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- Table 4-9 - (cont'd)

Solute Concn, P, |Membrane {FR)2 £,3
molal | | kPag .:No. - -
x 103 - exptl | caled |exptl |calcd
CaCl2 0.858 1735, 1 17.20 17.08 92.2 { 98.6
. : 2 28.47 | 28.94 91.3 ] '98.6
3 22,36 | 22.29 | 98.5 [-98.6
- 4 16.56 16.56 98.7 | 98.7
5 23.04 22.95 9.7 | 98.1
6 13.43 1) 13,22 } 97.2 98.5
$rC1, 1.110 1725 1 16.84 |'16.50 |'93.9 | 97.8
: ’ 2 27.74 28.28 92.8 | 97.7
3 2.39 ] 28.28 97.4 97.7
4 16.72 } 16.82-| 97.9 97.9
5, 22.97 22,93 |-96,2 96.8
6 13,49 { 13.53 97.5 97.6
JLiCl 0.897 1725 1 - 16.74 . 16.40 91.3 96.5
- : 2 -27.52 |.29.48 | 91.3 | 96.3
3 22,17 | 22.93 94.9 96.5
4 16.52 | 16.78 } 96-.2 96.9
5 23.65 | 23.47 | 93.6 | 93,7
6 13,29 | 13.26 95.1 | 96.0
LiBr -0.955 1725 1 18.47 | 18.40 82.6 96.4
- 2 |,29.55 | 29.49 | 89.1 | 96.2
3 5738.39 | 22.94 | 93.9 | 9.4
4 *1-17.18 | 16.79-| 96.8 | 96.8
y ) * 23,94 | 23,48 90.7 § 93.6
6 14.00 | 13.27 | 94.3 | 95.9
NaCl 1.1l6 1725 1 17.09 | 16.11 82,7 { 85.8
2 28.00 28.06 79.1.] 84.8
3 22.44 22,60 85.3 { 85.5
4 16.72 | 16.79 87.3 | 87.3
3 22.98 | 22.90 81.4 75.7
6 13.54 1 13.28 87.3 83.8
NaBr 1.272 1725 1 18,11 17.25 67.4 84.1
' 2 29.63 29.32 78.2 | 83.5
3 23.84 22.97 72.6 83.9
4 17.55 17.02 85.2 | 8s5.1
5 24.33 23.59 83.5 77.1
6 14.30 13.59 82.6 82.8




Solute Concn, | P, |Membrane (PR3 - Tf,%

molal kPag No. . : -

x 103 exptl | calod |exptl |caled

NaI 1.066 | 1725 1 17.73 | 16.96 {-79.5 | 82.4

: ‘2 29.15 | 28,65 .  76.9 | 81.9

< 3 23.48 | 22,70 | 82.6 | 82.2

47 | 17.30 J 16.59 |.83.1 ] 83.1

5 23.99 | 23,36 | 70.3( 77.6

6 14.13 | 13,23 | 83.1 | 81.5

. KC1 1.108 | 1725 1~ }17.13 } 17.06 | 74.1 | 7874

: 2 28.07 | 28.5¢ | 75.0 | 77.9
T3 22,65 1.23.00 | 77.1 } 78.2 |

4 16.63 - 16.90 { 79.4 { 79.3

5 22.87 | 23.63 | 76.5 | 62.8

; 6 13742 | 13,27 { 81.5 | 77.8
. KBr 1.238 | 1725 1 17,47 | 17.05. | 71.1 | ;75.0 -

. 2 28,65 ["28.54 | 71.6 }.73:6

3. {23,151 23.00 | 72.1 | 74.6

4 | 17.06 ] 16.90 | 77.4 | 77.4

5 23.59 { 23.63 | 73.2 | 64.3

6 | 13.89 | 13.27 | 77,9.] 72.2

KI 1.319 | 1725 2 17.15 | 17,05 67.7 | 69.3

' 2 28.00 {28,19.) 67.2 I 68.6

3 22.54 | 22,60 |770.1 | 69.1

4 16.58 | 16.49 | 70.9 | 70.8

o .5 22.87-]..22,97.1°66.9 | 49.4

6 13.40 | 13.28 | 74.1 | 8.3

REBY 0.902 | 1725 1 17.84 | 17.48 | 63.6 | 66.3
' 2 29.81 ) 29.93 | 58.7 | 65,1

- 3 22,93 | 22.60 | 65.3 | 65.9

4 17.03 | 16.78 | 68.6 | 68,5

5 23.97 | 23.76 |.63.6 | 41.3

6 13.96 | 13.05 | 70.2.) 64.3

RbI 0.835 | 1725 1 17.75 | 17.48 | 60.7. | 69.5

. 2 29.66 | 29.64 | 55.4 | 57.8

- 3 22.62 { 22.60 | 60.7 | 59.0
4 16.82 [16.75 | 62.5 | 62.5.

5 23.61 | 23.75 | 57.1 | 42,0

6 13.68 | 13,05 { 66.1 | 56.0

5
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. Table 49 (cont'd)
Solute -Conen, | P, Membrane| = (PR)® - | . £,%
molal kPag No. — -
x 103 exptl | caled [exptl |
CsCl 1.112 - | 1725 1 4| 18.34 | 18,19 59.4
. : : 2 l\ 30.86 | 30.89 | 51.7-
. 3 [v23.15 | 23.02 | 64.7
4 17.22°) 17.18.] 60.3 }
5 '24.31 | 24,38 61.:2
6 | 4.1l | 1362 | 61.2
CsBr 1,169 | 1725 1 | 17.28 | 17.06 | 5.8
. ‘ 2 28,20 | 28.56 | 62.3»
- 3. | 22.76 | 22.51 ] .64.8
4 16.61 | 16.40 | 62.3
1 . 5 use&aﬁl_ga
\ 6 13.49 | 13.29 [ '68.8
"NH,C1 0.9601 | 1725 1 17.04 | 17.04 | 91.2
' : 2 27.67 | 28.24 |°86.2°
R 3 22,33 | 22.49 | 92:8
. 4 16.35 | 16.53 | 94.5
5 22,37 | 22.77 {.90.1¢
: 6 13.12 1 13.26 | 96.7
NaNo,, 1.042 | 1725 L 16.96 | 16.95 | 73.6
' ] 2 27.82 | 28.03 | 67.3
; 3 22.30 | 22.26" | 74.0
A 4 16.61 | 16.54 | 74.0 |
5 22.81 | 22.92 | 70.8
6 13.37 | 13.03 | .78.1
NaClo, . | 1.116 | 1725 1 17.09 {.17.05 | 67.1
: . 2 28.28 | 28.26 | 52.6
.3 22.45 | 22,50 | 64.8
4 1 16.73 ] 16.54 | 70.6
5 24,31 | 23.15 | 53.4
6 13.57 | 13.28 | 67.5
NaC10, 1.888 | 1725 1 16.81 | 16.92 | 40.0
2 27.67 | 28.05.{ 60.5
3 22.00 | 22.22 | 65.8
4 26.49 | 16.51 | 58.2
5 22.58 | 2288 | 53.7
6 13.15 {'13.00 | 8.2
@ for 13.2 an? surface area. - - ‘ Co

\



Discussion. T
According to this model, reverse ‘osmosis separation

1s the combined effect of two factors, an ‘equilibrium effect which

«,

is concerned with preferential ‘sorptign in the .vicinity of the L. T

.

membrane surface, and a kinetic effect which is concerned with the

<.
mobility of the solute relative to that of the solvent through the

rd

membrane pore.  These are represented by_l‘A/cA and A which are the

physicochemical parameters that apply to these two effects. When

-

FA/EA is positive, the solute is preferentially adsorbed on the

polymer surface and when I‘A/cA is negétive,'the solute is rejected

from the polymef surface. As the.value of X increases, the

friction of transporting the solute through the,membrane-pore;

increases, which tends to incréase:the soiutelquaration in
-, R * ' ; ¢

reverse osmosis. The similar effect of decreasing solute

sepafation as I‘A/cA increases may beﬁgssumed,ﬁut the mobility of
the solute in the membrane pores- must be-consiag:éd;

When -I‘A/cA and B were compared irr.Fig-4—2" for aqpeogs',"' o

£ ’ Dy e .‘“ - N - .
‘methanol and ethanol solutions and cellulose acétate membranes, a_

e -

remarkable correlation of surface excess concefitration and the

surface potential is'obtéinédﬁ'"Thisprala;ion incluéeé,all three
of the solvents and shows the same relation'of B and TAZCA: While »
N, . :

the same equations were used in the balbﬁlatibnwéf”§ for all three- .

cases, -several physicochemical parémeterszyere.éignfficantly
: . - T i PR SO ] .
different and there_i& no indication of the effects.of thé ' .
- . S . o ! ) ’ : 3
different solvents. This.is further evidence ‘that the surface

1 E e e o
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. N - . Figure 4-2 i

. . IS i
Surface Potential Parameter, B, with I‘A/cA for queous,a

Methanol, and Ethanol Solutions and Cellulose Acetate Membranes

’

-

.

. . _ ]
2 Polar organic solutes only. Data of Matsuura
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'extess concentratlon as measured by llquld chromatography is a 'ﬂ'

controlllng factor for reverse osm031s performance as well as

il S

'demonstratlng ‘the appllcablllty of these phy31cochem1cal

' parameters to varlous solvent cases. . NN

T N

: In Flg 4—3} a 51m1lar comparlson to Flg 4—2 15 shown“for

F./c and the A'e product of monovalvent salts, where £ 1s the‘.:'
5 .
-'dlelectrlc .of the solvent. ThlS latter term was chosen on the

n - S -

ba51s of 1mage rejectlon forces ‘on an ion at a d1electrlc . o

E -

~

‘dlscontlnulty (Israelachv111 and Tabor,,1973) o R

]

‘Rejection Qorce = ———————',h
. where*e is the dielectric constant'of'the solvent and -e" lS the

dlelectrlc constant of the.. other 51de of the dlelectrlc dlscon-

tlnulty, whlch in - thlS case 1s—the membrane polymer.. Since e' ig .

.undetermlned, the extreme ri t ‘hand ‘term- of eq 4-34 was not

#,

included in Fig 4—3’ CEe” is eVLdent from Fxg 4-3 that the A term

-

includes factors other than the 51mple dlelectrac lmage repu151on.-

-
v -\."

_-JEhlS may be - the result of treatlng salts-as if" they were 1on1c

- spec1es.. However the variation of T /c w1th Asc in Flg 4-3 1nd1-

-

cates a relat1on be ~een the two.terms whlcn'seems to apply to all

three solvent _cases. f\tg;g

- ) When the surface. potentlal B parameters are compared Eor

[

4?% .same solutes in’ ethanol and methanol solutlons (Tables 4-2 and

w o,
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Thls does not extend the trend observed by
getani et al.
P

4-4), the ethanol values are larger ‘and both solutlons have
similar values of D.
(1982) based 'On water and methanol, where it was
ected that the 1ncrease of R!'

for alcohols- in R'OH would
increase solute rejectlon from the membrane surface and decrease
B. However,

the suggestion of Taketani et al.

(1982) w1th regard
to the use of alcohols and ‘other nonaqueous solvents to remove

strongly adsorbed organlc foulants from reverse osmosis and
\

ultraflltratlon membranes in aqueous medla are still valld since ’

the large dlfference of aqueous ard methanol T /c

L]
-

values is not
offset by the ethanol results, and ethanol solvent could also be
used.’ ‘

The agreement of experimental and calculated reverse
osmosis performance as shown 'in Tables 4-8 and 4-9 for methanol

and ethanol solutions demonstrates;the validity of the numerical
_parameters generated by this work.

When these .results are
comblned with the calculatlons of aqueous reverse osmosis

~

performance by Matsuura et al.

(1982- 1981a; 1981b), they .
demonstrate -the generality of the surface force—pore flow model of

reverse osmosis with regard to the solvent as well as lnorganlc

and organlc solutes. . L
As in Chapter 3

considered'

an evaluation of'the,residuals'can be
The residuals of separatlon (£

calcd; were

xptl f £
plotted w1th calculated separatlon for- the surface potentlal-pore

£low model in Flg 4—4 for the methanol solutlonsr and F1g 4 -5
v . -.“\. -
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Figure 4-4 .
‘Residuals for Separation Plotted with .the Calculated

.- Separation for,'rdethanol SolUti'ons_
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Figure 4-5 _
Residuals for Separation Plotted with the Calculated

Separation for Ethanol Solutions
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vﬁor‘the ethanol solutions. As well, tﬁe resiéuele of the organic ”/_
eolﬁtes were plbtted with B in Fig 4-6 }or_the methanol solutions
and. Fig 4-7 for_the ethanol solutions. The .residuals of the salte
were plotted w1th ‘A for the methanol solutions in Fig 4-8 3nd for
the ethanol solutlons in Fig 4-9. As in Chapter 3, the lack of
trends for these plots is an 1ndlcat10n of the unbiased responses
of the surface potentlal—pore flow model. . N
The F-test outlined in Chapter 3 was also studied for
.ﬁhe surface éotential-pofe £low modei. Fgr the organic’solutes-iﬁ
.methaﬁel~solutions as shown 1in Tabie 4;8, the SSR was calculated
.as 365.0 with 127.residuels and with a 3 parameter model (R, B,
D). The.vaiue of spz’dsed hefe is the same as used in Chapter 3:

1.48 with 6 degrees of freedom. Thus eq 3-57 4is. calculated as

_SSR_ 2. . 365.0 -
( ]/sp - [127_3J/l-48 = 1.995

n-p

-

R . ‘\ ) ’ . . . : .
and F124,6,.01 was ‘estimated as 6.9§. For the lnorgenle_solutes
in methanol solutions, SSR was 51.84 for '28 residuals and 3 model

parameters (R, A, D). “Equation 3-57 is calculated as

(51.84
(

Sg—3)/1.48 = 1.40

and FZS,S,.Ol is es;ima}ed as 7.30.
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'Res;duals fgr Separation -Plotted with the Parameter B

for Organic Solutes in Methanol Solutions
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et
. Figure 4-7 -,

‘Residuals for Separatlon.Plotted with the Parameter B

[y

for Orgahic-SoLdteé~infﬁ£hanol solutions
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. JFigure 4-8
‘Residuals for Separation Plotted with the Parameter A

for Inorganic Salts jh Methanol Solutions
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. Figure 4-9
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Re51duals for Separatlon Plotted wlth the Parameter A

for Inorganlc Salts in Ethanol SOlUthﬂS
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For the organlc solutes in methanol solutlons, the SSR

was, 1479 8 for 107 re51duals and 3 mode 1 parameters. The

2

estimated of sp was 4.08 and_‘Yp was 12 as in Chapter 3.

