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Abstract:

Reverse osmosis stands out as the one method attracting the most world-wide attention for the
desalination of saline water. It is a technically feasible process with high thermodynamic efficiency,
flexibility and simplicity.

Cellulose acetate membranes have the most satisfactory desalinized water flux and most adequate
desalination ability so far. Unfortunately, the hydrolysis of the acetate group in the cellulose acetate
causes a short membrane life problem, This is the major problem at the current stage of development. It
was believed that the membranes cast directly onto porous supports could reduce the high labor cost of
membrane replacement as a shorter time and simpler procedure would be required to replace the
membrane.

The purpose of this research was to investigate the membranes fabricated by direct casting onto porous
supports. This is one of the most effective methods of attacking the membrane life problem indirectly
by reducing the membrane replacement cost and to attack the membrane life problem directly by
preventing the mechanical failures. The membranes were tested in test cells. Salt water under pressure
was circulated through the cells on the upper side; product water was withdrawn on the other side.
Enough circulation was maintained to reduce polarization effect.

Eighteen different kinds of porous materials were tested and two-hundred and eighty-four runs were
made. Two simple practical fabrication techniques were developed. Also the process variables and the
relationships of each variable as concerned with membrane fabrication by direct casting were
determined. The optimum fabrication conditions for 1% NaCl feed concentration were found.

Membranes cast from dilute cellulose acetate-acetone binary solution need the support structure similar
to the cellulose acetate. Under the standard test conditions of this research, membranes cast on
cellulose and cellulose triacetate porous materials gave a range of water flux from 3.1 to 8.15 gal/ft2
day and salt rejection from 91.8 to 82.5%¢ The difficulties of improving the membrane performance by
this technique are discussed.

Membranes cast from acetone-formamide-cellulose acetate ternary solution on rigid porous epoxy
supports showed definite promise. By using the standard test conditions of this study, the membranes
gave an average water flux of 21 gal/ft2 day with 95% salt rejection while certain commercial
membranes under the same test conditions can only give an average water flux of 11 gal/ft2 day with
95% salt rejection. Also, membranes showed an excellent reproducibility. The reasons for its high
performance are discussed.
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ABSTRACT

Reverse osmosis stands out as the one method attracting the most

" - world-wide attention for the desalination of saline water. It is &

teclmically feasible process with high thermodynamic” efflclency,
flexibility and simplicity.

Cellulose acetate membranes have the most satisfactory desalinized
water flux and most adequate desalination ability so far. Unforitunately,
the hydrolysis of the acetate group inh the cellulose acetate causes a
short membrane life problem, This is the major problem at the current
stage of development. It was believed that the membrarnes cast directly
onto porous supports could reduce the high labor cost of membrane
replacement as a shorter time and 51mp1er procedure would be required
to replace the ‘membrane.

The purpose of this research was to investigate the.membranes

fabricated by direct casting onto porous supportis. This is .one of the
~ most effective methods of attacking the membrane life problem indirectly

by reducing the membrane replacement cost and to attack’ the membrane life
problem directly by preventing the mechanical failures. The membranes
were tested in test cells. Salt water under pressure was circulated
through the cells on the upper side; product water was withdrawn on the
other side. Enough circulation was maintained to reduce polarization
effect. .

Eighteen different kinds of porous materials were tested and two-—
hundred and eighty-four runs were made. Two simple practical fabrica-
. tion techniques were developed. Also the process variables and the
relationships of each variable as concerned with membrane fabrication
by direct casting were determined. The optimum fabrication conditions’
for 1% NaCl feed concentration were found.

Membranes cast from dilute cellulose acetate-acetone binary solu-
tion need the support structure similar to the cellulose acetate. Under
the standard test conditions of this research, membranes cast on cellulose
and cellulose triacetate porous materials gave a range of water flux from
3.1 to 8.15 gal/ft day and salt rejection from 91.8 to 82.5%. The
difficulties of improving the membrane performance by this technique are
discussed.

Membranes cast from acetone-formamide—cellulose acetate ternary solu-~

tion on rigild porous epoxy supporis showed definite promise. By using the
standard test conditions of this study, the membranes gave an average
water flux of 21 gal/ft2 day with 95% salt rejection while certain com—
mercial membranes under the same test conditions. can only give an average
water flux of 11 gal/ft day with 95% salt rejection. Also, membranes
showed an excellent reprodu01b111ty. The reasons for its high performance
are discussed. '




INTRODUCTION -

In 1952, when thernited States . began its férmal aesalting pfogrém,
thermal diétiliétion was fﬂe bnly'Sne of ;atﬁre‘$ abpfoaches wﬁich had
been transformed into a wéll—estqblished &eséiting technique. .Rééentiy,
é variety of processes, such as: @ultistage«flash distillation, léng—
tube vertical distillatidn, éléotrodialyéié,‘réverse\osmosis, etc.; ére
béing>d¢veioped and perfected for the oonvepsiPn_of saline‘watgr. |
,'Révers$rosmosis_is one of ﬂheséiﬁrodesses'and stands,Outhés,fhe one .
attracting the @ogt world:wide;at%ention“among‘desalting gpthusiaéts.

The basic principles underlying revérse oémosis have been under-
 sfdod‘for'decades,Hand considerable work:was done in'thé early ﬁért of '
this century wi%h,membraﬁeé:that showed:ééme ability:to}differentiate
between‘water'and dissoived'salts. -No effortfwas diréé%ed at deeeiopiﬁg
'reverée'oémosis for the désgiination of saline Qaﬁer until shortiy affer
the fe@eral‘dgsalination pfogram was’éétablished; In éayly 1957 Breton'~:
.réﬁorted that cellulose aQetatevfilm'can be applied as a;semipe;@eablq
membrane for sodiﬁm éhlopide solution-and showed that reverse osmosis is
a techuically fgasible process.

