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Abstract:

The reverse osmosis process is characterized by the use of pressure in excess of osmotic pressure to
force fresh water at ambient temperature through a selective membrane capable of rejecting dissolved
salts. It is a technically feasible process, with good thermodynamic efficiency, flexibility and
simplicity.

The purpose of this work was to develop cellulose acetate membranes cast directly on various support
materials and optimize the conditions.

Most variables that affect salt rejection and water flux of membranes have been considered in 239 runs.
Sixteen different kinds of supports, several types of cellulose acetate, cellulose acetate contents,
different ratios of acetone to formamide, heat treatment temperatures, evaporating times, and pressures
were tested.

The olyvinyl chloride support is the most promising for cellulose acetate membranes. The type
E398-10 cellulose acetate was the best for PVC supports. The best results always came when a casting
solution with 21.9% cellulose acetate content was used.

The acetone to formamide ratios were found not to be important.

By adjusting some other variables, such as evaporating time and heat treatment temperature, one can
get the same results although the acetone-formamide ratios were different.

Most membranes are very sensitive to heat treatment. Decreasing the heat treatment temperature
always increased the water flux and decreased the salt rejection for short evaporating time. It seems the
shorter the evaporating time the better the results for cellulose acetate membranes. Membranes with
PVC supports are less compressible under high pressure than other membranes.

A set of casting conditions for optimal membranes was found: casting environment: 70°F, 50%
humidity; solvent evaporating time: 5 sec.; gelation: 0°C, 1 hour; heat treatment: 84°C, 4 min.;
supports: PVC, ES, 2.0 microns, Millipore Corp.; solution: E398-10 cellulose acetate
(21.9%)-formamide-acetone ternary solution.

The average water flux and salt rejection, based on 124 hour runs, was 23.5 GSFD and 957%
respectively.
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ABSTRACT

The reverse osmosis process is characterized by the use of:

" pressure in excess of osmotic pressure to force fresh water at ambient
temperature through a selective membrane capable of rejecting dissolved
salts. It is a technically feasible process, with good thermodynamic
efficiency, flexibility and simplicity.

The purpose of this work was to develop cellulose acetate membran-
es cast directly on various support materials and optimize the conditions.

Most variables that affect salt rejection and water flux of
membranes have been considered in 239 runs. Sixteen different kinds of
supports, several types of cellulose acetate, cellulose acetate contents,
different ratios of acetone to formamide, heat treatment temperatures,
evaporating times, and pressures were tested.

The olyvinyl chloride support is the most promising for cellulose
acetate membranes. The type E398-10 cellulose acetate was the best for
PVC supports. The best results always came when a casting solution with
21.9% cellulose acetate content was used.

The acetone to formamide ratios were found not to be important.
By adjusting some other variables, such as evaporating time and heat
treatment temperature, one can get the same results although the acetone-
formamide ratios were different.

Most membranes are very sensitive to heat treatment. Decreasing
the heat treatment temperature always increased the water flux and decreas-— .
ed the salt rejection for short evaporating time. It seems the shorter the
evaporating time the better the results for cellulose acetate membranes.
Membranes with PVC supports are less compressible under high pressure than
other membranes.

A set of casting conditions for optimal membranes was found:
casting environment: TO°F, 50% humidity; solvent evaporating time: 5 sec.;
gelation: 0°C, 1 hour; heat treatment: 84°C, U4 min.; supports: PVC, BS,
2.0 microns, Millipore Corp.; solution: E398-10 cellulose acetate (21.9%)-
formamide-acetone ternary solution. :

The average water flux and salt regectlon based on 124 hour rums,
was 23.5 GSFD and 95.7% respectively.




I. INTRODUCTION
The water proﬁlem —'the problem of how to have Watér in adequate
quantity and of adequaté qﬁality3 available at a reasonable cost, when and .

where needed -~ is one of world-wide importance.

A new conventional source of water may be developed today for a

cost of 13 cents to TO cents;per thousand galloné. It is estimated that |

by 1980 this cost will have risen to 20 cents to 9O cents per thousand

gallons (;). In terms of improvements in-technology apd/or equipment,
there is liﬁtle potential for savings in this respect. Clearly, desalina-

tion will be a part of the solution of the total water ?robiem.

Many processes have been tried for'desalination; ‘Some of them
have been used in actual large desalination plants in many countries.
Those are: multistage fiash.distillatipn,flongtube vertical distillatidn,

electrodialysis (brackish water only), vapor compression distillation,

direct freezing, and reverse osmosis.

Saline water conversion is still in its Infancy, since the cost of
desalination is still ‘relatively high. But, in some areas desalination

is evén now competitive with other means of obtaining usable water.

Tt Was.réported'that cost of fresh water obtained by small desalin-’
ation plant (multi-stage flash evaporation) was-about $.80 to $1.10 per
thousand gallons, and for a large plant 2Q-MO cents per thbusénd gallons

W

(50 million gallons per day products or more) with present technology
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Recently, reverse osmosis is one of'thé most intereétiﬁg procésséé.
Possibly the mést impoftant reason is the recent develoﬁment of membranes
which combipe good sa;t“rejection wi%h.moderately'high ﬁater flux. Second,'
is the appgaling,conceptuél simblicity‘of the method, which eésentially‘ |

consists of* removal of salt by filtering it away from water under pressure.

Third, fhis process tends to avoid scaling problems ;hd to minimize
corrosion since it always'operates ét ambient tempgratgre. Fourth, the’
enefgy requirements for the process are léw‘ The theoretical minimum of
work for desalting sea ﬁéter at 25°C is 2.65 Kiio&dtt—hours pef thousand
. gallons. The”energy'consumption of multistage flash_diétillation and loﬁgé
tube vértical distiilation, fer example; is'six'tiﬁgé that of the reverse

(3)

osmosis process .

The revefse osmosis processiis_characterized By~ﬁhe use of pressure’
in excess of osmatié pressure to force fresh water ab ambient temperature
through a selectlve membrane capable of reJectlng dlssolved salts. The
process neme is derlved from the phenomenon whereby - water under an appllad
pressure driving fqgce flows in a revéfse direction to the flow*in an

osmotic experiment where the driving force is the concentration-gradient.

The most lmportant par£ of reverse osm081s equlpment is the mem-i‘
“brane. The 1mpoftant membrane propertlés are Water flux sal reJect1on
and membrane.;lfe. Flux is usually glven in gallonb/ft 2—day (GSFD) an§'
salt rejectién is usually given as‘% sait rejection or salt‘redugtiqg

factor. = 100/ (100-percent rejection).. Many kinds of membranes haﬁé:begn;g




3=
tried-for reverse osmosis, some of'them'with_high:réjecfioﬁ buf very low '
flux, such as éthyi ;éllﬁloée—poly;acryiic acid mémbranés, énd éamg-of
them with high flux but low rejection, such as poly-acrylonitrile membran—

es.

‘Celluiose acetate is the most prdﬁising membrane which provides
high.rejecﬁi&n and moderately high flux. “The fifst récpgnition that salt
réjection by membranes might be usefu; in desalination seens to have been
by Reid at: the Universit& of Flérida(B). Reid and Breton thaiﬁed a
maximum W;ter flﬁk of .§ﬁ5 GSFD and salt reducfidn fécot? of 25 (96% salt

rejectibn),from their ‘cellulose acetate membranes.

