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y Al,03; membranes with highly tailorable pore sizes in the range of 50-60 A could be
prepared by using surfactant micelles of varying sizes as templates. Surfactants were
incorporated in the alumina sol by dissolving them in water above their critical micellar
concentration and using the micellar solutions to hydrolyze aluminium alkoxides. 15 mM
solutions of quaternary ammonium surfactants namely dodecyl trimethyl ammonium
bromide, tetradecyl trimethyl ammonium bromide, and hexadecyl trimethyl ammonium
bromide were found to give pore sizes of 50, 55 and 60 A respectively as obtained by
nitrogen adsorption BET and transmission electron microscopy (TEM) methods. These pore
sizes also match closely with the micellar sizes obtained by quasi elastic light scattering
measurements. Moreover, it was also found that the total pore volume increases with
increase of the amount of surfactant. Rejection of standard polyethylene glycol (PEG)
solutions of different molecular weights as well as some globular protein solutions of
different molecular weights was determined in these membranes and the data were
explained on the basis of the model originally developed by Sourirajan and Matsuura and
later modified by Brites and de Pinho. © 1999 Kluwer Academic Publishers

Nomenclature p feed pressure (kPa)
b friction function defined by r radial distance in cylindrical coordinate set in
b=(fsw+ fsm)/fsm membrane pore (m)
c solute concentration (g/chn R gas constant (fFratm/mol K)
Cs solute concentration (kg/fn R rejection (%)
Csb bulk solute concentration (kgfn Ry pore radius (m)
Csm solute concentration at the membrane wall Ry average pore radius (m)
(kg/m?) T absolute temperature (K)
Csp permeate solute concentration (kgjm
Dsw diffusivity of solute in water (r/s) Greek symbols
fsw proportionality constant relating the friction « dimensionless velocity defines as
force between solute and pore wall to the a(p) =vw(r)Lfsw/RT
velocity difference between solute and pore o standard deviation for pore size distribution
wall (J s/m mol) € porosity of the membrane
fsm proportionality constant relating the friction p dimensionless quantity defined R,
force between solute and pore wall to the Od true density of the solid (kg/&)
velocity difference between solute and pore
wall (J s/m mol)
Fs diffusion force (mol/m s Pa.) 1. Introduction
Fsurface Permeability due to surface flow Microporous and mesoporous ceramics with pore sizes
(mol/n? s Pa.) in the range of 10-508 have gained considerable im-
Fsw friction force between solute and solvent portance in the last few years for uses as catalysts and
(J s/m mol) sorption media and as membranes for separation. The
Fsm friction force between solute and pore wall ~ growing interestin this field has resulted in the need for
(J s/m mol) a very precise control of pore sizes in these materials,
F(Rp) pore size distribution function particularly for mesoporous ones with pore diameters
J volumetric flux (m/s) ranging between 20 and 108. In the microporous
Ko tortuosity factor range, i.e. less than 1%, zeolites are still the best ex-
L thickness of the membrane or length of a amples of materials exhibiting a highly ordered and
pore (m) narrowly distributed pore structure.
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The first attempts to make mesoporous ceramic mate- (4) Double distilled water.
rials with a high degree of order and narrow distribution  (5) Concentrated nitric acid.
of pore sizes was made by Kresgeal. [1] of Mobil (6) Dodecy! trimethyl ammonium bromide (DTAB),
Oil Corporation. These materials designated as MCMbf 98% purity from Fluka.
41 were first observed in electron micrographs of prod- (7) Tetradecyl trimethyl ammonium bromide
ucts from hydrothermal reaction of alumino-silicate gel (TTAB), of 98% purity from Fluka.
in the presence of quaternary surfactants. The material (8) Hexadecyl trimethyl ammonium bromide
was found to possess regular arrays of uniform chanfCTAB), of 98% purity from Fluka.
nels, the dimensions of which can be tailored with the (9) Polyethylene glycol (PEG) of mol. wts. 35, 10,
suitable choice of surfactant. Thereafter, other workergnd 6 kD from SRL India Ltd.
e.g. Stuckyet al.[2], and Tanev and Pinnavaia [3] have (10) Bovine serum albumin (BSA) from Loba
worked on making mesoporous silicas by the surfactan€hemie, India.
templating route using the sol-gel process. However, (11) Lysozyme (LY) from SRL, India Ltd.
work on mesoporous aluminas or membranes of such (12) Ovalbumin (OV) from Sigma.
materials have not been reported in literature so far. (13) Membrane holder from Toplite Pvt. Ltd., India.
In the present worly alumina thin films were pre-
pared using a similar strategy. Surfactant micelles were
incorporated in the boehmiter (AIOOH) sol prepared
by the usual Yoldas process [4] and this was further use

