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Abstract:

With the development of high flux, high salt rejection cellulose acetate membranes, reverse osmosis
has become one of the important methods being considered for desalination. It combines flexibility and
simplicity with thermodynamic efficiency. Good membrane performance at a high membrane density is
important if reverse osmosis is to be successful. Using small diameter cylindrical porous media as
supports for cellulose acetate membranes offers a solution to this problem.

Two membrane casting techniques and five different types of cylindrical porous media were
investigated. The effects of support type, casting technique, casting solution, and various casting
variables on membrane performance were studied. Membrane life investigations were also made.

Fluxes of 10-11 GSFD at 95% salt rejection were obtained when dip casting on ceramic supports using
a casting solution containing 14.9% Eastman 400-25 cellulose acetate, 21.3% formamide, and 63.8%
acetone. A 5-second solvent evaporating time and an 86°C heat treatment were used. For dip casting,
acetone concentration ranges were established: for E398-3 cellulose acetate, 54-59% acetone; for
e400-25, 60-65% acetone; and for E394-60, 63-68% acetone. A cellulose acetate-formamide ratio of
7:10 was used in all cases. Viscosities in the dip casting range vary from ~900 centipoise to ~3500
centipoise.

Fluxes of 16-18 GSFD at 93% salt rejection were obtained for extruded membranes on ceramic
supports using a casting solution containing 14.9% Eastman 394-60 cellulose acetate, 21.3%
formamide, and 63.8% acetone. A 5-second solvent evaporating time and an 86°C heat treatment were
used. Extruded membranes always gave fluxes of 1.4 to 2.2 times those of similar dip cast membranes.

Porous ceramic, porous polyethylene, and porous polyvinylidene fluoride supports were the most
promising. A membrane performance of 17 GSFD at 93% salt rejection was obtained on the ceramic;
11 GSFD at 92% salt rejection on the polyethylene, and 7.7 GSFD at 93% salt rejection on the
polyvinylidene fluoride.

Support length and support diameter did not appear to affect membrane performance; however, support
permeability does limit the length of porous rod that can be used. Use of tubular porous media is
suggested.

Water flux declined about 15% during the first hours of operation, but remained constant thereafter
provided the membrane surface remained clean. Salt rejection declined slightly during long runs.
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ABSTRACT

With the development of high flux, high salt rejection cellulose
acetalbe membranes, reverse osmosis has become one of the important
methods being considered for desalination. It combines flexibility and
simplicity with thermodynamic efficiency. Good membrane performance at
a high membrane density is important if reverse osmosis is to be suc-
cessful. Using small diameter cylindrical porous media as supports for
cellulose acetate membranes offers a solubion to this problem.

Two membrane casting techniques and five different types of cyi—
indrical porous media were investigated. The effects of support type,
casting technique, casting solution, and various casting variables on
membrane performance were studied. Membrane life investigations were
also made. '

Fluxes of 10-11 GSFD at 95% salt rejection weére obtained when dip
casting on ceramic supports using a casting solution containing 14.9%
Eastman 400-25 cellulose acetate, 21.3% formamide, and 63.8% acetone. A
5-second solvent evaporating time and an 86°C heat treatment were used.
For dip casting, acetone concentration ranges were established: for
E398-3 cellulose acetate, 54-5%% acetone; for EL00-25, 60-65% acetone;
and for E394-60, 63-68% acetone. A cellulose acetate-formamide ratio of
7:10 was uvsed in all cases. Viscosities in the dip casting range vary
from ~900 centipoise to ~ 3500 centipoise.

Fluxes of 16-18 GSFD at 93% salt rejection were obtained for ex-
truded membranes on ceramic supports using a casting solution containing
14.9% Fastmen 394-60 cellulose acetate, 21.3% formamide, and 63.8% ace-
tone. A 5-second solvent evaporating time and an 86°C heat treatment
were used. Extruded membranes always gave fluxes of 1.4 to 2.2 times
those of sinilar dip cast membranes. :

Porous ceramic, porous polyethylene, and porous polyvinylidene
fluoride supports were the most promising. A membrane performance of
17 GSFD at 93% salt rejection was obtained on the ceramic; 11 GSFD at
92% salt rejection on the polyethylene, and 7.7 GSFD at 93% salt re-
Jection on the polyvinylidene fluoride.

Support length end support diameter did not appear to affect mem-
brane performance; however, support permezbility does limit the length
of porous rod that can be used. Use of tubular porous media is sug-
gested.

Water flux declined about 15% during the first hours of opera-
tion, but remained constant thereafter provided the membrane surface
remained clean. Salt rejection declined slightly during long runs.




I. INTRODUCTION

The world's need for fresh water is increésing at a very rapid
rate -- a rate which will soon outstrip new supplies of fresh water in
many areas. Finding new sources of good quality water at a reasonable

cost is becoming a major problem.

Netural sources of water (wells, rivers, etc.) may currently be

tapped at a cost of between 13 and 70¢ per thousand gallons (8). It is

doubtful that new technology or equipment will be able to lower this

cost or increase the natural supplies. On the Basis éflfhé high cost
and unavailability of new natural fresh water supplieé,'it seems likély
that soon it will be necessary to tap the world's vést quantities of
brackish and sea water. This is especially true in the moré arid areas
such as the Middle East or the highly populated areas such as Southern

-

Californis,.

Until recently, thermal distillation was fhe only technique that
had been developed for desalting water; however, because of the in-
creased interest in desalted water, a number of new techniques are be-
ing developed. Cpmmercial possibilities and rgsearch under the direction
of the United States Office of Saline Water hafe enhanced the rapid
development of these techniques. The more important processeé for de-
salination now include: multistage flash distillation, falling film:
distillation, vapor compression_distiliation, electrodialysis (braékish

water only), direct freezing, and reverse osmosis..
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Distillation technigues are the most advanced. Using present day
technology, costs of 80¢ to $1.10 per thousand gallons of fresh water
for small multistage flash evaporation plants have'beén reported. - For
,larée plants (50 million gallons per day or more), this cost would be
Towered to 20 to 40¢ per thousand gallons (8). E}ectrodialyéis and
reverse osmosis are also becoming important processes,and éésts are
approaching those of distillation; especially in the area of brackish
wvater desalting. Costs of 75.5? per thousand gallons hgve been esti-~.

mated for a one million gallons per day~reverse osmosis plant (2).

The principle of reverse osmosis is qu;te simple; Figure 1
¢
illustrates. osmosis processes. In ordinary osmosis, the pure waber will
pass through the membrane into the brine so as to dilute the brine solu-
tion (Figﬁre l-a). No flow occurs at osmotic equilibrium (Figure 1—5);
however, the flow of pure water may be reversed (Figure 1l-c) by applyQ
ing a pressure greater than the osmotic pressure (osmotic‘pressure

1.15 psi for each 100 ppm NaCl) on the brine. This is called reverse

osmosis.

Several inherent advantages exist for the reversg‘qsmosis process.
First, large energy requirements are not required as in the distillafipn
techniques. Reid (17) reported that the minimum theoretical energy re-
quired for desalting sea water is 2.63 Kw-Hr per thousand galloﬁs.‘ Dig-
tillation techniques require up to 6 times this;amounﬁ (23) while ré—

verse osmosis approaches this minimum energy requirement.
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Secondly, reverse osmosis operates at ambient temperstures which’
tends to lessen corrosion. Scaling problems are also virtually non-

exisbant when compared to distillation techniques.

Another'advantage is the simplicity of the reverse osmosis pro-
cess and its equipment. The process is essentially an ultra-filtration
of §alt from the brine. The equipment consists‘of only two major items:
a pump capable of ﬁumping the brine to high pressures (600--800 psi for
brackish water aﬁd 1200-1500 psi for ses wéter) and a membrane modulg\
in which the reverse osmosis process operates. The mggt important part

is, of course, the membrane and the module in which it is mounted.

Membganeé.have improved considerably since Breton (3) first
reported in 1957 that cellulose acetates act as semi-permeable membrenes
for sodium chloride solutions. Alwmost all other éolymers have been
fested as reverse osmosis membranes. Other reverse osmosis systems
have also been fabricated from materials such as graphitic oxide (9),
porous gl;ss (11), and clay~like compounds. Many of these other poly-
mers énd systems do possess the ability to act as semipermeable mem-~
branes; but none possess the better desalinaﬁion qualities of the

cellulose acetate membranes.

The performance of cellulose acetate membranes has improved con-
siderably. In 1958, Reid and Breton (18) obtained membranes & microns

thick which produced a water flux of .945 GSFD (gallons per square foot
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per day) and a salt rejection of 95%. Loeb and Sourirajan (1k) obtained
fluxes of 1.265 GSFD and 99% salt rejection in l§6l by shrinking com-
mercially available cellulose acetate filters which were lQO ﬁicrons
thick. As a result of their experience and an article by Mlle Dobry (7)
which suggested the use of magnesium perchloratg as a_soivent in the
preparafion of'ultrafiltration membranes, Loeﬁ_and Sourirajan developed
a membrane with a flux of 5.4 GSFD and 99.8% salt rejection. A casting
_solution containing acetone, magnesium perch;o;aﬁe, water, and acetone
in the ratio 22.2-1.1-10.0-66.7 wt. percent was typical for prepéring
these membranes. They also found that it was necessary to strictly

control the fabrication steps in order to obtain good results.

More recently, in 1964, Manjikian, Loeb; and McCutchan (15) pre-
pared castiﬁg solutions which contained non-electrolytes. A ternary
casting solution of cellulose acetate,‘fé?mamide{_and acetone was found
to @roduce good membranes., Membranes from this casting solution gavé
fluxes of 20 GSFD and salt rej‘ecltions of 95%. Today this type of cellu-

lose acetate membrane is the most widely used.

Electroﬁ microscopy studies of the high flux cellulose acetate
menbranes have shown that they consist of two definite layérs. The top
layer is a dense, very thin layer often referfed to as the "active" B
layer. It comprises befween 1 and 10% of the total memﬁfane thickﬁéés

and is on the order of .1 to .25 microns in thickness. This layer (on
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the air-dried side of the membrane) is that portion of the membrane
which acts as the semipermeab;e barrier. The remainder of the membrane
is an amorphous porous substructure estimated to have a pore size of

between .1 and .4 microns (19).

Many theories have been proposed for the mechanism Qf water trans-
port through the membrane. Breton (3) proposed tha@ water was trang-
ported-through £he membrane via alignmenf—type diffusion while some
salt and additional water was transported via hole-type diffusion with
no desalting. Sourirgjan (22) proposed thatna thiq film of_pure water
.exigts gt the liquid-membrasne interface. For pores with diameters of(
.greater than twice the film thickness, both pure Water and séline water
will flow. Through the smaller pores, only pﬁre water will pass. Using
these ecriteria, Blunk (1) postulated the following mechanism: "Water is
retained in the osmotic skin part of the membrane in such.a way that it
still possesses the solubilizing properties attributable to its hydrogen
bondiné capacity, but has largely. lost the solubilizing:properties
attributable to its high dielectric constant. Therefore, small species
whose solubilities in water are due partially (hydrogen-bonding}univaleﬁt
ions) or wholly (nonelectrolytes) to their hydrogen-boﬁding capacities,
tend to pass through the membrane. On the other hand, small species )
whose water solubilities are due primarily to the high.diélectric con-
stant of water tend to be rejected. Those species inclﬁae’nén—hydrogé£~

bonding univalent ions, and all ions of valence greatej than unity re-
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gardless of hydrogen-bonding characteristies.” (1)

The developmenf of high flux membranes has presented .an addition-
al problem. For high flux-membranes{‘a polar;zgtioh effect due to a
salt concentration buildup at the brine membrane.interface becomes an
important factor. This concentration buildup lowers the water flux
(the effective driving pressure 1s lowered because of a ﬁiéher osnotic
pressure at the membrane surface) and increases the salf flux (the salt
gradient increases). Brien (17), using a thin film model for turbulent

flow, gave the following equation to describe the polarization effect:

' 2
! . N =
exp (____,__": ”Sc 3
- C!‘ ij U .
““.6‘ =
¢ r + (1-r) : , 2
v . N, =
exp ( - ) Se 3
JD.U i
where ¢' = salt concentrat%oh at the membrane
interface, g/cm
Cb = salt_concentration in bulk solution,
g/cn’
v' = product water flow velocity throunh
the membrane, cm/sec
jD = Chilton-Coburn mass transfer j-factor
U = average velovity over the cell, cm/sec
NSc = Schmidt number for salt diffusion;

kinemgtic viscosity of solutien, (cm /sec)/
molecular-diffusion coeff1c1enu in salt,
(cm?/sec)

r = salt rejection
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This equation shows that the polarizatiﬁn effect is a stroﬁg
function of desslinized wgter flux and feed velocity. “Therefore,'in,tﬂe
case of high flux, high sgit rgjeq@ion membranes, it is necessary to
maintain g high brine flow rate past the membrane (turbulent flow) to

prevent the polarization effect, thus keeping C’/Cb neaf'unity.

Two other basic problems also exist with reverse:osmosis systems.
First, the pressures exerted on the membrane are quite high (600-800 psi
for brackish water end even higher for ses water)f -The‘membranes desr
cribed thus far are n&t capable of handling .such pressures without
additional support. Secondly, even though_membréqe performance has im-
proved considerably, the desalinized water fluxes are still relatively
low. This necessitates s reverse osmosis system to be designed so that

s high membrane area per unit volume exists.

Several approaches have been used to golve these problems. An

additional approach is being proposed by the author,

- One of the first methods used was to mount the meﬁbranes in &
porous tube (6). The porous tube would act as a support for the mem-
brene. The brine would flow within the tube and the product would exit
through the porous walls.. Such membranes possess sufficient strength;
but because larger diameber porous tubes are used, the membrane den§i£y
is somewﬁat low. Also, the cost of mouﬁting %he nembranes is relati&ely

high. Recent advances in dynamically casting the membranes have given
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more promise to this approach. -Pilot_piants of up to 5000 gallons per

day have been successfully tested using the tubular design (6).

A second methgd is ﬁhat_oflspirally winding the;membranes to fornm
é tubular module (5). Brine anq a porous matrix al£ernat§ between mera~
brane layers. Thé product water exits through the matrix.maﬁerial.
Sealing problems, a_telescoping effgct, and finding a suiteble matrix
material are major problems. Deépite thése problems,_pilgt.plants of uw

to 10,000 gallons per day have been successfully tested (5).

Another technique is that of mounting flat membranes in a "filter
:presé type" arrengement (S)T Again, spacers for bfine and product flow
alternate between.membranes. Géod'membrane densities are obtained, but
flow distributions, mounting of the membranes, and the large number of
seals required are major disadvantages. Pilot piants of up to 50,000

gallons per day have been tested using this apprdach.

‘A.fourth technique is that of using hollow fiber membranes (16).
Tbese are mounted in g shell and tube desigﬁ with the brine flowing on
the ghell side and the product exiting through the hollow fibers. A a
system of this bype pfoduces a very high membrane density; however,
becauée no membrane support exists, the Tibers are thick-walled, re-
sulting in low fluxes (<‘l GSFD apd generally on the order of .1 to .2
GSFD). This system i; one of the more promising as the egquipment is

simple and easily assembled and low brime flow rates may be used (low
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fluxes, therefofe no polarization problem); however, clogging is often a
problem on the brine side because of the very small interstitial spaces
between fibers. Up till now, fibers have nof been successfully con-
structed of cellulose acetate. The polymers currently used fér the
fibers do act as barriers for many ions, but they are'only imperfect . -
barriers for Na' and ¢1” ions. This is the ma.jor disa@yantaée of this
design. The development of membrane fibers which would act{as Nat ana

C1™ barriers would certainly make this approach more appealing.