-Since then cellulose acetate membranes have been improved quite
rapidly. Total cost for products by the reverse osmosis process, using

cellulose acetate membranes, is still high. It is mainly caused by the

“low flux and short membrane life.

General Atomic Division of General”Dynamicé'has proposed a design
for a 1 million gallon per day reverse osmosis pilot plant. .The minimum
cost of fresh water produced by this pilot-plant was estimated to be 75.5°

(6)

cents per.thousand gallons from sea water

The water. flux of their membranes is about 10 GSFD under 1:40 psi.

pressuré. If the. flux can be increased to 20 GSFD and keep:ihe other cbnf L

ditions the same, for example, the cost of .fresh water obtained from this

e
W

pilot plant could -be reduced to about 50 cents per'thousand gallons ~°.
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In fhis-pilot plant the cost of membrane feﬁlacement is about one.
third of the total éost. It is.reportéd that thé.labor cost of memﬁrane‘
.replacémentiwould be much higher thaﬁ the cost éf the membrane itself. It
is bélieved'ﬁhat the'meﬁbfanes cast directly onto porous supports could'
‘reduce thelﬁigh labor cost of membrane replacemén%, as a shortgr %iﬁe and

more‘simple procedure would be required to repiace the membrane.

(5)

Doﬁaid‘Wang - has successfully‘iﬁvestigated.a membrane 5y using
direct Castihg 6n porous .supports. His membrane, cast ‘from cellulosei-
acetate (E-L00 -25, 21.9%) formamide .(31.2%) acetone'(h6.9%§ ternéry solu—
-tion on riéid porous epoxy'filled fiberglass'supports (Gelman Versapor .9

micron), can provide an average Wéter flux of 21 GSFD and 95% salt rejec—

tion.

The purpose‘of this work is to develop cellulose acetate membranes

cast directly on other support materials and optimize the conditions.

Most.variables that affegﬁﬁsgiﬁ réjection éﬁd'wate? flux of mem;
braﬁes havé beén considéfed iﬁ éébtruné. Différéﬁffkinds of meﬁbrane
support, casting sblutioniéémpoéitioﬁj:ﬁeat treatment‘temperature, solvent"
evapofat;ng'time and“operatiné ﬁfesépré aré‘all importagt.‘ Sixteen differi
ent kinds of supﬁqrts,'fiVesfypes:of'celiulose acetaté;,six different
cellﬁlése acetate éontents; five éifferentiratfos of formaﬁide to acetone:
and éeveral eVéporating timeé havé been tested in faﬁricating membranes .
,Se%eral different heat tréatmenﬁAtemperatures were u;ed before tﬁe membran~ )

es were tested:af three pressdres.
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In all p?ocessés for water desalination, the water ana the salt to
. be separated mﬁst ultimately'diffﬁse apart by molecular diffusion. Thus ,
at the phase boundary where the separation is effected there will ﬁe a
salt-concentration bounaary layer, the salt'conceptratioﬁ at the phase
boundary exceeding that in the bulk brine. This salf—concentration polar—
ization is important in desalinétion-by reverse osmosis. For simplicity,
the film—theory was used for the turbulent'flow. The boundary'iayer is
- idealized as a thin, liquid film in which eddy motion is assumed to bé
negligible and therefore mass transpo?t takés place by molecular diffusion

alone.

The following equation(h)-expresses the film thebry prediction for
the salt concentration build-up at the membrane surface in terms of the
permeation flux, the fluid.mechanical”parameters, and Schmidt number, Nsc’

for salt diffusion. For a high salt rejection membrane, approaches unity.

= 2/3
1 . [ )
Eg. . expl (v /JDU) L ]
b L s T 2/3
C, r + (1-r) expl(+v /JDU) L ]
where Cé = 'salt concentration at membrane interface,
3
g/cn
CZ = salt concentration in bulk solution
3
g/cn
v' = product water flow velocity through the membrane, cm/sec.
jb = Chilton-Colburn mass transfer. j—factor .
Nsc = Schmidt number for salt diffusion
U .= average velocity over the cell, cm/sec.

T = salt rejection




II. EQUIPMENT AND PROCEDURE

" A. MEMBRANE PABRICATION BQUIPMENT
A constant témperéture and humidity chamber was used fof

membrane casting of'éll runs. The chamber was constructed with a fiber :
glass body, a safety glass Windoﬁ~(10 1/2" x 32") in front of fhe chamber,
and two 6" diameter rubber platé covered working holes on the front
chamber door‘(ho" x 10"). The.chémber contains ligﬁts, a heater, cooler,
fan, two salt solution'containers and a thermoprobe coﬁnected to an elec-
tronic temperature controller. The temperature was kept at 24.5 £ 0.2°C
and humidity'was kept at 50% by‘ﬁsing éaturated Ca(NOBXQ-hHEO salt solution.
A level alﬁminum surface with the dimensions 6f 8 inches by 5 inches was

used for membrane casting in order to produce even membrane thicknesses.

B. TEST CELL
The test cells shown in Figure 4 were made of stainless steel
304 blank flanges with L4.5" outside diameter and a 2" diameter test area.
The membrane was supported by a 1/8 inch,poroﬁs stainless steel plate
. (Grade H, pore size 5 microns, Pall Corp.) which was mounted between the
two halves of the cell. Thé salt water under pressure was circulated

thrbugh the upper half.

C. MEMBRANE TEST SYSTEM AND FLOW DIAGRAM
The flbW‘diagram is shown in Figure 5. The test system con-
sisted of four test cells, a filter, two parallel test lines, and a plastic

feed tank with stirrer and cooler. System pressure was controlled with
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'baekpreesure_regulators. A nitrogen'cyiinder was, used to load the regu- |

lators.

The pressure used for all runs wvas 800 psi. ekcept Runs 185,

186, 187, and 188. The temperature of the feed solution (1% NaCl) was

kept at 2500. Control'of the ceoling water rate can control the rempera-
tere of the feed solution A max1mum feed fleV‘rate of 11.h ml. /sec ﬁas-
useal The. average volume of the test cells was 8. 3 ml.., so that the feed
in the cell_was replaced every 0.73 sec. and the average feed flow velocaty,—

across the cell was 7.9 om./sec.

D. TEST PRCCEDURE

The foliowing is the ﬁembrane fabrication procedure ‘used for

this study. The support was fixed on the alumin@m plate with masking tape

which was about .005" thick. A glass rod'was used to spread the solution

smoothly onto the supporu, with the tape as a. thlckness gulde, in. a con—
stant temperature and humidity chambper. The cast solution was evaporated

as long-as ﬁeeded. The aluminumfﬁiate‘was immersed_withuthe membrane in

‘O°C ice water for one hour;. Theﬁ'the:membrane was heat treated with the

aluminum plate in hot water:which;had'been heated to the required tempera-

tare. The heat treatment time used was four minutés. The membrane was
immereed.in cold water until it was'testedx fIt‘wae cut to the dimension to

fit the test cell when it was tested.

The membranes were firmly mounted in the test cells with. the

.cellulose acetate film facing the high .pressure side. The pump was started
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 aﬁd the pressure:g?adually increased until 800.psi was reached. Cold Wéter
to the cooler was adjustéd to keéﬁ the température-éf the feed solution at

25°C. The feed concéqtfation was chécked'whén every‘sampie was.%akén.