for making thin film membranes by coating, drying,

and firing subsequently. When alumina gels were fired.n 2 butanol (2. moles/litre) and then hydrolyzed W?th
at 600°C the surfactant molecules burned out Ieavingaqueous solutions of surfactants (15-45 mM) following

pores characteristic of their sizes in the parent matet-he Yoldas process[4, 7, 8]. The temperature was main-

rial. It was found that the average pore size of the oxide(a'n.ed at 80C a}nd vigorous stirring was performeq
depends on the micellar size and varies with the alkyfjurlng hydrolysis. The gel resulting from hydrolysis
chain length of the surfactant used. The total porosit)yvas peptized to a translucent sol with concentrated
also varies with the amount of surfactant used. Thus th&/Os- The surfactants used were of the quaternary

. mmonium bromide series and the amount of surfac-
pore size and pore volume can be closely controlled b .
accordingly choosing the size of the micelles and thei ant added was varied from 15-45 mM. The CMCs

- 3 -
concentration. of these surfactants in water are £3.0° moles/litre,

In broad outlines this paper discusses the method ._?_:Blc_F_?Argolezllltr_?AaBnd ®2x 1(T|3 molesilitre for
preparation ofs Al,Os membranes of controlled pore ' and C respectively.
sizes ranging from 50-6@, and total porosity of
0.29-0.36 criygm by incorporating surfactant micelles
acting as poreformers. The pore structure, as studieg. 3, Coating experiments

by nitrogen adsorption and transmission electron misThe various sols made were used to coat sintered alu-
croscopy, and their relation to the micellar sizes, as stutmina supports which were discs of 25 mm diameter and
ied by quasielastic light scattering has been discussed. mm thickness. The porosity of the support was about
Rejection of polyethylene glycol solutions of molec- 3504 and the average pore size wasn. Prior to coat-
ular weights 6,000, 10,000, and 35,000 and somgng the supports were polished with fine emery paper
standard protein solutions namely bovine serum albuand washed with acetone in an ultrasonic bath. Coat-
min, ovalbumin and lysozyme which have molecularing was done by spinning, maintaining the sol viscosity
weights 67,000, 43,000 and 14,300 through these menp to 3 cP by solvent evaporation or addition, and at a
branes have also been studied. spinning speed of 2000 rpm. These were subsequently
The percentage rejection data obtained were exdried in atmosphere for 24 h and fired at the rate°af 1
plained using the existing models developed by Souriper minute to 600C for 2 h.
rajan and Matsuura [5] and later modified by Britesand | order to establish the reproducibility of results at
de Pinho (6). least three batches of sol of same composition were
prepared and three membranes from each batch were
coated. Among these one from each batch composition
was used for further characterization.