" Equation 3=-57 is calculated as-

t1479 8

~

-and FIOS 12;_01'15 estimated as 3 45. For the lnorganlc solutes,

'SSR is 1285 for 53, re51duals and 3 model parameters¢ Equatlon 3-

: 57 1s calculated as

L 1285y, o .
o (3884008 - 3.50

end F90'121-01 1s estimated es 3.45,

.

The ‘methanol results ea51ly pass the test, but the

'“ethanol results 9re just on the verge of pa551ng this test. Since

]

the test 1s only a coarse indication of the _success -of, nonllnear

4 models, it 1s con51dered that the ethanol results are suff1c1ent.

I

In -order to determine ‘the prec1sxon of the parameters

used 1n the surface potentlal - pore frow model, several repllcatei

experiments for. each solute would have had te be performed. In

the . absence of these repllcate experlments, an 1ndlcatlon of the

»

rT..



-approximate +0.03 variation-of'tﬁe calculated separation (£ :

e e et e e e
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sensitivity 6f the response with respect to the parameters was
determined by altegiﬁg'theirl§alues ané -observing the chénges in
the model‘sAresponse,' In the case of dilute solutions,qthe
response oOf interest is the solufe separation.. To demonstrate  the
sensitivity of. the model to the surface potential parameters,
uﬁperfghd lower limité for Q; él and A were determined fof an

] calcé)'
This ;s'an'afbitratilx selected range which was chosen to
éemqnsirate the corresponding ranggé.of the parametersg They are

shown in Table 4-10 for the methanol case and in Table 4-11 for

_the ethanol case.

- From these calculations, the range of g's’and A's which
can be toclerated for a *0.03 range'of fcaicd are 'large’ enough to

suggeét that they-can be confidently used to model reverSe OSNOSis

‘performance. However, for the case of D, a greater.sensitivity

was observed, which suggests that it is a more influential -

parameter than B or A. - :

-



Parameter Ranges for Solutes
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Table 4-

10

-i;eDllute Methanol Solutlons That
Cdlculate an Approxlma

$0.03
. Range of fcalcd
.|Solute Parameter | - Parametef'éa -jfcalédb expflb
) - * Values: " S -
n-Butyramide | +B . =20 0.147 0.167
-} . BF 0.0 0.179 -
~B 25 0.204
+D 2.79 ~0.204
D¢ 2.66 0.179
. -D 2.41 0.143 ‘
's=Butylbenzene| +B -30.0 0.170 0.203
- - B¢ -50.40 0.200. '
-B -70.0 . 0.233
- 4D 2.63 0.170 .
D¢ 2.48 -0,200
-D 2.085 0.231.-
Nal +3 1.2 .0.511 0,543
Ac 0.602 0.541
) -2 0.0 L 0.572-
+D 3.33 0.577
i p¢ -3.29 "0.541
-D 3.25 "0.510

ap has units of m°> «x 10'30, Rinm x 10~ lO' and & inm x 10°10,

bE‘or methanol solutlons and membrane number 7

“As reported prev1ously.
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Table 4-11 '

Parameter Ranges for Solutes in Dilute Ethanol Solutlons That

Calculate an Approximate #0.03 Range of fcalcd : . o
Ve, . ’ 1.Q - b . b
.[Solute Parameter Parameter's - fcalcd ) fexptl
) : - Values : .
.s-Butylbenzene| +8 -36.0 0.170 0.165
: BC -49.23 " 0.190
-B -63.0 0.219
+R 2.57° 0.227 .
R¢ 2.53 0.190
-D 2.48 0.159 -
t—-Butylbenzene| +§ -21.0 0.168 0.191
: ‘B¢ -3.13 1 0.205 '
’ -B° 15.0 0.234 -
+D 2.69 0.237
- D¢ 2.66 - 0.205"-
=D - 2.61 0.163" )
Nal +3 0.64 0.858 0.795
At ~0.64 0.824
-3 -1.50 0.797
4D 4.00 0.799%
DS 3.86 - 0.824 °
-D 3.75, 0.850
CsBr +a 8.50 0.624 ° 0.598 -
A% 7.80 0.591
=B 7420 . 9.572
+D 2.66 0.623
D¢ 2.62 0.591 .
-D 2.58 0.562
NaCloO, s +8 -6.10 0.601 0.400 -
- A€ -6.87 0.571
~L )
- —& ~7.50 0.543 *
+D S 3,92 0.602
pc 3.82 0.571
-R- 3.73 0.541

2p has units of m”

bFor ethanol solutlons and membrane number 1.

3

CAs reported previously.

x 10 30: Q inm x 10 10, and’ & in m x lO -0,



* Conclusion

7 The ‘reverse OsmOSlS separatlon of organlc solutes in
,alcohol solutlons has been demonstrated by this work. Again,. this
is ev1dence that reverse osmosis can’ be extended to nonagueous
cases, and can be used for the upgradlng ‘Ed purlflcatlon of non-
aqueous systems. 'As well, the*® valldlty of using a single reverse
osmosls model to descrlbe performance in various solvent systems
has been demonstrated, both for the surface potential-pore flow
model discussed here and the Klmura—Sourlrajan model dlscussed
_prev1 usly.. S

The comparlson of B and T /c ‘for all three solvents may

represent a method of - predlctlng surface ootentlal parameters in
other solvents glven data for r /c On"cellulose-acetate. This is
of 1nterest in cases where 1f glven values of B and T /c for a
_solvent system and T /c for a new solvent system,'an estlmate of

- B in the new solvent can be made.‘ Thus, “the effort of developing

-

. membranes sultable for use in a new’ solvent can be dlrected toward
the most promlslng cases. The attempt to obtaln a 51mllar rela-
tion ‘for T /c and A-e was not as successful, which may be a
demonstratlon of a’ 51mp11f1catlon of the surface potent1a1 pore
Elow model in eq 4-2. The model treats salts as . sxngle entltles
and does not have the capacxty to deal :;th 1on1c contrlbutlons.,.

Whlle thlS may be resolved by the modlflcatlon of eq 4- 2, the same

treatment of TA/ does not appear to be as amenable to thlS.

-
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Chapter 5-

Reverse. Osmosis Separation of Inorganic and Organic
Solutes in Agueous Solutions by Cellulose Membranes

Introduction.

Almost all of the po%ymer membraﬁes that are *
used for reverse osmosis processes are made from polymer solu-
tions'by a casting process. This reguires a solvent or a
solvent system that is capable -of dissolving the polymer and
can-be removed to leave a solid polymer matrix. As an

example, the cellulose acetate membranes used previously were

made from the cellulose acetate—acetone polymer scolutien. The

acetone was removed by evaéoration and water gdelation.
Hoﬁever, there has been little success in'the preparation of
small pore_reﬁerse osmosis membranes of cellulose material
which.can be exélained by the lack of a2 suitable nondeggading
Solvent:

Celiulose itself has interésting properties for
membrane usés'as shown by the work of Matsuura et al. (1976;

1981; ‘1982). These include a strong adsorption of water and

..solvent resistance which would be necessary for nonagueous

-~

reverse osmosis. Fox these reasons, small pore reverse osmosis
membranes‘have been prepared with a new method’ to test their.
behaviour in agqueous and nonaqueous‘solutiongf

" _ .H’ .. -_‘ -
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Cellulose DlSSQlutIOn. Several methods ate avallable to dlS‘ L SRR

-9 . ._”-;,a A .
?'solve cellulose but thelmajor dlsadvantages of these are the’ ,‘kfé'g“:?f

- ~ . ~ -

”.1rrever51ble modlficatlon of the cellulose and low solubllltz- “:TL}N i
'iillmlts.i Most metbods that are used for dlssolutlon’lnvolve a ffé:.-“-;ﬁ?
‘regeneratlon step to obtaln the\prec;pltated polymer nhere J.‘JE; t-f:fiig?
: regenerathn ls deflned as’ a_preC1pltat10n of celluloSe caused
;by the removal of one of the substltuents of -the’ solutrons._v . - "{.
ﬂ(lesanﬂand Hunger, 1965' Turbak et al., 1980) The dis- ‘,
solutlon method that ‘was flnally chosen for the celIulose‘ﬁ
membranes used here 1s based’ on the work of Johnson et al.- . i
:(1976). It con31sts of using dimethyl sulphOxlde (DMSO) as a ;‘f:i “::;ii
solvent’ for methylol cellulose. Methylol cellulose is- formed ‘ ,?t:“ :
by the reactlon of formaldehyde and cellulose in an aprotlc %‘J' ;z'-’ -
fsolvent (DMSO in thlS case).; The methylol cellulose reverts-to k Lg; )
cellulose in water or acrotrc solventl. The reactlon scneme i ’f " :
‘occurs as _} Ai . ..ofﬁf E.E K ;i o Jdlijff“i' '\;T E
j ~ | R ST A
. N - D,Mso B I % L s
Cellulose+£0rmaldenyde - > Methylol Cellulose ———> Cellulose cue s
) . '.'l .1‘} - T -)*-:ll’;*~' 15713; R RS
S Ce S e TR

~ .
,-‘ -~

- R T LT ‘.:‘*,'! B )

" Johnson ét'ail- (1976} studled the regenerated product by X-ray ?ﬂ:f‘.ffg,

difﬁraction, rnfrared and Raman spectroscopy and found the ‘9,:j Vo b
SOlld was amorphous ln nature and of a hlgh degree of polymer—:}“g?f‘;,}f»Q
Cseation. [ ol LT T
. , I -;2.-. ) - - L
2 Tl
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:jaﬁ.fu}lﬁfﬁﬁfffii,'_“Recent work by ﬁraéami'et-aI. (1982ai b) descripe'the

| i:rjf ilﬁ;use of szmllar solhtlons but at lower cellulose conéentrations

"_'to.make hemod;aly51s membrahes. ‘The - solutes and operatlng

-
2. \...

Fn__hf}j;: condrtlons studied by them do not overlap with the results of

L ' L Ll

N AR thls work and a dlrect comparlson cannot be made. However, the
W o e o

e j“.-membranes used 1n thls work appear to have smaller pores than

f s :\-:f- those of Uragam1 et al. (1982,a; b) as-based upon the separatlon

-

. f}l:uﬁmi~ oﬁ polyethylene glycol solutlons.‘ They obtalned no separatlon

) »-" - *

'_i:{ lglij of polyethylene glycol of 200 molecular welght (PEG 200) and
. 50 60% separatlon oE PEG 1000 while the membranes produced ‘in

;h;: T f% thls work were capable of 40-60% separatlon of PEG 200 and 65 .
T, ».,__‘ (

el ,"to 90% separatlon oﬁ PEG 1000 As well, soiutlons of upwards

haq 'lT'-of 15% bypwe;ght of celrulose in BMSO’ were prepared, whlch

- - -

xifi'appears to exceed the concentratlons reported by Uragam1 et al.

- e T OO ‘. ’
— ‘.;1(1982 b).- T
o] ERT . ° - i
- D . - ~
'.. - ~ L4 L - - -
- . N . - - - -
- . ~ . - .
. - . - . - . - .
-~ o, X .
- = e - .l ~ -
*
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~ . -
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- ~ - 2
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.
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Asymetric Membrane Pabrication. Known welghts of Cellulose

‘ (CE) powdexr, PF powder and DMSO were, slurrled at room temper-—
'Iature in a flask that .was closed off from the atmosphere except

for an atmospherlcally copled condenser tube to prevent the

loss of solvent. The flask was placed in,an oil bath whlch was

heated up to 125° x 2°C 1n comblnatlon with VLgorous stlrrlng.

