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Synopsis

An equation to estimate the thickness of ultrathin membranes obtained by Levich,
assuming constant physical properties, was compared with the measured thickness in
the range of 0.3—40 u. The proportionality constant was found to be 0.4, and the equa-

tion is expressed as follows:
5, = 04 (&) o \/&z
ps LY

The nitrogen gas adsorption isotherms at —195°C on the modified ultrathin membranes
were measured and the surface area of the pores was determined by the B.E.T. equa-
tion. Distribution of pore volume was calculated by the method of Cranston and
Inkley. On the assumption of straight cylindrical pores in the membrane, the cross-
sectional area of pores and the mean pore radius were calculated. Symmetric structure
of the modified ultrathin membranes was confirmed by reverse osmosis tests with both
the air and glass sides of the membrane facing the pressure solution.

INTRODUCTION

The porous structure of modified cellulose acetate membranes was
examined under the electron microscope by Riley et al.1:2  They confirmed
that the membrane consists of a dense, thin surface layer on the side of the
film exposed to air during casting, with a highly porous substructure under-
neath the surface layer. They reported that the dense surface layer was
devoid of structural characteristics and showed no evidence of pores greater
than about 100 A (20 A3), and has a thickness of about 0.25 p compared
to the total membrane thickness of 100 x. The thickness of the dense
surface layer was also reported to be 0.25 u by Michaels et al.,* a few microns
by Kesting et al.,* and 0.7-0.8 x by Suzuki et al.¢

There have been several approaches on the mechanism of reverse osmotic
flow of water through the membrane in connection with its structure.
Some of these have been discussed extensively by Merten.” Alignment
diffusion mechanism is favored by Raid and Breton®® According to

* Present address: Japan Synthetic Rubber Co., Ltd., Yokkaichi, Mie-ken, Japan.
T Present address: Fuji Kasui Engineering Co. Ltd., Shinagawa, Tokyo, Japan.
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this mechanism, the existence of pores in the membrane must be avoided
for practical desalination application of reverse osmosis. A solution-
diffusion mechanism is favored by Lonsdale et al.,}'=15 where transport
equations are apparently limited to their concept of perfect membranes,
which are presumably those which have a complete nonporous surface
structure.’ Banks and Sharples®® 718 also considered that the mechanism
of reverse osmosis is one of diffusion flow through the pore-free layer
on the membrane surface.

According to Michaels et al.,!* water transport in reverse osmosis is by
molecular diffusion through the polymer matrix, and solute transport is by
parallel mechanism involving sorption, activated diffusion, and hydrody-
namic flow. According to Sherwood et al.,” water and solute cross the
membrane by parallel processes of diffusion and pore flow. According to the
preferential sorption-capillary flow mechanism by Sourirajan,?'—?4 separa-
tion by reverse osmosis is the combined result of an interfacial phenomenon
and fluid transport under pressure through capillary pores, and the appro-
priate membrane is a porous medium at all levels of solute separation.
Glueckauf? has put forward recently the most satisfactory explanation of
ionic repulsion in membrane pores.

Mears? estimated the average pore radius as ~9 A, and the fraction of
the total volume occupied by the pores as 0.04. Agrawal and Sourirajan?
estimated it as ~20 A.

Taking these discussions into consideration, it seems inevitably important
for the further development of reverse osmosis to decide whether pores
exist or not in the dense layer of the membrane by a suitable independent
method other than reverse osmosis.

ULTRATHIN MEMBRANES

The ultrathin membrane was considered to consist of only a dense, thin
cellulose acetate membrane devoid of porous structure. Merten et al.!s
prepared ultrathin cellulose acetate membranes by the Carnell-Cassidy
technique,?:?* which consists essentially of slowly withdrawing a clean
glass plate from a dilute solution of a polymer in a suitable solvent.