.2. Sol preparation
luminium secondary butoxide (ASB) was dissolved

2. Experimental
2.1. Materials
The materials used in the experiment were:
2.4. Pore size measurements

(1) Sintered alumina discs of 25 mm diameter andPore size of the membranes was determined by nitrogen
1 mm thickness having apparent porosity 35% (deteradsorption measurements using the Horvath-Kawazoe
mined by water displacement method) as supports fofHK) method. Nitrogen adsorption measurements were
the membranes from Sudarshan Electricals, India. done in a Micromeritics instrument using the ASAP

(2) Aluminium secondary butoxide (ASB) with alu- 2000 programme, which gave the pore size distribution

mina content 21% from Fluka. of the samples as well as the average pore size and pore
(3) Secondary butanol of spectroscopic grade fronvolume. The sample was degassed for 10 h at£1i0
SRL, India. 15 um Hg vacuum prior to analysis. The sample was
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maintained at liquid nitrogen temperature throughoutwas taken to avoid dust particles contaminating the sol

the analysis. A maximum relative pressure of 0.9989while preparation or analysis.

could be achieved at this temperature. The cut-off pore

size was 15A on the lower side and 1008 on the

higher side. 2.7. Permeability measurements

Fluxes of pure water and standard solutes namely PEG

35,000, 10,000, and 6,000 and proteins BSA, OV, and
LY were determined in the permeability set up shown

<jjp Fig. 1. The set up consists of a permeability measure-

ment cell or the membrane holder, areservoir for storing

the liquid and a pressure gauge for measuring the pres-
ure atinlet. Pressurized liquid is fed from the top sur-
ace of membrane by maintaining a constant pressure

2.5. Microstructure studies by TEM

Transmission electron microscopy was performed on
Hitachi H 600 for study of pore size and pore morphol-
ogy. Samples of CTAB, TTAB and DTAB templated
aluminas were ground to fine powders and disperse

in isopropanol by ultrasonication for 15 min at 200 W ©. Lo .
power and then allowed to settle for about half an hourWIth the help of compressec_i gason the liquid column_ n
the reservoir. The flow rate is determined by measuring

A drop of the supernatant liquid from this suspension o . ,
was then placed on the carbon coated TEM grids of 20Q € v_olume of liquid collected at the outlet in a given
mesh with the help of a micropipette. The solventin the |mV(\e”|]ntert\r/]aI. d in the Tl £ th b
sample was evaporated by exposing it to the atmospher en there was drop In the fiux of theé membrane
for a few hours. The dried sample was then placed i ue to repeated use and fouling, the membrane was re-

the TEM sample chamber for microscopy. The voltag enerated by firing to 60. Such regen_eration could
used was 75 kV. e done successfully upto at least 3/4 times.

The circular disc membrane of 25 mm diameter is
fixed between two hollow conical stainless steel parts
having 2 mm flat rims as shown in the inset in Fig. 1.
2.6. Micellar size determination by QELS The lower one is 2-3 mm larger in diameter than the
The boehmite sols prepared by hydrolysis of alkoxidesipper one and ssa 5 mmdeep groove with a flat rim
and containing surfactant micelles were analyzed usingn which the membrane, the silicone gaskets as well as
quasi elastic light scattering which gave particle sizethe upper part of the holder rests. These are all further
distribution of the surfactant micelles as well as theheld together tightly by a connector nut.

y AIOOH patrticles in the sol. The instrument used was

Brookhaven BI-90 particle sizer having a 50 mm path

length and a laser beam of 30 MW. The resolution 0f2.8. Measurement of feed and permeate

the instrument was 0.5-100 nm. MilliQ water was used concentrations

for preparing the sols and all ingredients were filteredThe concentrations of the PEG feed and permeate so-
through a 0.2.m filter before the analysis. Utmost care lutions were measured by the method of Sims and
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Figure 1 Schematic diagram of the permeability testing apparatus.
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Snape [9]. According to this method, 4 ml of the PEG
containing sample was mixed thoroughly with 1 ml D
of each of the reagent A (5% Bafh 1 N HCI) and
reagent B (0.127 gH- 0.4 g Kl + 100 ml water). The
sample was allowed to stand for 20 min followed by . | F
measurement of the sample absorbance at 535 nm. Th© '
sample absorbance was then compared with a previ-_-
ously obtained calibration plot of absorbance versus §
concentration of standard solutions. This method is ap-
plicable only for very dilute solutions of typically below
20 ppm. Hence some feed and permeate solutions were
diluted accordingly before analysis. l] l‘l l]