As the temperature; of the bath, exceeded 105°C, gas bubbles were

. observed in the agltated slurry, presumably caused by the

r decomp051tlon of the PF to form formaldehyde gas. As well, the

-:slurry 5 v1sc051ty 1ncreased as observed by the labourlng of
tthe stlrrlng motor. At the outset of bubble Eormatlon, the

mixture was ooaque but after a 30 m1nute oerlod the solutlon

became clearer._ The’ solutlon was held at thls temperature for

1% hours ln comblnatlon wlth contznual stlrrlng.: The flask was

then sealed off from the atmosphere.j @t th;s poant the solu-

" tion was transparent with ‘gas ‘bubbles and residual'PF solids.
“This solution”uas.pressurehtiltergd to'remove the solids and
jwas left_to~stand.0vernight‘to let the bubbles rise. . i

Because of the repolymerlgatlon of the formaldeliyde

,.when 1t cooled, there was a crust dep051ted on the cold B

: surfaces..,?o,couhter thlS, the flash‘was equipped with a

female-ground glass joint ihto‘which'the'atmospherically coocled

" condenser -tube- was 1nserted. The flask was then 1mmersed as

.-fully as- poss:ble into - the 01l bath , with . fhe oil level
approx;mately halfway up the ground glass jOlnt‘c When the

‘reactlon was completed, .the flask was left - Ln the 011 to cool,

so that a crust would not be formed except in the tube. The : L

'“flask was - taken from the- cooled 011 bath and the tube was

gt
L3
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after removal from the original container. . -

© 188 e -~
N . .
gently removed from the mouth of the Flask and replaced by a
ground glass stopper., This pracedure reduced the amount of .

. . -, " C s L e .
solid ‘PF particles in the polymer solution, -and facilitated ‘its

*filtration.

- The membranes were cast on a sﬁooth glass plate edged
with poly yiﬁyl_chloride'electrioal tape to-conprol the cas;ing
thickness. The solution was poured on the plate and spread in :
one contipuous drawing motion with a glass rod. Tﬁe plate'was
1mmedlately placed in a preheated oven at a cpntrolled tempera-—
ture to evaporate DMSC solvent. At the hlgh oven temueratures
there was no evidence of gas bubbles that. could have been
caused by rhe PF. When the evaporation time was complete the
glass' plate was immediately placed in the gelation solution.

In the cases of aproEic gelation solvepés which do nor causei
cellulose regeneration, the glass plates were -left for'l3/“.
hours and were then_solrent exchanged to alprotio-solvent to
regenerate the cellulose. lThe menmbranes pxoduoed‘gere‘

transluscent'ahd wete 0.17 mm in thickness. They "were cut into

discs and their orientation was conserved despite their

 resistance to marker pen inks whlle they were stored in 20% -

ethanol-water solutions. For the reverse osmosis experiments,

the' ,membranes were used in this "as-cast"™ condition. Membrane

#1

compositions and fabrication derails are shown in Table 5-1 for
the agueous reverse Osmosis experiments considered in this. ) .
chapter. It should be noted'thét the‘presenoe of water in the
slurry w1ll prevent the dlSSOlUthn from occurrlng. ‘Por. t?eseﬂ

.v

experiments, the cellulose powder'Was ‘stored in a’ dessicator
: ~ v - L .

..
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Table 5-1°

Cellulose Reverse Osmosis Membrane

Compositions anq/Caéﬁing Details

MembfanexNo; _ 1 2 3 5 6
. -

Cellulose, g | 17.53| 17.53| 17.96 | 17.96 | 8.33 | 8.33

DMSO, § . -l108.15{108.15|113.75 |113.75 | 53.78 | 53.78

Paratormaldehyde, g | 17.25| 17.25| 17.65 | 17.85 8.15 |- 8.15

Evaporatioh Temp, °C .| 175 | 175 152= | 152 .| 122 140

Evaporation Time, min| 10 10 10 10 10 107
|Gelation Solvent? EtOH | EtOH | i-PrOH| i-ProH| -- -

Gelation Time,. min. 105 | 105 | 105 - — . -

Regeneration Solvént®| H,0 | K, H,0 H,0 H,0 H,0-

B T Do G S L Ll

Ty

a

H,0 = Watér, EtOH = Ethanol, i-PrOH =

i-propanol. .

Room Temperature gelation solutions in all cases..
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Reverse Osmosis Evaluatlon with Klmura—Sourlrajan Analys 1s.

.

The reverse ‘0smos is membranes descrlbed above were tested by’

N f
reverse osmosis’ experiments rn_aqueous-solutzons and in

Iethanél-heptane~mlxtures as discdssed later. For the case. of .
agueous salt solutions, the mass transfer coeff1c1ent was'
determined by.performing several reverse osm051s experlments
with 01050 molal NaCl solutions (Table A-1-7,.Run No.'s 5, 28,
48, 69) . The data obtalned from these experlments was.analyzed
with the Kimura-sdurirajan_ﬁetnod~of;analys' anbefore to -
obtain the mass tranSfer:coefficients-which?were olotted in
S“Fig 5-1. .A flrst.order.linear eqpatlbn was Fitted to the data -

‘to give = - ' T LT

'k = 1.592 228,057 x 1076 .. o7 . (5-2):

A

~
-~

with a correlatlon coeff1c1ent of 0 578‘
Data from reverse osmosis experlments at 25°C and

6950 kPag operatlng-pressure w1th 10 alkalr metalxhallde salts-.l
in the concentratlon range of 0. 0045 +-0, 0067'holal Qeié used_

to calculate /K6 's as shown 1n Table S 2 by us;ng data‘
from Table 5-3 to modify” the” mass transfer coeff1c1ent by the
Schmidt- Sherwood equatlon. These were - used to determlne the

'; modlfred Born equatlon parameters of Table 5-4 and the'
approprlate (- AAG/RT)l values in Table 5= S The por051t1es,
zncg ac1’ of the membranes were calculated as. before and these _
are shown in Table.S 6. Other-reverse osmosxs‘data in- tbe samef

o concentratlon range were ava;lable for other salts. 'These were

;analyzed to glye the- D /Ks) values of Table 5- 7 and 1n

-
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Figure 5-1 -~

Mass Transfer Coeff1c1ent with Solvent Permeablllty Constant

-

for Cellulose Membranes and Aqueous NaCl Solutlons :
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Table 5-2
(D;,/K8) for Alkali Metal Halide Salt in Agueous ) -
Solutions with Cellulose Membranes at’ 6900 kPag,
25°C, and 0.0045 % 0.0007 Molal

- o‘. .

Y

e ke a m———— — ®

S (D /K8) x 107, "m/s |
Salt - ~ ' f
1 22 ~ 3 4 5 . - !
T fuie | oa.178 4.8%64 7,010 6.230 | 19.05° | 7.366
"NaF ] 4.211 4,785 6.547 5.834 14.76 - 6.584 .
- NaCl| 9.480 8.634 | 16.88 | 10.02 27.83" 12.39
NaBr| 9.035 9.465 ~ | 13,33 11.90 29..74 14.32
! : Nal | 8.840 9.276 - | 12.65 11.11 | 26.31 | ‘12.52.
1 ker ) 11.81 8.541 | 10.61 9.562 21.37 .| 12.92
KBr | 9.918 *| 11.18 14.31  1712.73 .| 24.78° | ~12.70
RbC1| 8.334 9.077° | 1l.84 | 10.41 22.24 | 11.32 -
CsC1| 11.67 | 14.04 11.77 17.72 19.93 11.03
CsBr| 9.771 | 1l.88 16.52 © | 13.25 . 25.25 | .12.16
< .
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Table 5-3
Diffusion Coefficients at Infinite Dilution

for Salts in Aquéous Solutions

salt . . ps 2
. r
.o m2/s x 1010
. LiF : . 12.13
Licl 13.67
LiBr | 13.78
NaF 14.01
NaCl . 16.11
NaBr 16.26
Nal : ) 16.16
- KF 16.83
-1 xc1 - 19,95
KBr : 20.19 ¢
RBC 1 ©20.52
N RbBY ° , 20.76
CsC1 20.45
CsBr - 20.70
NH,C1 . 19.93
MgCl, ©12.50
cacl, _ 1336,
srcl, 13.96
BaCl, _ 13.87 .
NaNO; - o 1a.29 :
. NaNo - 15.68
Nac1d, - 15.03
‘NaBro, , 14.06 -
 NaSCN ' - 15.68
NaIO _ 11.93
Na,sd, -~ 12.30
. Na,HPO, . 11.84
_ ugéo, * " - T8lae

<

2 Matsuura et al., 1975.
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,.Téble -4

‘Modified Borri Equatlon .Parameters for Alkal:.
Metal Halldes in Aguecus Solutions at 6900 kPag,

25°C; Cellulose Membranes, and 0.0045.%°0.0007 Molal,

“ . A
"¢ ' —
a - o : R
Ien EB " . AB R ,- EI'V Yo o ‘AI‘r
kIememol~1x1010 | m x 1010 “kIememol " xJ010 | mox 1010

y . Y - B o
Alkali Metal 761.5 . 0.890 Sl 748U T A 0.873 -~
Cations . ‘ A .

Halide Anions

504.2 | =0.200 | 518.0 L 0173

a Matsuura et

al., 1975. ' .
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- . ‘Table 5-5 /

(-4AG/RT); for Ions ih.AQueoﬁs Solutions wi£h‘Cel1ulose
Membranes at 25°C and 0.0045 % 0.0007 Molal. =

Ion . SR T . ("AAG/RT)i
i m x 1010 - Co ‘
) Lit © 0.60 . | - i-1,328
. Na*t 1 - 0.95- = -1.422 |
k* . |~ 1.33. . |- . -1.402 F
I :1- LD I 1.48 .| -1.37%
cst | 1.69. .o -1.333
NH, ‘_-; T 1.48 C-1.58°
r o Mgt L o0.es |t -1.83
S A - T R K - -1.63
Sf.oscit ;1,13 o -1.43
- T Batt - - 1.35 {-7 -1.40
T S 1.3 -| 0 0.e72
cr= . . " 1.8% - .| . k302
BT - b T 1095 0 L 10382
STt b 2ule . | L.38°@
No,m |0 = - Twss
NO ™ - B ‘ 1.21-
~ SCN~. .= o 0095
--C1037 | - - S 0.83
) BrO; : - 0.78
- 1057 - 0.51
50,- - 0.98
S0, : .- 1.07

@ Calculated, by the,Modlfled Bonn Equatlon
‘ Parameters. of Table 5 4, -
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. - s
- Table -5—,6' ‘0
Parameter 2nC* Representmg the Poros:.ty
of Cellulose Hembx:anes at 25°C and 6900 kPag
Membrane . &nC* - (psP)?, a,
) . g/h molem~ 2.5 YekPag™!x106
- ‘ . '
! -13.75 5.45 . 9.239
2 -13.84 %609 - 10.32
3 -13.61 6.91 11.81 ;
4 -13.69 . ' 6.61 11.21
5 T-12.67- 7.19 12.35
.6 | -13.48 . . 4.86 8.240
a . l -‘2 . ) L )
for 13.2 cm surface area. ;
- I-.v ' -
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Table 5-7 T
"{D /Ké) for Salts® in Agueous Solutions with Cellulose
AM T T
Mehbraneg at 6900 kPag, 25°C and 0.0045 % 0,0007%Molal
(D3 y/K8) x 107, m/s
- Salt -
- 17 2 -3 4. 5 6
MgCl, | 29.68 | 21.33 | 36.63 | 32.17 | ss.48 | 25.01
CaCl, | 24.85 25.56 | "42.60 38.72 65.89 28.79
SrCl, | 27.42 48. 46 48.59 64.28 79.17 31.28
'BaCl, | 31.08 32.22 49.08 75.68_ | 70.54 31.17
NaNO, | 51.27 8.615 | 12.68 | 22.84 ~{ 33.29 | 11.53
NaNO, | 7.291 8.493 | 10.88 | 9.663 | 22.08 11.58
- . - N - .- !

NaSCN. | 6.681 | 7639 81106 7.171 | 15453 7.694
I NaClo,) 4.753 | 7.176 7.465 | 12.63 | .16.31 7.371 -
NaBrO,| 7.341 |7 5.807 7.298 | 7.125 | 14.47 7.140
NalO, | 6.566 . 4.464 | 5.675 | 4.270.) 711.39° | 5.766
Na,S0,]| 1.353 | 1.623 2.019 1.721 |[16.933 | 1.872
'Na,S0,f 2.190 ;- 1.785 |[.-2.027 1.702 [ 6.801 2.346
| NELC 8.829 8.506 | 10.89 9.667 [ 20.52 9.694
MgSO, | "1.880 | 2.224; |- 4.249 | “6.787 | 12.87 4,055

 ———————— e -

N



. j]conjunctlon w1th the ZnC*

Cl and (~AAG7RT) 1nformat10n of

-fTableS-S 6" and 5—5, tbelr ( AAG/RT val"s were calculated

“énd lncluded in Table 5 5., The data ‘ontalned dn these Tables
.was then used to calculate the reverse osm051s performance of
these. experlments and they are compared w1th the experzme&?al

separatlons in Table 5-8 '.a“;”ﬂff”“

To demonstrate the unchanglng surface poros1ty of the e

membranes, lnC*'s were compared for the alka11 metal hallde
,salts. As before:'experlmental (D /K6 data were used w1th eq
3-15 to determlne the lnC*'s shown in Table 5 9. The agreement
of ‘the values shown in. the table conflrms the assumptlon of
'constant surface por051ty used 1n the meura—Sourlrajantli
analy515. ; |

- The free energy parameters for the lons studled were

compared with the correspondlng data for aqueous solutrons and

membranes made of cellulose acetate (39 8% acetylated) and -}_,'

polyamldohydra21de copolymer (PPPB 8273) (Sourlrajan and

Matsuura, 1979) .in Flg 5 2.ror the catlons and Elg 5—3 for thei

‘"anions. These flgures shcw that for monovalent Lons of elther-"

_19051t1ve or negatlve charge there 1s elther an 1dent1cal ;

relation or close analogy for the mon0vaIent 1ons. However, y

' the dlvalent catlons .are dlstlnctly dlfferent where the cel—f-

Jlulose membranes show pos1t1ve A[ AAG/RT)1 values whlle the-

) 'cellulose acetate membranes glve negatlve ones. The effect oE;.‘

o thls is that drvalent catlon salt separatlon thh respect to

7i the NaCl reference salt would be less w1th Cellulose membranes.} v

A 51m11ar varlatlon 1s observed for the dlvalent anlon7 SO1+ i;

I

L

P e
: At
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Corrparn.son of Experunenml and Calculated Reverse Osmos:.s Separatlons -

for: Aqueous Solutlons with’ Cellulose Membranes at 6900 kPag, 25°C,
and 0 0045

0 0007 Molal

8.7
] 63.9
552
+..50.6.
52.6°
461
|, 50,1
540"
-8
Sl
24,1
275
. 26,6
5.2
16.3.
- 3%6.8 |
) -58.3

57.2

| 67.3
L 6L8
. 87.8"
g
5.7
8.4

861
53,9+
.52.5
‘519"

54,2 -
5.7
'53.5.
52,5

52.5

“3L6
2.7
2.8
B4
52,2~
"%6.1
BL5
65.9
6.0
Ty

8.5

8.4

8.6

T

618"
68.6 1
55.9°
fsL3

2.3

51.6
9.3 | 530
52,8
oy

4.2

. 45,5

4.5

‘R3

8.6

18.1.