The principlé of reverse osmosis ié‘relétively simﬁle; For example,

* when ‘a sodium chloride solution is separa%ed-from‘water;by a semipermeable”

membrane. as -in -osmosis,, water will flow through the membrane intoe the ™
- solution, as in Figure 1(a), until it reaches the osmotic equilibrium of
that:solution. <At equilibriﬁm, there is no net flow of water through the

membrane, as in-Figure 1(b): However if we apply an external pressure

( 3>:.~




Ll

—2-
whlch 1s greater than -osmotic pressure (for example, a solutlon contalnlng
1 NaCl has approx1mately 115 ps1. osmotic pressure) the flow w1ll be

reversed as in Flgure 1( Y. -Since the membrane 1s 1mpermeable=to*the

)

salt, pure water is obtalned from -the sallne solution. -ThiSVisr?h§
principle of'the reveérse osmosis desalination process.- —

. There are'three facfors which make this.process appealing. VFlrst,
in rhe view p01nt“of thermodynamics study, this process oan'be.operated
near ‘the minimum work of separatlon. It -was reported by Re:m(1 ) “that
the-ninrmum‘energy:requlrement-for producing 1OQO.gallons of water from
‘sea Water is only’2u63‘waHr; ‘Second, the process-is not highlytdependeng‘
on large.scale plants'to'make:itzeconomicalﬁand small‘lnstallations couldf
'_be expectedyto produce uater at a cost onlyeslightly hiéher'than :
ilarge_ones; Therefore,'plant size is more flexible. ‘Third,.the‘process
can.be operated at”ambient temperature, corrosion problems are less -
'crltlcal than distillation processes and 1nsulat10n cost may be’ e11m1nated.

In 1957 Breton(3) reported rhat cellulose acetate acts as semi- |

f permeable”membrane for sodium chloride solutions. Reid, . Trautmann( 9 23)
-and other workers have tried a’wlde varlety of other. maferials; includlng‘
. almost all types of ex1st1ng high polymers (polystyrene, polyethylene,

(9)

nylon, cellophane, cellulose acetate butyrata

(8)

cellulose proplonate,

. ethyl cellulose,-etc.) Also many other new membrane materlals :are- belng

(6)

':and have ‘been tesﬁed.‘ Graphitic oxide membrane,

¢

- and cOpolymer systems based on galactose~methacrylate

porous. glass

(21)..

membrane,

are examples of new membrane types. _However, none of the materials tried .
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have shown as mucH'p;omise as cellulose aoetate.v
 Reid and Breton (18) 1o iaitet 1 4 Rilev. (12) -'

* Reid and Breton, HLoquale, Merten and Riley, ‘. have shown that
salt rejecvion ihc?eases and water flux decreases as_theg@ggreé'of~
écetylafion of celluiose‘acetate'is.increased,',By the proper selection .
of acetyl content, casting solution cémposifion, fabrication teohnidué,

- heat treatment and casting conditions, cellulose acetate membranes can be

applied for the conversion of saline water.

‘An early hypothesis proposed by Breton(B) stated that membrane

desalination could be explained.Bn the basis of flow through the membrane .

by two paréllel,mechanisms. Both water and salt are transported by

"hole-type ‘diffusion’ with no desalination oocufring. In- addition, water

algne;is transporyéd by‘“alignmgﬁf;type diffusion". Sourirajan(ZQ)
proposed apbther hypothesis. and giplaihed that'desaliha{ion oécﬁps
becéuse of %‘thin film of pure wafer é% thevliquid—membraqe intgrfadé
..-and depends on\the~propertie§ of intgrfébe. For pores with a'diameterQA
less than twice the thickneés of'theu§ilm, only:@gter wili“flow;:_Fo:
-lafger popeé both pure water and saline ﬁate: wiil be transferréd.: On

" the basis of these eipefimeﬁta11y~basedforiteria, Blunk(z) postﬁléted
_the'following mecﬁahism for the passage or féjéotion of aqueoué éolpteg

by the membrane: "Hater is retained in the osmotic-skin part of the

.membrane in such -a way that it_gtill possesSes/the‘squbilizingZprobepfies w

attributable to its hydrogenQbonding Qapacity;bui“has largelyilpst“the
solﬁbilizing properties at%ribuﬁable\fo its high dielectric cénsfant.'

Therefore small species whose solubilities inwater are due partfélly-
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(hydrogen—oonding,univalent’ions) or wgolly (moneleetrolytes) ?o their
hydfoéen~bondiﬁéhceoQEiﬁies{ftemd to. pass through the’membranéil oﬁ the
other.handyismall Species mhose'water solubilities are doe primarily to'
the'high dielectrlo consoanﬁ ofsmeter tenﬁnto be rejected. .Theee species”
inglude:ﬁonhydrogenibondimg univelent-ioﬁs,:and all ione of valemce .
greafer than unity regardless of ﬁydrogenébonding‘charaoterlstios;"(z)f

One ofeﬁhe,serlous~broblemsfwith cellulose acetete membfahes is the

(18)

vlom rate'of water fraﬁsmiesion'through them; Reld and Breton lobfained
a max1mum membrane oonstant of 8. 2 x 10 -1 g/cm ¢sgseceatm ( 945 GSFD at
800 pSl) and a salt reductlon factor of 25 (96% s&1t reJectlon k ) for -
a. membrane six microns thlcﬁ, cast from acetone solutlon. Mahon(13)
attacked the low flux problem 1nd1rectly by maklng very fine tubes of
cellulose‘trlaoetate to increase surface area per unit volume whlch can
',glme e-membrane constant, 5 x 10~ g/om esecsatm (.0575‘GSFDFat’BOO p51).
- and-a,ealt;meauption factor between 100“aﬁ@ 25 (99%—95%.Sa1tfrejegtipn)
gfom 10 miorons-wall-thickﬁess~of the‘fiﬁe tubes;: Besed on hisereported
flux of T x 10 -1 g/cm sec, éach cublc foot would produce 200 gallons per ‘
| day.’ Loeb and.oourlraJan(1 ) attempted to increase the flux through the
shrinking of oommer01ally avallable cellulose acetate membranes in hot

-6

water. ‘They~obte1ned a membrane constant of 1.1 x 1Q g/om -seo-atm,

= ,
GSFDr?.gal/ftz day.

**Salt‘reduction'fector' 100/(100—percent ealt regeotlon)

*%% . L s
Percent salt rejection: 1002[(feedcona—produot oonc.)/feed conc.]‘
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(1.265 GSFD at 800 psi) and a salt reduction faotér of 106 (99%-sa1t
rejection) for a membrane 100 microns thick, .