The protein concentrations in the feed and perme- [l u
ate solution were determined spectrophotometrically 1 L l
by UV absorbance measurements at 280 nm using a ! 10 100 1000
Shimadzu 160 UV spectrophotometer. DIA(nm)

(@)

2.9. Measurement of tortuosity T

of membranes
Tortuosity of membranes was calculated from the ap- .
parent conductivity of a 0.6 M KCI solution measured
across the membrane and the true specific conductiv-
ity of the same obtained from the literature, using the
relation [10]:

Rel. Vol.

apparent specific conductivity ~porosity ¢)
true specific conductivity ~ tortuosity ko)

3. Results and discussion nﬂu u
The pore sizes in the samples were measured by ni- L L L
trogen adsorption using the HK method, and in order ! 10 100 1000
to ensure that the pores were formed by surfactant mi- DIA(nm)

celles acting as templates, the micellar sizes in the sol )

were determined using quasi elastic light scattering. -
The results of pore size distribution using HK method C
and patrticle size distribution of micelles by QELS are
discussed in details below. TEM of the samples was :
also performed in order to study the pore morphology W
namely their shape and size and their interconnectivity.

Vol.

3.1. Micellar size by QELS
The micellar sizes as determined by quasi elastic light
scattering for sols containing 15 mM surfactant solu- |
tions DTAB, CTAB and TTAB are shown in Fig. 2a, l][l]]

]

Rel.

b and c respectively. The particle size plots show a bi- I

modal distribution for all cases. The larger peak be- 1 10 10'0 10'00
tween 10-100 nm indicates the presence of sol parti-

cles ofy AIOOH, while the smaller one below 10 nm DIA (nm)

signifies the micelles. The micellar sizes as seen from (c)

the smaller peak in Fig. 2a, band c are 4, 3.6 and 3 anFw_ 2 Particle size distribution of () DTAB (15 mM), (b) CTAB
H H igure article size distrioution ofr (a, mM),
?_'I’_:BTAB’ -I;ITAB and DT’ng re;pectg/_(?rly. -I;he Sltzg(;f/ (15 mM) and (c) TTAB (15 mM) incorporated alumina sol as obtained
micelles measure Yy 'ra_y ! orac on a 0 by QELS. The peak below 10 nm s for the micelles whereas that between
surfactant concentration and 2z, is 45A as reported  10-100 nm is for the sol particles.
by Ekwall et al. [11]. Fig. 2d shows the particle size

distribution of a sol with no surfactant. o
ous samples show that a sol containing DTAB (curve D)

gives pores of average diameter AQa sol contain-
3.2. Pore size distribution: surfactant effect ing TTAB (curve T) gives pores of average diameter
The pore volume vs. pore diameter plots (Fig. 3) as cal55 A, while a sol containing CTAB (curve C) gives
culated from the N adsorption isotherms for the vari- pores of average size 60. All these sols were made
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TABLE | Comparison of pore volumes determined fromadisorp- TABLE Il Comparison of pore volumes determined fromadsorp-
tion and calculated micellar volumes from QELS data (surfactant effect)tion and calculated micellar volumes from QELS data (concentration