The alternative approach being propésed by the author is one in
which high flux cellulose acetate membranés are cast on the outer sur-
-féce'of small diameter porous rods or tubes. A shell and tube design
would be used to mount the membranes. Such a system would be simple and
would proyide a high density of high flux éellulqse acetate membranes.
Aiso, the.clogging problems encountered with the hollow fiber system

would be substantially reduced due to a larger diameter tube and the

resulting larger interstitial spaces.

Therefore, the object of the'author's thesis is to determine the.
feasibility of.casting reverse osmosis desélination membranes on small
disgmeter porous tubular media as an alternative design for reverse os-
mosis systems. "This includes the detérmination of casting conditions
for casting membranes on porous tubular ﬁedia, naking perfOrmancé tests
on &arious porous media, studying important design factors, and briefly-

considering economic aspects.
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Prior research counsidering the casting of membranes directly on
porous substrates has been performed at Montana State University by
Donald Wang (24%). He cast cellulose acetate ﬁembranes upon a number of
porous substrates, but foqnd that an epoxy filled fiber glass meterial
(Gelman Versaspor filter material) proved mogt useful.‘ Fluxes of 21 GSFD
and 95% salt rejection vere obtaiped_for membranes cast on fhis material,
These membranes were cgst from a cellulose acetate - formamide - acetone
(1.9, 31.2, and 46.9 weight percent,.respectively) casting solution us-~
ing a 5-second solvent evaporatipg t;me and a hest treatment at 85°C.
Tater work by Tai (10) showed that other porous materisls also have
promise as supports. Polyvinyl chloride was most promising. A flux of
21.3 GSFD and 97.3% salt rejection was obtained for membranES cast on
this support. Casting conditions were the same as those used by Wang.
Tﬁe work of VWang and Lal has been used as a basié for thig author's

work.




IT. EQUIFPMENT AND PROCEDURE

A. Membrane Fabrication Techniques

Three different techniques were used for preparing membranes.
The first of these was spreading the casting solution on flat porous
media using a doctor blade. The other two techniques,ﬂuséd on porous
cylindrical rods and fubes, were dip casting and extrusion. ‘Figure 2,

page 13, illustrates these techniques.

Membranes cast on the flat porous media were pfepéred in a con-
stant temperature (70°F) and constant humidity (50% relative humidity)
chamber. Casting was done on small glass plates using masking tape for
cleaiance (about .005" clearance per layer of masking tape) and a smooth
glass rod as a doctor blade. After spreading the cellulose acetate -
formemide ~ acetone casting solution on the porous support, a measured
solvent evaporasting time was allowed. Thé_membranes we?e.then placed in
cold (< 10°C) water for at least one hour for gelation. The membranes
were annealed (heat treated) in hot water for four minutes at a desired
temperature (usually between 75 and 90°C). Circular sections 2-1/2

inches in diameter were cut from the membrane for testing.

In dip and extrusion casting, 4-inch lengths of porous tubes or
rods were used. Ipoxy cement was used to sezl one end of the- tubes with-
the other end being left open for product flow. About one inch of the

porous rods and tubes at the product end was sealed prior to casting,
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usihg a silastic sealant. This was done for mounting purposes and to
insure uniform flow past the tube length being tested. The porous -rods
and tubes were saturated with ﬁater to prevent air bubbles from escaping
from the pores of the support during casting. Such bubbles often caused

leaks when complete saturation was not obtained.

Dip casting was performed by dipping the rods and tubes into the
casting solution, withdrawing the rod from the casting solution at a
nearly constant, relatively rapid fate ( = 2 inches per second), allow-
ing a measured solvent evaporating time, and then placing the membrane in
cold water for gelation, Casting was done at room conditions (approxi-
'métely 75°F-and variable humidity). All mewmbranes with rods or tubes as
supports were annealed by immersing the membrghe»coated rod in water at
6Q°C, heating tﬁe water at 5-6° per minute to a desired temperature, and

leaving it at that tempersture for four minutes.

Extrusion casting on the porous rods and tubes differed from dip
casting only in that a die was dropped over the rod ag the rod was with- _
dravn from the casting solution. A clearance of .010 inches was allowed

between the rod and the die.

" All membranes were stored in waber when not being tested.
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B. Membrane Test System

A flow diagram of the test equipment is shown on Figure 16, page
2. The sygtem consisted of a 10-liter ﬁrine tank, a pump (Jaeco Model
753 S—8), and two parallel test lines, eacﬁ containing one or more test
cells and a back_pressure regulator. The test lines. could be operated .
buth at fhe same time or independently, as needed. All equipment was of
plastic or stainless steel material to eliminate corrosion. A high
pressufe filter was used in some runs to ﬁaintain a clean. system; how-
ever, it was found that frequent chaﬁginé of the brine was more ex-

pedient.

High pressure nitrogen was used as back pressure against the
circulating brine,. The pump and brine circuiation caused an increase in
b;ine temperature. A cooling coil using cold tsp wabter was used to mzin-
tain the brine temperature in the tank af 2k + .5°C. Brine temperabure

at'the membrane was 25 + .5°C.

Two types of test cells were used; one for flat. membranes, snother
for membranes cast on cylindrical éorous nedia. The flat test cell (See
Figure 17, page 73) consisted of two 304 stainless steel flanges, Y-1/2
~inches in diameter; which were machined to desired dimensions. The -
upper flange contained a 2-inch diameter space for brine flow. This
space tapered from 1/8-inch deep at the outer edge to l/l6—inch-ﬁeepvat

the center to obtain an even flow distribution across the test cell.
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The lower flange contained a 1/8-inch thick, 2-1/2-inch diameter porous
(5-micron bore size) stainless steel plate upon which the meﬁbrane wa.s

supported. Product water paéséd through the porous support and exited

through a 1/L-inch male Swagelok connector fitting. Eight 1/4-inch

bolts and a neoprene gasket were used to seal the test cell.

The second type of test cell (Figure 18, page 7h) consisted of a
1/2-inch diameter stainless steel tube with a Swagelok heat exchanger
tee and a reducing vnion at the ends. In this cése, tﬁe membranes Wege
sealed into the heat exchanger fitting using Generél Electric RIV sil-
astic sealant, a Swagelok front ferrule, and a fabricated feducing nut.
See Figure 18 for details of the method used to seal membranes into the
test cell. A 12-hour curing time was allowed for the silasgtic sealant.
During this time it was necessary to keep'the siléstic area dry while
méintaining the membrane section wet. Cell assembly copsisted only of
attaching the heat exchanger fitting containing ﬂhe membrane to the test
tube. The brine flowed on the outside of the membrane-coated porous rod
and the product water exited by flowing lengthwise through the porous

rod.

C. Test Procedure

After .a membrane had been mounted in a test cell, the test cell
was attached to a test loop. The brine was then circulated.paéﬁ the -

membrane at a gradually increasing pressure until the desired operating
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pressure was reached. This was 800 psi for most runs. A 10,000 ppm
(1%) WaCl brine solution prepared from deionized water and reagent grade

NaCl was used in all runs.

Flow past the membrane was 8.7 cm/sec for the flat membrane and
varied between 13.6 cm/sec and 43.8 cm/sec for the cylindrical membranes.
The variation in the cylindrical membranes was due to the use of various
diameter porous rods as supports. Performance was not affected by the
*variabion in brine flow for the above velOCify range. fAlso,,membrané
performence was not noticeably affected by pressuré and.fiow surges from
the reciprocating pump. Using a surgé tank (50 feet of l/H—inch diameter

tube ), the pressure surge could be lowered to 20 psi from 100 psi.

Product water rates and product water conductivify (resistance)
were measured et 1/2, 2, 4, and 6 hours. During the first hours of
opgration, a Tlux decline occurs and the salt rejection increases
slightly. By 6 hours, product flux and salt rejection are nearly con-
stant. Except where noted, the data reported is that afjthe end of 6

hours.

Salt concentrations were measured using a conductivity bridge and
two conductivity cells. These cells ﬁere calibrated and checked period-
ically using known brine samples. Conductivity cell #1 was used for
detexrmining product'water NaCl concentration and conducti&ity cell #é

was used for determining brine concentrations. The calibration curve for
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cell #1 showing a temperature dependence is shown in Figure 19, page 75.

Casting solution viscosities were determined using a falling ball
viscometer, which was calibrated using glycerin at 0°C and 25°C. The
viscometer could be used for only the more dilute casting solutions
such as those used for dip casting. The accuracy of the viscometer was
somevwhat limited when using any of the casting solutions, but it did
provide'a good approximation for the viscosities of thelvarious casting

solutions.




ITT. CASTING MEMBRANES ON POROUS TUBES AND RODS

.The use of porous tubes or rods as direct‘éuﬁports for reverse
osmosis. desalination membraneé necessitates careful considéféﬁion of the
membrane casting processes involved. Because the life of celluldse
acetate membranes is relatively short (approximatelyh6rﬁ§nth§ to 1l year
a7) ), it is necessary.that membranes be replaced periodically.  Where
direct membrane supports are used, two alternatives are open at the time
. of membrane replacement. Either the support may be discarded or:the
support may be reused. Expensive supports must be reused if they are to
be justified economically. Cheap supports could possibly Be discarded

after use.

In cgnsidération of the above alternatiﬁes, two casting techniques
have been proposed by the author. Where gupports mist be reused, dip
casting (at. least for casting membranes on. used supports) is.suggested.

A fwo~step process ﬁould be necessary for reusing supports. First, the.
0ld membrane mgst be removed by dissolution and then a new membrane would
be dip cast upon the. support. In tﬁe case where the porous media may -be
discarded or as a first membrane upon the porous media, extrusion is

perhaps the best -casting technique. .

" The more important casting variables for both dip casting and eéx-~
trusion have been studied.- These variables included casting solution

composition, solvent evaporating time, and heat treatment temperature.
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Other factors such as support type, support diameter, support perme-.

ability, support length, and membrane life have also been considered.

A. Dilute Solutions on Flat Supporits

The casting solutions used by Wang (24) and Lai (10) for casting
on flat supports . are much too viscous for dip casting. Only a thick
"glob" occurs when a support is dipped into this solution. This neces-

sitated the development of a more dilufe, less viscous castiﬁg solution.

For a number of membranes, Wang. (24) used more dilute casting
sqlutions. He obtained iess viscous césting‘solutions byureducing the
.cellulose acetate content while maintaining the same fo£mamide:acetone
ratio. Memﬁranes cast on Gelman C.9 micron Vgrsgpor porous.ﬁedia.using
these dilute solutions gave poorer results. ILai (10) found similar
results when using other porous media, In both baées, the dilute, lower
Viscosity casting solutions had 2 high'forhamide;cellulose‘acetate.ratio.
Thig perhaps caused the poorer membrane performance. By-maintaining a |
constant éellulosg écetaté:formamide ratio and lowering the solution's
‘viscosity by increasing.the acetone conecentration, one may possibly ob-
tain membranes of good performance from dilute casting solutions. A |

series -of membranes cast on flat 0.9 micron Versapor porous material were

.prepared. fron a dilute solution.to check'this-approaqh,n .qwﬂ”dm":_"

Fifst, the casting technique of Wang 624) was checked and his re-

sults using a viscous casting solution reproduced (see Runs V—E.to v-11,
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Table XXIIT, page 103). This casting solution (Casting Solution A)*
contained 21.9% Eastﬁan 400-25 cellulose acetate, 31.2% formamide, and
46.9%, acetone. Spread Casting (see Figure.2, page 13).using.a 5-second
solvent evaporating time and an 85°C heat treatment temperature was'uéed.
A less viscoué'(thin enough to be dip cast) casting solution (Casting
Solution B) was.then prepared using 14.9% Eas%man 400-25 péllulose ace-

tate, 21.3% formamide, and 63.8% acetone. This casting solution's vis-

cosity was approximately 3150 centipoise.

Preliminary membranes indicated that an increaéed clearance wés
needed when using Césﬁing Solution B. Increasing the castiﬁg clearance
to .010 inches from .005 inches eliminated imperfections: in the mem-
branes and thus ilmproved salt rejection. The imperfections were due to’
flow of the casting solution into the pores of the support and to the

_slight roughness of the support.

Because of the increased acetone (solvent) conceﬁtration, the -
solventdevapbrating time was thought to bé a mé;t important varieble
© when using dilute solutions. A series of membranes ﬁere prepared froﬁ
Casting Solution B on 0.9 micron Versapor supports using several differ-
ent solvent evaporating times: 5, 10, 20,‘30,.and 60 seconds. A heat

treatment temperature of 86°C was used in arnealing the membranes.. ..

X ! .

A1l casting solutions used are designated-by an alphabetic letter.:
See Table VI, page 76, for a complete list of the compositions and
the viscosities of all casting solutions.
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Figure 3 on the following page shows the performanceM of these membranes
as a function of the solvent evaporafing time. Wéter flux decreased and
salt rejection‘increased as fhe solvent evaporaﬁing'time increased. A
$§lvent evaporating time of 20 to 30 segonds produced membranes with

fluxes of between 20 and 24 GSFD ot salt rejections of 91 to 93%.

Using a 20~secona solvent evaporating time, membranés were pre-
pared at a higher heat freatment temperature of 88°C. This higher hest
‘treatment temperature improved the salt rejection to 95.9% with the water
flux declining siightly, but still remaining at 20.3 CSFD. This compares
favorably with the flux of 19.5 GSFD and 95% salt'rejecﬁion obtained for
the best mémbraneg,oast on the Versapor support using the more viscous

Casting Solution A.

Results indicate that using a more dilute casting solution as re- -
guired fbr dip casting is practical; howevér, an increased casting thick-
ness, a slightly longer solvent evaporating time, and a slightly higher
héat treatment temperature were required to obtain good membrane per-
forménee on flat supports. Also, a less viscous casting solution.vhich
produces membranes of good quality can be obtained by increasing the
acetone concentrabtion while maintaining the cellulose acetate:formamide
;étio constant at T:10.

.

* o i .
Each data point reporbed on the figures is an average for two or more
membranes. Tables in the appendix provide details for each data point.
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B. Studies on Dip Casting

Porous ceramic rods (Worton RA-4021 glundum rods) 5/16" in
diameter were used to study the more important casting variables for dip
casting. The ceramic support was chosen because it is relatively ;trong,
is dimensionally stable, is easy to work with, and it cén be reused with-

out adverse effect.

" Effect of Casting Solution Composition

Of particular importance in dip éasting are thé.casting solution
viécosity and the solvent evaporating time. Several casting éolutions
were prepared using Eastman 400-25 cellulose acetate and three different
‘acetone concentrations (thus different viscosities). These éasting solu- -
tions, designated B, C, and D, had acetone cénéentrations ranging from

63.8% to 70.2% and viscosities ranging from 3150 to 995 centipoise.

Preliminéry membraneé on éeramic suﬁports indic;ted that when dip
casting on porous rods, solvent evaporating times of 5 to 15 seconds
were sufficient to produce good. qua;ity membranes. Better air circula—
tion and possible convection effects around the verticsl cylindrical
rod perhaps enhanced the solvent evaporation rate and made poésible

smgller solvent evaporating times when compared to flat supporis.