As a result of experience gained with this porous cellulose acetate
membrane shrinking technique, Loeb and Sourirajan.initiated the develop-
.ment‘of high—flﬁx semipermeable membranes. They encountered an aftiple
by Mlle. Dobry(S) in which she suggésted the use‘of saturated aqueous
magaesium perchlorate as a solvent for cellulose acetate in the pre—
paration of ultf&filtrafion membranes., Théy deveioped the first casting
lsolutions-contéining electrolytes. The tybicai casting solution ié a
quaternary mixture of cellulose acetate —_ﬁagnesium perchlorate — water—
acetone in the proportion 22.2 - 1.1 - 10,0 - 66;1 wt % They got the

6

best results with a membrane constant of 4.7 x 10~ g/cmzosecfatm

(5.4 GSFD at 800 psi and 10.2 GSFD at 1500 psi) and a salt reduction
factor of 105 (99.8% salt rejeétion) foi a membrane 250 microns thick.
To obtaiﬁ this performance, they found it is neceésary to control
rigidly the composition of the casﬁing solution, the seéuénce and timing
of‘the various steps of thé membrane preparation and the temperéture of
the casting solution between —SOC to -10°C. -"The.sensitivity of the
membrane to seemingly insignificént factors in its preparation is one of

(1)

Using casting solutions .

(14) .

~the most-striking aspects of this-p;oblem."
swhich 69nt§ined noneiectrolytes;.Ménjikiang Loeb énd McCuﬁchan
described a number of useful memﬁrane casfing'solutiqns. In these, the
number of components may be four, three or even two.ﬂ 0f the cbmpositi§n

tested, the ternary mixture cellulose acetate-formamide-acetone, was




|,

Reid, Breton

.‘_7‘_

found to be.the most useful. ' Membranes made from this mixture axe equal

to or better than those fabricaﬁed.fromioaéting solution containing

electrolytes,; and aig Simpiér_to pfodupéf "Today . this type of-céllulose

‘écetéﬂe membrane has been increasingly developed and perfected.for the

~.conversion of both sea water apd'brackish'Water.

. Unfortunately the hydrolysis of acetate group of this high polymer

causes a most serious problem —- short membrane life as reported by

(18) andAVos.(24)' The‘decrease of both water flux and salt

rejection as a function of operation time forces one to replace. the

" membrane after a certain period of time and increases the over-all cost

of .this prooeéé.- It haS'Been reported that the labor cost pf méﬁbrane
replacement would b§ much higher than the poét of membrane itself.‘ Iﬁr
is-though% thét by directly castihg-the membranes on porous sﬁppbrts,'

one cean eliminéte ﬁaﬁy ofvthese.problems. -

The purpose aof the author's research is fo.investigate a membrane

. which can oﬁtidown the_high-lébor cosf of membrane replgcement:gnd can.

itself, *The over-all objéofiyes of the research work are: (1) to devlop

the fabrication methods for'membrénes by direct casting; (2) to determine

' ingréase the'aependabilityf reproducibility and durability of the membrane

the process variables and the relationship of each variable as coucerned .

with membranehfabrioation By:direot casting onto porous suppomts;,andl(S)u

" to optimize the conditions of fabrication that will prodiuce the highest -

quality reverse .osmosis desalination membranes which cansbe easily”

" -handled.
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The structure of high'flux.membraheshcontéining eleetrolytee or non-

:e;eetrolytes has been’ examined by Riley;" Cardrer, aﬂduMeften(?5)uusiﬁg:%f

electron-@icroscope techhiques. They - found ﬁhat the membrane consists

- of a fine-pored matrix with a very -thin dense layer (active. layer) of

ceilulose'aeetate on the surface identifiable as the air-dried surface.

For an original formulation of Loeb and Sourirajan(11) membrane, ‘the

dense surface layer (active layer) was estimated ifrom the.electron micro--

- graphs to be about:.2 -..25 microns thick when the total membiane thick-
.ness was about 100 microhe; the . porous sub-struéture.was estimated to

" have a pore size on the brdef of +1 - .4 microns. - The densevsurface'

1ayer thickness would be a. strong functlon of membrane fabrlcatlon

conditions and a functlon.of_total membrane thickness. Furthermore, they

indicated that the resistéﬁce to both flow of weter and salt is in the

" dense-surface layer.

The polarization effect due to concentration build-up on the membrans— -

. brine.interface for a.high flux membrane has a significant effect on -

'“membrene performanoe. The concentratlon bulld—up in' the boundary layer

increases the salt flux due to the hlgh concentratlon gradlent and

decreases the water flux because of effective applied pressure is reduced.

In the case of fturbulent flow, -if we-assumehfhat fhe,boundaryflayervis

idealized as a thin film and eddy motion is;negligible, a eimplest‘model )

for:the‘eoncentfation ‘boundary layer - film~theory modeltmay be‘applied.

.IThe fllm—theory model contalns a number of 51mp11fy1ng assumptlons known

- to be- 1ncorrect but the effect of these assumptlons upon the fllm—theoryQ
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prodiotions on %he siénifioanoe ofAthe variables aie rather small., For
fhis thin.fiim'model Brian(16) gave the follow1ng equation to describe
the” salt concentration bulld—uo at the membrane surface in terms of the
per@eation fiuX3 the fluid mechanical parameter,-and'the_échmidt number,

Nsc ior'salt diffusion:

~(51)

t
. N
G > D _,
| -
_Cg T+ (1—r) exp[(v aN?/%:
. . 1 .
".where ‘02 = salt .concentration at membrane interface, /om
Cg = salt oonoentration in bulk solution, g/om3
v! = product water flow velocitJ through the membrane, cm/sec
jD‘= Chilton—Coburn mass transfer j—factor -
‘N_ = Schmidt number for salt diffusion; kineﬁéfio Visosiﬁy-of

solotion, cmz/soo/moleoulai—diffﬁSion'coéfficiént in salt,
cﬁz/Sec | H
ﬁ =.avoiaée velocity ovor.the'oeil;—cm/sec
T e salt rejeotion. _
For‘high saltrrejeotion membrane f:% unity, tgo abovo'oquation can be

simplified to:

e 2
p&JDU ) }

a'l a
N TNy -
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The above equation shows that the'concentratipn build-up in the
boundary layer is a strong funqtion“of desalinized water flux and feed
flow velocityl even'if the Eulk solution concentration is neérly uﬁqhanged.

The high flux membrane with a low‘feed flow velocity will;uéually cause a

- serious polarization effect.