The sample was taken once éver&-hour or two and most mémbranés were tested

four to eighﬁ hours.

A conductivity bridge (Industrial‘lnst¥uments Model RC-16 B-2)
-'ﬁas’used in cénjunction With a coﬁductivi%y:cell to analyse the concentra-
. tion.éf salf water and'producf.watér. Thé relationéhip between concentra-—
"tion ah@ resisﬁance can be appro#imatelyfexpressed as:

o = 6.4 - (t-25) x .1

- t .y 1.0k496
. (R-t) 9 ‘ .
- where . Ct = salt water concentration, moles/liter
t = témperature of conductivity~measuremeﬁt, ec
Rt = resistance at temperature t, ohms

This éqpation was used to calculate concentration from differ-
ent temperatﬁré‘and resistance to make a plot of concentration veréus
resistance at different temperatures. This plot,-Figure 6, was used to
convert the resistance of every.sample to,coﬁcenﬁratidn. Periodically

this curve was checked against standard NaCl solutions.




III. RESULTS

_Tﬁo hugdred and thirty-nine membranes have been made to optimize
'conditioné among the'vafiables which affect the salt rejection and water
flux of membranes. . The results of all of these tests.are tabulated in

Table XI.

A. SUPPORTS
The membrane support has an important effect upon the proper-
ties of the membrane. Eossible membranes that were considered are shown

in Table I.

Nine kinds of filter materials were studied: mixed esters of
cellulose, nylon, Millipore proprietary, teflon, polyvinyl chloride, poly-

vinylidene fluoride, Gelman Versapor, cellulose triacetate and a-cellulose.

-The range of pore size of the supports which were tested var-

ied from .05 .to 5.0 microns.

The fir;t casting solution containea é1.9% E398-10 cellulose
acetate,.31.2% fofmamide, and h6.9% acetone. In ﬁﬁg evaluation of the
supports, the fdllowing factors Wefe kept constant: caéting enviroﬁment'— .
T0°F, SOZ relative humidity; solvent’evapofatiqg time -5 seconds;‘gelgtion'

-0°, 1 hour;'heat treatment - 86°C, i minutes.

Table II shows that polyvinyl chloride is the most promising
material. Two different pore sizes of this material are prbmising. BD

(.6 micron) gives the highest water flux (31.5.GSED) and moderately high
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salt rejection‘(93%). BS (2.0 microns) gives the best salt rejection

(97.3%) and a high water flux (21.3 GSFD).

Teflon gives very high water flux, 30.4 GSFD, but low salt

rejection 76.5%.

For the same material, pore.size near .6 micron seems to .

_always give higher water flux than other pore sizes for the solution using

E398-10 type cellulose acetate. It is true for-polyvinyl chloride, as
preﬁiously shown, and also true for Versapor, mixed esters of cellulose

and Millipore proprietary filters.

Use of EMOQ—QS type of cellulose acetate instead of E398-10
cast on differént kinds of materialé showé guite different results. These
tests were made keeping solution composition and other variables the same.
The results are shown in Table fiI. By using EL00-25 cellulosé acetate,

Versapor can get best results, especially in the .9 micron size..

B.: CELLULOSE ACETATE Txfﬁ"' _
Five different gradéé_of'celiulose acepé£§ (E398-3, E398-10,
E394-45, E39h—60,.EhOO—é5) We%é.Studiedl  Tﬁe'acety1 contents of E398, E39k4,
and EhOb are 39.8, 39.4 andh39.9lpércen£ respectively.>:The vigcosities of
E308-3, E398-10, E304-U5, E394-60, and EL00-25 are 1.8 to 3.9; 8.0 to 13.0;
39 to 52; 53 to Té and 17 to 35 séconds, respectively. The melﬁing point

range of these cellulose acetates is from 230 to 260°C.

" BLO0-25 cellulose acetate can give better results for Versapor




11—

support than E398-10, E39L-3, E39h;6o; and ELOO-U45. Versapor was the only
' (%)

_support’ studied by Wang when he considered the effect of type of cellu-

lose acetate.

The suthor has studied. the effect of type of cellulose ace-.
tate on other different supports, BD (PVC, .6 microﬁ), BS (PVC, 2.0 micron)

and VF6 (polyvinylidene fluoride, .45 micron).

Table IV shows how different cellulose acetates affect the
water flux and salt rejection for BD'supporté with all variables except

heat treatment temperature kept constant.

E398-10 gives highést:water flux and rather high salt rejec-
tion, and E398-3 gives the highest salt rejection and a rathef high water
flug. It is obvious that E398 is the best type for BD (PVC, .6 micron)
supports. When BS (PVC, 2.0 microns) was studied, only E398-10 and E398-3
were considered. Thg best results of 21.3 GSFD average water flux and 97.3%

average salt rejection can be obtained by using E398-10 cellulose acetate.

Table V shoﬁs that ELO0-25 is- the best cellulose acetate type
for polyvinylidene fluoride supports among E398-10, E398-3, E39L4-60, and

EL00-45.

C. COMPOSITION OF SOLUTION

1. Ratio gg_Acetoné and Formamide

With the cellulose acetate content at 20%, four different

ratios of acetone to formamide, 1, 1.25, 1.75, and 2 have been studied.
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The usual ratio used in most runs is l.5l The purpose of ‘this study is to
see 1f there is any other ratio of acetone to formamide that can give bet-

. ter results than that of 1.5.

Table VI lists those different acetone—formamiae ratios
with differeﬁ% evaporating time. Three different évaporatihg times, 10,
-20,.and 30iseconds have been.tested fgr ratio of é with the ﬁest results
at 20 sec.-and tﬁe best result at a-ratio,of 1.75 is when .10 éeconds (among
three different.evaporafing times 5, 10, and 20 séconds) evapofating time

‘is used.

: When evaporating time'islképt the‘same, increaée of the
ré?io alwayg décreaseé the salﬁ rejection. it was shown in sglt.rejection
versus acetone-formamide ratio on Figure 1. Five seconds, 10 secondé, and
20 seéondé of evaﬁorating time héve been plotfed. Though ratios around

1.25 to 1.75 could give a little higher ﬁater flux, yet they still coula
: nof affecﬁ flux ﬁuch. -It is shown in Wétef flﬁx versus acetone-formamide
ratio on Fiéure 2. When the evaporaﬁiﬁg %éme,is keét the same; the }luk.
only shows little différences fhougﬁithexratios-are différent.‘.it also

shows that short eyaporafing time always giﬁes higher water flux.

By adjpsting thé evaporatiﬁg time and.heatitrgatmeﬁﬁ
tempe?dturé,’alﬁbsﬁ the same resﬁlts coula bé gottgﬁ, thoﬁgﬁAfhe écétoﬁe..
and.férmamidé_fétios ére-different. .Fof example, Runs 129 and 130; agetope
and formaﬁiae ratié 2.0, evaporatiﬁg time 20 ;econds, heét trgatmeﬁtleﬁoc, 

>gave almost the same results as_Runs“Qh-énd 95,'ratios,l_and.S'éeéonds
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evaporating time, 86°C heat treatment temperature. From this fact, the

ratio of acetone and formamide of most of the other runs has been 1.5.