A number of membranes were dip cast using casting solutions B, C,

and D. A heat treatmeﬁt temperatﬁre of 86°C and solvent evaporating
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times of 5, 10, and 15 seconds were used. Figure I shows in detail the
effect of the éasting-solution% compositién (viscosity) on membraﬁe
performance for various solvent evaporating timeé. As the acetone con-
centration increases, the water flux increases while fhe salt;rejection
decreases. For longer solvent evaporating times, one méy use slightly.

less viscous casting solutiong to obtain the same or slightly better

performance.

" Those membranes prepared using tﬂe lower acetone concentrations
(Casting Solution B, for example) were relatively thick; 3./64" to 1/32"
as cagt. Those of high acetone concentration wefe guite thin. When

.using dilute casting_solgtions,.there is a point of maximum—dilutioh at
which the membrane sufface begins flowing and cracking during the sol-
vent evaporating time. New membrane of zero solyent evéporating time
ié'thus always present. These sreas hafé4gssentially a porous surface
with no g¢tual membrane present. The rapid deterioration of salt re-

jection (as in Figure 4) defines the beginning of the flow structure.’

The point of maximum dilution is 65 3 .5% acetoqe wheﬁ using
EL00-25 cellulbse.acetate, a cellulose scetate:formamide rafio of 7:;6,
and a solvent evaporating'time of 5 seconds. This may be increased
sligﬂtly to 67-689% acetone by incressing the- solvent evaporating tiﬁe

—

to 10-15 seconds. L -
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Effect of Solvent Evaporatiﬁg Time

The importance of the solvent evaporating,timelwhen using dilute
solutions is shown by plotting membrane performance (water flux and salt
rejection) as a function of the solvent evaporating time for two differ-~
enf casting solﬁﬁioﬂ compositions. Thils has been done'in Figure 5. for
Casting Solution B, the more viscous.of the casting solutioﬁs, good per-
formance (10.5 GSFD and 95.4% salt rejection) is obtaineé using a S-A
second solvent evaporating times howeveT; for Casting:éolution C, a 5~ _
second solvent evaporating time produced membranes having poor salt
rejection (< 65%). Increésing the solvent evaporating time to 10 seconds

improved the salt rejection of these membranes to 90.5%.

For all solvent evaporating times; the membranes prepared from.
the more dilute solutioqs gave better water fluxes, but lower salt re-
jection. For example, at a 10-second solyent evaporating time and 86°C
héat treatment temperature, Castipg Solution C gave ﬁembranes having'
performance of 13.7 GSFD at 90.5% salt rejection while Casting Solution
B produced membranes with 8.6 GSFD and 92.7% salt rejection. A similar
comparison could be made at other solvent evaporating times, A1l T 6 -
brane performances givén (here and throughout the thesis) are an average

performance for fwo or more membranes similarly prepared.
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‘Effect of Heat Treatment Temperature

When using membranes cast directly on poréus supports, it was
necessary to alter the heat treatment procedure. If the membrane- |
‘coated support was dipped.directly into the hot heat treatment bath,
-buﬁbleslcaused by trapped alr and vaporized acetone would form between
the membrane and the support. These oftén cgused'the membrane to rup- -
fure. A gradual increase in'heat treatment temperature was necessary

. to allow gradual release of the pressures within the support.

The effect of heat treétment temperature on dip-cast membranes
is shown in Figure‘6, page 30. Wafer flux declines and salt_rejection
increases as the heat treatment temperature increases. The slight rise
in water flux at 86°C heat treatment (nofed in much of the data) may be
dge to impe?fections which arise at higher heat'treatment temperaﬁureé.
It is thought that'the membrane shrinkagéiduriné annealing may cause

cracks or other simjilar imperfections.

Comparison of Casﬁing Solutions B and C over the range of hea£
tréatment teﬁperétures again shows that Casting Solution C, the more
dilute of the two, produces membranes of beﬁtei flux but slightly lower
salt rejection. Best salt rejection for both casting solutions résulted

when heat treztment temperatures of greater fhan 82°C were used.
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Effect of Cellulose Acetate. Type

The viscosity of the casting solution caﬂ also be altered by
using other cellulose acetate types. Several typeé of cellulose ace-
tates are available. .These differ only slightly in acetyl content, but
they do vary widely in molecular weight, thus viscosity. fhree types
of cellulose acetate were chosen to check the effect of usipg other cel~
lulose scetates. The three chosen were Eastman 398«3,* Eastman hOO»é5,

" and Easfman 394-60.

A number of casting solutions were prepared using these cellulose
acebates. The lower the viscosity of the cellulose acebate, the less
acetone it %akes‘fo achleve a desired casting solution viscésity. Table
VI, page 76, shows fhé'compositionyof the various casting solutions and

-

their viscosities. N .

A number of membraﬁes were prepared using three différent césting
solutions (viscosities) for each cellulose acetate type. Performance of
. these membranes is presented in Figure 7, page 32, For each type of
cellulose acetate, there is a point of maximum_dilution at which membrane
performance begins to decline. The pbint of maximum dilution is 59 + -
.5% acetone for 398-3 cellulose acetate, 65 + 5% acetone for 1400-25 -

cellulose acetate, and 68 + 5% acetone for 394-60 cellulose acetate.

g
Acetyl content 39.8%, mean viscosity 3 sec -- range of 1.8 to 3.9 sec.
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In.all cases, the remainder of the casting éolutiqn consisted of cellu;
lose acetate and formamide in the ratio of 7 to iO. The viscosit& at -
the point of maximum dilution was approximately 900 centipoise. In all
cases a fléw structure in .the membrane was noted for solutions with’ace~
tone concentrations higher than that at the point of maximum dilution.

The flow structure was noticeable as cracks and lengthwisé, wavy streaks

in the membrane surface.

From the curves in Figure 7, an acetone COncenfration range has-
been established for dip casting for each of the cellulose acetate types
tested. The lowest acetone concentration Onost viscdus casting solution)
is determined by the point at which the membranes become thick and stért'
to "glob" during casting. The maximum acetone concentration (least vis-
cous casting solution) is determined by the point of maximum dilution
discussed above. Acetone concentrations of between 544, and 59% for
E398-3, between 60% and 65% for EL00-25, and between 63% and ' 68% for
E394-60 are required for dip casting. In all cases, a céllulose acetate:
formamide ratio of 7 to 10 was usged, Viscosities-in the dip casting
range vary from 900 to 3500 centipoise. The acetone concentration ranges
are for a 5-second éolvent evaporating time. The percent acetone could

be increased slightly when using longer solvent evaporating times.

‘Pigure 7 also compares the performance of membranes prepared from

the various cellulose acetate types. EWO0-25 cellulose acetate produced
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membranes of better performance than did the other celluvlose acetate
types. For example, at the point of maximum dilution, E400-25 membranes
gave fluxes of 10 GSFD at 95% salt rejection compared to fluxes of 7.5
GSFD and 6.0 GSFD for E398-3 and E39L-60, respectively,lat salt rejec-

tions of 93.5%.

Attempts to use very dilube casting solutions were méde by using .
multiple dipping. In this approach, the porous ceramic rods were dipped
twice (or more) into a very dilute casting solution (Casting Solution E).
A long solvent evaporating time (> 1 minute) was allowed between dips
with the final solvent evaporating time being 30 seconds. Membrane per-
formance in all cases was poor with a flow structure being'ébserved on

the membrane surface.

Use of Warm Casting Solutions

Heating a casting solution also reduces its viscosity and nmay
make possible the use of more concentrated casting solutions for dip
casting. Tt was thought that thin membrangs without the flow structure
could possibly be obbained using this method. Several membranes were
cast using warm (46°C) casting solutions. Performance of these membranes
was poor (see Runs CR-27 to CR-30, page 109). Water fluxes were always
relatively low (< 10 GSFD) and most membranes contained pinholes. These
pinhoies, when dyed and observed under’a micfoscoPe, appéared to be min-

ute bubbles. Such bubbles may have originated from gases trapped in the
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sufface pores of the support or from the vaporization of the acetone in
the casting sclution.  Because of the low fluxes and the defects, the

use of warm casting solutions was discontinued.

€. Studies on Extrusion Casting

A modified extrusion technique (see Figure 2, page 13) was used
to study the possibilities of extruding membranes upon the porous tubes
and rods. An extrusion clearance of .010" was used to produce all ex-
truded membfanes. This technique produced relatively thin‘uniform mem-

branes. Again ceramic rods were used in studies of the casting variables.

Effect of Casting Solution Composition

For extrusion casting, tﬁo different'casting solutions were used
to check the effect of casting solution composition; especially acetone
content énd viscosi%y. Highly viscous Casting Sélution A (used by Wang
(ek)} to produce his best membranes by sprééd casting) ;ﬁd Casting Solu-
tion B were used. Membranes were prepared using a 5-second solvent
evapofating time and variogs heat treatment temperatures. Figure 8 shows

the performance of these membranes.

Water fluxes were quite similar at lower heat treatment tempera-
tureé; however, at a heat treatment temperature of 856°C, Casting Solution
B gave a water flux of 1L.3 GSFD compared t6‘8.3 GSFD for Casting Solu-
tion A. Salt rejections were similar for both casting solutions over

the heat treatment range.
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Effecﬁ of Cellulose Acetate Type

The effect of cellulose acetate type on the performance of ex~-
.truded membranes was studied using three different cellulose acetate
types, each at three different levels of acetone.concentration. A sol~
vent evaporsting time of five seconds and a heat treatment temperature
of 86°C was used for all runs., Performance of these membranes is showm

in Table I, page 38.

Best membrane performance (17.1 GSFD, 93.7% salt rejection) for
extruded mémbranes was obtained when using Casting Solution K (cellulose
acebate type 394-60). This casting solution was slightly below the ace-
tone concenfration range for dip casting. Use of high or l;w viscosity

casting solutions generally resulted in poorer membrane performance.

Salt rejection was similar for all cellulose acetate types.

D. Comparison of Dip and Extrusion Casting

The performances of dip cast and extruded membranes have been
compared as a function of both heat treatment temperature and solvent
operating time. Dip cast and extruded mewmbranes were prepared on cer-
amic supports using Casting Solution B, heat treatment temperatures of
75, 82, 84, and 86°C, and solvent evaporating times of 5, 10, and 15
seconds. Results of these étudies are showyn in Figufes 9 and 10, pages

4O and L1,
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Table I: Effect of Cellulose Acetate Type on the -
Performance of Extruded Membranes.

CNear lower end of dip casting range -- ~ 1000 centipoise

Cellulose a b e
Acetate High Moderate Low
Type Viscosity Viscosity Viscosity
E398-3 Casting Solution F G - H
Water Flux (GSFD) 7.3 11.0 11.7
Salt Rejection (%) 2.7 ok.2 93.5
~ EL00-25 Casting Solution A B c
Water Flux (GSFD) 8.3 4.3 9.1
Salt Rejection (%) Sl 93.9 91.1
E394-60 Casting Solution J- K M
Water Flux (GSFD) 12.8 17.1 17.2
Salt Rejection (%) 89.3 93.7 -87.9
Such above dip casting renge -- > 3500 centipoise
bNear upper end of dip casting range -- ~ 3500 centipoise
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Figure 9 indicétes that extruded membraneg have bétter perform-
ance than dip cast membranes for all heat treatment teﬁperatures. At
heat treatment temperatures of 82 to 86°C, fluxes of 15 to 18 GSFD and
salt rejections of 90 to 949, were obteined for extruded membranes while
fluxes of 10 to 11 GSFD and salt rejections of 95% were obtaineé‘for
similar dip cast membranes. The lower flux of the dip cast;;embrénes
presunably results from the resistance to flow in the thick pérous
substructure of the membrane. Lack of imperfections resultslip a
slightly higher salt rejection for the dip cast membranes. If a moré
dilute solution is used in preparing the dip cast membraneg, their
performance more closely approaches that of the extruded membranes.

Water fluxes of 12 GSFD and salt rejections of 91.5% were obtained for

dip cast membranes prepared from Casting Solution C.

Figgre 10 compares the performance-of dip cast and extruded mem~
branes for various solvent evaporating times when using Casting Solu-
tion B. Salt rejections are nearly identical for membranes cast usihg
either technique; however, water fluxes decrease rapidly-ﬁhen long
solvent.evaporating times are used for extrusion. It is thus quite
important to use small (5 seconds or less) éolvent evaporating times
when casting wembranes by extrusion. ZLonger solvent evaporating times
(up to 15 seconds) may be used for dip casting without drastically
affecting the water flux. The dependence on solvent evaporating time

is primarily a result of the "as cast'" membrane thickness. - More sol-
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vent is available in the case of dip casting to prevent the membrane
skin from becoming thick. Relatively thick surface films result when
extruded membranes are given longer solvent evaporating times due to

the small totsl amount of - solvent present.




IV EVALUATION OF SUPPORT MATERIALS

A. Initial Screening of Supports

A number of materials are available in the form of porous media.
For use as a support for reverse osmosis desalination mémbranes, a
porous media must be of small pore size (on the order.of microns or
less), must have good strength, and must be résistant to salt golutions.
For the suthor's work, the additional requirement of being available as
a small diameter rod or tube is necessary. Porous stainless steel,
porous ceramics, porous fiverglass, and certain porous plastics are

possibilities for membrane supports.

Five different porous support matefials were obtained in the
form of small diameter porous rods or tubes. These included porous
tubular stainless steel (.5 microns pore size), two types of porous
cersmic material (unknovm, but small, pore size), and two types of por-
ous plastic; polyethylene (10 micron pore size) and polyvinylidene
fluoride {25 micron pore size). Small diameter porous Ffiberglass
material, although of interest as supports, could not be obtained,
Table VII, page 77, provides a qualitative anaiysis of the various

support types used.

Ten membranes were prepared on stainless steel supports. The
performance of these membranes is shown in Table XXIV, page 106. In-

all cases the product water flux was quite low. Microscopic inspection
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of.tﬁe support indicated that only a small portion of the support
(perhaps 10-20%) actually possessed a porous_surface. The remainder
was shiny nonporous steel. This is the probable reason for ﬁhe low
water flux of membranes cast on the porous stainless séeel. Because of
the poor membrane performance and the high cost of the stainless steel,

the use of this support was discontinued.

Two types of ceramic materials were used; Norton RA-5021 alundum
tubes and Worton RA-BO21 alundum rods. These maberials were quite simi-
lar except that the RA-5021 material was fired to s highefhtemperature
during fabrication and thus was somewhat denser (less void space).

Both types of ceramic were brittle, necessitating care in handling.
Performance of membranes prepared on both types of ceramic supports
indicated that the RA-LO021 ﬁaterial was at least as good as, or slightly
better than the RA-5021 material. RA-5021 ceramic, being of smaller
diameter and tvbular in form, was more difficult to seal in the test
cell, Because of their similarity and the sealing problems, the use of
RA-5021 ceraﬁic was discontinued. RA-4021 was evalusted further as a

membrane support.

~

Both of the porous plastic materials appesared to be promising as
supports for reverse osmosis membranes. The plastic materials are quite
strong and relatively cheap. A more complete evaluation of the porous.

plasties as membrane supports was made.
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B. Membrane Performance on Various Supports

Effect of Support Type on the Performance of
Dip Cast Membranes

After initial evaluation, the three mbst promising typés of sup-~
ports were compared. Using RA-5021 ceramic rods, polyethylene rods, -
and pplyvinylidene fluoride rods, a number of dip cast membranes were
prepared and performance evaluated to check the effect Qf support type.
Casting Solution B, a 5~seéond solvent evaporating'time, énd various
heat treatment temperatures were used. Results of this study are pre-

sented in Figure 11.