The problem of estimating the steady-state thickness § of the liquid
film that adheres to a flat plate of infinite width drawn vertically at a con-
stant speed u, from a liquid bath has been summarized by Tallmadge and
Gulfinger,® and the thickness § may be expressed as follows:

5~ \/"—"" 1)
og

where 4 = viscosity of solution, p = density of solution, and ¢ = gravita-
tional constant. The proportionality constant is found to be unity for the
pure liquid.3® But in the present case, the increase of surface tension at the
plate-bulk solution boundary region due to the increase in polymer con-
centration as a result of solvent evaporation could cause a reduction in the
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thickness of polymer solution on a flat plate, and hence the proportionality
constant may be expected to be smaller than unity.

One square centimeter of solution film having an average thickness §
contains the following weight of cellulose acetate: &ppws. After the sol-
vent evaporates completely, the average thickness of cellulose acetate
film §, may be expressed dividing this weight by the density of cellulose
acetate film p,:

5= wd @)
Ps
where pz, and p; = density of the solution and cellulose acetate, respec-
tively, w, = weight fraction of the cellulose acetate in solution, and § =
average thickness of solution.

Experimental Membrane Thickness

Dilute acetone solutions containing 0.03, 0.04, 0.05, 0.06, 0.10, and 0.20 g
cellulose acetate (E£398-3 supplied by Eastman Chemical Products, Inc.)
per 1 cc acetone were prepared by mixing the solutions overnight. Glass
plates (150 mm long, 40 mm wide, and 5 mm thick), immersed in solution
to 100 mm, were used as the film-forming surfaces. Temperature of the
solutions was kept constant at 30°C.

The procedure of casting ultrathin membranes was identical with the
method described by Riley et al.’® The plate withdrawal rate was 0.1
to 0.9 cm/sec. In each case, the evaporation time was 1 min, after which
the plate was immersed in ice-cold water. The membrane thickness was
determined by weighing the dried membrane, using the membrane surface
area, and assuming its density to be 1.3 g/ecm3. The results are shown in
Table I.

The effect of the acetone evaporation period on the membrane thickness
was investigated for a dilute solution of 0.05 g cellulose acetate per 1 cc
and a withdrawal rate of 0.224 cm/sec. It was found that the thickness
at different periods remained essentially constant, as shown in Figure 1.
This means that acetone evaporates within these periods essentially com-
pletely, and hence film thickness is independent of evaporation time. The
main parameters which affect film thickness are viscosity and density of
the solution and withdrawal rate of the plate.

Measured thickness of membranes for five different rates and for six
different concentrations was plotted in Figure 2, as a function of (p./ps)ws
vV wko/prg following eqs. (1) and (2). The results were found to be in
excellent agreement with the expression

5, = 0.4 <&> w, \/’ﬂ‘? 3)
Ps PLg

The Modified Ultrathin Membrane

A number of the modified Loeb and Manjikian-type ultrathin membranes
were also prepared by almost the same method mentioned above, from
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Fig. 1. Measured thickness of ultrathin membranes vs. evaporation time: concentra-
tion of cellulose acetate = 0.05 g/cm? of acetone; withdrawal rate = 0.224 cm/sec.
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Fig. 2. Measured and predicted thickness of ultrathin membranes.

casting solutions whose compositions arc shown in Table II.  The evapora-
tion period, however, was 4 min in all cases. Thickness of this modified
type may also be expressed by the eq. (3), up to a ratio of 5:10 for cellulose
acetate to formamide, using withdrawal rate, physical properties of the
solution, and the density of the porous ultrathin membrane p.,, which can
be calculated from the B.E.T. plot mentioned later. When the formamide
content in the casting solution increases, the thickness of the resulting
membrane is lower than that calculated by eq. (8). For example, for the
casting solution composition I-7, the actual thickness of the membrane
obtained was only 709, of that calculated from eq. (3).
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Fig. 3. Reverse osmosis cell assembly.