2. Cellulose Acetate Content

Four different percentages of cellulose acetate, 25,‘21.9,,

.20 and 15 have been studied for membranes using E398-10. The results are

shown on Table VIT. The membranes cast on BD (polyvinyl chloride, .6

‘micron) supports were considered first. The best water flux of 31.5 GSFD

with 93.0% salt rejection was obtained with 21.9%. The best salt rejection
with moderately high water flux (18.1 GSFD of flux, 97.1% salt rejection) .

was obtained with 20%.

Wheg cellulose acetate content of 20% was tried on .BS
(polyvinyl chloride, 2.0 microns) supports, the average water flux was
3.7 GSFD, and’averége salt rejection was 96.9%. Changing the cellulose
acetate content to 21.9% changed both water flux and salt rejection to

average values of 21,3 GSFD and 97.3%, respectively.

When E398-3 was used instead of E398-10, membranes that
were cast on BD supports showed that membranes containing 21.9% cellulose
acetate gave a little better results than those membranes which contained.

20%.

Five different percentages of EU00-25 cellulose acetate:
10, 12.5, 15, 20 and 21.9, have been tested on Versapor supports. These

showed that 21.9% cellulose acetate content gave the best results.
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D. HEAT TREATMENT

Wang's study showed that‘mére than four minutes of heat ﬁreat— :
ment time could not give better results than four minutes did. So, four

.minutes of heat treatment time has been used for all runs.

Table VIII showé the efféct of six different heat treatment
temperatures on the results of membrénés cast from E398-3 cellulose.acetate
solution on BD supports (polyvinyl chloride, .6 micron). These data are
shown on Figure 3. Five séconds pf evaporating time has been ﬁsed for all
runs listed. This shows thdt decreasing the heat tréatment temperature
always increases the wvater flux. This fact is just és true. for the case

of short evaporating time. For longer evaporating times decreasing the

heat. treatment temperature may decrease the water flux.

For example, evaporating time and heat treatment temperature
of Runs 96 and 97 were 30 seconds and 8L4L°C, respectively, and that of Runs
121 and 122 were 30 seconds and_82°C, respectively. The former gave higher
" water flux than the latter. There were some more examples which can be

seen in Table IX.

Table VIII shows that salt rejection. for those membranes did
not change much around 86, 84 and 6200 of hea%itreatment temperature and
changed considerably when the tempefature was decreased down to 81, 80 and
789C. When cellulose acetate tfpe of ELDO0-25 was used instead of E398-3,
it still showed that decreasing the heat tregtment always decreased the

salt rejection. This can be seen .in Table IX. It is also true for other
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membranes with different types of cellulose acetate. The effect of heat
treatment on both salt rejection and water flux can be clearly seen in

Figure 3.

E. EVAPORATING TIME
Short evaporating time always gives'higher water flux and
slightly lower salt rejection than longer evaborating time. Many illus-
trations.can be fouﬁd in.Table XI. Consideriﬁg both water flux and salt
rejection, it seems the shérter the.evaporating time the better the re-

sults for cellulose acetate membranes. ’ '

- F. . MEMBRANE LIFE
' Sevéral 12k hou?é long runs were studied for membrane life.

The ﬁembranes of Runs 22, 27, 28 gnd 53 were reused after one and a half
m&nths as Runs 185, 186, 187 and 188 resbectivély. Thoée four membranes
were BD supports, 21.9 cellulose acetate content, 86°C heat treatment
temperature. The average water fiux'and salt rejection in first four hoursg
"were 31.5 GSFD and 93.0%, respectively, ana that of the. 124 hours ‘period,
28.3 GSFD and 92.0%, respéctively. At the end of 124 hours, flux and salt

rejection decreased 16.5 and 1.9% in average, respectively from the start.

The membranes of Runs 225.and 228 which were made of BS
supports, 21.9% celluiose acetate content,.SEOC hest treatment temperature
were reused in 124 hours long Rﬁns-237 and 238 after 18 days. The water
flux and salt rejection at the end of 124 hours were decreased 9.2 and

.73% from the start, respectively. This fact showed that the membranes
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immersed in water for shorter periods appear to be better. 'The average
water flux and salt rejecfion were 23.5 GSFD and 95.7, respectively, based

on 124 hours period.

G- :PRESSURE
After the ;2£ hour long run the:same four membranes (22, 27,
28; and 53) were tested under changing preséure; Taking the water flux at
:860 psi. as a basis, the average wa%er flux at 1200 psi Was‘l.385 times .that
at 800‘psi and that at 1500 was 1.82 times. Thesé‘results a?g given in

Table X.

In theory water flux is proportional to driving force (P-mw)
where T is osmotic pressure (for 1 Weight % sodium chloride solution
T = 115 psi). Then water flux at 1200 psi should be 1.59 times that at

800 psi, and at 1500 psi should be'2.03 times that at 800 psi.

Lét the actuél water flux value dividéd‘by:the theoretical
value be the efficiency. "Then ‘theaverage efficiénéy “at .lé_OO\psi is 87.3%
and that a£ 1500 psi is 89.7%::i¢ﬁ“£h§—sam§ basis,iWéng'é ﬁembfanes géve.
efficiencies at 1200 psi arid_lsod ps':i_:’:of 79.9% and 69.9%, respectively.

It éhowed that&théznewi&AQevélopéd membranQZis‘lgss compress—
ible under higﬁer pressu;e.tﬁan ﬁang%s membrane. 'The usually oétimuﬁ

pressure used in reverse osmosis desalination plants is around 1500 psi.’

To incfease the preésure increases the salt.rejection.slight%

'ly'for‘ this type of membrane.
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H. DIFFERENT BATCH OF CELLULOSE ACETATE

The author found that different batches of cellulose.gcetate
affected the water flux and salt'rejectioﬁ of membranes. The membranes of
Runs 22, 27,.28, and 53 as well as Runs 191, 192 and 193 were made b& the
same procedure and same conditions ekcept the céllulose acetate Was-from.

a different batch made by Eastman Corp. The average water flux and salt
rejection of Runs 22, 27, 28, and 53 were 31.5 GSFD and 93;0%, respectiveiy.
And the average flux and salt.réjection of Runs 191, 192, and 193 %ere'll.B
GSFD and 97.7%; reséectively: It appears that any attempt to make optimal
membranes from this néw‘lot of cellulose acetate would require a new ;et

of casting conditions.




IV. CONCLUSION
Thé polyvinyl chloride sﬁpport, polyvic BS, Millipore (2.0 mibrons)-

- was the mosﬁ éromisihg among those commercially available pérous supports

that were ﬁested. It is strong, flexible, easy to cast, shriﬁks less dur-

ing the heat treatment, and can stand high pressure.

Thé‘author found the pptimum conditions for membranes by direct °
casting on polyvinyl chloride porous support (Millipore, BS, 2.0 microns)
to be as follows when cast at TO°F and 50% humidify: '

Casting solution: 'cellulose écetate E398-10 (acetyl content 39.8%,

viscosity 10 sec., lot no. LS1LLO Eastman Chem-
,ical.Company) 21.9%, formamide 31.2%, acetone
26.9% by weight. | ‘

-Casting solution layer thickness: .005 % .00l inches.

Solvent evaporating time: 5 seconds.

Gelation: 0°C, 1 hour in-water.

Heat treatment: 84°C, L min.. in water.