5.0

6.6

'38.5

.s9.2

4.8
62.5

7.3
88.3
1851

8.1
56.3

8.5 |

| 65.1
65,6
3337
.51.9
513
8.5

S3.0

518

31.2°F
7.2
‘3.5

23,0
5L.7

6.5
6L.0.

65.4

64.4-
70.7.1

8.2

57.9

76.8

3.0
5.2
3.7
- 47.8

9.0

. 50.4
47.0.
5.6
52.3
3.3
2%.8
21.9
20.2
2.4

45.4
53.0

+60.6
63.0

62.5

8.5
53.8

[ 75.5

5 | 69.9
8.5

64.3 "
8.7
523
50.8
50.3
52.4.
0.9
SL.T
0.7
0.7
30.4
26.5
2.8
2.3
2.7
s
60.2
64.5.
63.5

8.8
8.7
'56.8
763

63.8.
6.6
.53.7
82
50,0
30.4
| 47.6

52.4
43.8
46.6

5.4

14.8

2.4
0.2
53.6

6.9

61.3
55.3
72.1
86.5
86.5

. 54.4
63.4°

634
‘6.9
515
50,0
49,5
516
50.1 .

30:9
4.9
49.9

2.6

5.8
2.2
21.8
4.9
53.6

.59.3

63.7

62.7

69.2
85.4
84.2
%.0
75.6

3.9
7.0
3.0
3.7

3.3

5.9,
3B
-37.9

39.5
4.8

17,7
. 16.1
3.8
10.9

.7
3%.6
44,6
47.6
44.0
2.2

-73.2

64.7

39.4-

48.3

83
4.8
%3

35.0

U5
6.4
35.0.

35.7
.8

3.8

18.5
15.8

B3

13.0

349
3.3

4.0
48.6

47.5.

4.8
7.9

74.2"

40.6
62.7

516
55,1
415
B4
38.7.
41,2
40.0

8.1

3.8

24.1
212
2.2
12.8
39.3

40.7

0.5
53.1
4.8
57.4

6.4

74.8
4.2

‘64.6

‘5.8 |-
'8B.57
aro. .
961

39.1

4.3

209 |

0.7
39.7

"39.8 |
214 |

18.4
15.6
15.3
39.3
4.1
48.5
53.3
2.3
59.1

7.0

77.5
4.7
66.1-
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Table 5-9
. . D : . - ”-. ‘j . : :
‘Verification of the Constancy of 1nC, for Cellulose Membranes
- and Aqueous Salt Solutions at 25°C, 0.0045 molal, and 6900 kPag +°

R InCx for Membrane No.'
Salt —— : - - : -
1 2 3 4 5 -
1iF | -14,04 | -13.89 | -13.32 |--13.64 | -12.52.) “13.a7
Nar | -13.93 | -13.80 ] -13.49 | -13.60 | -i2.68°} -13.48 |
= NaCl ‘| -13.75 | -13.84 [ -13.61 | -13.69 | -12.67 | -13.48
' NaBr -13.86 | -13.81 | -13.47 | -13.58 [ -12.67 | -13.40.
NaI | =13.90 | '=13.85 | -13.54 |} -13.67 | -12.81- ~13.55
KC1 | -13.55 | -13.87 | -13.66 | -13.76 | -12.96 | -13.46
KBr | ~13.78 | ©13.66 | -13.42 | -13.53 | -12.87 ~13.54
RbCL | -13.93 | -13.84 | -13.58 | -13.70 | =12.95 | -13.62
cscl | -13.63 | -13.45 | =13.62 | -13.21 | -13.10 | -13.69.
" lcsBr ~13.87 | -13.67 | -13.34 | -13.56 | -12.92 | -13.65




.‘Fngre 5-2
Compar;soﬁ of A(-AAG/RT)i‘for Cations in Aqueous Solutions

and Cellulose, Cellulose Acetate, and PPPE 8273 Membranes

N

\ -



0T

€178 Hddd v
9)}D}8dY 2saiN||8)

~asoInye) M .

07

0¢

- N1y /ovva v



~ . "
)
- v -
:
. . 204
.
[ -
) .
. :
X
- . . N
.
_ :
- ‘ -
. . A
3
. :
. 1 .
_ .
X .
' .
‘

T _ Eigure 5—3-

Compaflson of ' af AAG/RT) for Anions in Aqueous Solutjons
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';fw1th a reversal of the above trend w1th cellulose -acetate

membranes havmng posrtlve values. Throughout, the PPPH 8273

membranes remain 1ntermed1ate, but thelr data -are llmlted.

The effect of concentratlon on (D /Ko) for ‘the salt

sblbtions w1th theacellulosermembranes is guite pronounced and

Rk

appears to be'related.to the valence of - the ions .of which the

© .. salt is .composed. Thls is demonstrated in Figs.5-4.to 5-7 for

‘ the ‘solute transport parameters of ‘NaCl, NaZSOH, MgCl, and
'MgSO“. The MgCl2 salt shows a large scatter of (DAM/KG with
i bgpndary layer concentratlon,' Xgo- It shoutld be noted,

however, that the scale in Fig 5-6 (Mgclé) is magnified

compared to Flg 5-4, 75; and —7 The other three salts show a
change of (DAM/KG) w1th concentration whrph is similar. to the
‘observatlons of Veager et al. (1981) for PPPH 8273 ‘membranes.
The same effect was not observed for cellulose acetate )
membranes as reported by Sourrra]an (1970a).

" Yeager et al. -(1981) described -the variation of
D p/Kd).with a range.of‘botn_xrz”and porosity, nCt aC1e
 _51nce the range of. por051t1es for the cellulose membranes is
small - (see Table 5—6), thls latter effect cannot be 1ncluded
However,'their-analysls can be modified to describe the varia—‘
‘tion Qith concentration. The average slopes of the ’ log(D /K3)
vs log(XAz) plots of Flgs 5-4 to 5-7 are shown in Table 5-10.
'When they are’ combxned WLth the value of (D /Ké8) at 0.0045

_‘molal concentratlon they can be used to calculate reverse
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Figure 5-5
S o Pay, '
* Variation of (_EE) with Concentratidn for

- Na,50, and Cellulose Membranes’
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Figure 5-6 .
S Dan '
Variation of (=) with Concentration~ for

MgCl, and Cellulosé”Membranes
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Table 5-10 .-

Slope of the §traight Line Correlation of
(Dyy/K$) with COncen;ratlon XAZ

. S.a‘lt. ,'- 'S.iope
o wact “ 1 o.ean
\ naé$¢&;' : “1.024
_Mgé%zi. . ' 0.
MgSO, . ' o.3§§ \ -
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) thls work. ~ As an example of - the calculatlon of (D /K8),

‘con31der the case of NaCl, membrane number 1 and an X

5- 11. L o R

216

-

osSmosis performance for the range of concentratlons 1ncluded 1n:

A2 value

- -

:of 10':.‘ The value of lncﬁ Cl from Table 5—6 for-membrane

number 1 1s —l3-75' the value of (—AAG/RT) for NaCl from Table

'5 5 is.. (—l 42 + 1. 30) ='—0 12 for X 2 = 7 7 x 1075 (~ 0. 0045 .

A
molal), and the approprlate value from Table 5-10 is 0. 921.

The value of (pAM/KG) is then calculated asrf _

~ Ny S
(D, y/K8) = ekp[lnC* + iQAAG/RT)J - o R,
Cx (%, /7 7 x 10-5)9-921
= exp[-13.75 - 0-121 X (10—3/7M7 x 10 5)0 921
© . =1.0%6 x 1075 . .. ¢ T (5=3)

A

ks

Equation 5-3 was_used along with the equationé'of'the.klmura—

Sourirajan analysis to calculate. reéverse osmosis performance at

. concehtrationé other than 0 0045 nolal for the 4 ealts.i-Theée

calculatlons -are compared w1th experlmental results 'in Table

-

HAs‘Qith_the_methanolfand ethanol free energy -

parameter-determinatlons,.the parameters for the alkalil metal

and halide .ions were recalculated using-a schem¢ to determine

~ separation directly.as Opposed“to'the-solute transport
‘parameter._ As well, all. of the relevant experlmental results

_were pooled together as opposed to separate regre5310n

-~
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for each membrane; As. before, a package computer_program of .
the SaS Instltute based upon ‘a derlvatlve—free ncnlanear
_regre551on was used (NLIN DUD) . As well as determlnlng the
1nterfac1al free energy parameters, thelr approx1mate standard
deviations were determlned and are shown in Table i -12. The
-values reported in Table S l2 for the 1nter£ac1al parameters
':are SLmllar to those calculated 1n Table 5 4 and lie w1th1n the
. approxlmate 95% confldence range. | ‘

The same computatlon recalculated ln c* dlrectly for

Veacb membrane whlch is compared to the prev1ous ln CN for -

aCl
each membrane in Table 5 13 As was seen in Chapter 3, only

\ -

‘the trends of the 1n C*'s are 51m11ar, whlch 1s consxstent w1th 3

.'1ts deflnltlon.'
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Table 5-11

Comparlson of Experlmentab and Calculated Reverse
© Osmosis Performance at Various Concentrations of-

Aqueous Salt Solutions -at 6900 kPég :

Salt ~ Conen, ‘Membrane- No. (PR) £,% !
R -molal ’ . — : —
. “exptl| calcd| exptl|. calcd
e 1 . . . . B
NacCl 0.01258 " 1 5.36 | 5.20 | 34.5 | 28.9
' R 2 "6.15 | 5.84 | 32.8 |-33.8
. "3 .6.77 | 6.68 |-31.1 | 35.1
.. .4 6.90 | 6.35 |- 26.8 | 34.9
- 6 . T 4.67 | 4.72° 4. 25 -7 2643
NaCl : .0.002327 1, "5.43 | 5,27 % 65.3 | 53.8
* 2 - 6.28°| 5,91 | 63.7 | 60.3
3 6.76 | 6.76 | 62.1 | 62.0
4 7.24 '} 6,42 | 45,2 | 61.5 -
- 6. 4.68 |.4.76 | 49.0 | 36.6 [t
NaCl_ | 0.001188 1 5.62 | 5.27 | 76.4 | 64.4"
T 2 6.08 | 5.91 | 77.2 | 70.7
3 6.85 | 6.6% | 78.0-| 72.4
4 7.33 {-6.44 | 53.2 | 72.0
” 6 4.73 | 4.75 | 73.9 | 63.4
“NaCl 0.0005427 1- 5.44 | 5.29 |.70.4 | 75.6
2 5.81 ) 5.93 | 72.2 | 80.9
-3 6.67 | 6.77 | 75.4.1 81.2
4 6:07 | 6.45 ] 78.1 |-80.1
- -6 4.65 | 4.78 | 7624 | 70.1
Na,SO, | 0.001130 1 5.42 | 5.27 | 92.3 | 87.3
: 2 5.95 | 5.91 — | 89.9
3 6.65 | 6.76 | 73.5 | 90.9.
4 6.10 | 6.42 | 86.9 | 90.5
6 4.65 | 4.76 | 95.1 | 83.2
.Na ;S0 0.002862 1 5.70. | 5.22 {. 91.0.{ 90.9
: 2 5.94 ) 5.86 | 94.7 | 92.8
3 - 6.8l | 6.71 |.94.0 | 93.5
4 1 6.99 | 6.38 | 81.9 ) 93.2
3 4.65 | 4.72 | 89.7 | 87.8
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. 'Table 5-11 (cont'd) ’

Salt'