The éeraﬁic rods broduced membranes of better performance at all
“heat treatment temperatures. For examplé, ét a heat treatment tempera-
ture of 86°C, membranes dip cast on ceramic suppofts gave fluxes of
approximately 10.5 GSFD whereas similar membranes on polyethylene and
polyvinylidene fluoride gave fluxes of 7.4 GSFD and h.S‘GSFD, respec-
tivel&. Salt rejection was 94-95% for all support t&pes at the above

fluxes.

7

The major differences between the ceramic and the plastic sup-
ports are fhe pore gize and the webtbability of the support. The ceramic
support is of unknown, but small pore size- (on the ordéf éf 1 micron
as estimated from permeability data), while fhe pore’size5§f the plas-

tic supports is 10 aﬁd 25 microns for the polyethylene and polyvinyl-
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idéne fluoride, respectively. The larger pore size perhaps allowed the
casting solution to flow into the pores. This would have increased the
resistance to flow and feduced the water flux. The plastic- supports
were also hydrophobic while the cersmic supports were hydrophillic.
This also may haye slightly reduced the water flux. The effect of pore
size and webtbtability are thought to reduce the water flux whén using
the plastic supports. It was‘not possible to obtain plastic supports

of a smaller pore size.

‘Several attempts were made to increase the performance of dip
~cast membranes on the plastic supports by pretreating the support prior
'tb casting.  Membranes were prépared using éasﬁing Solution G, a 5-
.second. solvent evaporating time, and an 86°C heat treatment temperature.

Table II shows the results of pretreating the support by various.methods.

Thg effect of dip casting on wet and dry polyviﬂylidene flvoride
suppoyts was studied. Results (Table II) indiéate that the use of water
in the pores does improve water flux (by approximately 10-15%) presum-
ably by preventing the casting solution from entering the pores of the

support.

A further attempt to retard the flow of casting solution into the
pores was made by coating the support with Non-Aqua stopcock grease prior
to dip casting. In this case, the membrane (as cast) would not be in

contact with the support. Upon operation, the water sdluble stopcock
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Table II: Effect of Polyvinylidene Fluoride Support Condition
on Membrane Performance.

Condition of Water Percent

Polyvinylidene Run Flux Salt

Fluoride Support No. ~ (GsFD). - Rejection
Dry PFR~29 .60 94.9
PFR-30 N 93.8
PFR~37 4,82 95.5
Avg. L,70 _ oL, 7
Wet " PFR-31 5.08 9k.9
PFR-32 5.24 93.8
PFR-33 5.94 . 97.6
Ave. 5.ho 95.4
Non-Aqua, PFR~34 3.53 79.8
Coated PFR-35 3.1h 78.9
PFR~36 - 2.13 81.3
Avg. : 2,93 " 80.0
Detergent PFR-47 6.20 91.0
Washed ~ Wet PFR-U48 5.35 97.5
PFR-U49 5,00 93.1
Avg. 5.52 93.9
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grease on the support would dissolve in the product water and-be.earried
away. Performance of membranes prepared using this technique was poor

both in respect to salt rejection (80%) and weter flux (~3 GSED).

A third technique was that of washing the support in detergent.
This changed the‘support from hydroohobic: to hydrophiilic. This did not
significantly improve results.

Effect of Cellulose Acetate Type When Dip Casting
on Various Supports

Tﬁe effect of using other cellulose acetate types when dip cast-
ing on each of the three support types was also studied. Casting solu~
tions of approx1mate v the same viscosity (upper end of the dip casting
range ) were used for all three cellulose scetate types A 5-gecond
solvent evaporating tlme and an 86°C heat treatment temperature were

used in preparing the membranes. Table IIT shows the'fesults of this

study.

E400-25 cellulose acetate produced membranes of better flux on
both the ceramic and the polyethylene supports. For example, on cer-
amic supports, EU00-25 cellulose acetate gave an average flux of 10.5
GSFD compared to fluxes of 8.4 GSFD and 6.0 GSFD for E398-3 and E394-60
cellunlose acetate, respectively. Similarly, on polyethylene, fluxes of
7.4, 5.4, and 6.5 GSFD were obtained for ELO0-25, E398-3, and E394-50

cellulose acetate, respectively. The cellulose acetate typée had 'no

»
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Table ITI: Performance of Membranes Dip Vast on Various
Supports Using Various Cellulose Acebate Types

Suppoxrt Cellulose Casting Water Salt
Type Acetate Solution Flux Rejection
' _Type —— (cs¥D) @
Ceramic ©398-3 | G | 8.4 ' 93.6
400-25 B 10. 5 95.4
39460 K 6.0 93.9
Polyethylene 398-3 | G 5.4 %1
k00-25 B 7.4 ok, bk
394-60 . K 6.5 _92.3
Polyvinylidene 398-3 G - 5.4 95.4
Fluoride '
L00-25 B 4.6 oh.7

39l -60 K - 5.5 - 92.0
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large effect on the water flux of membranes dip cast on polyvinylidene
fluoride supports. Also, no effect on the salt rejection could be
determined.

Effect of Support Type on the Performance of
Extruded Membranes

The effect of support type on the performance of extruded mem~
branes was also studied. A series of memﬁranes were prepared by ex-
frusioﬁyusing three types of cellulose on ceramic supports and one fype
of cellulose acetate (E400-~25) on both the polyethylene and polyvinyl-
idene fluoride supports. A 5-second solvent evaporsting time and an
86°C heat treatmeﬁt temperature were used. Table IV shows the perform~
ance of these membranes. A comparison to dip casting is also made in

each case.

Membranes extruded on ceramic supports gave best performance.
Water fluxes of 1L.3 GSFD at 93.9% salt rejection was obbained when using
Castiné Selution B (EHOO—QE cellulose acetate)., Casting Solution M
(394~60 cellulose acetate) produced membranes having a water flux of 17.2
GSFD and 88.9% salt rejection. Waber fluxes of 11.0 GSFD and 7.7 GSFb
at ~92-3% salt rejection were obtained for tﬁe polyethylene and poly-
.vinylidene fluoride supports, respectively, when usiqg Casting Solution

B =znd extruded membranes.
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Table IV: Performence of Extruded and Dip Cast

Membranes on Various Supports

Cellulose . Water Salt

Support Acetate Casting Casting Flux Rejgct.
Type Type Solution  Technique (GsFD) (%)
Ceramic 398~3 G Extruded 10,1 92.9
Dip Cast 8.4 93.6
L0oo-~25 B Extruded 14,3 93.9
Dip Cast 10.5 951h
394-60 M Extruded 7.2 . 87.9
) Dip Cast 6.0 93.9
Polyethylene ‘ 400~25 B . Extruded 11,0 91.7
Dip Cast 7.4 ok.3
Polyvinylidene 400-25 B  Extruded 7.7 9.9
Fluoride | Dip Cast 4.6 .7
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Some difficulty was encountered when extruding membranes upon
the large pore size plastic supports. Even with the pores saturated
with water, minute.bubbles would form in the membrane from air trapped
in the surface pores of the support. Thése would cause leaks. t was
found that dipping the porous plastic supports into é dilute solution'
(8% cellulose acetate in acetone) and allowing complete solvent evap-
oration prior to extruding would eliminate the bubbles and'prevent the
leaks. Membranes fdbricated using this two-step process had good salt
rejection. The membranes on plastic supports whose results are reported

in Table IV were fabricated using this method.

The water flux of "extruded membranes was always grea%ér than that
‘of dip cast membranes by a factor of 1.4 to 2.2, This was true for all
support types and all cellulose acetate types when identical solvent

evaporating times and heat treatment temperatures were used.

Reuse of Supports

Other than a few ceramic supports which broke during testing, none
of the support types appeared damaged after testing. Removal of a uded
membrane was‘easily accomplished in all.cases by disgolution of the mem-
brane in aéetong. During this step the polyvinylidene fluoride tended
to swell énd~become more easily broken. It returned to i%s normal di-
mensions after héving dried. None of tﬁe other support types were thus

effected.
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A number of supports were marked and reused a number of times.

Membrane performance on g used support was not noticeably affected.




V. CONSIDERATION OF SUPPORT PROPERTIES

A. Support Permeability

The permeability of the three support types (RA«ﬁOZl ceramic,
polyethylene, and polyvinylidene fluoride) has been investigated. Three-
inch sections of each of the support types were sgaled along their en-
tire leﬁgth, but not at the ends. Flow of water through these secti&ns
was then measured as a function of pressure drop. 'This.permeabiiity
. data is presented in Figure 20, page 98. As expected, the larger pore
size polyvinylidene flvoride was most permeable, followed by the poly-

ethylene &and the ceramic,

It would be desirable to kﬁow the effect of the suppd}t perme-~
ability on membrane performence. If a supporf has a low permeability,
the pressure drop through the porous medi% would-be large and may seri-
oﬁsly lower the effective driving force through the membrane. To.check
the magnitude of the pressure dfop for porous rods, a mass balance was
used in association with Darcy's Law for flow through porous media and
the defining equation for reverse osﬁosis.to find the pressure drop as
a function of length. These equations plus the resulting differential

equation describing the system are given on page gg in the Apbendix.

The differential equation, Equation 4 given on page 99, was
solved using the Runge-Kutta methed for numerical integration. Resﬁlts

for various dismeter.rods of three different support types are shown in

Figure 12.
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The pressure drops due to product water.f}ow are quite largé and
limit the length of rod that may be used. If one considers the maximum
allowable pressure drop to be 100 psi, maximum useable lengths would be
~.5 feet for 1/4 inch ceramic rod, ~.80 feet for 1/k inch polyethylené
rod, and ~ 2.5 for 1/U inch polyvinylidene fluoride rod. Even smailer
" useable lengths would be noted if smaller diameter rods were used. ‘If
product flow were allowed at both ends of the porous rod, the useable

* lengths would be doubled.

Because of these pressure drops th¥ough the porous media, it
apbears that it would be advantageous to use tubular porous media rather
than porous'rods. The center hole could be &ery small so aé'not to. re~
duce the‘strength of the material. A l/6h-inch hole or possibly less
would be sufficient to reduce the pressure drop to tolerable levels for’

longer tubes. . . i -

Because all deta reported 5y the author is for casting on .small
lengths of porous media (4-1/2 inches or less), the pressure drop with-
in the porous ;od due to product water flow has not had significant

‘effect on results.

. B.. Support Diameter

By utilizing smailer diameter support media, one can greatly in-
crease.thé-membrane_density.' The effect on nmembrane performance.when

smaller ﬁiameter rods are: used was pheckad. "To do this,»5/l6einch
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porous ceramic rods were sanded down to smaller diameter; in particular.
to 1/8- and 1/16~-inches. These, along~with 5/16-inch rods and 5/16- |
inch rods with sanded surfaces, were dip cast and‘membrane performance
checked. Casting Solution B, a 5-second solvent evaporsting time, and
an 86°C heat treatment température were used. Figuré 13 shows the re-

sults of this investigation.

Sanding the surface .of the rods did not noticeably alter membrane.
performance nor did reducing the diamter to 1/8-inch; however, for 1/16-

inch diameter rods, the membrane performance was significantly lower.

Several possible causes for the poorer perfbrmaﬁce are thought to
exist. Firét,-éﬂd pérhaés most impoftant, is the pressure drop .due to
-product,water flow through'the porous media; Four~inch sections of l/lé#
inch rod were used. Note that in Figure 12, the.géximum pressure d?op
for such a length would be ~100 psi. This would significantly'lower
the.effective driving force and thus lower the.product water flux. A
second possibility is that the smaller diameter membranes aie more sus-
ceptib;e to compaction §f the porous membrane substructure because of
the increased éés cest" membrane thickness to diameter ratio. This
would_be espeqially trué for membranes that were dip cast using more

B

viscoﬁS'castinéﬂsolﬁtions. . A-final possibility isg that of concentration

polarization because of lower brine velocities. through the test cell

when small diameter porous supports are used. This possibility is
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thought to be minimal as doubling the brine flow did not alter results

when using 1/16-inch rods.

C. Support Length

Most of the date reported is that for using small lengths (4 in-’
ches or less) of porous rod. Dip casting on the small lengths would nqt
be prgétical in a commercial system; therefore it is desirable to know
if there are limitations when dip casting on longer lengths of rod. Mem-
branes were dip cast on 8—inch sections of porous polyvinylidene fluor-
ide using Casting Solution B. Casting Solution B is quite viscous, be-
ing near the maximum viscosity that can be used for dip casting, and

would be most apt to present problems when dip casting on longer rods.

Membranes prepared on the longer rods weré_of nearly uniform
thickness throughout their entire length, being onl& very slightly
thicker near the .lower end (last to éxit from the casting solution).
Average performence on the long rbds was 4.4 GSFD and 98.7% salt re-
jection compared to 4.6 GSFD snd 94.7% salt rejéqtion.on the short
léngth. See Iable XXII, page 102, for regults on the different léngths
of rods. Water flux was not appreciably affected by rod length. There
is no gpparent reason for the abnormally high sélt rejeétion for mem-

branes cast on the long rods.




VI. BSTUDIES OF MEMBRANE LIFE

All data reported thus far is that at the end of six hours of
operation. It is important to know what the effect of time is on mem-

brane performance.

Four membfanes were prepared to check the long run meﬁbrane per-
formance. Two dip cast and cne extfudéd membrene were tested for a
period of ten days. A second extruded membrane was tested for a period
of thirty days. The performance of these membranes is shown in Pigures

ik and 15.

A number of important aspects may be noted from Figures 14 and 15,

First, in all cases, the flux declined sporoximately 10 to 15% during

the first six hours. Secondly, in g1l cases, the salt rejection in-
ereased slightly (ebout 2 to 3%) during the first 24 hours of operation.

From 24 hours to 10 days, the salt rejection was fairly constant.

A decline in the water flux was noted in most runs; however, in
all cases where the flux decline occurred, the water flux could be re-
stored to its original level by cleaning the membrene surface. The con-
tamingtion of the membrane surface appeared to be a thin oil or grease
film presumably originating from the packing of the puwp. Each point at
which major flux declines began corresponds to periods during which

difficulties were encountered with the pump packing.
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A salt rejéction decline was noted in the 30-day run. An initial
salt rejection of 96% was reduced to 90% at the énd of 30 days. Other
researchers have reported two probable causes for such a decline in |
salt rejection. First is hydrolysis of the membrane reaucing %he acetyl
content of.the membrane (21). Cellulose acetates.of lower a;étyl content
provide:membranes of lowér salt rejection (20). Proper contro; of pH
would control the hydrolysis effect. No pH control was used by the
.author. Secondly, bacterial action (4) may have degraded the membrane
resulting in poor salt rejection. Addition of 2 ppm chlorine would

eliminate such bacteria (5).

An additional explanation for the salt rejection decline exists
in the author's work;. It is possible that the oil film that was found
on the meﬁbrane may have had a slight solqbilizing effect on the membrane
surface. This could have lowered the salt.rejection. Note that the salt
rejection decline appears to coriespond with the water flux decline, but

that cleaning the membrane did not revitalize the salt rejection.