The average water flux and salt rejection based on 124 hours long

run were 23.5 GSFD and 95.7%, respectively.




V. APPENDIX
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TABLE I. Characteristics of Supports
Material Commercial Pore size Acetone Remark
name (micron) resistance
EX s
¥Mixed esters MF-Millipore, IIE bad membrane for-
of cellulose VC 0.1 mation, hard to
AA 0.8 : cast GS, completely
GS Q.22 dissolved
¥Nylon Duralon LT strong, flexible
NR k.0 fair membrane
formation
¥Proprietary Solvinert 15 good membrane
UH 045 formation
UG 0325
¥Teflon Mitex ¥ stable at tempera-
LS 5.0 tures in excess of
500°F
good membrane for-
mation
¥Polyvinyl Polyvic BIE strong, flexible
chloride BD 0.6 easy to cast
BS 2,0 excellent membrane
formation
¥¥Polyvinylidene LT low strength, hard
fluoride VF-6 0.Ls to cast
fair membrane
formation
¥¥Tpigcetate GA- Qo2 II hard to cast
GA-6 0.k45
GA-10 0.05
¥¥Versapor Versapor I easy to cast
et Bl
6429 0.9
¥#¥Cellulose Alpha-8 0.2 I hard to cast

*
*%

Millipore Corporation
Gelman Corporation

i No chemical effect on filter.

II Slight swelling or distortion, but satisfactory for fluid
cleaning and sterilizing.

IIT Filter dissolves or disintegrates.
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TABLE II. Effect of Type of Support (I) (E398-10)

Material Commercial Pore size AN Av. S.R.(%)
name (micron) (GSFD)

Mixed esters VC s o No flux

of cellulose AA .8 2.9 ot !

Nylon NR 1) e 66.3

Mill. proprie- UH 5 22.5 875

tary UG 225 18.5 T

Teflon LS 5.0 30. 4 THLS

Polyvinyl BD .6 315 93.0

chloride BS 2:0 21 Qe

Polyvinylidene VF6 L5 Thi0 85.6

fluoride

Triacetate GAS8 ok Sl 88.2
GA6 .45 2.6 92.5
GA10 <05 No: flux

Versapor 550 116 90.5

AR 88.5
Cellulose ALPHA-8 02 2.3 95.4

Solution: Cellulose acetate (E398-10) 21.9%, formamide 31.2%, acetone 46.9%
Casting environment: TO0°F, 50% humidity
Solvent evaporating time: 5 sec.
Gelation: Temp., 0°C; Time, 1 hr.

Heat treatment: Temp., 86°C; time, 4 min.
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TABLE III. Effect of Type of Supports (II) (EL00-25)

Material Commercial Pore size Av. W.F. Av. S.R.(%)
name (micron) (GsFD)

Mixed esters AA .8 200 81T

of cellulose

Nylon NR 1.0 L.7 94.8

Mill. proprie- UH o3 10.2 91.4

tary 8]¢} <25 5.9 85.8

Teflon LS B0 6550 96.0

Polyvinyl BD 5 12,5 96.0

chloride BS 20, 10.0 93.8

Polyvinylidene VF6 .45 12.8 Gilae

fluoride

Versapor 5.0 2k.5 85.5
.9 21.0% 95.0%

Solution: Cellulose acetate (EL00-25) 21.9%, formamide 31.2%, acetone L46.9%
Casting environment: TO°F, 5 sec.
Gelation: Temp., 0°C; time, 1 hr.

: £o : .
Heat treatment: Temp., 86°C; time, 4 min.

¥ Wang's best membranes
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TABLE IV. Effect of Type of Cellulose Acetate (I) (BD Supports)

Type of Temperature Run W, . SR Ava WORS Av. S.R.
Cellulose No. (GSFD) (%) (GSFD) %)
Acetate
398-10 86°¢C Rea2 34.0 9k.0

i R-27 G2 9k .5

p R-28 38.5 90.0

ff R-53 24,5 oI R e 93.0
L00-25 86°¢C R-31 1548 98.0

it R-32 1280 98.0

o R-43 10 9% 0

i R-LL 9.3 8T 0 F9 s 96.0

8Lec Ry 29.1 T35

: R-48 25.6 B6, 5= = sl 80.0
L400-L5 8Lec R=51 1156 8k4.5

i R-52 P10 TGt ER 81.0
394-60 8Lec R-49 Almost No Flux

i R-50 Almost No Flux
398-3 il R-210 16.7 975

it R=21:1; A 98.0 16.5 97.8

Support: BDWP 14200 (PVC, Millipore)

Solution Composition: Cellulose Acetate 21.9%, Formamide 31.2%, Acetone

46.9%.
Casting Environment: TO0°F, 50% humidity.
Solvent Evaporating Time: 5 sec.
Gelation: Temp., 0°C; Time 1 hr.

Heat Treatment: U4 min.
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TABLE V. Effect of Type of Cellulose Acetate (II) (VF6 Supports)

Type of Temperature Run W.F. S5.R. Av. W.F. Ay, B R
Cellulose No. (GsFD) (%) (GSFD) (%)
Acetate
398-10 86°C R-3 22.2 96.5

b R-5 10.5 98.0

u R-20 12.2 58435

" R-2U 15.0 765

i R-66 1070 984l L) 8532

8L4°C R-67 14.0 8L4.5

A R-68 10.0 9225 - 1250 88.5
398-3 86°¢C R-T1 350 62.0

H R-T2 LL.5 41.3

i R-T3 10395 6.5

! R-Th 115 gl 250k 70.9
394-60 86°¢C R-69 13.5 765

¢ R-TO 19.0 T3:57, 168 5.0
L00-25 8Lec R-56 Nk 90.6

" ReST 27.9 90.0 29.7 90.3

86°¢C R-29 2.3 96.4

» R-37 16.3 GHs

4 R-L41 IR 97.0

f R-U42 10.0 97.5

i R-46 210 915 12.8 97.2

Support: Polyvinylidene fluoride, VF6, .45 micron, Gelman.

Solution Composition: Cellulose Acetate 21.9%, Formamide 31.2%, Acetone

L6.9%.
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TABLE VI. Effect of Ratio of Formamide and Acetone

Run No. Ratio’ Evaporating W.F. S. Av. W.F. Av. S5 R
Time (Sec.) (GSFD) (% (GSFD) (%)

R96 1:2 30 12.8 97.5

ROT H i IT.5 98.0 15.2 97.8

R88 " 20 175 9k.5

R89 " # 23.4 95.4 20.5 95.0

R129% < 4 175 92.2

R130% " i 29.0 88.2 23.3 90.2

R109 " 10 15.8 D55

R110 y; s 14.0 95.0 1Lk.6 95.3

R90 TR 20 1745 95.7

R91 i i 1755 96.5 17.8 96.1

R98 5 10 21.0 97.0

R99 " s 1.5 96.5 17.8 96.8

R100 % 5 23.4 86.5

R101 i " 28.0 T%.5 25.T 8L.5

R92 31185 5 21.0 87.6

R93 £ 3 31.6 87.6 26.3 87.6

ROL 1:1 5 22.2 90.0

R95 i i 23.4 91.5 22.8 90.7

Cellulose

Heat Treatment; Temp., 86°C; time, 4 min.

acetate content: 20% (EL00-25)