EQUIBMENT AND PROCEDURE

Test Cell

“The test cell shownion.Fioure A1 Was used for testlng'all reverse
osmos1s desallnatlon membranes. Four 1dent1cal cells were used. Tbe T
ltest cells were made of stalnless steel 304 blank flanges w1th 4.5"
out31de dlameter and a 2" diameter test area. The membrane was mounted
_beﬁneen the two halveS}of,the‘cell, and sa1t~water-under:pressure.wasw,
circulated_bhrOughlthe upper half. With the cone shape of the upper o
" half surface, as shown on Figure A1, an even flow: dlstrlbutlon acToss
the test cell was obtained;. This‘was studied by’plaoing a glass plate'
over the test cell and 1nJect1ng 00uass1um permanganate solution into.
vthe 1ncom1ng waber stream.* The concentratlon of potass1um permanganate'
(1ndlcated by coloxr 1ntens1ty) as it flowed across the cell showed that
the. flow distribution_was-guite good with ho-snorteoircuimingnor.
stagnation areas.- | | o *

' The membrane was supported by.a: 1/8—1nch porous stalnless steel
plate (Grade H, pore size 5 mlcrons, Pall Corp.). A 4.5" OD x 2" 1D
"X 1/16" Neoprene rubber gasket was used between the membrane and the
hlgh pressure side of the cell: The two, halves -were held together by
eight 5/16~lnch stainless.sbeel oolts, whlch:were t1gbtened=§tepw;se,to

-

'a perfect seal.
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Membrane Test System and Flow Diagiam,

The ‘test system consisted of the four teét-cells, a pre-filter and
a filter.(S microns ), two parallel test lines which could be operated at
the same time or independently and a plastié feed tank with a heater,
stirrer, cooler and a thermo-—probe éonﬁected to a temperature controiler.A
The whole system was constructed of stainless steel and plastic to
eliminate the corrosion problem. Circulatioﬁ of sait Qater throuéh the
upper half of the test cells was provided by a stainless steel pump
(Jaeco Model 753 S-8).

The flow diagram as used in typical rﬁns with a 5 microns filter at
high pressure side is shown on Figure A2. The pressure of oné back
. pressure regulator was kept at 1200 psi and the other was kept ét,éOO psi.
In this way, oné test line merely served as a -safety device. 1In many
runs to avoid thé leakage of the filter, the back pressure regulators
were both kept'at same pressure and the filter was connected at low
pressure side of one of the two lines. The feed tank could be maintained
as clean as when the filter was connected at high pressure side.

' The pressure on the system was controiled by a régulator on the
nitrééén cylinder and measured by a pressure gauge near the inlet of
test‘cell.‘vThé product was withdrawn from the cell uﬁder its own pressure
thrqugh a 1/4—inch Swagelok male conneétor and returned to the feed tank

- except when samples were faken. The product'was collected in a graduated
cylinder when sampling. - After taking sglt concentration measurements the

product water was returned to the tank to maintain the feed concentration
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constant at 10,000 ppm. sodium chloride.

In order to get meaningful data on desalination membranes, it is
necessarj to take account of the possible effects of liguid boundary
layers on the membrane-salt water interface and to control the tempera—
ture in the test cell. A maximum feed flow rate 11.4 ml/sec was used.’
The average volume of the test cells wés 8.3 ml., so that the feed in
the cell was replaced every ;73 secoﬁds and the average feed flow
velocity across the cell was 7.0 om/sec. The»témperature in the feed
tank containing 10,000 ml. 1% NaCl,-wgs ooﬁtrolled at 24.5 % .2% by an
_ electronic temperature controller and the salt water in test cell was
about 25 * .SOC. The temperature increase between tank and test cell
_was due to pumping and flow donditions. The ?pa?ating pressure was

800 * 35 psi in most runs unless otherwise specified.

Membrane Fabrioétion Eduipment
A level glass surface table with the dimension of 12" x 11" was

used for membrane casting. This was used to produce even membréne
thicknesses. A constant temperature and humidity chamber was used for
membrane castiﬁg after run No. T5-44. The éhamber was constructed with
a fiber glass body, a safety glass window (103" x 32") in front of .the
chambef, and two 6" diaméter-fubber plate covered working holes on ‘the
front chamber door (40" x 10")., The chamber contains lights,‘a heater,
cooler, fan, two salf solution containers and a thermoprobe connected to

an-electronic. temperature controller. In the most cases, the temperature
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was kept at 24,5 {200 by temperature controller and humidity wasAkept
at about 50% humidity by using saturated Ca(NO3)2-4H20 salt solution.
Several 7” long and 3/8" diameter glass rods were used for spreading the
casting solution. Vacuum insulated containers and stainless steel

beakers were used for membrane heat treatments and gelations.

Membrane Tesf Procedure

Aftér fabricatibn the membranés were immersed in distilie@ wﬁtef
overnighﬁ,aﬁdiallowed to equilibrate in distilled water. A membrane -
. with a 3-1/16" diameter was cut from a water absorbeﬂ mémbréne, This
was larger than the stainless porous support (2-3/4" diameter) to
eliminate possible leakage.' The membrane was then firmly mounted in
the test cell. |

After the test cell was assembled, the.éystem was filled'with about
10,000 ml. of salt water. The:salt water feed was made- of réagent éfadé
sodium chloride dissolved in distilled water. IFor most Tuns =a 10[OOO
ppm sodium chloride solyt;on was used. After the teﬁperafufe of>tﬁe feed
reached 24.500 in fﬂe\tank, the pump was started and tﬁe pressufé on the
syétem was raised stepwise (uéuaily 50 psi steps) at intefvals of one-
miﬁute until the selected operating pressure was reached. This was
usually 800 psi. At infervals'thereafter the feed flow velooity»was
* checked and adjusted to 11.4 ml/sec, the temperaturg and pressure’ were
recorded,. and the collected product water was anal&zed. The feed

concentration was also checked and maintained constant. The change in
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feed concentration during a run was seldom more than 1% and never more

than 2%.