effect)
Micellar volume
+ Pore volume of Micellar volume
non-templated + Pore volume of
Pore volume Micellar Micellar volume membrane non-templated
Surfactant (crigm)  size (nm) (criigm) (crf/gm) CTAB Pore volume Micellar volume membrane
concentration (mM) (ciigm)  (cn/gm) (cn®/gm)
None 0.14 — — —
DTAB 0.29 3.0 0.09 0.23 15 0.32 0.19 0.33
TTAB 0.32 3.6 0.14 0.28 20 0.36 0.26 0.40
CTAB 0.36 4.0 0.19 0.33 45 0.69 0.59 0.73
| c
0.65 1 T 2.4}k
YD
0.60- | 2.2k 45mM(0.69¢cclg)
I —
0.55} ] o 2.0
l —
©050F S 1.8}
o . =
S 0-105 - IIA § 1.6 F
g" 0.40 ] S 1.4}
I >
5035 o 1.2}
5 o030 5
30 - K |
Z o2sk -0 20mM(0.36 cc/g)
w | |
€ 020k 0.8
g ' 0.6} 15mM(0.32/g)
A5 |
0 0 ] 0.4
010
: 0.2}
0'05 B : 0 1 ool
A EE——— i i || 10 100 1000
PORE DIAMETER (A) Pore Diameter ()

Figure 3 Pore size distribution in 15 mM CTAB (C), TTAB (T) and  kigure 4 Pore size distribution in 15, 20 and 45 mM CTAB templated

DTAB (D) templated membranes as obtained by nitrogen adsorption,empranes as obtained by nitrogen adsorption measurements.
measurements. Pore size distributiop iAl ,O3 membranes (A) without

any surfactant incorporation is also shown here for comparison. . .
tion measurements. The calculated micellar volumes

by hydrolyzing alkoxides with 15 mM solutions of the for these concentrations _of surfactants were 0.19, 0.26
above surfactants. The pore volume in these sampledd 0.59 criygm. On adding the pore volume of non-
were 0.29, 0.32 and 0.36 éfgm for DTAB, TTAB and templated samples to the calculated mlce_llar volumes,
CTAB respectively as obtained from nitrogen adsorp-the total theoretical pore v_olume was thalned as 0_.33,
tion. Curve A of Fig. 3 shows the pore size distribution 0-40 and 0.73 citigm, which agree with the experi-

inasample made from a sol containing no surfactant ha@ental data as shown in Table II.

average pore size 25and pore volume 0.14 cigm. Fig. 4 shows pore size distribution of alumina sam-
The calculated micellar volumes for 15 mM concen-Ples hydrolyzed with 15, 20 and 45 mM CTAB solu-

trations of the above surfactants using QELS data ofions (curve C)and 25 mM solution of DTAB (curve D).
micellar sizes were 0.09, 0.14, 0.19%gm for DTAB, It can be seen that the average pore sizes in the 15 and
TTAB and CTAB respectively. On adding the pore vol- 20 mM samples were both @Q whereas in the 45 mM
ume of a non-templated membrane i.e. 0.14/gm  sample was 8. The increase in pore size at very
to micellar volume, the total calculated pore volumeshigh surfactant concentration may be due to pore coa-
were 0.023, 0.28 and 0.33 éfgm for DTAB, TTAB  lescence and multimicellar interactions.

and CTAB respectively, which are very close to ex- Adsorption-desorptionisotherms (Fig. 5) of show

perimental values obtained from HK plots as shown inwell defined hysteresis for all samples in which surfac-
Table I. tant templating was done. However, the one without

any surfactant showed a negligible hysteresis.

3.3. Pore size distribution: concentration
effect 3.4. TEM studies

On increasing the amount of surfactant to 20 andThe TEM micrographs of the samples show a highly

45 mM, it was found that the total pore volume of porous networked structure as seen in Fig. 6a, b and c.
the membranes increases in accordance with micelAll the samples showed more or less a similar pore

lar volume. The total pore volumes in the three sam-morphology except for the difference in their average

ples with 15, 20 and 45 mM CTAB were 0.32, 0.36 pore sizes as studied by optical microscopy of the TEM

and 0.69 criygm as obtained from nitrogen adsorp- negatives. Table Il shows pore size measurements of
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TABLE Il Measurement of pore sizes from TEM micrographs using TABLE V Rejection of standard solutes through CTAB and DTAB