Versapor, .9 micron
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Effect of Cellulose Acetate Content (E398-10 on BD Support)

Run GLE A Content Heat Treatment W.F. (GSFD) S.R. (%)
No. (WT.%) Temp. (°C)
R1LS5 25.0 86 256 95.7
R146 u 1 1.9 95.L
A 28 95.6
PN g% I Ay 3105 93.0
R151 20.0 88 et 98.2
R152 i I 6.0 98.7
R153 i i T 0 98.L4
R15k u i 10.5 98.0
R155 L it 720 98.6
R156 k u 130 98.0
Av. 182 98.3
R149 i 86 20.0 96.5
R150 L i T OR0 98.0
R159 " s 16,3 96.3
R160 el i 120 97.5
Av. 18.1 QT
R137 A 8L 1263 96.5
R138 N . 15.8 95.L4
R157 L b 20. 4 k.1
R158 i L 2L.8 90.8
ity Siok ! ol.2
R14T 15.Q%%* - 86 Almost no flux
tha n n "
* Data have been shown in Table II
*¥* B

vaporating tim

M

60 sec., the other runs

(s}
ot

are ‘5 sec.




TABLE VIII.

Effect of Heat Treatment (I)

T

(E398-3-21.9%)

Run Heat Treatment Water Flux (GSFD) Salt Rejection (%)
No. Temp. (°C) :
R62 86 10.5 97.0
R200 i A 97.0
R201 it 12.3 98.L
R20L i 1298 97.0
R205 u 16.3 95.7
Av. B3 97.0
R202 84 16.5 96.2
R203 8L Py ik 97.0
Av. . 3k k 96.6
R210 82 16T 97.5
R211 i 16.3 98.0
Av. 16.5 97.8
R21T 81 23.0 93.4
R218 9 26.0 93.L
R219 B 2001 93.6
R220 t 20.3 93.7
Av. 22,5 95%9
R212 80 256 96.3
R213 " 20.4 85.5
R216 | 30.L4 105
Av. 25.5 8k.3
R21L 78 31.5 88.6
R215 " 31.5 70.5
e 79.6
Support: PVC, BD;

Solvent Evaporating

: =
time: 5 sec.




TABLE IX.

Effect of Heat Treatment

e I

{IL) " (BLOG-25. 20%)

Run F./A. Evaporating Heat Treatment W.F. SsBs
No. Time (sec.)' Temp. (°C) (GSFD) (%)
R41 S 86 15.2 97.0
Rb2 i i . 10.5 97.5
Av. 12.9 97.3
R56 s 5 8L 31.k 90.6
R5T -+ 5 9 27.9 90.0
Av. 29.L4 90.3
R96 1:2 30 8L 1208 9T.5
ROT i i L 17.5 98.0
A 1552 97.8
R121 ! 30 82 146 95.7
R122 4 2 i AT, 052
AV ONS 9555
R88 L 20 86 1 9k.5
RSS 1" " " 23.14_ 95.h
Av. 20.5 950
R10T i 20 8L 17.5 k.0
R108 i H s 1542 93.5
A6 il 93.8
R90 Tt 75 20 86 Iy e 06 &7
Rgl n 1" 1 17.5 96.5
A 05 96.1
R131 i Y 8L 16.5 ol .k
R132 3 " % 15y 0 96.3
Av. 15.9 95.4
Support: Versapor .9 micron
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TABLE X. Effect of Pressure on Flux

Operating Pressure
Run 800 Psi 1200 Psi Efficiency 1500 Psi Efficiency
No GSFD GSFD (%) GSFD (%)
R-185B  31.0 3.1 88.0 STLY 92.0
R-186B 21.2 29.2 87.5 il ¢ 88.5
R-187B 26.4 36.4 87.0 418.0 89.6
R-188B 21.9 29.2 87.0 38.7 89.6
TS*163 22.6 28.4 T9. k4 31.8 69.7
TS*166 = 22,6 28.7 80.4 32.0 70.0

Solution: E398-10, 21.9%

Support:

PYC, BD, Millipore

Heat Treatment: 86°C, 4 min.

* Wang's membranes, EL00-25, 21.9%, Versapor .9 micron, Gelman Co.
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TABLE XI. Results of All Runs (1)
Run  Support C.A. B /B BB T T WL SN
No. Type Cont. (%) (Sec.) (°F) (gsFp) (%)
i G-.9 398-10 21.9 1.5 5 86 16.4 8T7.0
2 G—'.O " 1" " " " 23.2 91-5
3 VF-6 " 1" 1" 1 1t 20 D 96 5
u o 9 1" " n " " 25 6 87 O
5 VF—6 " 1 " 144 1" lo 5 98 O
6 BD " n n 1 1" 35 O 87 O
) BD (Front) " t £ B 5 12.8 90.0
8 G—S-O " " n n " 9 l 91.0
9 G“S O " " " " 1" 1)4 O 90 O
lO UG " " " 1" n T-O 95.7
i 11 VF-6 400-25 i i by i1 8.2 96.5
12 G-5.0 £y i N i g 2L.5 65.5
13 NR 398-10 ! 4 F th 9.6 62.0
lh PJR " " 1" 1t 1" )-l-.'? TO-S
15 UH 1" 1" 1" n n 17 . 5 96. 2
l6 UH n n " i n 5.8 95.7
lrr BD 114 " n " n 38.5 814_.5
18 G_ 9 " n " " " NO Fl‘\lx
19 LS 1 " " " 1" 30 N )4 '—{6 . 5
20 VF“6 1" " " " n 12.2 58.5
21 UH " " 1" " 1 hh 2 70 5
22 BD i " ; " i 3Lk.0 9k.0
23 GA‘-S " 1n n n " 3‘7 88’2
2& VF—6 n n 1" " " 15.0 76.5
C.A.: Cellulose Acetate; A.: Acetone; F.: Formamide
S.E.T.: Solvent Evaporating Time;
H.T.T.: Heat Treatment Temperature;
W.F.: Water Flux; S.R.: Salt Rejection
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TABLE XI Cont. Results of All Runs (2)

Run  Support G ln ARl S JECIS T ST SR S Sl
No. Type Cont. (%) (sec.) (°F) (GsFD) (%)
25 VC 398-10 21.9 - 5 86 No Flux

26 UG " - 3 - i 30.0 58.5
2T BD 4 : i " g 29.2 9k.s5
28 BD 4 i H i i 38,5 90.0
29 VF-6 L00-25 4 " : i 2.3 96.4
30 GA-8 398-10 i 4 e . No Flux

il BD L00-25 ) A v " 5.8 98.0
32 BD i 5 & # y 12,2 98.0
33 UH i L 2 " " 152 97.0
3k UH i ot i 4 i 1. 5 98.2
35 NR : o i i N L.7 9545
36 NR > - e i s 4. T 9k.0
37 VF-6 ) e 5 u " 643 97.5
38 LS ¥ i i " % 5.8 96.0
39 [[¢; o 4 i o b PR ST
Lo UG i k it i I 9:3 89.9
41 VF-6 - " 2 4 I 14.5 97.0
Lo VF-6 5 o " i s 10.0 975
L3 BD u 5 % e i 11.8 91.0
Ll BD = % Ly 4 4 9.3 87.0
45 BD (Front) 398-10 p & = ¥ 12,6 96.7
L6 VF-6 L00-25 # ¥ & gt 21.0 97.5
L7 BD 4 ” 4 A 5 29.1 1345
48 BD s “ & v w 25,6 86.5
C.A.: Cellulose Acetate; A.: Acetone; F.: Formamide