‘Corncn, Membrane No. (PR) £,%
molal . : ,
' .exptli calcd| exptl| calcd
Na S0, 0.008019 » |- 1 - 5.80 5.18 72.89 | 78.2
, PR ot 2 5.85 5.81 78.5 82.1
3 6.83 6.65 73.5 | 83.6
- 4’ 6.67 6.33 | 66.6 82.9 -
: 6 4.60 4.70°| 60.8 71.7
Na,SO, | 0.001215 | 1 5.57 | 5.27 | 86.4 | 95.9
_ © 2 5.90 5.91 92.7 96.9
3 6.71L | 6.76 | 92.6 | 97.2
4 6.69 | 6,42 | 84.6 | 97.1
6 - 4.61 | 4776 | 93.0. [ 94.5
Na,SO, | 0.008586 1. 7.02 | 5,17 | 66.5 | 76.9
; S - 2 . 5.86 | 5.82 77.0 1-81.0
3 “ 6.67 6.65 72.1 82.6"°
. - 4 6.06 f 6.32 {-.70.5 {-81.9 .
_ 6 - | 4.66"| 4.71 | 61.0 | 70.4°
 Na SO, 0.01720 . 1. 6.28 | 5.13 .| 56.8 | 49.7.
L 2 5.96 | 5.74 |762.3 | 56.1
3 6.76 6.59 60.0 57.9
4 6.47 | -6.26 56.0 57.4
. 6 - 4.72 4.66 .| 50.5 47.9
MgCl, 0.002179 1 ~5:49 | 5,33 | 30.1 | -35.2
B T2 5.96 5.92 28.2 41.3
3 '6.80 16,72, 21.4 44.1
4 6.99 6.44 19.8 42.9
& 4.78 4.77 '18.6 27.9
MgCl, 7 0.001134. "1 5.82 | 5.30 | 30.6 | 35.1
-2 5.87 5.93 31.3 .41.3
3 6.71 | 6.77 | 27.7 | 44.1 |
4 6.54 6.44 25.0 | 42.9
6 4.70 4.79 21.2 28.0
‘ MgCl, 0.008481 1 5.40 5.19 30.5} 35.5
' | 2 5.92 |.5.84 | 30.0 | 41.6
3 6.70 6.68 25.6 1 44.3
4 6.27 }-6.34 | 23.5 | 43.2 |
6 4.71 | 4.71 | 26.1 | 28.1

=~
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‘Table 5-11" (cont'd)

Conen,

- Salt Membrane..No. {PR) £/%
. molal - . - :
exptl| ‘caled) exptl| calcd
MgCl, 0.01763 1 *5.64 5.07 ] 35.3 . 36.2.
‘ - ' _ 2 5.82 5.71.| 37.6 42.0
3 6.68 | 6.55 ( 30.7 | 44.6
4 6.09 | 6,237 30.9 | 43.4
6 4.72 4.64 30.9 28.5
MgSo, 0.0018089 L 5.47 | 5.23 | 82.9 75.7
. I 2 '5.96 5.91 84.8 72.2
3. 6.77 | 6.75 78.4 75.2
4 -1 7.08 | .6.42 67.4 74.2
6 4.71 | 4.77 | 70.3 70.9
MgSO 0.001021. 1 5.44 5.29 .72.0 7%.4
N g 2. 5.88 5.92 | 72.6 76.2 .}
3 6.67 | 6.76 65.6 78.9
4 6.15 6.43 | 64.3 78.1,
-6 4.67 | 4.78 | 57.7 | 75.1
‘MgSO0, 0.01971 1 5.61 |.5.27 | 67.1 | 62.2
R 2 - 5.81 5.90 70.4 67.1.
3. 6.61 | 6.75 | 63.6 | 68.3
4 6.15 6.41 | 61.5 67.9 |
6 4.63 | 4.77 49.4 1 44.4 -
MgSO 0.0002294 1 5.42 | 5,30 89.3 } 87.0
) : 2 5.80 | 5.94 | -92.0- | B84.8
3 6.69 6.78 | 90.6 86.7
4 6.14 6.44 | 88.3 86.2 .
6 4.67 4.79-{ 88.0 84.1
MgSo 0.02113 1 5.45 { 5.08.{ 67.6 61,7
o 2 - \ 5.70 5.69 69.6 | 66.7
e 6.57 6.52 | 61.8 | 67.8
4 6.11 6.20 | 61.8 | 67.3
6 . 4.61 4.64 53.8 43.8
3
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Table 5-12

Recalculated Interfacdial Born Equatlon'Parameters for Alka11
Metal Halides with Cellulose Membranes in Agqueous Solutlonsa

-

 |Approximate-- - .| Approximate
, S Standard Error - Standard Error
Ion kSm/molxlOlo kJm/mblxloia mx151° ,mxlofa :
- Alkali S . : .
“IMetal 722.3 44.6 .0.8389| 0.0619
Cations) - | : \
Halides[535.7 11645 -0.1592 0.0%57

260 data points

~



. . Table 5-13 -
"Comparison of 1nCf;c; with Recalculated 1n C*

.ﬁembrané, . . ' lnicﬁaCl o - 1n c*
: ' : . recalcd

1 Lo-3as 0 e

2 ' . S13.84 a ‘ —ii,4o
3 * - -13.61 - 1128

& - 13069 - C 132
s o 12,67 © -10.53
A -13.48 - . -11.24



Determ1natlon of Interfac1al Surface Force Parameters for

- ~

Organlc and Inorganlc Solutes. Reverse osm051s experlments )

~

with organic solutes were performed and thelr surface poten—

tlals were calculated by the methods outllned in Chapter 4.

Thls requlred the use of liguid chromatography data for. the

agueous solutlon~cellulose system and physxcochemlcal data as’

*

well, which are summarlzed in- Table B 14 for the solutes
.con51dered in this’ work. The calculatlon of surface excess
concentration,'f /c",'required data for the-surface.area of the
cellulose powder, whlch-was reported by Matsuura, et al., (1981)
to be 242 9 mz/g. The average pore sizes of the membranes used
‘were calculated w1th data for isopropanol, n-héxancl and n-
pentanol as reference solutes. This calculation consisted of .
egquating the .Stokes' radlus of the solute with the solute 512e -
garameter, D, and with the I'A/cA data for the solute, calcu—
lation of B is -made. These were then comblned with reverse

osmosis data to calculate the average pore rad11 of the

membranes as shown in Table 5 15 These average_pore radii

3 P

were used with T /c data and'reverse osmosis data for membrane

number 3 to calculate the values of D and -B- shown in Table 5~14

-]

for the organlc solutes. Slmllar calculatlons were made with
‘_ data for agueous salt solut;ons and the values of D and & for
'-'theseasalts'at'0:0045 * 0.0007 molal concentration are shown i#t

Table 5-16.-

. -
- . ’ ) 4

The parameters determined above were used" to calcu—
late reverse osmoszs oerformance and the comoarlson w1th

‘exoeramental reverse osm051s data is shown - 1n Tables 5-17 and

‘

5— 18 for organlc and lnorganlc solutes, respectlvely.
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Table 5-14

Phys:.cochemcal Parameters for Orgamc Solutes in .
Aqueous Solut:.ons and Cellulose Mesnbranes

) | So_lute

)

- . ‘TA/CA’ B P,;
mé/s'x 10% | mx 101%7|m¥ x 1010im3 x 103%m x 1010
‘Methanol . . 1.935 -5.87 1.45 - —_—
Ethanol: - © _ 1.469 -8.01 2,05 — - .
m—Propanol 1.206 . " -7.50 2,12 . _— -
- i-Propanol 1,206 -6.94 2.26 -164.8 { 3.600
_mButanol - 1,043 |- -8.01 - 2.33 | =277.3 | 1.711 .
. s-Butancl - 1.043 -8.56 . . 2.33 =328.9 2,182
i-Butanol . - 1:043 e =B.427 0 {73.05 -136.8 . | 3.724
‘t-Butanol 1.043 . =9.08 » 3.35 -371.3 2.535
mPentanol” - - .+ 0.930 -7.49 7} 2.63 -201.8 - | 3.505
rHexancl - ~0.842 T =5.87 -1.97 . -102.7 3.874
" mOctanol - ‘ -0.720 "-3.74 L — 0.0 | 4.543
Glycerol -1.091 -6.94 2.30- -165.2 3.643
Sucrose . . - 0.489 -8.56 . 4,67 -289.4 3.993
dSorbitol . 0737 —4.81 | 3.30 . -52.4 3.996
Methyl-i-Propyl Ketone 0.964 -5.35 ° 2.59 =77.9 3.859
di—1-Butyl Ketone - . 0.689 " -9.63 2.86 -450.8 4.230
-Acetophenone "0.818 - . -4.28 — -36.,7 3.778
Phenetole- : - 0.832 -5.35 C = -74.0 4,121
FButyl Ethyl Ether . - 0.834 - f.-4.81 2.93 ~20.0 5.021L
Anisole . 0.919 _ .. =5.87 _ ~93.0 4,528
Phenol - 1,189 ,- 5.87 2.10 187.8 4.345
p—Chlorophenol . 1 0.947 29,40 — | 340.5 4.399
Aniline - - 1.010 51.31 <2.42 7.0 1.023
Benzene 1.156 6.94 C— — o

-

from Matswura et al. (198la)
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Table 5-15

Average Pore Radii for the Cellulose Membranes

o U o

‘Solute CoL ' " Pore Radius, m-x 1010 .
C o 1 2 3 4 T 6

-i=Propanol? 16.74 | 15.77 14.95 | 14.88 16.85 |-
n-HexanolP 14.69 14.55 16.94 7| 17.79 15.02
n-Pentanol® |~ 17.41 16.48 18.09 17.70 15.92

Average 16.28 15.60 16.66 16.79 15.93 |
D =Ty =2.45 x 10710 m; B =--250.91 x 10~30 m3 (calculated by eq 4-10)
R =Ty =1.97x 1070 m; B =-149.09 x 10730 m3 (calculated by -eq 4-10)
D=Ty=2.63x107'0m B =-322.02 x 10730 n3 (calculated by eq 4-10
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N """-_. .w:. ;.-- _;_ Table 5""16. Xy
. - v - - o~ e T e e - -

Phy31cochem1cal Parameteérs, for Aqueous Salt Solutions and

CeLlulose Membranes at 0. 0045 molal Salt_ Concéntration

LT

-

R SRR 7 SYTRE BN - O PO I
Lise.~| 71,3787 -11 76 :2.686 | _ 3.998

k Naf - 1401 =908 0 1,707+ 4,307
T N&C1 1611 0 1 -10.157 | - 2.415. | T 4.087
= NaBt 1,626 '-9.63 2:879 | 3.953
Nal - 1.616 . -9.63, 1.951, | 4.035
s~ | kel 1.995 T 212.29 2.877.  3.998
| KeE 2.018 -11.22 3,987 2.501
. RbC1 - 2.052 -8.56 | - 1.578. 4.124
e cscl. |  2.045 314.43°- 1 3.646 |- 3.976
CsBr 2.070- .71 .-13790 . |- "3.474 |  3.85%
NH,C1 1.993 " ZI12.29 2.861 4.048
NaNo;, " 1.429 ° | -10.70 "2.313 | 4.023
.| mano 1.568 -10.70 2.300 | ~ 4.082
Tl macio 1.503 . -8.56 1.538 4.285
- - NaSCN '1.588 -12.83" 3.036 4.140
B _ Nalo, 1.193" -9.63 1.876 4.357
;7| NaB¥Oy | 1.406. - | -10.15 2.082 4.235

h Na,S0, | 1.230 -~ | -11.76" 2.497 4.868
R T 1.250 “Y1.22 2.591 3.514

LT LT CaCl, - 1.336 - '-10.15 -2.326 3,504
- |- - .t

T o i
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Table '5—17 ’

“

Cmparlsm of Exper:.mental and Calculated Reverse Osmesis

E'\erfomtance for Cellulose Membranes m Aqueous Solutlons ak

25°C and 6900 KPag Oneratlng Préssure -
Solute Concn, _|Memb.| (PSP)® |  ~ (mR)2 £,% .
' molal x 103 No: | exptl |exptl calcd exptl. cdled
i~Propanol o0.8857 |_.1.te.71 [s.72[6.71 | 36.5 | 30.9
2 1 6.09 6.17 | 6.07 | 37.3 | 42.5
3 | 6.80 6.81 |.6.78 | 33.2 | 32.1
4 | 6.73 7.85 | 6.70 | 28.8 | 31.2
mButanol 0.796 | 1 |5.53° | s.60 | 5.53 ) 36.3 ) 27.8
‘ 2 6.70 |6.66 ! 6.70 | 34.1 | 36.7
3 | 6.70 6.66 |'6.70 | 34.1 | 32.9
4 16.17 le.17 106,37 32.11 30.3
s—Butanol. 0.797 1 16.18 |5.5116.18] 40.81/ 35.3
‘ 2 |-5.93° | 5.8 ) 5.93 | 4.2 | 36.3
3 16.78 [-6.70 | 6.78 | 37.7 | 36.5
4 | 6.82 6.75 { 6.80 | 35.9 ] 36.1
i-Butanol " 0.815 1 ] 5is6 | 5.34 | 5.5 ) 42,2} 32.5
: 2 |[s.88 |s.8415.86 42.3 | 47.5
3°06.72- .| 668,17 6.70 | 34.3 | 33.2
| 4 | 6.28 6.09Ll>6.26 33.8 | 29.9
t-Butanol 0.797 1 {5.66 | 5.47 | s.62 | 49.7 | 32.5
- 2 | 6.08. | 584" 6,06 | 47.7 | 47.5
3.{6.88 | 6.69 | 6.85 {405 | 33.2
4 | 6.48 .| 6.42 176244 | 39.2 | 29.9
- e O NN I . . |
n—Pentanol 0.7014 1 | 6.08 6.38 |6.08 [ 31.3 | 31.8
2 {5.89 | 5.7 5.897 37.6 |.37.0
31679 | 6.9 6,79 ] 33.3 | 3302
2 {668 16.5 |%.66 | 20.7 | 262
_nHexanol 0,432 1-15.40 l.6.43 ["6.08 { 31.1 | 43.2
. ) 5 [5.94 583 5.89 46.3 | 53.6
3 4 6.69 | 6.69. 6,79 39.9 | 3.9
- |- 4 1.8.78 | '6.68 | 6.66% 33.1 f 36.1
s - "d - .



