 &2)
the literature varied from 1080 112 (19), whereas in this work Tertbuthanol-water 16.7 OLE)
the contact angle reached a value of 1 2hich is in agreement  PTFE45  Distilled water — 12241)
. . Isopropanol-water 35.0 99R)
with the previous assessment. 40.8 81 (:6)
. . PTFS20  Distilled water — 1231)

4.3. Determination offacandy” from LEP+/ Curves Isopropanol-water 29.0 94:9)
37.8 78 (5)

In order to plot LEP versus liquid surface tension, the depen-

dence of surface tension on alcohol concentration in aqUEOUS S@te.Pure water and aqueous alcohol solutions at different concentrations

lutions must be known. Liquid surface tension data as a functialiaohol. The estimated standard errors are indicated in brackets.
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'FIG.11. LEP versus surface tension for isopropanol aqueous solutions af|G, 12. LEP versus surface tension of isopropanol aqueous solutions fc
different temperatures. PYDF22 membranes. The solid line is the linear fit gfferent membranes = 40°C. Solid lines are the linear fits of the experimental
the experimental data to Eq. [9] and the dashed line is shown as a visual guigiia to Eq. [9] and dashed lines are shown as a visual guide.

yLd values were taken from (18) for the different alcohols used

in this work, except for the case tért-buthanol because for

this alcoholy values were not found. Note that it was not pos- TABLE 4 _ _

sible to take the dispersion component of the surface tensiofembrane Parameters Obtained from the Linear Fit of the
and the liquid surface tension data from the same reference fHIVeS of LEP versus , within the Range of Concentration Where
cause the dispersion component data were found<ag 2aly 7. Remained Constant, for Different Membranes, Alcohols, and

(18). The alcohol concentration ranges from whjxghcan be Temperatures
supposed practically constant were estimated as follows: greatembrane Alcohol t(°C) Fmax (M) Y (mN/m)
than 50% by weight for aqueous methanol solution, greater tham
20% by weight for aqueous ethanol solution, and greater th&fYDF22 ~ Methanol 40 0.224:0.013) 37 4)
6% by weight for aqueous isopropanol solution. For the case Ethanol 4200 00'22243%8'88% gg g;
of aqueousert-buthanol solution, this range was directly esti- Isopropanol 20 6.245&(0:012) 35 £3)
mated from the plots of LEP versysg to be greater than 2% by 25 0.268 £0.008) 34 ¢2)
weight. Characteristic membrane parametess, andy,", will 40 0.287 {-0.008) 34 £2)
be estimated from linear fits to LER- plots in those ranges. 50 0.31 €0.02) 34 (9)

Effect of membrane type on the curves of LEP verguss PVDF45 Ethanol 20 0.49 0.03) 35 {:4)
shown in Fig. 12. The data were fitted to Eq. [9] within the cor- Isopropanol 4%0 005‘17 ﬁg'gi) 34 (£5)
responding ranges of alcohol concentration. Again, a discrep- 51 (£0.04) 33 &6)
ancy between the linear regression line and the experimental £2° ~ Methanol 4(2)5 0%7 258'82 gg ig;
points was observed for low concentrations (which correspond Ethanol o5 6-171360:010) 24 :3)
to higher surface tensions). This behavior has been observed 40 0.172 £0.013) 22 3)
in all the studied cases. Membrane parametgs, and y,", Isopropanol 25 0.208£0.013) 24 £3)
estimated from the linear fit are summarized in Table 4 for the 40 0.223 £0.009) 22 £2)
different membranes, temperatures, and alcohols. The data listed Tert-butanol 4%5 Ooiﬁiﬁg.ggg; §§ fﬁii
in Table 4 indicate that there is not a clear dependence of t S rEas Iso ' '

. . propanol 40 0.31#0.011) 24 2)

maximum pore radius on_the type of alcohol. These results sug- FS20 \sopropanol o 0.1740.012) 24.¢:2)
gest that the molecule size, for the case of alcohols, does no 0 0.185 £-0.008) 26 42)

influence on the determination of the maximum pore radius.
The mean values of the maximum pore radius are @@6for Note.The estimated standard errors are indicated in brackets.
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the PVDF22 membrane, 0.48m for the PVDF45 membrane, TABLE 5