' VEI, ECONOMIC CONSIDERATIONS

The economics of the author's proposed reverse osmosis system are
dependent upon the cost of the membrane support. In order to approxi-~
nate the sllowable cost per unit length of membrane-coated suﬁport, a

brief economic study was made.

-Hollow fiber reverse osmosis systems_are analogcus to the
author's proposed system. Mattson and Tomsic (16) have made brief
econonic estimates for a hollow fiber system. TFor a plaﬁf of 100,060
gallons per day, they estimate s total éperating cost of 75¢/lOOO gal-
lons.. Of this, 35¢/1000 gellons was attributable to membrane module
(permeator) amortization and replécement. For the author'é/system to
be economically attfactive, a maximum cost fo¥ membrane module amorti-
zation and replacement of 35¢/lOOO gallons was chosen. DMembrane modules

of similar capacity (8600 gallons per day) were also chosen.

The 35¢/1000 gallons may be divided into three parts: module
(shell) amortization; membrane amortizationé and membrane replacement
charges. The module would be amortized ét'the.same rate as the remain-
der of the plant (7% as given by Mattson ana Tomsic (16). This would be
2#/1000 galions. Membrane replacement costs would be 10¢/1000 gallons
based on a one-year membrane life, or five times- that of Mattséy and-.
Tomsic who based replacement costs on a five-year membrane life. This.

allows 23¢/1000 gallons for membrane amortization.
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Based on modules of 8600 gallons pér day (26,320 feet of 1/8~
inch diameter tubes, water flux of 10 GSFD), a cost of $725 may be
allowed for membrane replacement. Allowing $225 to assemble the mem-
branes, a maximum allowance for membrane cost would be $500 per year
per module or 1.9¢/foot of membrane-coated suppoft} A sumﬁary of the’
economic estimete is given in Table V. It should be noted that the
cost data is meant only to give an sopproximate allowablé support cost.
The above cost (1.9¢/ft of 1/8" membrane-coated porous tube) was not
actually obtained, but ;s a cost value that must be obtained if the

system is to be economically competitive.

The cost of the porous supports used by the author is somewhat

“higher than the cost figure above. The cheapest support used were the

plastic supports which were obtained in small, custom-made gquantitbies
at 33¢/foot for 1/ diameter porous rods. Mass_produétion would lower
this cost considerably ~- possibly to below the maximum allowable cost
of 1.88¢/foot calculated above. Reuse of the supporbs, possibly by.dip

casting, would possibly increase the maximum gllowable cost for supports.
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Teble V: Economic Estimations

Plant Capacity, gal/day © . 100,000,
Membrane Module, gal/day 8,600
No. of Modules ‘ 12
Feed Pressure, psig ' 800,
Conversion, % ' 70

Capital Costs

Module Investment - $ 1k,700,
Plant Investment 100,000"
Total Investment 114,700 -
Operating Costs, $/1000 gal.
X

Power @ $.01/KwH 0.1k,
Plant Amortization @ 7%/yr.. 0.09"
Maintenance and Insurance %

@ 1.75%/yr. 0.07
Module Shell Amortization

@ T%/yr. 0.02
Membrane Unit Amortization -

@ 100%/yr. ' 0.23
Membrane Replacement . 0,10
Total Operating Cost 0.75X

Module Data

Support Diameter, inches ; 125
No. of Tubes/Module 3,760
Water Flux, GSFD 10
« Module Length, feet . T
Module Diameter, inches 6
Cost of Shell, $ 500
Cost of Membrane Unit, $ 725 -
Cost of Membrane Assembly, $ 225

Cost of Membrane-Coated Supports,

¢/t : 1.9
Cost of Membrane-Coated Supports/

Module . y 500
Total Cost per Module, $ - 1,275

*
Estimates reported by Mattson and Tomsic (16).




- VIII. CONCLUSIONS

The experimental work of the suthor has shown that reverse og~-
mosis desalination membranes of good quality can be cast upon porous

tubular media by either dip casting or extrusion.

“For dip casting, averaée vater fluxes of 10.5 GSFD at 95% salt
rejection were obtained when using ceramic supports, Casting Solution B,
8 5-second solvent evaporating time, and a heat treatment temperature
of 86°C. ILow viscosity casting solutions were best obtained by in-
cregsing the acetone concentration while maintaining the cellulose
acetate:formemide ratio constant at 7 to 10. For each cellulose ace~
tate fype there_}s a particular range of-acetone concentration that may
be used when dip casting. For EL00-25 cellulose acetate this was 60%

to 65% acetone.

For extrusion casting, éverage water fluxes of 17.2 GSFD at
93.7% salt rejection were obtained when using ceramic supports, Casting
Solution K, S-second solvent evaporating time, and an 86°C heat treat-
ment tempera%ure. Casting solutions of moderate viscosity (near the
more viscous end of the dip casting range) generslly produced better

results.

In all cases, meuwbranes fabricated by extrusion produceq‘bettér
average fluxes, but slightly lower sverage salt rejections than dipi

cast membranes. Wabter fluxes of extruded membranes were between 1.4

2,2 times those of dip cast-membranes.
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Anmong the suppért types, ceramic supports gave better membrane
performsnce; however, they are limited because of their brittleness.
Among the plastic supports, performance of membranes caét on porousg
polyethylene was the best. A flux of 11 GSFD at 92% salt rejection was
obtained on this -support when using extrusion Casting Solution B, a 5-
second solvent evaporating time, and an 86°C heat ﬁreatmenf temperéture .
It was necessary to predip the plastic supports in a very dilute (8%
cellulose acetate) casting solution prior to casting in order to obtain
good membrane performance. Predipping presumably filled large surface
pores. The polyethylene support is strong, is cheaper than the other
support types tested, and could possibly be pfoduced in long lengths,
in a small diameter, and tubular in form. Such would be an excellent

support.

Length of rod did not affect membrane performanée; hoyever,  the
permneability of the support is limiting. Tubular porous media must be
used if long lengths of support are used. This is especislly true in

the case of small diameter supports.

Tong run investigations indicated that a 15% decline in flux
occurs during the first hours of operation, but thgt the flux will re-~
main nearly constant thereaf%er provided the mernbrene surface is kegt
clean. Salt rejection increased slightly during the first hours of ‘

operation, but declined gradually thereafter.




TX. RECOMMENDATTONS

The use of porous tubular media as supporfs for reverse osmosis
desalination appears to have considerable promise. Such media ensble
high flux membranes to be incorporated into a high membrane density

reverse osmosis design,

Much future wﬁrk will be necessary for the pfocess to be cému
ﬁercially realized. First, it is important to have the ability to
' produce long lengths of the support in a small diameter tubular form,
Continuous production of the support while simultaneously extruding

membrane upon the support would be a big step forward.

Additional work in the development of the support is also
recommended, Porous fiberglass may offer an attractive alternative as
a support. Plastics, such as the polyethylene, of smaller pore size

msy also be attractive. ‘ - -

A final area-of additionai work is in the development of a mod-
ule using the membrane-coated porous tubgsf This would involve study-
ing the mounting of the membranes in the module and'studying ways of
preventing concentration polarization effects due to flow maldistri-

bution in a large module,
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Table VI: Summary of Casting Solutions
Cellulose  Cellulose _
Casting  Acetate Acetate  Formamide Acetone  Viscosity
Solution Type (wt.%) (wt.%) (wt.%) (centipoise)

A EL00-25 21.9 31.2 6.9 *
B EMOO;25 14.9 21.3 63.8 3150
¢ £400-25 13.5 19.1 67.4 1560
D EL00-25 12.3 17.5 70.2 995
E EL00-25 10.5 ik.9 Th.6
F £E398-3 21.9 31.2 L6.9 *
d E398-3 18.9 27.0 54,1 3260
H £398-3 T 6.7 23.8 59.5 800
I E398-3 15.7 22.5. 61.8 550
J E394-60 18.9 27.0 '5u.1 *
X E394-60 1k4.9 21.3 - 63.8
L E39L-60 b1 ~20.2 65.7
M E39L-60 13.5 19.1 67.4 2L00
N 12.8 18.4 68.8 976

E394-60

* .
Viscosity not determined, but considered to be quite high.




Support
Type

316

Stainless

Norton
RA-LO21
Ceramic

Norton
RA~-5021
Ceramic

_Polyethylene

" Polyvinyl- -

idene

Fluoride

Table VII:

Pore
Size

0.5

unknown;

est. 1-5p

unknown

est., 1-5

10 p

25 -

..77..

Summary of Support Properties

Diameter

(inches)

.25

.3125

.25

.25

.25

Form Strength Other

tube excellent

rod . excellent brittle

tube excellent brittle

rod . excellent

rod excellent swells in
’ acetonz
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Data for Figure 3

Table VIII: Performence of Membranes Cast on Versapor
Using Dilute Solutions ’

Solvent Water Percent
Evaporating Run Plux Salt
Time (sec) No. (GSFD) Rejection

5 - V=19 22.0 86.0

V-20 25.7 87.1

Ave. 23.9 86.6

10 V-21 23.5 92.5

©y-22. 28.2 86.6

v-23 27.2 -88.1

Avg. 26.3 80.1

20 v-24 21.9 90.5
V-25. 22.9 k.2 -

TTV-26 27.2 88.8

Avg. 2L.0 91.2

30 v-27 24.8 90.8

- V-29 18.6 95.6

Avg. 21.7 . .93.2

60 v-31 9.5 95.0

. 203 V-35 22.8 95.6

v-38 20.0 9.6

V-2 20.3 94,5

v-h5i 19.3 96.8

Avg. 20.6 95.9

Al). membranes prepared using Casting Solution B and a heat
treatment temperature of 86°C except as noted.

8Heat treatment temperature of 88°C.
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Data for Figures L4 and 5

Table IX: Effect of Casting Solution Composition and Solvent

Evaporation Time on Dip Cast Membranes

_ Solvent Water
Casting Evaporating Run Flux
Solution Time (sec) No. (GSFD)

B ~ 14,9:21.3: 5 CR-31 11.2
63.8% CR-32 8.3
OR-34 10.1

CR-39 10.3

CR-L0 12.6

Avg. 10.5

10 CR-190 8.7

CR-116 9.2

CR-120 8.2

Avg. 8.7

15 CR-108 7.3

CR-125 ~ 8.1

Avg., 7.7

¢ - 13.5:19.2: 5 CR-66 24 b
67.4 CR-67 16.4
: : -~ CR-Th - 1.7
CR-75 17.9

Avg. 18.3

10 CR-186 8.8

CR-69 16.9

CR-71_ 10.6

Avg. o 12.1

15 CR-T0 11.7

, CR-T2 _8.5.

Avg. . 10.1

2
Cellulose acetate:formamide:acetone ratio (wt. pepcents),

Heat treatment temperature was 86°C for all data.

Percent
Salt

Rejection

95.6
96. 4
gL.o

98

O\ oW Ui =\
oo =

ﬁ-\'lO\\nO\ OO \O

ACIN RO

O QO\O
IH\OL»
O\ O\

NO OO \O
\J1 \O -
O W\
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Table IX (continued)

Solvent Water Percent
Casting Evaporating Run Flux Salt
Solution Time (sec) No. {(osFD) " Rejection
D -~ 12.3:17.5: 15 CR-62 13.0 73.1
70.2 ‘ CR-63 - 17.7 67.0
CR-6k4 18.6 62.8
16.8 67.6

Avg.

Heat treatment temperature was 86°C for all data.
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Data for Figure 6

Tdble X: Effect of Heat Treatment Temperature on the
Performance of Dip Cast Nembranes

Heat Water Percent
Casting Treatment Run Flux Salt
Solution Temperature (°C) No. (GeFD) Rejection
B - 1k, 9;21. 3: 75 CR-68 10.3 78.0
63. g* CR-99 10.8 83.9
CR~-100 11.5 83.9
Ave. 10.9 81.9
82 CR-52 10.0 95.3
CR-54 - 11.1 95.8
CR-55 10.5 ok.5
Avg. 10.5 95.2
8L CR-43 9.2 92.0
CR-Uk 10.0 © 95,7
CR-L5 12.2 95.1
CR-48  -11.1. 96.9
Ccr-k9 8.0 96.4
CR-50 11.5 93.5
CR-51 7.6 95.5
Avg. 99.9 95.0
86 CR-31 11.2 95.6
: CR-32 8.3 9.4
CR-34 10.1 ol.2
‘CR-39 10.3 95.7
CR-4O 12.6 95.2
Avg. 10.5 95.E

*Cellulose acetate:formamidetacetone ratio (wt. percents).
5-second solvent evaporating time for Casting Solution B
10~second solvent evaporating time for Casting Solution ¢
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Table X (continued)

Percent

Heat Water
Casting Treatment Run Flux Salt
Solution Temperature (°C) No. (GSFD) Rejection
¢ - 13.5:19.2: .75 CR-83 10.8 86.6
67.3 CR-101 10.6 87.0
c ’ CR-102 12.9 82.5
Avg. 11.4 85.L
82 CR~T79 11.0 90.1
‘ CR-80 13.2 91.5
CR-81 8.1 95.
CR-82 10.8 92.3
Avg. 10.7 92.3
86 CR-69 16.9 89.6
CR-T71 10.6 91.h
CR~186 8.8 93.6
Avg. 12.1 91.5

10-second solvent evaporating time for Casting Solution C.
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bata for Pigure 7 -

Table XI: Effect of Cellulose Acetate Type and Acetone
Concentration on the Performance of Dip Cast

Membranes N
Cellulose Acetone” Water - Percent
Acetate . Concentration Run Flux Salt
Type (wt. percent) No. (GSFD)- Rejection
398-3 sh,1 - CR-136 7.1 91.5
: CR-139 6.6 2.8
CR-140 9.4 91.5
CR-147 7.4 95.9
Avg. 7.6 92.9
59.5 CR-137 5.7 96.5
CR-138 6.5 92.8
CR-143 9.7 92.3
- CR-14k4 8.7 gk.o
CR-148 9.0 9kL.0
Avg. 7.9 93.9
61.8 CR-141 10.8 85.0
CR-142 7.8 86.2
CR-145 9.8 91.0
CR-146 - 8.4 92.3
Avg. 9.2 88.6
L00-25 63.8 CR-31 11.2 95.6
' CR-32 8.3 9.4
CR-3L 10.1 ol,2
- CR~39 10.3 95.7
. CR-40 12.6 95.2
Aveg. "~ 10, 95.54
67.4 CR-66 ol b 63.6
CR-67 - 16.4 53.7
CR-Th4 1.7 6L 4
CR-75 17.9 76.7
Avg. - 18.3- 6L.6
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Table XI (continued)

Cellulose Acetone Water Percent
Acetate Concentration Run Flux Salt
Type (wt. percent) No. (GsFD) Rejection
394-60 65.7 CR-158 5.0 92.3
CR-160 3.9 93.3
CR-161 k.9 93.3
Avg. IS 93.0
67.h CR-151 k.9 2.9
: CR~152 6.3 olk.
‘ CR-153 6.1 ol,1
CR~154 - 6.7 92.9
CR-155 6.1 95.4
Avg. 6.0 93.9
65.8 CR~156 12.0 64.5
CR~157 11.3 73.5
CR-158 10.h 59.0

O
A\
~3

o)