S.E.T.: Solvent Evaporating Time;

H.T.T.: Heat Treatment Temperature;

W.F.: Water Flux; S.R.: Salt Rejection
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TABLE XI Cont. Results of All Runs (3)

Run Support CL.h; R P B B T S.R.
No. Type Cont. (%) (Sec.) (°F) (GSFD) (%)
L9 BD 394-60 21.9 1.5 5 84 No Flux

50 BD & " # 5 i No Flux

51  BD 39h-45 4 | Y g S L 8k.5
52 BD (s i G 4 i 11.0 175
53 | BD 398-10 i & 4 86  2k.5 93.4
54 BD U Y " b i Memb. Too Small
55 BD (Front) ™ . it 5 o 93,2 95.5
56  VF-6 400-25 " % A 8k 31.4 90.6
5T VF-6 i ¢ = 4 = 27.9 90.6
58 UH = " i = “ 38.5 T35
59 UH ° o by 1 i u: L2.0 76.5
60 UH . 8 i . 86 id 80.5
61 UH L b i i V- 8.0 90.0
62 BD 398-3 i H & E 10.5 97.0
63 BD A i $ B y Leaked

6l BD 398-10 2 ¥ o 8L 2k.5 96.7
65  BD e A 4 R BT S 96.9
66  VF-6 4 ; " 4 86 10.0  98.4
a7 VF-6 g iy $ % Bl -5 1h.Q 8k4.5
68 VF-6 o " it i, " 10.0 92.5
69 VF-6 39L4-60 - 3 i g A T6a5
70 VF-6 p b Y i Frieasio 3.5
T VF-6 398-3 & i 5 4 35.0 62.0
T2 VF-6 A .. s i 86 L5 41.3
C.A.: Cellulose Acetate; Az ‘Acetones F.: Formamide

S.E.T.: Solvent Evaporating Time;
H.T.T.: Heat Treatment Temperature;

W.F.: Water Flux; S.R.: Salt Rejection
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TABLE XI Cont. Results of All Runs (k)

Run  Support G AR AT G RSSO SRy
No. Type Cont. (%) (Sec.) (°F) (gsFD) (%)
13, " ¥F6 398-3 <1k SR T~ 86 ' 10.5 86.5
Th VF-6 by i i - 5 1125 ok.0
15 AA Loo-25 i L A i 1252 81
76 AA § & ks t ) No Flux
i BD b 20,0 LRl E - 862 97.8
78 BD g o i, 5 = 12 43 B1¢T
79 BD n o e s s 126 95.k4
8Q VF-6 i & ¥ ¢ : 5.k 88.2
81 VF-6 i M ! o 5 6.4 90.0
82 VF-6 i " 15 f . 19.8 95.4
83 VF-6 5 B o n i h.1 y L
84 VF-6 " 4 JEperelss i o 19;3 LT
85 VF-6 A i " & % L7658, 60.0
86 VF-6 i i 14500 i : HAS 26.0
87 VF-6 2 7 &% . . 76.0 T
88 G-.9 5 “ 2.0 20 g 31 9k.5
89 G-.9 ¥ : i i walBal 95.L
905 LG i o i < ol A Mg 95.7
91 G-.9 i ¥ - 5 Ll & S 96.5
92 G-.9 o " 1025 5 " 2100 87.6
93 G-.9 N 3 ¢ X i 31.6 87.6
9k G-.9 y " 10 e " 2202 90.0
95 « G-.9 ' & 3 e 2 23.4 91.5
96 G-.9 s i 2.0 30 4§ 32,8 97.5
C.A.: Cellulose Acetate; A.: Acetone; F.: Formamide
S.E.T.: Solvent Evaporating Time;
H.T.T.: Heat Treatment Temperature;
WP, : Water Flux; S.R.: Salt Rejection
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TABLE XI Cont. Results of All Runs (5)
Run  Support C.A. A fBe B BT, HITT L T 2R,
No. Type Cont. (%) (sec.) (°F) (gsFp) (%)
97 G-.9 L00-25 20. 2.0 30 86 s 8 98.0
98 = G~.9 i i g8 10 i 21.0 97.0
99 111 G=20 4 3 - 4 i 14.5 96.5
100 . G=.9 e b % 5 - 23.L4 86.5
161+ 3-.9 o A 5 ps . 28.0 7.5
102 GA-6 398-10 21.9 L 2 i 2.3 92.5
103 GA-6 ’ 4 g " s 2.8 92.5
10k Y0 i vl 1 " 3 No Flux
105 o-8 (0.2u) " 3 o i " 2.3 95.4
106 GA-10 (0.5u) " N ¥ £ i No Flux
107 G-19 400-25 20 2.0 20 8L 175 9k.0
108 G-.9 " B i 1 3 1552 93.5
109 G-.9 # i " 10 86 52 95.5
110 G-.9 e % & g i 1k.0 95.0
111  G-.9 - n i’ 30 82 12.9 92.7
112 G-.9 - o 105", 20 8L 11.6 g
1139 G-.9 * it f 10 i3 e d R 9).5
114 G-.9 & A = & L 85.0
115 G-.9 " iy B g BB LT 93.7
116 G-.9 * “ 125 o S A 89.0
1Y Ul s Ly 2.0 20 86 B0 9Lk.2
118 UH # s s 10 , 16.6 96.5
119 8 " 2 1.0 5 i 16.4 . 96.0
120 UH 1.25 5 U 96.5
C.A.: Cellulose Acetate; A.: Acetone; F.: Formamide;
S.E.T.: Solvent Evaporating Time;
H.T.T.: Heat Treatment Temperature;
W.F.: Water Flux; S.R.: Salt Rejection
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XI Cont. Results of All Runs (6)

Run Support gL K B /R BT, HIT ST S.R.
No. Type Cont (%) (sec.) (°F) (GsFD) (%)
121  G-.9 400-25 20.0 2.0 30 82 11.9 95.7
122 G-.9 4 i : i " 70 95.2
128, 6.9 " 15,0 i 60 86 18:7 81.7
124 G=.9 " . i i “ 22.3 91.5
125 69 " 10.0 i 20 s No S.R.