Salt Watexr Analysié

The analysis.of the salt water and product water was done by elec;
trical conductivity:measuremeﬁts of the éolutions. A conduct1v1ty brldge
(Industrial Instruments Model RC- 16 B2) was used in conjunction w1th a
conduct1v1ty oell requiring a sample of about 1. O ml. The're51st§née.
readings at a given concentration were reproducible, sonthe concentration
of both feed ahd product_we;e converted from the reading of resistaﬁoe
by using the calibration curve presented in Figure A3, On this figure,
a concentration range .001 to .3? moles/liter'vefsus resistance af:é3;
25, and\27oC were plotted..-The daté are éhqwn on Table I. Within the
range of‘interesﬁ, the relationship between cqncentration and ;gsistance

can be approximately expressed as:

6.4 - (1 _ 25.) X .ﬁ

C

ot = (Rf)1'0496
where Ct =“éa1t water concentration, Moles/Liter.
t = temperature of conductivity measurement, %c.
R, = resistance aﬁ'temperature t, Ohms. |
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RESULTS

'Two~hundred'and,eighﬁyffdur'ruﬁs were made and eightgen:d;fferenﬁ
kinds of poroué:support were tested. The work waé done mainly iﬁVol;ing&
two phasés: _(T) Membranes cast on'poroqs materials>With‘ailutexcéllulosé
acetate—acetdhe casting'solution;'(?) Membranes cast on porous.materials

with cellulose- acetate—-formamide—-acetone ternary casting;solution..

MEMBRANES. CAST ON POROUS. MATERTALS WITH .
’ DILUTE CASTING -SOLUTTION

Poroué Suppdrts

Eighteen‘diffe:ent‘kinds of4commerpially_available pof@uéisuppo?ts
such “ds: celluloée;ﬁnylon,'delluloseﬁmriaéétaféw filterjpéééfyﬁglés;A‘
fiber,'pgly—vinyl chloride,:fluorinated.vinyl, epoxy, teflont (aé shown

“on Table II) étc.; were -tested. Only cellulose'and“céllulose;triacetate'~

showed promise. Filter papé? is a éheap'porbus material.and is relatively.

 easy to handle. However, its poorly .defined pore sizé}mayfcnge”fgprddudi—‘“

bility probleﬁs and. its durability.is pﬁor. Epéxy_porous'support‘is also
a most promising porous mafe;iél-candi@éfe. ~This supp&;txcan not-bem
~wetted by,water'usinguthéuusual procédures,land the sprf&be rodéﬁnéés
may cause some‘otherl&ifficﬁlties concerned With‘membrane fabrication by - '

using dilutefcasting.solutions{ éHeﬁce,ino'further attempts were.maﬁe to .

cast membranes onto this supﬁortfwith.diluté casting solutions.
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Membrane Fabrication Technique
The membraiie fabrlcatlon technique used for this phase was that 'of

_applylng a th1n layer ‘of cellulose acetate (E398 10,3) —acetone (mass

ratio = 3:100) castlng solutlon onto a predampened porous support. The -

water fllllng the pores of the dampened support serves a two-fold

a

purpose. First it prevents the castlng solutlon‘from flow1ng 1nto,the

porousHsupports. Second 1t ‘forms a hlgh poros1ty structure on the bottom o

part of casting film. By- th1s technlque, it appeared that a hlgher
.casting solution vlscos1ty on a smaller pore size supports,was~eas1er to
:?cast The results for membranes cast on cellulose (Gelman C¥ 6 .45 |
mlcrons C\-8 2 mlcrons) and cellulose trlacetate (Gelman, GA- 10 .05:
mlcrons) are summarlzed,ln.Table IIIf _ . ‘ .

' Results and Results Analysis e

" Twelve runs were made by using membraneswcast-on'cellulosemand
:cellulose triadétate. porous supports Withxdilute‘castlng=solutionn~:The
'results arershown on TableAIII. Membranes cast on. cellulose porous
materlals gave a hlghest salt re jection of 90. 6% w1th 4. 14 GSFD water
Z‘flux and a hlghest water flux of 7. 12 GSFD w1th 82.5% salt reJectlon.

Membranes cast on cellulose trlacetate porous materlals gave a hlghest :

:salt rejection:of 91.8% with 3.1 GSFD water-fluxiandna hlgnest water flux

of 8.15 GSFD with 84.5% salt rejection.
The ‘results from examination of many'porous~supports had :indicated.

‘the need for a:support structure similar to the*cellulose acetate.
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Hoﬁever,,theiseriesiof membfaneslliSted in Table III were fabricated
. under a set ofistandarﬁ,éonditiona andwstiilushow-a 1ack-qf;fepf§dﬁci—
ci}ity. ‘Much of this comgs"from difficulty in controlling the water
-_oon'tém"and' water distﬁbﬁti'an “11% the dampened 'support'. Since the
membranes wepe-not'Vef&'promising,'thé usé of dilute acéﬁoﬁé;qeiluloée
acetate sblﬁtibns'dn porous supports was discontinued in 1967.

If g_neynfabricatipn'techn;qug or a perfect pore fillinéfageﬁt is |
féund the results méy,bé.improvedQ- The membranes cast directly on
flexible:pdrous.sﬁppéftstcan'not cﬁt'ddwn.the 1ab6r'§ost and can nét
dééygasé‘the ﬁimé‘of membranejfeplacement. th'cén only slightly bréVeh%-*
mechanical failuresidf'ﬁﬁe mémbréﬁe. ‘However, the'short membiane life
which is mostly cauéed by the hydrolysis of the aéetaté“gfoup‘of
cellulose ééetate aﬁd,onlyﬂpa:tialiy causgd by méchanié;i défgfﬁatioﬁ
cannot be imp;oved £6 any gfeat extent'By direcf'céstingfen—support;.

' Ip.pthef words, the membféﬁes castaqn‘flexible,porous supﬁorts‘are ﬁorth;,
aevelopiné-only'uhder'thévcondition that a-new high:polymer haying'a' ‘
long membrane 1ife is found: | .

The rééultsﬂwhioﬂ were>6btaihed:ﬁpre similar .to Rileyféﬂd LonSdalé';GK»
récenf reversg‘éémosis‘regﬁlﬁs.fqr cellulose-triacetate coated Milliporé )
VFWP'filféf,suppbrté énd‘better fhaﬁ their osmosis results for;o:oss—-x
' '1iﬁked 3398%10 ceilglose,aéetafe tﬁin films wiﬁh ﬁérpus CN/CA'suppqrts

‘cast on the thin film. -
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MEMBRANES CAST ON POROUS MATERIALS WITH
TERNARY CASTING SOLUTICONS
Casting Sglutions-and Porous Supports
Casting solutions were made of formamide, Fisher certified reagent

grade, Fisher Scientific Company; acetone, reagent grade, Fisher
Scientific Company; and cellulose acetate of different grades such as:
E394—45, E394-60, E398-3, E398-10, E400-25, Eastmaﬁ Chemical Products,
Inc. The mass ratio of acetone to'formamide was kepit cqﬂstént-at
1¢5:1.0, Manjikian, White and Allen(15)'réported that aging of the
castiﬁg soluti&n for acetone—cellulose acetate-formamide ternary solu-
-tion has no detgctable effect. Therefére, the éging of casting solution
in this research was kept ‘as opnstant;*24 hquré._ Threg“differentfkiﬂds
of commercialiy available porous supportis were tested: epoxy (Versapor
6429, .9 ﬁicrons, Gelman), cellulose. (-6, .45 microns, Gelman), and
S.S..316 porous plate (Grade H, 5 microns, Pall Corp.).- The water

fluxes and percent salt rejections of membranes cast on thése three

different porous materials are shown on Table IV.