Avg. 11.2
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Data for Figure 8

Table XITI: Comparison of Casting Solutions for Extrusion Casting

Heat Water Percent
Casting Treatment Run Flux Salt
Solubion Temperature (°C) No. (GSFD) Rejection
A - 21.9:31.2: 75 CR-8L 19.h 8k.9
k6.9 _ . CR-85 22.0 82.5
CR-86 21.8 80.6
Avg. 20.7 82.7
82 CR-8 17.5 85.4
CR-9 17.3 89.6
CR-10 16.7 90.9
CR-11 19.2 85.L
Avg. 17.7 87.8
8l CR-13 17.2 91.0
CR-1L 1.5 90.5
CR-16 16.7 85.0
CrR-18 14.9 89.1
Avg. 15.8 88.9
86 CR-20 9.3 89.9
CR-105 - 9.3 96.5
~ CR-189 10.7 93.6
Avg. ° 9.8 93.3
B - 14.9:21.3: 75 CR-94 20.4 87.h
63.8 CR-95 20.1 90.4
CR-98 19.5 81.5
CR-103 17.1 84.5
Avg. 19.3 86.0
82 CR-89 11.9 87.6
CR-90 20.2 88.4
CR-96 15.4 92,0
CR~97 27.7 89.1
Avg. 18.8 - 89.3
86 CR-47 17.6 %.6
CR-01 12.9 92.0
CR-92 NI 95.4
CR-93 12.5 95.4

\O
w
\O

)

Avg. 4.4
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Data for Figure 9
T&ble XIIT: Comparison of the Performance of Extruded

and Dip Cast Membranes

1

Heat . Water Percent
Casting Treatment Run Flux Salt
Technique Temperature (°C) No. (GSFD) Rejection
Extruded 75 CR-9k 20.k4 87.h4
CR-95 20.1 90.4
CR-98 19.5 81.5
CR-103 17.1 8L.5
Avg. 19.3 85.8
82 CRrR~-89 11.9 87.6
CR-90 20.2 88.4
CR-96 15.4 92.0
CR-97 27.7 89.1
Avg. 18.8 89.3
C .86 CR-47 17.6 2.6
. CR-91 12.9 9.0
CR-92 by 95.4
CR-93 12.5 95.4
Avg. b 93.9
Dip Cast 75 . - © CR-68" 10.3° 78.0
CR~99 10.8 83.9
CR-100 11.5 83.9
Avg. 10.9 81.9
82 CR-52 10.0 95.3
CR-5k4 11.1 95.8
CR-55 10.5 k.5
Avg. - 10.5 95.2
8L CR-43 9.2 92.0
CR-1h 10.0 95.7
CR-U5 12.2 95.1
CR-48 11.1 96.9
CR-49 8.0 96.4
CrR-50 11.5 93.5
CR-51 7.6 95.5
Avg. 9.9 .

\O
\1
o
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Table XIIT (continued)

Heat Water Percent

Casting Treatment Run Flux Salt
Technique Temperature (°C) No. (GSFD) Rejection

Dip Cast 86 CR-31 11.2 95.6
CR-32 8.3 96.4 -

CR-3l4 10.1 94,2

CR-39 10.3 95.7

CR-40 12.6 95.2

Avg. 10.5 95.L

All data is for Casting Solution B, and a 5-second solvent evépor*
ating time; RA-5021 Ceramic Support.
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. Data for Figure 10

Table XIV: Effect of Solvent Evaporating Time on Dip Cast
' and Extruded Membranes

Solvent Water Percent

Casting Evaporating Run Flux Salt
Technique Time No. (GSFD) Rejection
Dip Cast 5 CR-31 11.2 95.6

CR-32 8.3 9.4

CR~34 10.2 9.2

CR-39 10.3 95.7

CR-kO 12.6 95.2

Avg. 10.5 95. 4

10 CR~190 8.7 96.1
CR-116 9.2 93.2

CR~120 8.2 92.1

Avg. 8.7 93.8

15 CR-108 7.3 93.2
CR-125 8.1 - 94.8

Avg. 7.7 95.1

Extruded 5 CR-9L 12.9 g2.0
CR~-92 1h.h 95.4

CR-93 12.5 95.4

. Avg. 13.3 9.3

10 CR-22 L.l 96.h
CR-23 6.5 95.6

CR~24 5.2 93.7

Avg. 5.3 95.2

Norton RA-L021 Cersmic Rod, Casting Solution B, and an 86°C
heat treatment used for all data.
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Detailed Data for Table I

Table XV: Effect of Cellulose Acetate Type on the Performance

of Extruded Membranes

Cellulose Water Percent

Acetate Casting Viscosity Run Flux . Salt
Type Solution (centipoise) No. (GSED) Rejection

398-3 F % CR-178 7.0 gk.6

: ' CR-182 7.0 91.8

CR-183 7.8 91.8

Avg. 7.3 2.7

G 3260 CR-162 8.0 95.4

S CR-16L 9.0 - 9.5

CR-187 12.2 - 91.9

CR-188 - 1.2 91.9

Avg. 10.1 g2.9

H 800 CR-175 10.8 9.k

CR-176 12.0 94.8

CR-177 12.2 93.3 .

Avg. - 11.7 93.5

L400-25 A ¥, CR-20 . 9.3 89.9

' : CR-105 9.3 9.5
CR-189 10.7 93.6 .
Avg, 9.8 93.3 -

B 3150 CR-L7 17.6 R.6

CR~91 12.9 2.0

CR-92 144 95.4

CR-93 . 12.5 95.4

Avg. 1Lk 93.9

c 1560 CR~179 11.0 91.6

: - CRr-180 8.6 90.5

CR-181 7.7 91.3

AVE. 51 91.1

¥ - ' .. . ‘
Viscosity not determined but considered to be quite high. -




Table XV (continued)

' _%0-

Cellulose Water
Acetate Casting Viscosity Run Flux
Type Solution (centipoise) No. (GsFD)
394-60 J ¥ CR-184 12.6
CR-185 13.0
Aveg. 12.8
K * CR-169 18.8
CR-170 7.7
CR-171 4.9
Avg. 17.1
M 2400 CR--165 17.8
CR-166 15.3
CR-167 14.9
CR-168  21.0
Avg. 17.2

¥ .
Viscosity not determined but considered to be quite high.

?ercent
Salt
Rejection

87.4
91.2
89.3

948
93.5
9.8
93.7

86.9
87.7
89.0
87.9

3
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Data for Figure 11

Table XVI: Comparison of Performance of Membranes Dip Cast
on Various Supports

Heat Water Percent
Support Treatment Run Flux Salt
Type Temperature (°C) No. (GSED) Rejection
Ceramic 75 CR-68 10.3 78.0
: CR-99 10.8 83.9
CR-100 11.5 83.9
Ave. 10.9 81.9
82 CR-52 10.0 95.3
CR-5M4 11.1 95.8
CR-55 10.5 ok, 5
Aveg. 10.5 95.2
8L CR-43 9.2 92.0
CR-44 10.0 95.7
CR-45 12.2 95,1
CR-48 11.1 9.9
CR-49 8.0 9.4
CR~50 11.5 93.5
CR~-51 7.6 95.5
Avg. 9.9 95.0
86 CR~31 11.2 95.6
CR-32 8.3 96. 4
CR-3k4 10.1 oh.2
CR-39 10.3 95.7
CR-4O - 12.6 '95.2
Avg. 10.5. '95.54
Polyethylene 75 PR-18 11.8 91.3
PR-19 8.0 86.7
PR-20 7.2 88.0
Avg. 9.0 88.7
82 PR-16. L.7 93.4
~ PR-17 h.6 - 97.3
PR-29 4.3 91.6
Avg. R 93.7




Table XVI (continued)
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Heat Percent
Support Treatment Run Salt

‘Type Temperature (°C) No. Rejection

Polyethylene 86 PR~10 6.0 91.5

PR-11 6.9 95.4

PR-12 7.3 96.9

PR-13 8.0 96.9

PR-15 8.9 01.2

Avg. 7.4 SN

Polyvinylidene 75 PFR~22 6.3 89.2

Fluoride PFR-23 - 5.3 89.8

PFR-24 7.0 89.9

Avg. 6.2 89.6

82 PFR-13 5.6 91.7

PFR-15 5.2 89.9

Avg. 5.k 90.8

84 PFR-19 L7 9.1

PFR-20 4.6 93.4

PFR-21 5.2 93.4.

Avg. 4.8 R.6

86 PFR-17 b b 93.6

PFR-18 4.5 97.5

PFR-53 5.0 93.0

Avg. .6 oL.7




Table XVII:

Support
Type

Ceramic

Polyethylene
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Data for Figure 11

Comparison of Membrane Performance for Membranes
Dip Cest on Various Supports Using Various Types

of Cellul

Casting

Solution

B
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Table XVII (continued)

Support Casting
Type Solution
Polyethlene M
39L4-60

Polyvinylidene G
Fluoride 398-3

Loo-25

394-60

-9l

Run
No.

PR~34
PR-35
Avg.

PFR-31

PFR~32

PFR-33
Avg.

PFR-17

PFR-18

PFR-53
Avg.

PFR~39

PFR-40

PFR-41
Avg.

ﬂ\ﬂ#’#’ \J):'l-iO\\ﬂ\n
O\ o

1 O\
w oWUn
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O

Percent
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ngection

92.2
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Detailed Data for Table IV

Table XVIII: Comparison of Extruded and Dip Cast Membranes
for Various Supports and Various Cellulose
Acetate Types '

Water Percent
Support Casting Casting Run . Flux -Salt
Type Solution Technique No. (GSFD) Rejection
Ceramic G Dip Cas® CR-123 10.1 - 93.0
398-3 ' CR-13k 11.0 9k.1
. CR-136 7.1 gk.s
CR-139 6.6 2.8
CR-140 9.4 91.5
CR-147 7.4 95.9
Avg. 8. 93.6
G Extruded CR-162 8.0 95.4
-398-3 . _ CR-16k 9.0 - 92.5
) CR-187 12.2 91.9
CR-188. © 11.2 9.9 -
Avg. 10.1 92.9
i B Dip Cast CR-31 11.2 95.6.
hoo-25 - CR-32 8.3 9.k
CR-3k 10.1 oh,2
CR-39 . 10.3 95.7
CR-LO 12.6 95.2
Avg. 10.5 95.E
B Extruded CR-U7 17.6 92.6
400-25 CR-91 12.9 9.0
, CR-92 1.k 95.4
CR-93 12.5 95.k
Avg. 1L 93.9
M Dip Cast CR-151 - k4.9 9.9
394-60 CR-152 6.3 9h.1
CR-153 6.1 ok.1
CR-154 6.7 R.9
CR-155 6.1 95.k
Avg. 6.0 '93.9




Table XVIII (continued)

Water Percent
Support © Casting Casting Run Flux Salt
_Type Solution Technigue No. (GsFD) - Rejection
Ceramic M Extruded CR-165 17.8 86.9
394-60 CR-166 15.3 . 87.7
CR-167 k.9 89.0
CR~168 21.0 87.9
Avg. 17.2 87.9
Polyethylene B Dip Cast PR-10 6.0 91.5
Loo-25 PR-11 . . 6.9 95.4
PR~12 7.3 9%.9
PR-13 8.0 9.9
PR-15 8.9 91.2.
Avg. 7.1 95.3
B Extruded PR-U43 9.9 . 90.8
" koo-25 PR-Ukt 12.7 91.4
PR-46 10.5 93.0
Avg. 11.0 91.7
Polyvinylidene B Dip Cast-  PFR-17 L 93.6
Fluoride 400-25 PFR-18 .5 97.5
PFR-53 5.0 93.0
Avg. 6 ok, 7
B Extruded PFR-42 9.0 92.0
L00-25 PFR-L3 7.0 96.0
: PFR-45 7.0 9.7
Avg. T.7 %2.9




Data for Figure 20
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Table XIX: Permeability Data for Porous Supports

Support Length

Cersmic . 3 inches

Polyethylene 3 inches

Polyvinylidene
Fluoride 3 inches

Presgsure
Drop

800
600
400
200
100

800
600
Loo
200

800
600
koo
200
100

psi
psi
psi
psi
psi

psi
psi
psi
vsi

psi
psi
psi
psi
psi

Flow 5
(ml/sec in®)

5.45
3.81
2.28
1.00

I

13.50
9.75
6.23
3.20

101 .0
7h.1 -
L6.0
13.Le

k.28
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Equations Describing Flow, Pressure and Dimension Relationships

Pl Brine
£ i A

g o ;

L i il L ai'_:,-u:’.J.z/%,,./__ L L L Lt »—
lf§>€§ e o AL Y BN T g e B .'_] 2r
Bk WL 1 e : WU §. e

IL >/{/‘ '\ \ \ \ \\ \ N \ _‘\\

Mass Balance Trv = mordv' (1)
Darcy's Equation for 5
flow through porous dp/dl TR L e 4
media ! €e (2)
Reverse Osmosis Equation 8 = A(Pl - P2 - aT) (3)
: e o ar, _
Differential Equation T = Klf - KB, (4)

op 2 (P-am)

K . Qp2A
2 rgc

rod diameter (ft)

water flow through membrane (ft/sec)

water flow through rod (ft/sec)

rod length (ft) 5
permeability coefficient of porous media (£i°)
= viscosity of water (#/ft sec)

non

-

'
i

TRIN<AdN
|

= osmotic pressure of brine (psi)
brine pressure (psi)

g

= pressure at given point in the rod (psi)

= membrane constant (ft3/#sec)
= constant

| >
n
1
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Data for Figure 12

Table XX: Pressure Drop as a Function of Length for Various Supports

Pressure
Support Rod Dismeter Length . Drop
Ceramic 1/4 inch .25 ft. 25 psi
' .50 £t. .95 psi
1.00. f%. 308 psi
2.00 ft. 627 psi
1/8 inch .25 ft. 49 psi
' ~ .50 ft. 93 psi
1.00 ft. 480 psi

1/16 inch .15 f£t. 35 psi *
.25 ft. 95 psi
.50 ft. . 308 psi
Polyethylene - 1/L4 inch - .25 ft. 9 psi
.50 ft. 36 psi
1.00 ft. 134 psi
2.00 ft. 400 psi
1/8 inch .30 ft. 26 psi
.50 f%. 71 psi
1.00 f£t. 2L3 psi
2.00 ft. 569 psi
Polyvinylidene 1/4 inch 1.00 £t. 20 psi
Fluoride ' 2.00 ft. 77 psi
4.00 ft. 261 psi
1/8 inch 1.00 ft. 40 psi
' 2.00 ft. 146 psi

4.00 ft. holy psi
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Data for Figure 13

Table XXI: Effect of Rod Diameter on Membrane Performance

'Water Flux Percent Salt

Rod Diameter Run No. (GSFD) - Rejection
5/16 inch CR-116 9.2 93.2
CR-120 8.2 9.1
CR-190 8.7 %.1
Avg. 8.7 93.8
5/16 inch CR-121 6.1 9.8
Sanded Sur- CR-122 6.5 9k.0
face CR-126 12.0 92.9
: CR-191 9.4 93.1
CR-192 9.0 o4k.5
Avg. 8.6 93.3
1/8 inch .~ | CR-107 9.2 95.9
CR-112 10.9 9k.9
CR-11L 7.5 91.6
Avg. 9.2 9.1
1/16 inch CR-115 7.3 89.2
CR-119 4.5 93.9
CR-123 L.o o9h.5
CR-12k 6.7 91.1
Aveg. 5.5 92.2