An acetone evaporation period of 4 min might be enough time to evapo-
rate all acetone in the modified ultrathin membrane, beeause evaporation
of almost all acetone in the ordinary modified membrane (not ultrathin)
was already observed during this period.?*

The membranes were floated off each surface of the glass plate onto
the surface of the water and stored wet. After more than 50 membranes
were collected, they were freeze dried as follows. The wet membranes
were immersed in a small volume of liquid nitrogen, then frozen and ground
to small pieces (5-0.1 mm) to avoid stacking. The freeze-drying process
was completed at —5°C over two nights.

The adsorption isotherms of the freeze-dried membrance at —195°C
were determined on a standard Emmett and Brunauer apparatus supplied
by Shibata Chemical Apparatus Mfg. Co. The gas used was prepurified
nitrogen dried through a cold trap cooled to liquid nitrogen temperature.

The reverse osmosis experiment with the modified ultrathin membranes
were carried out at laboratory temperature at a pressure of 20 kg/cm?®G,
using the reverse osmosis cell shown in Figure 3. The modified ultrathin
membranes used were cast on larger glass plates (150 mm long, 70 mm wide,
and 5 mm thick) immersed in solution to 70 mm. The cell was a stainless
steel pressure chamber consisting of two detachable parts, and the effective
membrane area was 9.6 em?. Membrane filters supplied from Toyo Roshi
Corp. Ltd. were used as the modified ultrathin membrane support: type
TM-5 with mean pore size of 0.1 4. The modified ultrathin film supported
on the membrane filter was mounted on a stainless steel porous plate
cmbedded in the lower part of the cell through which the membrane-
permeated liquid was withdrawn at atmospheric pressure.  The upper part
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of the cell contained the feed solution under pressure in contact with the
membrane. The two parts of the cell were clamped and sealed tight using
rubber O-rings. Compressed nitrogen gas was used to pressurize the sys-
tem. About 250 cc of the feed sodium chloride solution concentration of
which was about 3500 ppm were used each time.

The feed solution was kept well stirred by means of a magnetic stirrer
fitted in the cell about 0.5 em above the membrane surface. The quantity
of liquid removed by membrane permeation was small compared to the
amount of feed solution in the pressure chamber. The compositions of the
feed and the membrane-permeated liquid were computed from the con-
ductivity of these solutions at 25°C as measured by a Radiometer type
CDM-3 conductivity meter.

RESULTS AND DISCUSSION

Isotherms of Freeze-Dried Membranes

Figure 4 gives the experimental isotherms of seven kinds of freeze-dried
Loeb-Manjikian-type ultrathin membranes at —195°C.

The data of batch I-2 in Figure 4, expressed as B.E.T. plot in Figure 5,
yield 2.7 m2/m? of membrane area for the pore surface area. The latter
was estimated from the B.E.T. equation3! for the nitrogen isotherm, using
16.2 A? as the area occupied by each adsorbed nitrogen molecule. Similar
calculations were done for batches I-3 to I-7, and the results are shown in
Table II.

The ultrathin membrane batch I-1, obtained from the cellulose acetate—
acetone solution, was the only one that did not absorb nitrogen at all.
This means that the batch I-1-type membrane has no inner surface and that
a flat surface does not absorb nitrogen within the pressure range of these
experiments.

Pore Size Distributions

The pore size distributions of the freeze-dried membranes were deter-
mined by the method of Cranston and Inkley?®? using low-temperature
adsorption isotherms. The volume of the pores for each pore size range
was calculated, and results are shown in Table II1.

Assuming that all pores are straight eylindrical, perpendicular to the
membrane surface, and that the length of each pore is the same as the thick-
ness of the membrane calculated by eq. (3), the cross-sectional area assigned
to pores of each radius was caleulated and is shown in Table II1.