an optical microscope membranes at 25 psig feed pressure
Optical Mol. wt. Feed Permeate. at max
TEM microscope Mean pore Membrane Solute (kD) (abs.) (abs.) abs. nm % Rejection
Sample magnification magnification diameter XA
CTAB BSA 67 0.601 0.004 280 99
DTAB %x 80,000 x20 50.2 ov 43 0.717 0.501 280 93.0
TTAB % 80,000 %20 55.6 LYy 14.3 2,501 0.332 280 86.7
CTAB x 80,000 x20 60.9 PEG 35 0.581 0.004 535 87.1
PEG 10 0.296 0.128 535 56.7
PEG 6 0.692 0.528 535 23.7
TABLE IV Pure water fluxes for DTAB, TTAB and CTAB DTAB BSA 67 0.620 0.006 280 99
membranes oV 43 0.732 0.029 280 96.0
LYy 14.3 2.503 0.155 280 93.8
Membrane v (calculated) v (experimental) PEG 35 0.482 0.007 535 96.5
templated with  Ap kPa m/s x 10° m/s x 10° PEG 10 0.296 0.037 535 87.5
PEG 6 0.692 0.229 535 66.9
CTAB 103 5.06 5.26
DTAB 103 3.51 4.05
CTAB 137 6.73 7.63
DTAB 137 4.67 5.18 . .
CTAB 172 8.45 10.2 and 25 psig feed pressures respectively, whereas DTAB
DTAB 172 5.87 6.45 membranes gave fluxes0% x 10°8, 518 x 10~ and

6.45x 1078 m/s at the respective pressures.

3.6. Rejection of standard solutes
Solutions of polyethylene glycol (PEG) of molecular
weights 35,000, 10,000, and 6,000 of approximately
10 ppm concentrations, and 1 mg/ml of each of the
proteins BSA, OV and LY, when used as feed for the
above membranes showed rejections in case of DTAB
and CTAB membranes that are listed in Table V. The
rejection vs. molecular weight plots for the two mem-
branes show sharp drops at mol. wts. 14.3 and 10 kD
respectively at a little lower than 90% rejection value as
L shown in Fig. 8. Hence, it can said that the “molecular
' ' : : : ' ' ' . weight cut off” for DTAB membrane is about 10 kD
Relative pressure PoiP whereas for the CTAB membrane it is about 14 kD.

Vol. adsorbed cc /g STP

Figure 5 Adsorption-desorption isotherms of nitrogen for CTAB (C),

TTAB (T), DTAB (D) templated membranes and also for non-templated 3.7. Explanation and fitting of experimental
membranes. Templated membranes show a well defined hysteresis while data using existing models

the non-templated membrane (A) shows a negligible hysteresis. , . .
Carman Kozeny’s law [10] is the basic law used to
describe the flow through a porous media:

various samples from TEM micrographs by means of

a scale fitted to the eye piece of the microscope. The _ emM?Ap 1
scale in the eye-piece was earlier calibrated. Mostly v= (Za)kg)Ln (1)
circular pores of sizes varying from 40—A0could be

viewed. However, some pores showed an elongated slifho o Ay is the driving pressure is the viscosity of
shaped structure which seemedtorise from coalescengga sq|ution. The other parameters are related to the