-~ -

) -
al \:Si<’ , - N
, * Table 517 (cont'd)
. :ﬂ: s . N .
Solute - .| conen, |Memb.| (esP)2 (PR) £,%
- .o molal x 103} No. | exptl calcd|exptl  caled
mOctanol N\ - ©0.523¢ | 1 | 5.68 5.64 { 72.1 | 69.0
T -, 2 [6.08 6.04 | 63.7 | 76.7
AR . 3 | 6.92 6.88 | 68.7 | 68.7
L e .4 |.6.44 6.30 | 69.2 | 65.6
Sicrose - 0.6521 1 | 632 6.31 | 61.9 ] 64,5
- . - 2 | s.88 5.89 | 69.6 | 72.7
' 3 | 6.80 6.79 | 58.5 | 63.8
| 1 a4 [6.37 6.35 | 64.2 | 56.3
&-Sorbitol 0.6512 1 ! 5.59 5,54 | 49.2 | 48.5
» -2} 5.96 5.91 | 51.2 | 58.8
. 3 1 6.94 689 | 43.8 % 47.8~
_ 4 | 6.56 6.48 | 44.1 | 38.7
Glycerol. - 10.3056 | .1 | 6.41 6.38 | 37.5 | 27.7
T 2 |'6.85° 6.82 | 37.4 | 40.4
- 3 | 6.76 6.72 | 33.8 | 27.2
4 | 8.77 6.48 | 17.0 | 15.0
Methyl-i-Propyl Ketope, | 0.3292 1 | 5.9 s.86 | 56,0 | 34.6
. ISR 2 | 6.02 5.96 | 56.5 | 49.5
| 3 | 6.8 - 6.80 |-37.0-| 31.5
S - - .4 | 8.86 . 6.48 | 36.2 | 24.3
di-i<Buty] Ketone 0.2037 | 1.[.6.89 . 6.80°] 75.5 | 77.8
IR . 2 | 5.93 5,92 | 79.6 | 82.6
SN S R 6.60 | 77.3 | 73.6.].
- 4 | 9.13 9.00 ["60.6 | 71.4
noe o Gumfsg ‘ "33
Acetophenone . * - 6.38 | 24.6 | 23.
. 2 — 6.82 | 28.4 | 38.3
- 7 N R 6.72 | 24.2 | 21.5
. - e — 6,48 | 18.7 | 19.8
iy - o‘ = " ”
TR . -\' - ) , ‘.,
FRRd _—
- - ) 3 - \_).-
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Table"5-17: (cont'd)

-

Solute . | concd, |Mems.] (esRj2 | . (mm@ | g%
o , molal. x 103 .No. { exptl- (exptl calcdlexptl
[ Phenetole. ' 0.2479 "1 J-s.62 - | 5.527| 550 | 60.9
‘ {2 |"6.22 . | 5.8 — |'sg.g
_ o3 o701 | e.88 | 6,90 [ 6.3 |
. e 7007 641 6.95 | 55.5
mButyl Ethyl Ether | 0.2704 1 | 6.70 [6.86.] 6.60 | 68.2
2. 1"6.03 - 5.90 | 5.90 |-73.8 .
"3 [ 6.93 ©| 6.87 | 6.84 | 85.6 -
o4 | 7.73 {868 | 7.60 | 71.8
Anisole £ 0.3863 |* 1 | 5.49 |'s.42 | 6.60 | 49.0
y 2 | 6.26 | 5.89 ) 5.90 | 52.9
3 [6.89 16,76 |6.84 | d2.2 |.
| 4 | 6.46 | 6.38 | 7.00 |- 3.1
Pheriol 0.4097 1 |53 | 5.4l 5.30 | 20.3
- 2 |5.80 [s.87 {571} 237
3 | 6.64 | 6.72 |.6.52 | 21.0
4 [ 6.52 635 | 6.40 | -18.6
pChlorophenol - | 0.4521. 1 [s.52 | s.46 5.3 1 14.7
, ' 2 | 6.40 | 5.85 ) 6.22.] 14,7
3 [6.88. | 6.78 [ 6.69 | 13.4
4 | 648 | 6.43 | 618 | 10.0
Aniline - . 0.4257. 1 | 5.57 | 5.49]'5.57 | 2.4
R 2 [5.90 [5.92(5.90( 2.4
3 ] 6.70 | 5.85 ) 6.70 | 2.0
4 16.36 | 6.29 |6.36 | 0.3
2 g/h for 13.2 cm? membrane surface area. Do -

-

o



R

’l

- 230

Table 5-18

Ccmparlsm of Experinenﬁél and Calculated Reverse Osmosis .

.. Performance for Agueous-Salt Solutions and Cellulose Membranes
at 25°C, 6900.kPag Operating Pressure ‘and 0.0045 Molal Concentration

Sclute = - Concn, - [Memb.| (PSPY® [ © (PR)® £,%.

' molal % 103} No. { exptl |exptl  calcd|exptl calcd

LiBr - be3.7250 L -5.46 - | 5.32.] 5.46 | 55.2 | 43.8
. ] oo o201 5,79 15,76 {5.79 1 53.7 | 56,0

3 6.39'- | 6.74 { 6.39. | 30.5 } 52.6

4 6.06 .| 6,11 | 6.06 | 51.4 | 46.3

6 | ‘4.71 | 4.82 | 4,70 ‘| 38.5 | 45.8

NaF - 4,399 1. 5.33 | °5.25:]'5.33 | .68.9 } 54.7

- - "2 | 5.8 [5.70 | 5.83 {-68.6_| 65.6

) -3 | 6,73 | 6.62 ) 6.72 | 65.2 ] 63.1

4 6.10 '{ 6.04 | 6,20 | 65.6° | 57.9

6 | 4.77 ]-4.72 1 4.757] 55.1.} 57.2

NaCl, "4.604 - 1 6.90 | 5.51 | 6.90 |-55.2 | 47.0

; : 2 | 6.05 }[.5.64 { 6.05 { 55.9 | 56,7

3 - 6.85 6.75 -] 6:84 { 53.7] 54.1

4 6.32 | 6.10 | 6.32 | 53.7 | 46.9

6 | .5.18 '} 4.93 | 5.16 | 41.5 | 46.0

"NaBr 4.426 21} 517 -}.5.26.] 5,177} 50.6 | 37.9

s o 2 | 5.42 4 5.58 | 5.42-{ 51.3 | 50.7

. Tl 3 | 6,59 | 6.66 | 6.58 | 47.8 | 48.4

4°-1.5.97 {6.03 | 5.97 | 48.2 { 41.6

- 6 4:73 | 4.73 ] 4,72 | 36.4 | 41.7

NaT 5.204 1 | 5.55 | 5.33.] 5.55 | 52.6 | 36.5

T ° - 2 5.55 | 5.55°| 5.55 |'52.3 { 50.2
'3 6.56 6.71 | 6.55 | 49.0 | 46.3
4 6.00 | 6.06 { 6.00 | 50.0 { 40.0 -}

. 6 4,73 4.77 | 4.71 | 39.7 | 40.2

KC1 4.631 - 1 5.59 }. 5.38.) 5.59 | 46,1 | 43.4

: - 2.| 4.80 | 5.57 | 4.80 [ 51.6 | 52.8

: 3, | 5.63° ] 5.00 | 5.62 ] 50.4 ] 50.6

. ; 4 | 5.07,°| 6.14 { 5.07 | 50.4 | 44.9

. S 6 - 4.91 { 4.90.} .41.2 | 44.1

- KBr " 4,185 1 | -5.49 .34 [ 5.49 | 50.1 | 40.7

S 2 5.86 '} 5.79 | 5.85 | 49.3 | 52.9

X ' 301 .6.75 6.67 | 6.75 | 47.0 | 48.9

4 | 6.15 {6.09 | 6.14 | 47.6 | 43,1

6 4.77 | 4.64 1 4175 | 40.0 | 42.9
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'-.Tabie‘ -18 - _('ccint'd)

.

Memb.

(Pép)a~

"Solute . Conen, (PR)% CO£,%
molal x 10%| No. | exptl jexptl calcdjexptl calcd
‘RECY 4,445 1 5.37 | 5.32 5.36 {.54.0 | 43.4
: 2 5.77 "} 5.69 | 5.76 } 54,2 | 55.4
- ] ad | 6.70 |'6.6L | 6.69 [ 51.6 [ 52.3
4. {" 6.10 | 6.05 | 6.09 | 52.4 | 46.1
. -6 |.4.83 | 4.86 | 4.82™ 43.1.] 45.9
CsCl 4.839 171.7.73 °| 5.55 | 5.67 | 53.1 | 45.4
- A2 6.38 | 5.96 | 5.83-} 45.5 | 57.8
'3 6.87 | 6.76 | 6.80 | 52.3 | 52.4
4 8.50 | 7.53 | 6.16 | 43.8 | 46.5
6 4.85 | 4,68 | 4.70 | 43.8 | 46.2
CsBr 4.221 "1 | 5.43 | 5.39 { 5.43 | 50.3 | 36.5
‘ L 2 5.77 .| 5.96 | 5.76 | 47.5 | 49.0
3 6.69 | 6.65 | 6.68 | 43.3 | 45.2
- -4 .| 6.14 | 6.05 | 6.13 | 46.6 | 38.7
: PR 6 4.74 |°4.70-| 4.72 { 41.0 | 38.6
NH,C1 4.107 - 1 | 5.42 | 5.65 | 5.4l | 52,77 471
. . 2 5.92 | 5.66 | 5.91 | 56.3 | 58.6
. [;;( 3. 6.75 | 6.58 [ 6.73 | 53.8 ( 55.2
, 4 6.14 | 6.00 | 6.13 ] 54,4 | 49.3
- 67 | ™N-68 | 4.47 | 4.66 | 46,2 | 48.9
NaNo, " 4.092 1 | 5.78 | 5.40 { 5.78 | 16.3 | 43.7
: 2 |- 6.3¢ | 6.08 | 6,34 | 56.6 | 55,1
3 6.79 | 6.66 |. 6.78 | 49.4 .{ 49.7
4 . 10.69 | 7.49 | 7.51 | 39.2 | 43.6
6 .| 4.28 | 4.63 | 4.70 | 39.2 | 43.2
NaNo; 4.306 © 11 | 5.42 | 5,30 | 5.42 | 56.8 | 45.4
T 2 | 5.8 | 5.72 | 5.84 | 55:5 | 56.8
‘ © 37| 6.65 | 6.62 | 6.64 | 53.0 | 53.8
- "4-1 . 6.05 | 6.05 | 6.05-] 53.6 | 47.7
. -6 4.58 { 4.56 | 4.70.] 40.7 | 47.5
NaCl10, 4.236 . |1 5.59'.1 5.36*{-5.58 | 67.3 | 55.6
_ ‘ 2 6.79 | 6.76 | 6.78.] 62.5 | 66.6
: .3 | 6.79 -['6.76 | 6.78 | 62,5 {'6L.8
4 | -911 | 6.95 | 6.18 | 55.3 (" 56.8
6 |-4.76 | 4.66 [ 4.70 | .52.5 | 53,7
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' . / { ' Table 5-18 - (cont'd) ~ ’
Solute - Conen, . _|Memb. | (PSP)2 | (BR)2 - £

oo molalx 103| No. | exptl |exptl calcdlexptl calced
NaStN o7 3.907 1 5.40 | 5.97 { 5.40 { 58.3 | 57.3
: - + 2 6.32 | 5.60 | 6.31.] 59.2 | 64.6
3 6.92- | 6.78 {~6.91 { 60.6 .| .62.2
‘4 | 6,18 | 6.12 | 6.17 | 60.9 | 56.7
. 6 | .4.66 | 4.63 [ 4,68 | 50.5 | S6.1
- | Naro, 4,493 1 5.48 [ 5.94 | 5,40 | 61.8 | 61.8
: B 2 6.04 | 6,00 | 6,04 | 70.3 | 68.8
3 6,80 | 6.71-1 6.80 | 68.2. | 65.9
- 4 6.16 | 6.07 | 6.16 { 72.1 | 61.4
" 6 4.68 | 4.60 | 4.67 | 57.4 | 60.3
NaBrO; 4.137 1 |, 5.67 "} 5.39 | 5.67 | 57.2 | 56.2
- . 2 5.83 | 5.82 | 5.83 | 64.3 | 64.8
-3 6.83 | 6.69 | 6.83 | 63.0 | 62.2
4 6.20 | 6.12 | 6.20 ¢ 6L.3 | 57.0
) 6 4,77 | 4.65 | 4,76 | 33.1 | 56.0
- ['Na,80, . ] 4092 1 5.32 |{.6.15.] 5.67 |.80.7 { 82.3
. 2 7.03 | 5.30 | 5.83 | 87.1 | 84.3
N - 3 6.63- | 6.48 | 6.80 | 85.5 { 83.8
4 6.05 | 5.93 | 6,16 | 86.5 | 81.3
, 6 4.58 | 4.42 | 4.76 | 76.6 | 80.5
MCL, 4,743 1 5.50 | 6.47 | 5.50 | 24.1 | 19.1

: 2 5.73 ] 5.74 | 5.73 | 32.3 | 20.7.
- 3 6.70 | 6.64 | 6.70 | 24.8 { 20.0
* 4 6.07 - | 6.03 | 6.07 | 25.4 | 18.0
. 6 | 4.77 [ 4.57{ 4.77 | 24.1 | 14.6
|.cc, 4.036.- 1 | 5.44 | 5.38.| 5.44 | 27.5 | 15.2
- ° T 2 5.72 | 5.66°] 5.72 | 28.6° ] 20.1
.3 | %.56 |.6.6116.56 |21.9 | 19.6
4 |7 5:96 - 5.97 | 5.96 | 21.9 | 17.6
6 | 4.56 .| 4.56 | 4.56-{ 21.2° | 13.9

~a g/h for 13.2 cm? membrane surfice aréa.