For batch I-2 (cellulose acetate:formamide = 5:0.1), the total cross-
sectional area of pores was 154 cm? per m? of membrane surface, which
corresponds to 1.549, of the membrane surface area. For batch I-3 (cel-
lulose acetate:formamide = 5:1), the total cross-sectional area of pores
was 252 em? per m? of membrane surface, which corresponds to 2.529, of
the membrane surface area. For batch I-1 (cellulose acetate:formamide =
5:0), there was no pore, judging from the isotherm shown in Figure 4.
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Fig. 4. Nitrogen adsorption isotherms for one ultrathin and five modified uitrathin
membranes at —195°C.

The distribution of the cross-sectional area of pores are shown in Figure 6.
The mean radii of pores, based on pore cross-sectional area and pore radius,
were calculated and are listed in Table IT1.

The mean radii are similar to that estimated by Agrawal and Sourirajan
(~20 R) rather than that by Meares (~9 A). The accuracy of the cross-
sectional area of pores depends mostly on the accuracy of the estimation of
the membrane thickness and tortuosity. Especially the thickness of the
modified ultrathin membrane cast from the solution of 18 parts formamide
to 5 parts cellulose acetate was found to be thinner by 709, than estimated
by eq. (3). When 10 ml of the solution was mixed well with 1 liter cold
water, the dried weight of cellulose acetate collected from the cold water
was 0.33 g, compared with 0.41 g estimated from the weight fraction as
shown in Table II. The difference might be dissolved into the cold water.
This dissolution may be one of the reasons why the thickness of the mem-
brane is thinner than expected.

Reverse Osmosis Separation

Results obtained with batches I-1 to I-5 ultrathin membranes which were
used without heat treatment are also presented in Table II. Reverse
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osmosis tests were done facing both air and glass sides to high-pressure salt
solution at 20 kg/em?G. Compositions I-6 and I-7 yielded membranes
which were too fragile to be handled, therefore reverse osmosis experiments
were not carried out with these membranes. The reverse osmotic char-
acteristics of the modified ultrathin membranes were found to be almost
the same for both sides.

The increase in the amount of formamide in the casting solution cor-
responds to an exponential increase in water flux through the membrane,
as observed by Manjikian,?® but up to the ratio of cellulose acetate:form-
amide = 5:1, salt rejection remained constant, and decreased quickly
beyond that point.

From the adsorption isotherm shown in Figure 4, there are no pores at
all on the ultrathin membrane cast from the solution composed of 40 g
cellulose acetate in 1 liter acetone containing no formamide. Its structure
is dense and might be assumed to be homogeneous from the same results
of the reverse osmosis test for both sides of the membrane. With addition
of formamide to the above solution, batches I-2 to I-5 were obtained. The
formamide content of the latter solution increased from zero to 5 parts
of cellulose acetate. The modified ultrathin membranes cast from the
above solutions increased the porous structure of the membranes.

The water flux and salt separation were essentially identiecal with air side
and glass side of the membrane facing the high-pressure solution in all
cases. These results show that the porous structure of the membranes
used was not asymmetric. Further, it was already shown?® that asymmetry
of porous structure would show itself in reverse osmosis experiments at
pressure higher than 14 kg/em?. Therefore, it is reasonable to conclude
that the porous structure of the membranes used in this work was not
asymmetric.

On the basis of the foregoing discussion, the results shown in Table
IIT and Figure 6 indicate that (1) the presence of formamide in the casting
golution is responsible for the creation of pores in the resulting membrane,
(2) the average size of pores in the membrane is essentially independent
of the amount of formamide present in the range of compositions studied
in this work, (3) the number of pores in the membrane increases with in-
crease in formamide in the casting solution, and (4) while the assumption
of no tortuosity factor ovestimates the pore radius, the effect of swelling
agent in the casting solution which decreases film thickness underestimates
the pore radius as given by the technique described in this paper.

CONCLUSIONS

The results presented in this paper show that the presence of a swell-
ing agent in the casting solution leads to a porous structure in the result-
ing membranes.

The authors are grateful to Dr. S. Sourirajan for his valuable discussions and H.
Konuma and H. Shibuya for their valuable assistance in the progress of these investiga-
tions.
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