Casting Solution B, 10-second solvent evaporating time,
and an 86°C heat treatment used for all data.
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Table XXII: Effecf of Support Length on Membrane Performance

Water Flux Percent Salt

Rod Length Run No. (GsFD) Rejection
L inches PFR-17 L. 93.6
PFR-18 h.5 97.5
PFR-53 5.0 93.0
Avg. L6 on.7
8 inches PFR-50 L.8 98.1
' PFR-51 h.o 98.8
PFR-52 L,1 99.L
Avg. I’ 98.7




Table XXITII: Summary of Results for Membranes Cast on 0.9 Micron Versapor Supports

Water™ 72
Run Casting Casting Solv. Evap. Heat Treat. Flux Salt
No. Solution Technique Time, sec. Temp., °C (GSFD) Reject. Comments
=1 A Spread 10 86 3.8 74.5 P
V-2 A Spread 10 86 36.2 73.1 P
V-3 A Spread 10 86 6.3 9.7 ¢
V-l A Spread 10 86 - 25.9 88.0 Leak
V-5 A Spread 10 86 19.9 95.4
V-6 A Spread 10 86 18.3 ok.8
V-7 A Spread 10 86 17.4 95.9
V-8 A Spread 10 86 20.9 93.8
V-9 A Spread 10 86 20.3 95.9
v-10 A Spread 10 86 17.0 o7.4
V=11 A Spread 10 86 22.6 91.6
v-12 A Spread 10 86 23.4 86.4 Lezak
v-13 A Spread "5 86 14,3 98.3 c
v-1h A Spread 86 18.0 97.2 c
v-15 A Spread 5 86 T 12.6 g97.8 ¢
V=16 A Spread 5 86 19.6 S6.7 e
V=17 B Spread 10 86 38.2 77.5 Lesk, 4
v-18 ' B Spread 20 86 26.0 h.3 Leak, d
v-19 B . Soread 5 86 22.0 86.0

~C0T-




Table XXIIT (continued)

_ Water™ AR -
Run Casting Casting Solv. Evap. Heat Treagt. Flux Salt
No. Solution Technigue Time, sec. Temp., °C (GSFD) Reject. Comments
V20 B Spread 5 86 25.7 87.1
v-21 B Spread 10 - 86 23.5 92.5
V-22 B Spread 10 : 86 28.2 86.6
V-23 B Spread 10 ' 86 27.2 88.1
v-2h B Spread 20 86 21.9 90.5
V-25 B Spread. 20 86 22.9 9.2
V-26 B Spread 20 86 27.2 88.8
v-27 B Spresd . 30 .. 86 ok.8 9.8 ,
V-28 B Spread 30 86 ©17.8 85.3 Leak E;
V=29 B Spread 30 86 18.6 95.6 !
¥-30 B Spread ‘60° : 86 11.1 76.0 Lealk
v-31 B Spread 60 , 86 9.5 95.0
v-32 B Spread C5 88 . 23.1 90.5
v-33 B Spread 10 88 20.1 2.4
v-3k B Spread 110 0 22.5 93.4
V-35" B Spread 20 88 22.8 95.6
V=36 B Spread 5 ' 88 . 20.5 "93.8"°
v-37 B Spread 10 88 25.1 90.9
v-38 B Spread 20 88 20.0 9.6
V-39 B Spread 10 ‘ " 90 20.2

93.3
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Teble XXIIT (continued)
. , Water®™
Run Casting Casting Solv. Evep. Heat Treat. Flux Salt
No. Selution Technigue Time, sec. Temp., °C (GSFD) Reject.  Comments
.vfho B Spread 5 88 oh.2 87.6
V-ll B Spread 10 88 25.L 88.7
v-b2 B Spread 20 88 20.3 olk.5
V-h3 B Spread 10 90 26.2 91.0
V-4l B Spread 10 88 2k, 9 R.h
B Spread 20 88 19.3 96.8
H
,_V
Q
Y

v-45

*Water Flux and Salt Rejection at 2l hours of operation

bMembrane cast on wrong side of supporf

cImproper heat treatment

“Runs V-1 to V-18 used .005-inch clearance, Runs V-19 to V-45 used .010-inch clearance.




Table XTIV

Summary of Results. for Membranes Cast on 0.5 Micron Porous Tubulary

tainless Steel Supports

BWater Flux and Salt Rejections at six hours of operation

bFlow structure observed -- ?robable cause of leaks

) Water™ &

Run Casting Casting Solv. Evap. Heat Treat. Flux Salt

No. Solution Technique Time, sec. Temp., °C (GSTD) Reject. Comments

8S-1 D Dip Cast 10 90 11.5 '62.8  Leak ?

552 D Dip Cast 20 90 6.8 T7.7  Leak °

$8-3 - B Dip Cast 60 86 ‘1.2 97.5

SS-L B Dip Cast 30 8l 3.7 88.4

$5-5 B Dip Cast 20 8L 2.9 Th.h Leak

SS-6 B Dip Cast 20 8L 1.2 95.8

SISEd B Dip Cast 10 85 5.0 78.7 Leak A
. 88-8 B Dip Cast 10 85 2.3 91.9 =

SS-9 D Dip Cast 20 85 7.5 70.0  Leak °

S$8-10 D Dip Cast '20 85 2.0 83.4 b




Table XXV: Summary of Results for Membranes Cast on Norton RA-5021 Ceramic Tubes

, Water> %a
Run | Casting Casting- Solv. Evap. Heat Treat. Flux - Salt
No. Solution Technique Time, sec. Temp, °C (GSFD) Reject.  Comments
CcT-1 D Dip Cast 15 88 10.1 88.9
cT-2 E Dip Cast 20 86 9.4 82.1
CT-3 E Dip Cast 15 85 12.6 73.9
CT-4 i Dip Cast 30 85 6.2 83.0
CT-5 D Dip Cast 30 88 15.6 87.6
CT-6 D Dip Cast 30 88 15.5 87.6
cT-7 D Dip Cast 30 88 13.7 85.0
cT-8 B Dip Cast 30 88 5.2 o4.3
CT-9- B. Dip Cast 30 88 3.0 95.0
CT-10 B Dip Cast 15' 88 3.5 %.7
CT-11 B Dip Cast 15 85 2.6 91.0
CT-12 B Dip Cast 15 - 85 2.5 90.4
CcT-13 B Dip Cast 15 85 1.h 91.5
CT-1k D Dip Cast 15 90 3.5 okl
CT-15 - D Dip Cast 15 90 6.0 97.8
CT-16 E Dip Cast 10 v 88 8.8 - .78.0
CT-17 E Dip Cast 10 88 5.0 90.5
cT-18 E Dip Cast 10 88 13.8 6h.6

Syater Flux and Salt Rejections ét six hours of operation

-1oT~




Table XXVI: Summary of Results for Membranes Cast on Norton RA-4021 Ceramic Rods

"Water Flux and Salt Rejections ah six hburs of operation

: : Water™ %>
Run - .Casting Casting Solv. Evap. Heat Treat. Flux Salt
No. Solution Solution Time, sec. Tettp, °C (GSED) Reject. Corments
CR-1 A Extruded 20 85 9.0 93.2
CR-2 ' Extruded 20 85 7.2 95.0
CR-3 B Extruded 15 82 5.6 75.7  Leak
CR-4 B Extruded 15 82 6.9 8h.1
CR-5 B Extruded 15 82 7.3 8.1
CR-6 A Extruded 10 8L 8.9 90.5
CR-T A Extruded 5 85 16.0 oh.7
CR-8 A Extruded 5 82 17.5 - 85.4
CR-9 A Extruded 5 82 17.3 89.6
CR-10 A Extruded "5 82 16.7 9.9
CR-11 A Extruded 5 82 19.2 85.4
. CR-12 A Extruded "5 82 23.0 89.6
CR-13 A Extruded 5 8l 17.2 91.0
CR-1Y A Extruded V5 8L k.5 90.5
CR-15 A Extruded 5 8l 21.2 87.9
CR-16 A Extruded 5 L o8b 16.7 85.0
CR-17 A Extruded 5 8l 10.2 87.1

“QOT"




Table XXVI (continved)

. Water' %

Run Casting Casting Solv. Evap. Heat Treat. Flux Salt

No. Solution  Technique Time, sec.: Temp, °C (asFD) Reject.  Comments
CR-18 - A - Extruded 5 8l 4.9 89.1

CR-19 A Extruded 5 86 5.9 86.8

CR-20 A Extruded 5 86 9.3 89.9

CR-21 B Extruded 10 86 8.2 9.9 Extruded
CR-22 B Extruded 10 86 h.1 96 .4

CR-23 B Extruded 10 86 6.5 95.6

CcR-2l B Extruded 10 86 5.2 93.7

CR-25 B Extruded 10 86 4.5 9.5 a

CR-26 B Extruded 10 86 L. 89.4 4

CR-27 B Dip Cast 5 86 3.6 89.3 8

CR-28 B Dip Cast 5 86 . 7.6 93.k a

CR-29 B Dip Cast 5 - 86 3.9 76.5 &

CR-30 B Dip Cast 5 86 ~—— 20.0 a

CR-31 B .- Dip Cast L5 86 11.2 5.6

CR-32 B Dip Cast 5 86 8.3 R

CR-33 B Extruded 5 'o86 5.7 %®.9

CR-3k B Dip Cast .5 86 10.1 ok.2

fWarm 45°C Casting Solution Used

~60T-




Table XXVI (continued)

Water %
Run Casting Cagting Solv, Evap. Reat Treat. Flux Selt
No. Solution Technique Time, sec. Temp, °C (asFD) Reject.  Comments
CR-35 B Dip Cast 5 86 8.1 85.1 - a
CR-36 B Extruded 5 86 6.4 9i.6
CR-37 B Extruded 5 86 7.6 95.4
CR-38 B Extruded 5 86 5.3 9.9 e
CR-39 B Dip Cast 5 86 10.3 95.7
CR=4O B Dip Cast 5 86 12.6 95.2
CR-41 B Extruded 5 86 k.0 87.3
 CR-k2 B Extruded 5 86 9.6 93.1 a E
CR-43 B Dip Cast 5 8l 9.2 92.0 ?
CR-blt B Dip Cast 5. 8l 10.0 95.7
CR-k45 B Dip Cast "5 8l 12.2 "95.1
CR-U46 B Extruded 5 86 25.2 88.1
CR-L B Extruded 5 . 86 17.6 2.6
CR-48 B Dip Cast 5 8l 11.1 9.9
CR-49 B Dip Cast s 8 3.0 96.4
CR-50 B Dip Cast 5 \ 84 11.5 93.1
CR-51 B Dip Cast 5 8l C7.6 95.5

i

SWarm 45°¢ Cﬁstihg Solution uged




Table XXVI (continued)

. _ Water %
Run - Casting Casting Solv. Evap. Heat Treat. Flux Salt
No. Solution Technique Time, sec. Temp, °C . (GSFD)  Reject. Comments
CR-52 B Dip Cast 5 82 10.0 95.3
CR-53 B Dip Cast 5 82 k.5 95.9
CR-54 B Dip Cast 5 82 11.1 95.8
CR-55 B Dip Cast 5 82 10.5 ok.5
CR-56 B Dip Cast 5 82 9.k 83.8  Leak
CR-57 B Dip Cast 5 82 5.3 %°.1 a
CR-58 B Dip Cast 5 82 5.3 ok, 0 ‘a
CR-59 B Dip Cast 5 75 16.2 85.5 &
CR-60 B Dip Cast 5 None 42,2 38.8 2-br data
CR-61 B Dip Cast 5 None 52.5 33.0 2-hr data
CR-62 D Dip Cast 15 86 13.0 73.1
CR-63 D Dip Cast 15 86 17.7 67.0

R4 D Dip Cast 15 86 18.6 62.8
CR-65 ¢ Dip Cast 5 86 21.9 63.6
CR-66 ¢ Dip Cast ' 5 86 ol Ly 63.6
CR-67 C Dip Cast 5 \ 86 16.4 53.7
CR-68 B Dip Cast 5 75 10.3 '78.0
CR=69 C Dip Cast 10 86 16.9 89.6

- aDry Support Used




Table XXVI (continued)

: . Water %

Run © Casting Casting Solv. Evap. Heat Trest. lux Salt

No. - Solubtion Technique Time, sec. Temp, °C (GSFD) Reject. Comments
CR-TO c Dip Cast 15 86 11.7 89.6

CR-TL" ¢ Dip Cast 10 86 10.6 o1l

CR-T2 c Dip Cast 15 86 8.5 95.h

CR~T3 . C Dip Cast 15 86 2.2 81.5 Leak
CR-Th c Dip Cast 86 1.7 Bl l

CR~75 c Dip Cast 86 17.9 76.7

.CR-T76 c Dip Cast 10 82 6.6 95.2

CR-T77 C Dip Cast 10 82 6.1 84.ly Slight
CR-78 c Dip Cast 10 75 20.0 87.8 '
CR-T9 c Dip Cast 10, 82 11.0 90.1

CR-80 - C Dip Cast 10 -82 13.2 91.5

~ CR-81 c Dip Cast 10 82 8.1 95.5

- CR-82 c Dip Cast 10 | 82 10.8 %.3

CR-83 c Dip Cast 10 75 10.8 86.6

CR-84 A Frttruded 5 75 19.4 849

CR-85 A Extruded 5 L T5 22.0 82.5

CR-86 A Extruded 5 75 21.8 80.6

CR-87 ' A Extruded 2 75 27.1 75.2

-1t~




Table XXVI (continued)

Water %

Run Casting Casting Solv. Evap. Heat Treat. Flux Salt

No. Solution Technique- Time, sec. Temp, °C (GSFD)  Reject. Comments
CRrR-88 A Extruded 2 75 22,2 77.6

CR-89 B Extroded 5 82 11.9 87.6

CR~-90 B Extruded 5 82 20.2 88.4

CR-91L° B Extruded 5 86 12.9 9.0

CR-92 B Extruded 5 86 1hh 95.4

CR-93 B Extruded 5 86 12.5 95.4

CR-94 B Extruded 5 75 20.4 87.L

CR-95 B Extruded 5 75 20.1 90.4

CR-96 B Extruded 5 82 - 15.h 9.0

CR-97 B Extruded 5 82 27.7 89.1
' CR-98 B Extruded 5 75 19.5 81.5

CR-99 B Dip Cast 5 75 10.8 83.9

CR-100 B Dip Cast 5 75 11.5 83.9

CR~101 c Dip Cast 10 75 10.6 87.0

CR-102 ¢ Dip Cast 10 75 12.9 82.5

CR-103 B Extruded 5 .75 17.1 8L.5

© CcRA10k C Dip Cost 10 86 18.1 95.0  1/8" Rod

CR-105 A Extruded 5 86 9.3 . 96.5 '

-ETT-




Teble XXVI (continued)

.