of two or more pores. The average pore sizeé measurglormhology:e is the porositym is the mean hydraulic
in CTAB samp_les was 604, for TTAB it was 55.6A radius given as/{S(1 — &)}, whereS is the specific
and for DTAB it was 50.2A. surface area of the medium, is the pore circularity
factor, t is the tortuosity and. is the thickness of
3.5. Pure water flux the membrane. Pure water fluxes were calculated us-
Permeability measurements with pure water and staring the Kozeny Carman equationis 0.52 as obtained
dard solutes were done for DTAB and CTAB mem- fromoHK data,m is pore diameter/4 which is 15 and
branes. Pure water flux through the DTAB and CTAB 12.5A in case of CTAB and DTAB membranes respec-
membranes were determined at 15, 20 and 25 psig fedvely, Ap is the differential pressure which was 25 psig
pressures. These values are shown in Table IV andr 172 kPaw is the pore circularity factor taken as
Fig. 7. It was seen that at the same pressure, flug.05 (10) for pores of elliptical shape (with= 2b),
through CTAB membranes was more than that through is the tortuosity the average value of which is 4.37
DTAB. CTAB membranes gave pure water fluxesas determined experimentally,is the thickness of the
5.26x 10°8,7.63x 10 8and 102 x 108 m/sat15,20 membrane which was @m andy is the viscosity of
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Figure 6 Transmission electron micrograph of the pore morphology of (a) CTAB, (b) TTAB, and (c) DTAB templated membranes.

the permeating liquid taken as 0.891 cP at@5The values in ultrafiltration of dilute to semidilute solu-
experimental values are close and show a similar trentlons through porous membranes was first proposed by
as the calculated values as seen in Fig. 7. Matsuuraand Sourirajan [5]. Ittakes into account solute
A more comprehensive model (surface force-poresize, pore diameter, solute membrane/solvent friction
flow model) applied for calculating flux and rejection and solute/membrane interactions. Based on a force
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~—&— DTAB (exp)
-~~~ DTAB (cal)
—e— best fit D
—a CTAB({exp)
---0--- CTAB({cal)
—&@— best fitC

flowrate m/s

1 1 i
100 120 140 160 180
differential pressure kPa

Figure 7 Pure water fluxes plotted against differential pressure as obtained experimentally (—) and by using the Kozeny Carmanr-eguaion(

120 Brites and de Pinho [6] use this model to predict the
ultrafiltration performance at different operating con-
ditions and for membranes of various pore sizes and
pore size distributions using polyethylene glycol solu-

tions. After introduction of the dimensionless variables

- DTAB
p anda (r), where,

(=]
(o]

°, Rejection
N @
o o

&~
(=)

/
/ @ = {vw(r)Lfsw}/RT = {2uoyall — p?)Lfeu}/RT,
p=r/Ry and b= (fsw+ fsm)/fsw

~
o
T

o

10 20 30 40 50 60 70
molecuiar weight kD

o

and assuming Poiseuille flow and averaging the con-

Figure 8 Experimental rejection values for the PEGs and proteins as &c€ntration given by Equation 6 they had obtained the
function of molecular weight of the solute showing “MWCO” of mem- rejection as

branes.

1 expa(p) d
balance theory proposed by Speigler [12] they assumed R —1— Jo TrEeput) —zlla(p)'o P 8)
that inside the pore of a membrane the thermodynamic %

forces acting on the solute are balanced by the mechan-

ical frictional forces. Thus, Assuming a normal distribution of pore radi&(Ry),
_ _ with R, ando being the average pore radius and stan-
Fs(r, 2) = —[Fsulr, 2) = Fanlr, 2)] 2) dard deviation respectively, the Equation 7 is rewritten
ForceFs s proportional to the chemical potential gradi- &S

ent and each of the forcég,, andFs, are proportional !
to the relative velocities of the solute and solventand soR =1 —

lute and membrane with proportionality constafig Ry +20 1 expa(p)
and fsm respectively. Thus they had obtained the ex- SR 2 [F(Re) x fg T iepa() % (P)r d]d Ry
ression for flux as AP (Rot2o
P 16:05 JR, ~20 F(ROIREARy
RT (dCy(r.
J= [E(%Hr:r + CS(r’ Z)VW(r)] (3) (9)
= T
( + fsm) Equation 9 was used in the present work to calculate
with the boundary conditions values of rejection. On integration of the above expres-
sion, an equation in terms bfandc was obtained by us
z=0, Cqr,0)=Cgsny (4)  andsubstitution of two sets of experimental values gave
two such independent equations which were solved to
z=L. GCyr.L)=Cylr) (5)  obtain the values ob andc. Fromb andc, the val-
ues of fgy and fsy, were calculated by us as shown in
and Table VI. It can be seen from Table VI that with in-
J(r) crease of molecular weight of the solufg, increases,
sp= v(r) ®  put fsm decreases. This may be due to the difference