0.18 um for the PTFE20 membrane, 0.32n for the PTFE45 Characteristic Parameters of the Membrane Obtained from
membrane, and 0.18m for the PTFS20 membrane. However, Different Fit Methods for PVDF22 and PTFE20 Membranes
it seems that there is an increase of the maximum pore radiys

as the temperature increases, although this possible trend is diS—. brane Fmax (44M) RIT omex _Fit method
guised within the estimated standard error of the maximum porevpr22 0.25140.014) 33 {9) -17 a
radius. This trend could be explained if it is supposed that the 0.36 +0.02% 18 +2° -23 b
polymeric material is contracted with increasing temperature. 0.26 €0.03) - - c
So, the membrane pore could become larger and a significaRf FE20 0.22640.004) 48 £10) 14 a
increase of the maximum liquid permeabilifyax, Would be ex- 8?2 ighgf) /¥ -1¥ 2

pected. In fact, in other experiments which do not appear in this
work, the values opmax for PTFE20 membranes were estimated Note Fit method:a, Nonlinear fit;b, minimizing the functiory 2; c, linear fit

to be 00622+ 0.0007 and 86+ 0.002 g cnT? s~ bar ! at  of the curves of LEP versys, . The estimated standard errors are indicated ir
25 and 40C, respectively, using an agueous solution of 9 Wt%i‘?ket_s-

isopropanol. Estimated errors.

Regarding the wetting surface tension, it seems to be inde-

pendent of the type of alcohol used and the temperature.aﬂd R/r were determined varying between 0.1 and 0.5 for th
similar trend has been already reported by van Giesse. Fmax parameter, and between 1 anq 50 for R .parameter,
(23), who noticed that in experiments with some Iow-enerd'y]tII the Sm"’?”e.S‘ value of the functiof? was obtamed'.

solid surfaces, the contact angle of a drop seemed to depend af_:haracterlstlc membrane parametgfgandR/r , estimated

most entirely on the liquid—vapor surface tension and very litthe>'"Y the above two ways as well as maximum pore radius ve

on the other properties of the liquid. The wetting surface teH®S obtalned_ n Sgcuon 4.8 using linear fit tp I_Eq. [9] are liste
able 5. It is noticeable that the characteristic membrane p

sion was defined as the value of the surface tension when LEBY; : btained f h dat ina differ for th
equal to zero, i.e., when the effective contact angle isBldere- rameters obtained irom each data processing difierfor the sa

5 . L
fore, the wetting surface tension will depend very little on th@en:ﬁrarlﬁ. TTZ( mettuoz gl\_ll_is S|Ign|f|c:mtly Iarger Vf""“’f)j (.)f
type of liquid. Furthermore, if the standard errors are taken inggax than the 0 Ier metho tS tedcfosesthcolr_npan?_?:\ 'SEO agun
account, the wetting surface tensions seem to agree to a Smmgpmeen €value (Df“.ax estimated from the inear fit to £q. [9]

value for each type of membrane, independently of the meﬁ{-‘d that from the nonlinear fit to Eq. [4]. On the contrary, the val

H 2
brane pore size. The mean wetting surface tensions obtainedfit ofR/r estimated from thg methOd. are smaller than those
this work (i.e.,}" — 34 mN/m for the PVDF membranes anaestlmated by means of the nonlinear fit to Eq. [4]. These tren

¥ = 24mN/mfor the PTFE membranes) arein good agreemdlgre seen for both membranes. In addition, it is interesting

with those reported in the literature (thg values for the PVDF note that variations dR/r about 100% h_ave no effect practically
membranes varied from 34.2 mN/m (1) to 42.4 mN/m (8), ar the value of hax. It must also be pointed out that the values

the ;" values for the PTFE membrane varied from 24.2 mN/AS R/ es_timate_d in this work are substantially larger than thos
(8) to 25.3 mN/m (3) for aqueous ethanol solutions affd> reported in the literatureR/r = 5.9 for the PVDF45 membrane

: ; 1) or ranging from 2 to 10 for PTFE membranes (13)).
22.8 mN/m (3) for aqueo opropanol solutions). (
3 queoLs 1soprop solutions) The nonlinear fit to Eq. [4] was satisfactory with a correlatior

coefficient adjusted to the degrees of freedom for the PVDF
membrane of 0.983 for 7 points, and for the PTFE20 membrau
of 0.996 for 10 points. Experimental liquid entry pressures &
Values off maxandR/r were estimated by using the measureflinctions of those calculated for PVDF22 and PTFE20 men
values of contact angle and their corresponding liquid entry pregsanes are shown in Fig. 13. The liquid entry pressures we
sures for different alcohols. PTFE20 and PVDF22 membrangsiculated using the membrane parameters estimated from |
were used. Two data processings were carried out in ordemignlinear fit to Eq. [4]. The points depicted in Fig. 13 seen
determine the value of these characteristic membrane paratgfollow the bisector of the coordinates’ axes quite well. It is
ters: (a) via nonlinear fit to Eq. [4] using experimental values @forth noting that the difference (LER, — LEPexy) calculated
LEP, ., andfa, and (b) with the aid of a computer program byyith the 2 method was greater than (LER — LEPey,) cal-
minimizing the deviation, culated from the nonlinear fit to Eq. [4]. By using the values o
) rmaxandR/r obtained from the 2 method, this difference with
RN (LEPcaig — LEPexq) 13] 'espectto LER, value was estimated to be 21% for PVDF22
X = n ; |_Ep§Xp ’ [13] membrane, and 26% for PTFE20 membrane against 5 and 13
B respectively, estimated by using the values gfx, and R/r
where LER,cis the liquid entry pressure calculated from Eq. [4pbtained from the nonlinear fit to Eq. [4].
for eachy, andda value, LER,is the experimental liquid entry  Finally, the maximum structure anglteyax, can be estimated
pressure, and is the number of measurements. Valuesf by substitutingrmax and R/r values into Eq. [2]. It should be