" Preliminary Teéfs
Forty-four runs were made - for preliminary tests. The water fluxes
:and sélt rejections are shown on Table IV. A-wide vériéty of process
variaﬁles were used. Several me%hods-df heat-ffeatment'were tried as
follows: (1) immerse membrane and glass plate or porous S.S. 316

plate-in hot water and maintain at a predetermined temperature for a
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‘certain period of time by heating; (2) set meémbrane in test cell and--

- maintain at a predetermined temperature for a certain period of time by -

Heéﬁing in hot water; (3) immerse membrane and glass plate or Porous
8.8, 316 plate in an iﬁsulated container having a constént Qolume of
hot water at'a prédeter@ined temperaturé fdr a certain‘period of timej
(4) immerse mé;brane and glass plate or Porous S.S. 316 plate in hot’
" water at a certain temperature and let it cool down gradually; and (5)
pump hot watexr thréugh the test cell.. Methods {ﬁ) and (5)”wefe
unsatisfactory because it was-difficult;%o preoisély méintain“the heat
treatment time and fgmpgrature. ;Only the first three methods showed
promise. An éxamination<1fthe results’shows that the heat treatment
temperature and time. are most importaﬁt-and*only @inor Variaﬁions in
performancé with changes in percent cei;ulose acététe, solvent>evapora—
tion time, and grades of cellulose acetate. Siﬂce the éastiné was done
without tempgrature.and hgmidity contfol for preliminary tests, an
analysis of these effects was not attempted. But it waé beligved that
there are several process variablgs, such as: heat treafment'time and
témperature, solvent evaporating -time, gelation témperature, grades of
celiulose acefate, casting solutioﬁ coméésition; etc. Also, ffom the_
T preiiminary'tests, resuits-sh§wéd thgﬁ the rigid epoxy porous éuppoft .
_ wag_the,best. ‘This porous support is easiest t§ work with (easy to
maiﬁﬁain.an even thickness.qf casting solution .layer, eaéy to cast, no
exﬁansion and shrinkage_during gelation énd.hgat.treatment). Also, -

this support is moét inexpensive and the most promising for further
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application in a cémmercial desal@natipn unit.
For theifurﬁhgr studiés‘qfﬂeéch prbpess variable; most'meﬁbranes |
were cést.directly onto &ersapop 6429, Gelman (Epogy,;.9 microné poré ;

size).

i Mémbrane Fabfication_Teqhhique

The technigue used for most of this phasén%as thaﬁ of applying a
.layer of éeliuidse acetate; aoet6ne:and formamide ternafy éolutionlgnto
a porous §uppoft ﬁnder various anditioﬁs;: The-castingiprocedures were;
(f) set the poréus support on aﬁflaf‘gléss plates (é) .use,ong,layer of
masking tape'fo'maintain-é.clearan§e of about :QQB t ;001ﬁ; (3) use a’
glass rod to. spread: oasting. Solibion: oo the Kippsits fersabor. 6429,
éelma‘n (Epoxy, .9 micron), unless ofchefvii‘se.sp'e'éifiéd;,,('zl): Igi the
solvent partly evaporaféi and (5) gelationlin‘cold water or ice water for
an'hour, Thé-égsting.andzsolventYévapbra{ion eﬁvironmeﬁt for the,..

membranes was at 24.5 * .2°¢ and approximately.5o% humidity.

Heat Tr§atment Methods .
The several methquAof heat ﬁpeatmént.used'in this phase Qere: (i)
immerse membrane and glass:plate in=h§t‘water ana maintain gf a pre;
'deteréined'tempéfaturé fof a cefﬁain'period of time by heéting;‘(2) set -

gmembrane-in:tést'cellaand maintain at a prede%efmined femperéfurénfor a .

certain period of time by heating in hot water; (3) immersé membrane and

glass plate in'an-'insulated container having a donstqnt volume of hot.
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;water at a predetermined.temperature*fdr a certain period.ef time.,

-Type of:Ceiluleee;Acetate Effect

. Five different grades of“cellulese acetate; with'the'raﬁge of

: V1scos1t1es 3 - 60 sec. and percent acetyl content 39. 4 - 39, 9p,‘such
ias: E394-45, L394 60 E398—3, E398 10, E4OO 24, Eastman Chemlcal |
'-Company, Inc., were studled. Twelve membranes’ were tested for -a perlod
of 45 hours.‘,The~membranes Were_fabrlcgtee under.the followmng
conditions: eastfon>Versapbr 6429,.§elmen (Epoxy, .9emicreﬁe)5feasting
solution eomposition,-celluloee‘acetete 21;9%,‘formamide 3t.2%;'abet0ne

46.9%; casting environment, 24.5°C, 50%‘humidity; solvent'eVapofatiné

©time, 25 sec., gelatlon, 4—5 °c, 1 hour 1n water, heat treatment 85\33 C ,”

5 min. by us1ng heat treatment method (3)

The results aresshown’ on Table V and'Flgdres ?, 3"énd:4’. There:are
nqﬁeopreletioﬁs between watef.flux and-befeeﬁthacetyl.oontent“or thep.
flux and}viecosity, as shown on Figure 2. Also there are ne borreietions
-betweenfselt rejeotignAand peroent.acetyl eentent or ealt:rejectidn andt-
viecoeity,'es'ehbwn on Fiéure'S: This may teeduelte:the test range of -

. percent acetyl contént is too ‘small and the viscosity of each grade of

cellulose. acetate. is different. -The highef viscosity,as'well'aelﬁigher‘,“

* ' '
8=\83°C The initial temperature in an 1nsulated contalner was
85 C, and at the end of heat treatment the- temperatvre in ‘container
was 83 ‘C. : : : : -




-23—
acetyl qpntenf glves a highéi melting;point.' Underﬁthe{sameﬂneaf'
treatment conditions, ﬁhe:higher melting;point cellnlose.eeetaﬁeemembnane:
:may have higher poresity anaﬁ$hinne;‘aothe¥leyer dnd~thu51gives'leweril
salt rejection but higher water flux. On the other hand, the higner
‘acetyl content cellulose acetate glves highef salt nesecfion but lower‘
ﬁater flu;. Hence, there are dlfflcultles in flndlng correlatlons.