L15
.




Discussion.

‘The cellulos;hmembranes studied in thio chapter
can be used to givé reoerse osmosis separat%ons-of saits'and‘
‘small organic molecules and not jus£1large molecuies as with
previous cellulose membranos. Their behaviour for the. separa-
tion of agueous solutions shows - several characteristics which
mark them as different %rom‘the cellulose acetate and PPPH 8273

membranes that were -used for comparison. With respect to the

salt solutions, 'the divalent anions are more strongly rejected

-

from the membrane surface than the monovalent anions and the
monovalent cations are more strongiy rejected from the membrane
surface than the divalent cations, as demonstrated by the free
energy barameters in Figs 5-4 and 5-5. This trend was reversgd
for ce{lulose acetate membranes wh;cn suggests. that the
acetyé&tfonucé/iellgldse-changos the surfaco chéracteristics of
the materdal: If‘the surface réjections.listed above aré
valid, the two membranes behave as if they had 1nduced surface ’
charges, with the cellulose having a moge negatlve 1nduced
charge. e ’

Anotnef effect was-observed for the cellulose -
membranes .at higher soluté c0nbentrations where feVerse OSMOSis
separatlon showed an unusually large change with concentratlon,

which was more pronounced for a 1: 1 and a 1:2 salt than for a.

r

.2:1 and a 2:2 salt. Whlle thls lnvestlgatlon “intluded only

four salts at relatively dilute concenpration;'a similar effect
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as observed with PPPH 8273 membranes Yeager et al., 1981) did
not show as pronounced an effect w1th respect to ion type,
which was as much as an order of magnitude difference in the
(DAM/Ko) with XAZ slope. The poor agreement of calculated and
experlmental reverse osmpsis performance in .Table 5-11 for
large-concentration differences may be a result of over-
simplifying -the treatment used by Yeager et al. (1981) by not
inclu@ing the effect of porosity} ' '

| The comparison;of—calcclateo*and experiﬁental reverse
OsSmMOsS1ls separation io Table 5-8 for the constant concentration
case shows good agreemeot which demonstratesithe capability of -
the Kimura-Sourirajan analysis for the predictlon of
performance.

The surface pofential—pore.flow model's analysis of
reverse osmosis performance included both organic and 1norgan1c
solutes and successfully compares experlmental and calculated
separations and product rates in Tables 5-17 and 5—18 When"
the B parameters .for the cellulose membranes were compared wlth
r /c along with the B parameters for polar organic solutes
with cellulose acetate and PPPH 8273 membranes in Fig 5-8, 1t
was found for the negative range of B that there was a general

agreement for all three membrane materlals. However, for the

positive B range, sevéral distinct effects are observed. For

~
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Figure 5-8
Surface Excess Concentration for Dilute Agqueous Organic
Solutes and Cellulose, Cellulose Acétate, and PPPH 8273

Materials With Surface Potential Parameters
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‘the cellulose membrane case there is a slow increase of T /c

-

w1th B, but there is - only llmlted data avallable. There is an
overlap .of - the B parameters for-. the cellulose acetate and
PPPH 8273 membranes but there appears»to be two dlfferent

groups of B for the PPPH 8773 membranes. These Drov1de only

- . -

1nconclu51ve results for the 9051t1ve B values. However,'zt
should be noted that T /c for’ these polar‘organlc solutes tend
to be smaller for the cellulose membranes than" for the other

two membranes..

t

When A e (e of water)  is compared for these three
membranes and monovalent (l l) salts in Flg 5-9, there i1s .a
very szmllar relatlon for all three cases but agaln the T /c
values for the cellulose materlal are more negatlve than for
the other two. Thls implies greater rejectlon of these salts

from the cellulose surface“than £0r the ‘other two materials

“which should lead to greater values'of A. While the relation

of - A-eeaad FA/c of Flg 5-9 may’ not be exact for all three
materlals,_there ig a deflnlte_trend of decrea51ng T /c for

lncrea51ng A-e. . e e R . .

‘-

The re51duals (f xptl-__ calc

‘ calculated seoaratlon 1n,Flg 5-10 for the KlmuravSourlra]an

model and Fig 5-ll for the Surface potentlal pore flow nodel.

As well, the resxduals have been blotted with Z AAG/RT)
i

the salts in Flg l2,_and With_g—and A in Fig 5-13 and 5-14.

-

) have been plotted with

-

1
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Su:féce Excess Concentration for Dilute iqueoué:Salt

. S .
Solutions and Cellulose, Cellulose Acetate, and PPPH 8273
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Materials with Surface Potential Pérameters
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*and F?S[ll,.Ol isg estimated.asﬁ3.77.

250.

-

There are no trends in these plots, whlch is an 1nd1cat10n ©of

the adequacy of these two models for the calculat;on of
separations. = . L
As in Chapters 3 and 4, the .F-test for model adequacy

was lncluded. To estlmate the pure error varlance, run number

5, 28 kand 69 for NaCl in- Table A-l -8 were used. Thls gave a

~

/ﬁa\z of 2. 25 and Yp of ll. For the alkall and metal halldes and

P

the Kimura- Sour1ra3an analy51s, SSR was-. 421 5 for 58 residuals
k|

“and a 5 parameter model.ﬂ Equat;on 3j57 is calculated as,

- 421.5 ,- . .__ e
[_53-5- )/2.25 = 3.53

and FSé ll,.Gi'lS estimated'as 3. 79:_ For the. other salts, SSR
1is 5767 for 78 resxduals and a 3 parameter model. Equation 3-

57 is calculated as

—-—)/2 25 = 3.42

T - _
For the surface potential-pore flow-model, the

organic solutes had-a SSR of 1089.6 @ith355 residuals and. a 3

parameter model, and when used .in eg 3757'gives_ . ,
‘ : ) ‘
- 1089.6 IR
(—5-571/2.25 = 9,31
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r

*

andg’ F52 ll,.Ol s estimated 'as 3.80. | For 1norgan1c salts, SSR

was 1148.3 for 79 re51duals and 3 parameters, and when used in -

SN -
eq 3- 57 gives
' 1148.3 . A
| i [——_@TJ/z 25 = 6.72
and-F76,ll,.Ol is estimated as.,3.75 ‘
A It apoears that the adequacy of the surface potentlal— :
pore £low model is questionable for both the organic and
- inorganie.- solutes at this le &3 51gn1f1cance of the E‘ test.
‘ As 1n Chapter 4, a 51m11ar analysis of the ranges B,
A and D that would glve a range of *0.03 for f alca ¥as nade.
. The same procedure was used where only dllute solutions were
. ; considered. The calculated ranges are shown in Table 5519 for

~

both organic and inorganic-solutes. From these it can be -seen
that-the ranges of B and & are, large enouch to have confldence .
in them fer the purposes of modellng. As well, the ranges for
B can Be seen to vary with the value of B as shown 1n the cases
of di-i-butyl ketone and n-octanol. As in the methanol %ﬁd
ethanol cases, the range -of D is small, which suggests that the
value of D has greater influence on ‘the - calculated result than
the parameters B and A. '

One 1mportant observatlon from the point of v1ew of
commercial utlllty is the unusual pOSlthe separatlon of -
phemol and the absence of strong adsorptlons of the aromatlcl

solutes,onto the cellulose surface. Thls latter effect may "be

S

an lndlcatlon of the cellulose membrane's re51stance to foullng A

and lts utllltV for the rejection of organic water oollutants.,
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Table 5-19

»

Parameter Rénges for Solutes in Dilute Agqueous Solutions that
Calculate an Approkfma;e Range -of fcalcg of #0.03

~

. Solute . ‘lParametér Parameter's" fcélcd* fekgtl
- L Value b .
S T LT D
|di-i-Butyl Ketone | +B =345 0.748 17 0.755
, |+ BF .. =450.8 - .0.778 |-
-B 1 -575 0.807 -
E AR L 4030 0.807."

_ ol C- . 4.23 -.( 0.778

) D T 4,15 | .0.749
n-Octanol . | +8. | ~° 5.5 0.660 | 0.721

' o B¢ . - 0.0 0.690
_-B © =15.0 .| 0.720 |

‘ ol L ae2 T 0u722 -
- P RS - 4.5¢4 0.690 °
T . S 4.41 0.661
" |Naclo, o+ 2.2 0.586 |.0.673"

(R Y- 1.538 | 0.556 .

Y . 1.0 0.528

- 4p . 4.38 0.555

D¢ 4.345 0.556

- -D 4.29 | 0.527

: ag hfa units of-m3 x'10“30;‘Q is inm x 10—10, and A is in m x
10T EYL N : .

Bror agiieous solutions and membrane number 1.

Cas réported previously. - , )

3
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Conclusion - -

A method for the fabrication of small pore reverse
osmosis membranes from a éelluloée solution has been developed.

. 2
These membranes show significant separations of both organic

4
A

and inorganic solutes in aqueous solutions, as wEllt%f unusual
i LY .
positive separations of Qhénol. In general, they show a hydro-

philic character as well as a large change.of sa%; separation

with concentration.

Free energy parameters for several salts and surface

potential parameters for both salts and several organic solutes

“

- .

were developed. These were used to successfully predict
reverse Osmosis performance. Comparisop has been made with the
surface potential parameteré obtained by these analyses for .

cther membranes in .agueocus reverse oOsmosis systems.
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Chapter 6 - -

3 =

Reverse Osmosis Ffactionation 6f Ethancl-Héptane Mixtures

\) -

Using Different Membranes #gj

Introduction.
There_are-sévefal examples in the literature of the

uses of membranes to fractidnate'mixtdrés of binary liquids.

‘One example is the work of Kammermeyer and Hagerbaumer (1955)

who gsed sintered glass filters to Separate;several azeptropic
ligquid mixtures by pérméationldndef-éressuré. Binqing aﬂd
coworkers (1960;'1961)‘demonstrated pervaporation through poly-—
meric Eilms for the §eparation‘of‘azeotfobic mixtures. There
have been many_studies.pfﬂpervéporation to separate binary
liguid azeotrppes‘(Cabasg;set:él.,}974; Paul and‘Carfgnia,
1973; Felél 1972) but pervaporation is not comparéa to the:
reverse osmosis separations in this work because thére is an
indﬁced bapbqr liquid phaseAtransition involved in the process
and the membrane inyolved is é.nénporousfiilm. Stratﬁmann
(1978) used data on the permeation of nonagueous solvents

“ .

through reverse osmosis membranes to test their strength and

durability for use in seawater desalination. Nomura et al.

A(1978afl979a: 1979b) investigated the permeation of multiple»

solvents through membranes df-differght polymers. and reported

.. o . 254
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different permeabilities of various alcohols.and'aromatic

’,-

/ .

compounds. 'Boweuer, they experlenced &lfflcdltles ‘with sol}i
effects changlng the membrane ropertles.; . r i
‘Z;J Sourirajan:(1964)'invesuigated reverse osmos;s\/

separations of azeotropes with various porous polymeric ;
membranes and Kopé‘ek and Sourlrajan (1970) studled the reverse
osm051s fractionatibn of several blnary llquld mlxtures w1th
porcus cellulose acetaté membranes at all concentrations. They
reporteé permeate—fesg concentration and permeation rates for‘
several operating pressures; and observed'alcollapse of the
structure of the porous_cellulose acetate .membranes in hydro-'
carbon rich solutionsl. As well Kopecek and Sourirajan (1969)
observed what _theg descrlbed as an equlsorptlc effect analogous
to vapour lquld aaeotropy but at dlfferent concentratlons.

- This work studles .the case of ethanol heptane blnary
mixtures and their fractionation by reverse osmosis. This

~

mixture was chosen for seueral reasons: it demonstrates an
azeotrooic miiture: sufficientxanalYSis for ifncentration was
by refractometry, the mixture was mlsc1ble at all concen-
tratlons, and dllute solgtlon experlments with cellulose ace—-
‘tate membranes and alcohol solutlons demonstrated the stablllty
of these membranes in nonaqueous media. -The three membrané .
types used 1n this WOrk (PPPH 8273 cellulose acétate, and

..

cellulose) were chosen -because of exlstlng fabrlcatlon methods

-

- yd .

and thelr oerformance wlth&agueous and other solutlons.-
) SN ‘
o

o

PR S



Results and Discussion = L
— —

The'reGerse oSmosis experiments were’performedsati
‘ -

6900 kPag w1th solutlons that ranged from pure ethanol to pure
heptane and back to pure ethanol, foliowed by a set perforned
at 3450 kPag from pure ethanol to " pure heptane. Details of the

-

membranes used are shown in Table 6;1 The results -are shown

.graphlcally for representatxve membranes in Flg 6—1 for .