in the nature and magnitude of the frictional forces be-
The differential Equation 3 together with 4, 5 and 6 for tween solute-water and solute-membrane, which may

the boundary conditions yield the solution arise because of two reasons mainly. Firstly because
of water of hydration around the solute molecules, and
fawvw(r)L secondly since water molecules are very small com-
CsmeXF( RT ) ..
Csplr) = TN (7)  pared to solute molecules, the total frictional force be-
1+ [bexdiRT ) - 1] tween solute-wateFsy, is more dependent on surface
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TABLE VI Calculated values of friction coefficienfgm and fsyy 4. Conclusion

y Al203 membranes of closely controlled pore sizes to
the extent of 5A and average pore size 50-BQvere

Solute (s)-solvent (w) Membrane (m) o4, fons1o  Successfully prepared for the first time by surfactant
templating method. Surfactants were incorporated in

Friction factors

PEG 6 kD-water Alumina 8.93 4.47 . . . . .
PEG 10 KD-water Alumina. 904 416 th_e_alumma sol by dlssolvm_g themin water above their
PEG 35 kD-water Alumina 10 351 critical micellar concentration and using them to hy-
Ly 14.3 kD-water Alumina 9.83 3.93 drolyze aluminium alkoxides. 15 mM solutions of qua-
BSA 67 kD-water Alumina 12.6 1.26 ternary ammonium surfactants namely DTAB, TTAB

and CTAB were found to give pore sizes of 50, 55 and
60A respectively. The reproducibility of the results was

TABLE VIl Comparison of calculated and experimental rejection €stablished by repeating the measurements two to three
values obtained for PEGs and proteins times that showed deviation within 1%. Thus, for an

increase of every two carbon atoms in the alkyl chain

Membrane pore Experimental value Calculated value ..
P " length of the surfactant, the average pore size increased

Solute size fA) of rejection of rejection - - .
by 5A. These pore sizes also matched with the micellar

PEG6kD 30 (CTAB) 23.7 30.18 sizes obtained by quasi elastic light scattering. More-

ggg %(ED ég ((g/;';)) 22-5; -21_)—2 over, it was also found that the pore volume increases

PEG 10kD 25 (DTAB) 875 761 or c]Icecreases with increase or decrease of the amount of

PEG35kD 30(CTAB)  87.1 87.3 surfactant.

PEG35kD 25 (DTAB) 96.5 91.7 The surfactant templated membranes can be success-

LY 30 (CTAB) 86.7 88.6 fully used for ultrafiltration of proteins and can be of im-

Ly 25 (DTAB) 93.8 90.1 portance in downstream biotechnology processes. The

ov 30(CTAB) 930 - experimental values of rejections for PEGs of 6, 10 and

oY 28 (OTAB) 200 9. 35 kD and standard proteins namely BSA (67 kD), OV

BSA 30 (CTAB) 99+ 99.8 p y ;

BSA 25 (DTAB) 99+ 99.9 (43 kD) and LY (14.3 kD) showed a reasonably good
agreement with calculated values using the pore flow
model developed by Sourirajan and Matsuura [3] and

100 later modified by Brites and de Pinho [6].
a - . . .
L . B g 2 Another outstanding advantage exploited in the ultra-
80 4 filtration studies of ceramic membranes was that once

§ [ & AT fouled membranes could be easily made to regain their

] e somBep|  Properties asregards to flux and rejection by simply fir-

& 4ot 4 CTAB cal ing the membrane to 60C. Thus the common problem

2 ODTAB cal . .

=t e of fouling and related flux reduction could be handled

201 without discarding the membrane.
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