126 G-.9 i " L by - No S:R.

127 G=.9 b 12:5 " 30 it 70.0 52.0
128 | G-.9 3 " 4 i 3 49.0 66.0
129  G=.9 i 20.0 g 20 8L LT.5 92.2
130 G-.9 4 & i " & 29.0 88.2
131 G-.9 " " genS & g 6.5 ok. L
132  G-.9 ! & " i - 15,2 96.3
133  G-.9 * . 2.0 " 88 2.9 97.0
134  G-.9 s s ¢ i o .0 96.3
135 G-.9 L " y 30 A 1.2 ok4.5
136 G-.9 4y i P75 20 5 1.2 9L.5
137 BD 398-10 & - 5 8L 2es3 96.5
138 BD " ¢ v ? " 15.8 95.4
1390 BS 4 i g % 86 2.9 97.0
140 B8 " o ” " b 2.6 98.0
141  BD (Front) " i e & 8l 9.3 98.0
142  BD (Front) " 4 E * 4 8.2 97.0
143 BS i f " # 86 5.8 7.5
144k  Bs i " 2 b ¥ 2.3 95.0
C.A.: Cellulose Acetate; A.: Acetone; .: Formamide;

S.E.T.: Solvent Evaporating Time;

H.T.T.: Heat Treatment Temperature;

W.F.: Water Flux; S.R.: Salt Rejection
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TABLE XI Cont. Results of All Runs (T7)

Run  Support Coli Ao/l BB ELE WL T 8.R.
No. Type Cont. (%) (Sec.) (°F) (GsFp) (%)
145 BD 398-10 25.0 1.5 5 86 2.6 95.7
146 BD " ¢ ¢ % . L 95.4
147  BD " 15 .0 i 60 i No Flux

148 BD 2 % 3 i " No Flux

149 BD 3 20.0 bi 5 A 20.0 96.5
150 BD e g 4 Ay i 19.0 98.0
151 BD = 3 S & 88 5T 98.2
152 BD = p: * g B 6.0 98.7
153" BD = 2 4 ¥ " 7.0 98.4
154 BD 5 % B 4 " 10.5 98.0
155 BD 4 " g s " 7.0 98.6
156 BD i . " 3 - 13.0 98.0
157 .. BD i " & J 8k 20.k4 ok.1
158 BD 5 = > , M 24.8 90.8
159 BD & % iy 4 86 16.3 96.3
160 BD = " L i " 7.0 97.5
161 BD 398-3 . " £ 8L 26.9 L. L
162 BD 4 N % 10 86 2 98.0
163 BD g " 5 > iy 2 97.4
164 BD i " " 5 8k 39.6 10,5
165 BD g » * ¢ T 32.6 76.5
166 BD 398-10 21.9 i ! s 19.6 97.2
167 BD o s i s . 20.9 97.6
168 BD 398-3 20.0 ¢ i 86 122 98.0
C.A.: Cellulose Acetate; : ‘Acetone; F.: Formamide;

=

.: Solvent Eva

A.
ating Time;

2

o}

(o}

T.: Heat Treatment Temperature;

+t Water Flux; S.R.: Salt Rejection
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TABLE XI Cont. Results of All Runs (8)

Run  Support o A S BT S T TS S.Ri
No. Type Cont.(%) (Sec.) (°F) (GSFD) (%)
169 BD 398-3 20.0 1.5 5 86 9.3 97.0
170 .2 R 398-10 21.9 r i 88 11,4 973
BHTAIERIE Izt & i . i 4 T, 98.7
172  BD S & b e 4 8.2 98.6
1 T:30BD \i o i I s 10.L4 97.5
174 BD s « h N 8L 21da 96.5
1550 VR ) 4 L B i elre 97.0
176 BD g 20.0 1:25 i 1 11.6 96.0
1157 gl 1 i 5 2.0 20 86 e 98.2
178 BD " b i - Y 35 98.3
179 BD i e > 10 8L 1L.0 98.0
180 BD G iy # o . 18.0 97. k4
181 BD 398-3 % o 4 A 18.2 95.7
182 = 'BD i o i . % 210 9k.5
183 BD i " 4 5 % 19.8 95.4
184 BD " . s by < LefE o 97.8
185A BD 398-10 21.9 i A 86 3h.1 0.9
186A BD & & it & w 2L.6 91.8
18TA BD 4 & 4 E o 30,7 90.5
188A BD $ i A 4 2 235 oL.T
189 AA o i 3 i 4 2 92.7
190 AA i i & g 3 3.5 89.8
191 BD p ¥ i & - H2 5 =2
19275 Bh i . " % o 12.8 97.5
C.A.: Cellulose Acetate; A.: Acetone; F.. Formamide;

S.E.T.: Solvent Evaporating Time;

H.T.T.: Heat Treatment Temperature;

W.F.: Water Flux; S.R.: Salt Rejection
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TABLE XI Cont. Results of All Runs (9)

Run  Support B A AT SRR S LR WS L SaRs
No. Type Cont. (%) (Sec.) (°F) (gsFp) (%)
193 BD 398-10 21.9 1.5 5 86 9.3 98.0
194 BS o i & - # 25.0 98.0
195 BS 4 % ki " “ Lfs5 96.5
196 BS 398-3 ¥ b ¢ 8l 36.7 87.0
197 BS " % i g 4 21.6 89.2
198 BS 0 5 . " 86 27 92.7
199 BS i " & ! 4 7.2 9L.2
200 BD 5 { # % p: 1L.6 97.0
201 BD " 3 & . 4 12.3 98.4
202 BD t i 2 o 8k 16.5 96.2
203 BD i ¢ 1 o i 12.2 97.0
204 BD i s " i 86 12.8 97.0Q
205 BD i o o 5 4 16.3 95.7
206 BS 4 i . ! 8L 18.5 98.0
207 BS " % i 4 B 1653 98.2
208 BS i L i i 86 i2.2 91.7
209 BS £ W i " T 92.4
210 BD 398-3 I i 5 82 " 16.7 97.5
211 BD i . s & T L 98.0
212 BD i 1 E i 80 25.6 96.3
213 BD . i i i i 20.4 85.5
214 BD N 4 i i 78 31.5 88.6
215 . BD e i iy - by 31.5 T0.5
216 BD % # i ) 80 30.4 T0.5
C.A.: Cellulose Acetate; A.: Acetone; F.: Formamide;

S.E.T.: Solvent Evaporating Time;
H.T.T.: Heat Treatment Temperature;

W.F.: Water Flux; S.R.: Salt Rejection
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TABLE XI Cont. Results of All Runs (10)

Run  Support C.A. RuiFs B, BT, RIGT RN SiWRe
No. Type Cont. (%) (Sec.) (°F) (GSFD) (%)
21T  BD 398-3 21.9 15 5 81 2300 93.4
218 BD A e 4 B iy 26.0 93.4
219 BD d ff u il " 20,8 93.5
220 BS b b ! gt e 20.3 937
go1e -BY 398-10%# i = 2 86 18.7 95.7
222, BS " i e i = 2Lk.0 9k.s5
223 - BD s & g i o 12,0 98.2
224  BD = i " 5 i T 98.0
225 BS s 5 b vy 8L 26.3 96.3
226 BS oy " e " 88 10T 96.5
22T -+ BS o & g " * 9.6 96.8
228 BS = oy i a 8L A 95.6
229 BS g i g & 86 2).2 96.5
220N BS 5 M " & 82 29.0 93.5
231 BD $ . i X 84 4.2 90.5
232 BD 3 ] i i i 22.7 91.2
233" B8 L00-25 & e = 86 9.3 ok.1
234 'BS ¥ % s a v 10,6 93.5
235 BS 398-10%# b It & 82 36.7 91.7
236* BS P " 3 v = 270 QIS
237T* BS B y g p 8l 2L.8 96.1
238% BS & + o > g 2242 95.3
239 BS 7 5 o & L 25.6 9k.9
C.A.: Cellulose Acetate; A.: Acetone; F.: Formamide

S.E.T.: Solvent Evaporating Time;

H.T.T.: Heat Treatment Temperature;

W.F.: Water Flux; S.R.: Salt Rejection

#%. Lot No. LS 1LLO, Eastment Chemical Products, Inc.

#: 124 hours long run
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