4.4. Determination of fax, R/r and amax from LEP,
yL, andf Data
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4.0 alcohol concentration), which are greatly important in mem
S brane distillation processes. It was observed that the liquid ent
35 //// pressure is strongly dependent on the alcohol concentration
S aqueous solution, on the type of alcohol used, and on the temp
a0 | ,/'/ /‘/' gturg. Itis worth nc_:ting thatthe discrgpancy t_)et\{veen the theore
// ; ical linear regression and the experimental liquid entry pressu
S data for low alcohol concentrations and distilled water confirm
) 25 that the liquid entry pressure is affected by the dispersion con
) ponent of surface tension of the solutig4f, which varies with
320 alcohol concentration, even though the value of liquid—vapc
a surface tension was dominant in these experiments. Therefo
L_Lll 15 a linear relationship between the LEP value and its correspon
e ing liquid surface tensiony,, was observed only within the
ol range of alcohol concentration whepg remained practically
constant.
Ry A . pvorn The wetting surface tensions seem to be independent bc
05 0% °  PTFR20 of the type of alcohol used and the temperature; moreover,
5 similar value ofy¥ was found for each type of membrane ir-
0.0 ' ' ' ' ' ' ' respective of the membrane pore radius. This result suggests
00 05 10 15 20 25 30 35 40

us that there is a unique wetting surface tension for each tyj
of membrane, and so it would be enough to know the valu

W L .
FIG.13. Comparison of the values of LEP calculated from the nonlinearinf " fo.r one solutlon_ in order to be able .to predlct rothlY
to Eq. [4] with the experimentally measured values. The solid line is the strai e wetting concentration of any other solution on hydmphOb'
line with slope equal to 1, the dashed lines are the 95% confidence interval, SREroporous membranes. The characteristic membrane para
the dotted lines are the 95% prediction interval. eterstmax R/r, andamay, Obtained from each data processing
differed for the same membrane. Despite this, Eq. [4] was four

noted that the structure angle reaches its maximum value whgfab|e at least qualitatively for the determination of characte
the advancing contact angle is small. Therefore, aqueous 8% membrane parameters.

lutions with alcohol concentration close to the wetting alcohol Finaly, it may also be mentioned that all the experimenta
concentration have been chosen in order to estimaie The gata as well as liquid surface tensions taken from the liter:

maximum structure angles estimated using both data procegge have been obtained from static methods. The characteris
ings are also listed in Table 5 for PTFE20 and PVDF22 memyemprane parameters cannot fulfill the requirements for mer
branes. The LEP value is zero whéf = 6x —a = 90", and  prane characterization in membrane processes, such as me
so the liquid penetrates spontaneously into the membrane pofggne distillation, since these values could not be extrapolat
A value ofamax = —17 was estimated for the PVDF22 mem+q gynamical processes, even though they could be valid as
brane by using the membrane parameters obtained from non{jflsximum value of concentration for operating conditions. Ir
ear fit, and a value afmax = —23" was estimated by using themembrane distillation processes, it is observed that maximu
membrane parameters obtained fromtRenethod. Therefore, 4icohol concentrations decreased by 15-20% with respectto p
liquids whose advancing contact angles are less than or eqyigled ones with LEP values at the same temperature, press

to 73 would penetrate spontaneously into the membrane POrgference, alcohol concentration, and membrane type.
Taking into account the experimental values of LEP and those of

contact angle, aqueous alcohol solutions whose contact angles

are near 70will penetrate spontaneously into the membrane ACKNOWLEDGMENTS

p‘?res' This result is in agreement with _the v_alue_s:,ggx ob- The authors gratefully acknowledge Professor J. Morales-Bruque at E:
tained from both methods. However, this estimation could N@imadura University (Spain), who provided the facilities and helped carry oL
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not measured for alcohol concentrations sufficiently close to the

wetting alcohol concentration.
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