Also, undéer the .same test condltlons for a test perlod of 45 hours, the N
1 results,dld not show any dlfference~1n the.elope of~eaoh“cnrye1'as
“shown in Figures é and 3, nhich'indieatee no diffefence iﬁ Membrane“life'
with respect ‘to each differen% grade~ef cellulose'acefete.' Thienie

. because the difference of membrane pefformence within a small range of

i getyL et would be vy Sall yhioh AT be)leds e tha
' ﬁenfal efrorri |
The overall results, a plot of salt flux factor ﬁversus water flux,

- GSFD, in- Flgure 4 showed .that E400—25 and E394 60 would be better than
m-,other grades cellulose acetate (P394—45, E398~3, E398-10) when us1ng the. . -
1;above fabrlcatlon condltlons. As can be seen, the’ p01nts of E400—25 are .

%closer to the: lower—rlght corner on thls plot whlch 1ndlcateo that
JE400725 nas hlgher salt reJectlon'and highex’ water flux performanoe. If
~wé eonsider'the effept'ofﬂbeth melting point end acetyl'eontent.eniﬁhej

membrane performance; the. obtained results, -as shown on Figure 4, are. .

* ’ S, :
Salt Flux Factor: 1 -~ (% salt rejection/100)..
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-consistené ﬁith ﬁhe reoults of othérs. Reid and Bfetoﬁ€18) reported
fhat the higher‘aoetyl con¢ent'ce11u1ooo aootéteagives-highefAéalf
rejection and loweruwatef flux; .Lonsdalo;‘Me%£ogland ﬁilej???):showed
that‘the;semipormeability of cellulose aoetat%:should}iﬁcrease with

acetyllooytenﬁ.'

" Tﬂé féét conditions were as indicated iﬁ~“Membrdoe Test System and

Flow Dlagram" except that durlng the flrst 30 min. the pressure was kept-

at 1000 ps1 to ellmlnate the membrane compress1on problem. By us1ng
the hlgh 1n1t1a1 pr°ssure, it is thought that most of the compros31on

«:wogld have taken place beiore data were ‘taken.

The_cuf#es,of;Figurosé’énd.3'ﬁéfe fitted by secon@”ofder polynomial

‘:by'usingﬁleaStwsqaare error-methodmand;plottedlbj;oomputer, iBﬁ 1620.

' . Type. of Cellulose'Acetate and Operating’Preséufe Effect

Three dlfferent grades of oellulose acetate E4OO 24, E394—45, '

' E394—60, w1th?v1scos1t1es: 25, 45, 60 sec., and percent acetyl . contents,~

39.4 - 39.9%, were: tested. Twelve membranes wereumade‘for ﬁhls study

under operating pressures: 600, 900, 1200, aﬂd.15001psi. Each grade of °
cellulose acefate:was appiied to make four membranes. Two of those,four“

membfanes were made under solﬁent evaporating time 25 sec., heat treat;ﬂ;

..fmént'tomporature~85\830é, 5 min. by using heat treatmént method.(3),

‘and the other two membranes were, made under solvent evaporating time, -

5 sec. initial heat treatment ﬁemperatoro 83\8¢OC, 5 min. by using‘héaﬁ :

treatment method (3), éodohd heat tfoafﬁent temperatufé, 86°C, 4 min. by
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usingfheat'treatment'method (2). The other casting variables and results

' were showh.on.Table V. The results showed that higher cperating‘pressune

can-giVe-higher'water flux and salt rejecfion. When increasing operating,‘

pressure, the -increase in water flux of.E400—25'was larger than E394-45,

. and E394—60. This ‘showed that higher acetyl content cellulose acetate

has a hlgher degree of crystalllnlty and is less ccmpress1ble.
Theoretlcally, water flux versus operatlng.pressure or effective

' applied-pressure should give e”linear'relatichship; yet, this'honlinear R

relationship, as showm on Figure 5, may be causedkurthe”compresslbility,“

:oflmeMErahenitself.P'Water flux versus applied pressure data of'Lcnsdale;

et al;ﬁ12).gavelthe same relationship. Additional evidehce'of.membrene
‘icompactlon can be derlved from the results of M1chaels, et al (17)
-.They-measured waternflux as a functlon of net pressure by malntaihihg
a fixed osmctlc pressure whlle varying the epplied pressure.. The
apparent water permeablllty decreased by perhaps 20% as the applled
pressure was, 1ncreased from .25 to 80 atm.

When 1hcreas1ng operatlng pressure, rhe salr reJectron of E400—25
showed moré 1mprovement than E394 60 and E394—45, as shown on Flgure 6
This may indicate that salt flux 1s nearly unchanged and the relatlve
lsalt regectlon 1ncreases as water flux 1ncreases due to the 1ncreas1ng
operaﬁlng_pressure. ‘A mathematical expressicn showing® that salt
. rejection improvesﬂﬁith.iucreasingﬂpressure-hES been pointed cut‘hy
Clarkgﬁ) by[assuming‘sclutioﬁjdlffusion fransport model chly, and

neglecfingfthe leakage term, - Therefore,thencalculated,valuefshowed
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E hlg e than the experlmenual data of Breton.(;)

;,Percent‘Cellulose Acetate Contenr Effect
‘:-The previously discussed results snoue& that E400-=25 and E394—6O
WOuld be “better thanvother&grades'of'deilulose acetate. Duniné‘tnis
investigation, these two differvent grades of cellulose acetate with a |

wide-range of percent cellulose acetate content: 16.7, 1944, 20.6, 21.9,

and 24 2%, ‘were. s+ud1ed. Twenty—one membranes were tested. The‘membraneséy
were fabrlcated under heat ureatmenu temperature- 8E\83 Cy 5 mins by using _
heat treatment'methodl(B).,'The other process varisbles and resulﬁs are

indicated in Table VII, -Figures 7, 8 and 9.