CR-124,

Water

Run Casting Casting Solv. Evap. Heat Treat. Flux Salt
No.  Solution  Technique  Time, sec. Temp, °C (GSFD)  Reject.
CR-106 B Dip Cast 10 86 6.3 9.1
CR-107 B Dip Cast 10 86 9.2 1 95.9
CR-108 B Dip Cast 15 86 7.3 95.4
CR-109 B Dip Cast 10 86 11.2 90.6
CR-110 B Dip Cast 10 86 13.8 95.9
CR-111 B Dip Cast 10 86 1 88.6
CR-112 B Dip Cast 10 86 10.9 ok.9
CR-113 B Dip Cast 10 86 13.1 88.6
CR-114 B Dip Cast 10 86 7.5 91.6
CR-115 ~ B Dip Cast 10 86 7.3 89.2
CR-116 B Dip Cdst " 10 86 9.2 93.2
 CR-117 B Dip Cast 10 86 13.0 95.6
CR-118 B Dip Cast ¢ 10 86 7.4 90.1
CR-119 B Dip Cast 10 86 - 4.5 93.9
CR-120 B Dip Cast 110 86 8.2 %1
CR-121 B Dip Cast 10 86 6.1 91.8
CR<122 . B Dip Cast 10 '8 6.5 " ok.0
CR-123 : B Dip Cast 10 86 L2 ok4.5
B Dip Cast 10 86 6.7 9.1

Comments

 1/8" Rod

2-hr data
-1/8" Rod.
Leak

1/8" Rod
1/16" Rod

Sanded

BaifSTes
1/16" Rod

Sanded
Sanded
1/16" Rod
1/16" Rod

.-1-{'['[..




Table XXVI (continued)

Cast

: , Waber %
Run - Casting Cagting Selv, Evap. Heat Treat. Flux Salt -
No. Solution Technique Tine, sec. Temp, °C (GSTD)  Reject. Comments
CR-125 B Dip Cest 15 86 8.1 oh.8
CR-126 B Dip Cast 10 86 12.0 92.9 Sanded
CR-127 B - Dip Cast 5 84 1.4 95.2 IORB%y .
CR-128 B Dip Cast 15 86 7.3 gh.o
.CR-129 Dip Cast 10 86 5.4 33.4 Blow e
CR-130 Dip Cast 10 86 3.5 43.1 "
CR-131 F Dip Cast 5 86 6.9 93.0 Glob
CR-132 T Dip Cast 86 k.o 93.0 Glob \
CR-133 G Dip Cast 10 86 10.1 93.0 E
CR-13L ¢ Dip Cast 10 86 11.0 .1 '
CR-135 G Dip Cast "5 86 5.6 91.5 " 1/16" Rod
CR-136 . & Dip Cast 5 86 7.1 M.5 '
. CR-137  H Dip Cast "5 86 5.7 9%.5
CR-138  H. Dip Cast 5 86 6.5 92.8
CR-139 G Dip Cast "5 86 6.6 .8
CR-140 = @ Dip Cast 5 - 86 9.4 gl1.5
CR-141 T Dip Cast 5 ' 86 10.8 '85.0
CR-142 /| I Dip 5 86 6.8 86.2




Table XXVI (continued)

. Water %
Run Casting Casting Solv. Evap. Healt Treat. Flux Salt
No, Solution Technigue Time, sec. Temp, °C (GSF_‘D) Reject. Comments
CR-143 H Dip Cast 10 86 9.7 9.3
CR-1L)t H Dip Cest 5 86 8.7 -9k, 0
CR-145 I Dip Cast 5 86 9.8 91.0
CR-146 I Dip Cast 5 86 8.4 92.3
CR-147 G Dip Cast 5 86 7.4 95.9
CR-148 H Dip Cast 5 -86 9.0 k.0
CR-149 H Dip Cast 10 86 6.6 92.5
CR-150 H Dip Cast 10 86 6.4 9.5 "
CR-151 M Dip Cast 5 86 4.9 %.9
CR-152 M Dip Cast 5 86 6.3 ol.1
CR-153 M .Dip Cast 5 86 . 6.1 oh.1
CR-154 M  Dip Cast 5 86 6.7 9.9
CR-155 M Dip Cast 5 | 86 6.1 95.4
CR-156 N Dip Cas® 5 86 12.0 64,5
CR-157 N ‘Dip Cast - ‘ 5 86 11.3 4.3
CR-158 N ~ Dip Cast 5 . 86 10.L 159.0
CR-159 L Dip Cast 5 86 5.0 92.3
CR-160 - T Dip Cast 5 86 3.9 93.3

_9'1:'[._




Table XXVI (continued)

Water 9,
Run Casting Casting Solv. Evap. Heat Treat. Flux Salt
No. Solution Technique. Time, sec. Temp, °C (GSFD)  Reject. Comments
CR-161 L Dip Cast 5 ‘ 86 k.9 93.9
CR-162 G Extruded 5 86 8.0 954
CR-163 G Extruded 5 86 16.0 k.8
CR-16k @ Extruded 5 86 9.0  92.5
CR-165 M Extroded 5 86 17.8 86.9
CR-166 M Extruded 5 86 15.3 87.7
CR-167 M Extruded 5 . 86 k.9 89.0
CR-168 M Extruded 5 86 21.0 87.9
CR=169 . K Extruded 5 86 18.8 ok.8
CR-170 X Extruded 5 86 17.7- 93.5
CR-171 X Extruded 5 86 1.9 2.8
cR-172 B Extruded 5 8l 16.3 05.8 20 Pay
CR-173 E Dip Cast 15 86 10.2 ho.5 2 Dips
CR-17%  E Dip Cast 15 86 10.1 53.1 4 Dips
CR-175 H. . Extruded 5 86 10.8 9.4 ’
CR-176 H Extruded 5 86 - 12.0 ok.8
 CR-177 H Extruded 5 86 2.2 93.3
CR-178 ! F Extruded 5 86 7.0 9.6
CR-179 -+ C Extruded 5 86 11.1 - 9N.6

~LTT~




Table XXVI {continued)

Water %
Run Casting Casting Solv. Evap. Heat Treat. Flux Salt
No. Solution Technigue. Time, sec. Temp, °C (GSFD) Reject. Comments
CR-180 ¢ Extruded 5 86 8.6 0.5
CR-181 c Extruded 5 86 7.7 91.3
CR-182 F Extruded 5 86 7.0 91.8
CR-183 F Extruded 5 86 7.8 91.8
CR-18k4 J Extruded 5 86 12.6 87.4
CR-185 J Extruded 5 86 13.0 91.2
CR-186 ¢ Dip Cast 10 . 86 8.8 93.6
CR-187 G Extruded 5 86 12.2 9.9
CR-188 G Extruded 5 86 11.2 91.9
CR-189 A Extruded _ 86 10.7 93.6
CR-190 B Dip Cast 10 86 8.7 9.1
(R-191 B Dip Cast 10 86 9.4 93.1
CR-12 B Dip Cast ' 10 86 9.0 9.5
CR-193 B Extruded 8l 17.4 94.3 lOﬁB%y
CR-194 B Dip Cast 8L 10.1 9.2 10 Day

-QTT~




Table XXVII: Summary of Results for Membranés Cast on Porous Polyethylene Rods

o _ _ Water™ %a
Run . Casting Casting Solv. Evap. Heat Treat. Flux Salt
No. Solution Technique Time, sec. Temp, °C (GSFD)  Reject.  Comments
PR-1 A Extruded 20 86 3.5 97.5
PR-2 A Extruded 5 8o 6.2 91.5
PR-3 A Extruded 5 © 82 3.2 ok.3
PR-U A Extruded 5 . & 2.7 81.6 e obable
PR-5 A Extruded 5 82 6.5 67.9 Leak
PR-6 B Dip Cast 10 86 2.5 63.5  Warm Dip
PR-7 B Extruded 10 86 2.0 Ol hs5°c
- PR-8 B Extruded 10 ' 86 3.7 94.0 E
PR-9 . B Dip Cast 5 86 2.2 95.1 ks
PR-10 B Dip Cast . 5' 86 6.0 91.5
PR-11 B Dip Cast 5 86 6.9 95.4
PR-12 . B Dip Cast . 5 86 7.3 96.9
" PR-13 B Dip Cast 5 86 8.0 9.9
PR-14 . B Dip Cast .5 86 k.o 87 .4
PR-15 . B Dip Cest 5 86" 8.9 9.2

\

Water Flux and Salt Rejection at six hours of operation




Table XXVIT (continued)

-0c1T~

) Water %
Run . Casting Casting Solv. Evap. Heat Treat. Flux Salt
No. Solution Technique Time, sec. Temp, °C (GSFD) Reject. Comments
PR-16 B Dip Cast 5 82 b7 93.L4
PR-1T . B Dip Cast 5 82 h.6 97.3
_ PR-18 B Dip Cast 5 75 11.8 9.3
PR-19 B " Dip Cast 5 75 8.0 86.7
PR-20 B Dip Cast 5 , o750 7.2 88.0
PR-21 C Dip Cast 15 86 4.3 9.5
PR-22 c Dip Cast 15 . 86 3.1 2.5
PR-23 o - Dip Cast 5 , 86 11.6 88.9
PR-2L c Dip Cast 10 | 86 5.6 %0.2
PR-25 c Dip Cast 5 86 6.3 82.6 Leak
PR-26 c Dip Cast 10 , 86 5.4 9.5
éR-27 ¢ Dip Cast 5 86 23.2 62.9 Leak
. PR-28 B Dip Cast 5 82 10.4 92.3
PR-29 B ~ Dip Cast 5 82 _ L.3 91.6
PR-30 B " Dip Cast 5 82 7.3 0.5
PR-31 G Dip Cast 5 86 5.7 . 96.9 Dry
PR-32 c ©  Dip Cast 5 ' g6 5.1 95.1 . Dry
PR-33 /| G Dip Cast 5 86 5.3 9%.4 Dry




Table XXVII {(continued) .

- Water %
Run Casting Casting Solv. Evep. Heat Treat. Flux Salt
No. Solution Technique Time, sec. Temp, °C (GSFD) Reject. Comments
PR-34 ‘M " Dip Cast 5 86 6.1 2.2
PR-35 M Dip Cast 5 86 7.0 92.4
PR-36 G Dip Cast 5 86 5.0 9.5  Wet
PR-37 M Dip Cast 5 86 6.9 92.1
PR-38 G Dip Cast 5 86 6.1 93.14 Wet
PR-39 G Dip Cast 5 86 6.1 97.0 Wet
PR-40 B Extruded 5 86 6.0 91.5 Small, es
PR-I1. B Extruded 5 86 5.7 92.0 : !
PR-42 B Extruded 5 86 8.8 92.1 5
PR-43 B Extruded 5 86 9.9 90.8  Predipped |
PR-lk B Extruded .5 86 12.7 9.k Predipped

B Extruded 5 86 10.5 93.0 . Predipped

PR&LS-




Teble XXVIII: Summary of Results for Membranes Cast on Porous
Polyvinylidene Fluoride Supporis.

PFR-13 / B

a ; N . . .
Water Flux and Salt Rejection at six hours of operation

a 04&
Water %
Run Casting Casting Soiv., Eveap. Heat Treat. Flux Salt
No Solution Technique Time, sec. Temp, °C (GSFD) Reject. Comments
PFR-1 A Extruded 5 82 7.0 Q1.2
PFR-2 A Extruded 5 82 7.3 86.0
PFR-3 A Extruded 5 82 7.8 87.1
PFR-4 A Extruded 5 82 12.6 62.4 Leak
. Probable
PFR-5 A Extruded 5 82 8.4 8h.1
PFR-6 A Extruded 5 82 7.4 89.4
PFR-7 - B Extruded 10 86 4.8 89.9
PFR-8 B ‘Dip Cast 5 86 b2 9h.3 Warm Dip
' R oL kseg
PFR-Q D- Dip Cast ' 30 86 h.6 85.5 :
PFR-10 D Dip Cast 30 86 12.6  61.9  Leek
PFR-11 ¢ Dip Cast 10 86 2.3 93.9
PFR-12  C Dip Cast 15 t86 7.0 92.6
Dip Cast 5 82 5.6 OL.7

AR
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Table XXVIII (continued)
. ] Water
Run Casting Casting. Solv. Evap. Heat Treat. Flux Salt
No. Solution Technigue-  Time, sec. Temp, °C (GSFD) Reject. Comments
Cepmeal B Dip Cast 5 8 3.2 91.6  2-hr data
Leak started
PFR-15 B Dip Cast 5 82 5.2 89.9
PFR-16 B Dip Cast 5 86 7.2 .90.6
PFR-17 B Dip Cast 5 86 Il 93.6
PFR-18 ﬁ ' Dip Cast 5 86 k.5 97.5
PFR-19 B Dip Cast 5 | 8l h.7 91.1
PFR-20 B Dip Cast 5 8l L6 = 93.k
PFR-21 B Dip Cast 5 .8k 5.2 93.k
PFR-22 B Dip Cast 5 75 6.3 89.2
PFR-23 B Dip Cast "5 75 5.3  89.8
PFR-24 B Dip c;st ' 5 '75‘ 7.0 89.9
PFR-25 " B . Dip Cast 5 8 11.9  83.5
PFR-26 B Dip\Cast. 5 e 9.3 8.6

~E£2T~




Table XXVIII (continued) .

Water %

Run Casting Casting 3o0lv. Evap. Heat Treat. Flux Salt
No. Solution Technique Time, sec. Temp, °C (GSFD) Reject. Comments
PFR-27 B Dip Cast 5 86 5.k oh.2
PFR-28 B Dip Cast 5 86 5.8 2.9
PFR-29 G Dip Cast 5 86 k.6 9%.9  Dry
PFR~30 G Dip Cast 5 86 h.7 93.8  Dry
PFR-31 @ Dip Cast 5 86 5.1 9k.9 Wet
PFR-32 G . Dip Cast 5 - 86 5.2  93.8  Wet
PFR-33 G . Dip Cast 5 86 5.9 9.6 Wet
PFR-3L G Dip Cast 5 86 3.5  79.5  Non-Agua

. . ‘ Coated_
PFR-35 G - - Dip Cast 5 86 3.1 79.8 Non-~Aqua.
. . Coated
PFR~36 el Dip Cast C5 85 2.3 81.3
PFR-37 G Dip Cast .5 | 86. 4.8 95.5  Dry
PFR~38 G Dip Cast 5 86 8.9 R2.6 Detergent

., . . ‘ Washed

PFR-39 M * . Dip Cast 5 ' 86 5.5 oh.8
PFR-4O ¢/ M Dip Cast 5 86 6.0 91.7.

-2 T~
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PFR-53

Teble XXVITI (continued)

’ . . Water
Run Casting Casting .Solv. Evap. Heat Treat. Flux Salt :
No, Solution Technicue ‘' Time, sec. . Temp, °C (GSFD) Reject.  Comments
PFR-41 M Dip Cast 5 . 86 5.3 89.6

PFR-42 B Extruded 5. 86 - 9.0 92.0  Predipped
PFR-43 B Exttruded 5 85 7.0 96.0  Prédipped
PFR-IL B Extruded 5 86 7.0 82.9  Untreated
PFR-U5 B Extruded 5 86 7.0 90.7  Predipped
FFR-U6 B Extruded 5 86 9.7 85.6  Untreated
. . !
. A _ .,
PFR-U7 G Dip Cast 5 86 6.2 91..0 Detergent >
o - : Washed !
" PFR-K8 G Dip Cast 51 86 5.4 97.5  Detergent
. ) Washed
PFR-49 .G Dip Cast 5 86 5.0 93.1 Detergent
Washed .
.PFR-50 B Dip Cast ‘5 86 k.o 98.1 Tong Rod
PFR-51 B Dip Cast 5 86 h,2 98.8  Long Rod
PFR-52 B . Dip Cast. 5 86 b1 99.4  Tong Rod
B Dip Cast . 5 ' 86 5.0 93.0
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