Figure & shows that for lower cellulose acetate content solutions,
E394-60 can .give higher percent salt rejection, but for higher percent

cellulose acetate content solutlons, E400-25 can\glve hlgher percent

salt reJectlon. Within the range of cellulose acetate content of 16,7~
- 24. 27, results 1ndlcate that L400-25 can glve water flux hlgher than

‘E394—6O as shown on Flgure 7. _

Flgure 9 showed that E400—25 can give hlgher quallty membranes

because the E400-25 curve. is closer to the lower—rlght corner on this

‘ Salt flux factor versus.watervflux plot.

The standaré test conditions were used except that during the-first
30 min. the operating pressure was kept at 1000{psi to:eliminaﬁehjhe
effect of compression.

The‘résults;this far showed that E400-25 can give better wesults.
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(better overall results and less .c‘ompressibility) than E3‘94-—6o. MHere-
fore, for the further study E400-25 (acetyl content 39 97, v1scos1ty

.25 sec.) was: chosen whlch is the highest acetyl content of the .five

) 'gradeS‘cellulose‘acetatea Also, a cellulose aoetate%of hlgherwaeetyl
content'hay give longef medbraﬁe life. Breton( 3) reported thatra‘.
membrane w1th 437 acetyl content was not degraded after forty days, whlle
'wone w1th an, acetyl content of 37p was completely degraded after séven

days.

Heat Treatment Temperatuie'Effect

Three:different‘percent celldlose acetate conteﬁt casting'éolutidns

(l9 4, éO 6 and 21. 9 ) of E400~ 25 cellulose acetate were tested under
five dlfferent heat treatment temperatures (83\81, 83, 85, 87, and 89 C)
“The Jnltlal neat treatment utlllzed a temperature of 81\81 % for 5 min-.
'.by usingzpeat'treatment method (3); After two hours'of operation the
. second heat;treatment~at $3°c'f65 5 min.'usiqg heat treatment method (2).
.was_applied'to.the eame’membrane;‘ Then eVéry~twefhoﬁrs ah'lncrementfof
'Zodfwas applied’uéiag thedeame-preceddre; The:resulte shoﬁed'that where
“higher percent salt rejectiens ate'required, higher pereent E400—25:'- |
;content wodld beveetter; and where lbwer.bercent salt fejeetion'are.
reduired, lower percent E400-25 eontent wotld*be betteté as_lndleated-

en Figure 10. | ' . |

Iﬁ-each'case;‘tWO‘ﬁeﬁbranes were tested.d The etandaitheSt¥condi—;

tions were used except that during the first-30 min. the pressure was,
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kept at 1000 psi to eliminate the membrare compression&problem, The

results and process variables were shown on Table'VIII.and Figure 10.

:Heat.Treatment‘fime:ana Temperatﬁre'Effect
Ten membraneS’were ma&e from a caeting solution comtaihing E400-25
‘;2ﬂ.§%,.fprmamide_31.2% and aeetone 46;9%, under the caeting cenditiens:
casting enrironment, 24.5°Ciand 50% huniidity; solvent'etaporating'time,
.5 Sece} ée}ationjat OOC,'1,hr.xih Water; A series:of suceeeeite Heat
btreatments repeated at the same temperatare wereuapplied to a given“
membrane . Different membraﬁes were’givem thesertreatments at differeﬁtjm

utemperature 1efels. ‘This was done:to;determine the time and temﬁerature'

" effects’ on ﬁgﬁﬁfééé5}§ff5fﬁénbeQ S S

The resulte are presented in Tabie IX and Fiéﬁée 17.is a plot of

N ealt flur factor vereus water flux. Heat\treatments at 80° C are
_-plndlcated by the dotted line starting w1th a 4 min, treatment followed
by three‘more 4 min. treatments.n At‘each-temperature level the flrst_
treatment was bxmmethod (1) and the rest by method (2). TﬁieAeeqtenceiﬁ
was repeated for membranes at 82 84, and 86 C. In addltiem a single

2 hmin. treatment at 80 C and. a double 2 min. treatment at 88°C are shown.
The results shomed that membrane propertles are more‘een81t1ve t0 heat
‘treatment temperature and less. sen81t1ve to heat treatment tlme,
especially when the heat treatment time is 1onger than 4 minutes. . By f.
increasing‘the;heat treatment time, the'materef;ux‘deereases and "salt .

rejectionnincreases'slightyya
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on Overall Results
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The overall results showed for heat treatment temperatures, from
80 to 86 Cy 4 min. would bé better, while at 88 C a heat treatment time-.
of 2 min. can glve better results, but ~the reprodu01b111ty would be’
“lower. This is due to the dlfflcalty in. pre01sely controlllnv the

short heat treatment tlme.

"Solvent Evaporating Time”Effectﬂ
Two different‘oercent cellnlose'aoetate;oontentﬁcastrng soiutiens )
.were studie@ in this investigatidn@ Six membranes were‘maqe with 3400425; ‘
;t9.4%;?SOlvent:evaporating time ﬁoiv2§5'4d seo.:and'eight membranes’ were
‘made with E400—25?23.1%; soltent{etaporattng:time tO 25, ana:40 sec.
. The~ 1n1t1al heat treatments was at: temperatures of 80\78 C+ for 5 mln.
-usrng heat treatment ‘method (3) and addltlonal heat treatment at
ytemperature 1norements.of 5 C after every 2 hours operatlon by using -
heat treatment method (2), as shown on-Table Xy Flgures 12 -and 13,
“The: overall results were. plotted as salt flux factor vs. water. flur,
-GSFD,TOn Figire 13 for E400-25 19;4%‘with 10, 25, 40 sec.‘SO}Vent. '
evaporating time and Figure 12 for E400-25 2'3'.'1%%1%" 10, 25, 49 sec.
SOitent evaporatihg time;“The results-showed‘that soivent,evaporating
times ﬁere more Sensitive with respeot:tofwater fiux; but.Iess,sensitive‘
fiw1th respect to salt. rejectlon. In other mords,'shorter solvent evapo—‘
ratlng times will glve hlgher watér fluxes w1th nearly the seme salt
rejection as longer.sd%vent evaporating times.‘ Alsoy'it can:be believedA-
that a solvent evaporating time of 5 sec. wouldlhe better;foonsideringAJ

the overall resul®s,




















































































































