6900 kPag and Flg 6-2 for 3450 kPag operatlng pressure where

both the permeate rates and permeate oonoentratlons are anwn
with the feed solut%on conéentration: "As well, Table o—lﬁsnows
data for_the reverse osnosis<3éparation of LiCl in ethanol
solutions befare and‘ajter"contaot with the ethanol-ﬁeptane_
mixtures. - ;. S . o fr“ ' E ;*lj

- Lt e

It can“be seen from Figs 6 . and 6-2. that there is. a

dlStlnCt dlfference between the cellulose and celiulose acetate
: @
membranes both in terms of permeatlon rates and the degree of

h separatlon. The PPPH 8973 membrane did not ‘survive these'

i

_experlments ‘and data were not 1ncluded beyOnd ‘the 901nt where a

-

possible "pin hole was found .in the membrane. With respect to
the product permeatlon rates, the cel;ulose acetate ‘membrane .

showed a large decrease to almost.no floW«as the amount of

hheptane in the faed solut18n was lncreased ‘with. dnly partlall

recovery for the pure ethanol experlments. "This decrease in .
permeatlon rate 1is the same as observed by Kopecek and

‘%
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) - ) Table 6~1 -
rtReverse Os}nosis Mgmbr:anes Used in :
' ‘4 7+ . . Ethanol-Héptane System. , h
,_ -_‘ T R
Membrane No. 1 2 3 4 5 6
Mater.;ial o R ‘CE CE ca- CE-- |PPEH 8273
Type - - v = Jawsaosn| - .
Cellulose,g 17.96 | 17.96 | 17.9%6 | - 17.53 | .~ '
™SO, g ‘ 113,75 J1i3.75 |113.75 - 108.15 - i
parafomaldex;yqé,g 17.65 | 17.65 .“17.'55 - '1'7_-.2’5 -
Evaporatio;{re@.,"’c.'- 135°;_” 135° 1370 300 3»1‘22°E T905 |-
Evaporation Tine, . mir. ,16/ 10 10 S A T T
-Gelation Solvent? -’ i—'E;rC_I-I {~ProE To;uérxe H;0 sz :\-H 0
Gelation Time, .min. 105- {105 | 105" - L
_Re.generaticx‘z . .. E_I‘?.O.' | HON [H - H,0 -
Shrinkage Tenperatu;:e, - p . .
. oc 1= - - 75 = -
a-Roa.h’Tenpera‘.\:'ure:' 1—PrOH = 1:propanol, .520 :—"‘water'.‘
0\ . 7 N -

e



Figure 6-1

Fegd anq_?érméate Relétion,fof the Ethanoi—Heptaﬁé

) " System at.6900 kPag and 25°C.- o
- A Cellilose Acetate
" 7 7 pepH 8273. - -
- ‘ s . -
) ..Q . Cellulose (Na. 3)
" - cellulose (No. 5)
SN
- . .; - .
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’ Figure 6-2 ]
Feed and .Perme_ate‘Rel"ation for the Ethanol'—Heptane'
: System at 3450 kPag and 25°C

. A Cellulo,se_Acet.ate
O Cellulose “(No.3) '
{ Cellulose: (No.5)

o

.




o

— o o

o
A4
Al

O . S
9)DaW.Ia4 Ul jOUDY}T UOIIDI4  |OW:

1.0 -

0.8

0.4
Mol-Fraction Ethanol in Feed

-
L

~ .

e,

h



»Sourirajan (1970). This trend was also observed for the PPPH

,from that of the feed solutlon.‘ This was, also reported by

_hopecek and’ Sourlrajan (1970). Tne oellulose membranes show

. the ﬁeed and there is also the presence of an azeot)

| 262

-

L]

o

8273 membrane for the concentration ranges_ynlch were

. available. .The cellulbse membranes did not show ‘the same, .

. . : ’ . o L - .
- .drastic decrease of _permeation rate with heptane concentratlon

N

' and there. was\an almost comolete recovery of. permeatlon rate

‘when the feed solution. returned to pure ethanol. It is felt

.

that the cellulose membranes shOW*sterior resistance to

structural collapse 1n the ethanol heptane binary mlxture *than

- -~ o

the other two membranesh

Y
il

" The . concentratlons of 'the feed and permeate” solutlon

-

reported in Figs 6-1 and 6-2 also show a large dlfference

-

between the membranes.' The cellulose acetate and PPPH 8273

membranes {for the llmlted range avallable) show s1m11ar

T

behav1ours with a large excursion of permeate concentration

- . ~

-

~

'_condltion similar to the observations of Kopecek and Sourirajan

(196§};for'cellhlose acetate membranes.and alcohol—aromatic

solutions. ‘This demonstrates that the azeotrope analog effect

]

in reverse osmosis is related to the membrane material, and ‘may -

not occur in some cases. When this work is combined with the

' results of Kopecek™ and Sourlrajan.(1969; 1970, it is aiso

.'agparent that the azeotropefanalog condition- is related to the

\“- -



. SOlution coﬁpOnents' interactions. This is-unlike-vapour?
' e e . o . .
liguid azeotropy ‘where the azeotrope phenomena is dependent
solely on the'soldtion.

The effect oE por051ty on the separatlon is ev1dent

-

for the cellulose membranes. Table 6 2 contalns the reverse

osmosis separatlon data for L1Cl ethanol solutlons both before‘

-

and after the ethanol- heptane solutlons were studled " In terms .

-

of the relatlve por051ty of the cellulose membranes,'the
" membranes which had hlgher L1Cl separations showed. greater

dlfferences in feed solution and permeate concentratlons, as .

-

well as a lower permeation rate.

—~
1 r

Another indication‘of the effect of cbénging

.'

-

solvents on the membranes is the calculatlon of(oure liguid

*

‘ permeation rates modlfled for both vxsc051ty and denszty of - the
llqulds. These are shown seouentlally in Table 6-3 for. both
‘6900 kPag ané 3450 kPag operatiné pressures:' The modified
.permeatlon rates for the cellulose acetate membranes are almost
nll for pure heptane and do not return to the original value
for ethanol, while the cellulose membrane shows a SImllar modi-
\ fied permeation rate for all three bases. This is a furtber
indication that the:ceilulose meﬁbrane strucﬁureiis not
severally.afﬁected'b§ the heptane. in the feed mixture and shows

,their superior capacit§ to handlerhxdrocarbon liguids when

compared to .cellulose  acetate- and the PPPH 8273_meﬁbranes.

T
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Table 6-2 ' '
Experimental Reverse Osmosis Results with ‘LiCl—

Ethanol Solutions Before and After the Ethanol-
Heptane Experiments, at 6900 kPag and 25°C.

Position Conen Membrane| Membrane2 | (psp)® | (pr)P £,%
molal x 103} ™ No. Material
Before 5.511 1 CE 5.08 4,61 15.2
2 CE 3.07 2.79 40.9
3 CE 7.75 7.60 33.4
| 4 L 10.94. | 10.80 | »99.9 -
O 5 CE 22,84 | 15.22 | 22.5
! 6 PPPH ! 12.62 11.98 »99.9
After 6.643 1 CE 2.19 1.95 41.7
2 .| 1.83 1.79 | a1.s
3 . CE 4,14 4,03 38.5°
4 CA 4.99 4,88 >99.9
5 CE 11.97 11,14 24.0
Before 81.46 1l CE 5,19 4.37 24.7
2 CE 3.03 2,54 31.4
3 CE 7.98 6.60 22.3
4 Ca 11.62 9,94 97.6
5 CE 21.08 13.31 14.4
6 PPPH 13.19 .9:8? 97'8+
After 74.09 L CE 2.32 2.07 . 32,9
2 CE 1.92 1.67 38.1
3 E 4,24 T 3.68 29.4
4 - CA 5.36 . 4.87 99.0
’ ) 5 E 110.68 7.13 | 21.1

& CE = Cellulosé; QA = Cellulose Acetate; PPPH = PPPH 8273.

. . b4
b g/h for 13.2 an® surface area.

-

-

Y
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Table 6-3 -
Modified Permeation Ratés for Pure Ethanol and
. - Pure Heptane at 25°C \
{FR) .y 1 . 1 ' rﬁ/s x 108, for Membrane Number
Solvent P, 3.2) (3600) E
' e 12 22 32 4P 52 6C
Ethanol { 6900 37.3 22.8 57.5 81.1 | 169.3 93.6
37.8 22.5 58.4 84.7 | 179.5 95.8
. 36.7 22.5 59.2 86.1 | 156.3 75.2
Heptare | 6900 34.9 26.5 60.4 0.7 | 106.1 -
) 33.7 26.2° | 59.9 0.8 | 101.0 -
Ethanol | 6900 16.2 14.2 31.6 35.5 71.3 -
16.2 13.6 30.7 35.5 88.7 -
15.8, 14.4 31.7 38.2 64.0 -
15.9 13.4 0.1 | 3006 | 8s.3 -
17.2 14.2 31.3 39.7 79.2 -
Ethanol | 3450 17.2 15.4 - 32.0 45.7 1. 64.1 -
' 14.4 9.3 26.7 | 4055 60.2 -
Heptane | 3450 18.3 14.5 36.9 0 73.2 -
17.7 12.9 35.6 0 71.9 -

2 Cellulose Membranes

b Cellulose Acetate !

c PPPH 8273 Membranes

Al

N
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 Conclusion:

»
" -

The use of reverse osmosis in a binary mixture
fractionation has been demonstrated in a circulating feed solu-
tion system and with several different mefibranes. Each
membrane type shows differeﬁt‘permeation rates ;nd sebaéation

characteristics as well as properties attributable to the.

b . -~
7

variation of porosity. This is further evidence of the

elementary principle of preferential adsorption and pore flow

-

'

as the mechanism of reverse osmosis. Also, the presence of a
N : .

4

vapour-liguid azeotrope condition had no visible relatibn to or
effect upon reverse osmosis performance. The~a?eotropé analog
has been demonstraéed to be dependent upon the membrane
material aé well as the feed solution's nature. The resistance
of the cellulose memBranes to solvent dégradation was observéd,

while the bellhlose acetate and PPPH 8273 mémbranes shows:ci{.‘~

greater .separations. Quantification of parameters describing

this type of reverse oémosis‘separatidh'remains to be studied.
. t .N

-

Ry
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Chapter 7

Conclusion

A major contribution of this work is the extension of
existing reverse. Oosmesis literatpre to include nonagueous solu-
tions.‘ This includes the separétion of inoréanic salts as well
as’ organic solutes in their methanol and ethanol solutions.
FdF the inorganic salts,<free energ§ parameteis were dgenerated
by the Kimura-Sourirajah analysis for the ions -studied as.Qell
as for several ion pairs. These were uéeq to successfully
éredict reverse oOsmosis p;rformance in both the metﬁénol and
ethanbl solutions. Combined-with successful results in aqueous
solutioﬁs, this demonstrates the validity of the Kimura-
Sourirajan analysis, .regardless of solvént.' An attempt was
made to correlate the‘ionic free energy parameters with a
mobility term that would enable the,prédiction of reverse
Oosmosis performgnce in other solutibns. ‘

»Surfaée potential parameters Jere calculated for both
the inorganic salts and the organic sclutes in methanol and
ethanol solutions by using the surface pqtenfial—pore £low
model. The success of this model for ‘the prediction of reverse
osmosis performance including the enrichment of the solute
(negative separation) as well as £he enrichment of the solvent,

demonstrates the validity of its use in both agueous and non-

267
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‘ - -
a@ueous solutlons. Comblned with the successful results of the~

\ Klmura—Sourlrajan model this leads to the conclusxon that the
reverse osmosis mechanism upon wh;ch the two models are based’

is the same in the alcohol cases as 'well as the aqueous case.

Further, thls mechanism should be the same for al%'other solu-
d -

tion systems. An attempt to correlate: surface potential

.

parameters with suitable surface excess concenttatiOn terms -
. . T s . SR
~demonstrates the effect of the interfacial properties 6n

. reverse ¢smosis performance.
- E-‘# ) N

Another contribution of this work has been the
'development of a ceilq}oee reverse osmosis membrane. No 4
-~ comparable -membrane has been described in the literatdre, both

“1in terms of pore s%ze (as.%easused by solute separation) and
the degree of unaltered cellulose. These megbranes were evalu-

ated in aqueous reverse‘osmosis experiments to determine’both

surface potentials and free energy parameters of various salts
“and solutes. A concentration dependence of performance was.

also observed,'andran attempt was made -to measure this effect.
- The surface potentials and free energy parameters were compared
S
wit results for other membranes, which h;ghllghted the unigue -

s

&rooertles of the cellulose membranes.

An experimental study of the reverse osmosis *°

[

. . . . . . L
fractionation of binary mixtures of ligquids has-also\bden

contributed to the literature by this work. It has been shown

that vapour-llqu1d azeotropic conditions have no effect upow

. - —
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-

réverse. osmosis performance. Also, confirmation of an azeo-
trope analogue Ednditiqn ﬁaa been made as well as an iﬂitial
o obsérvat;on of the.intéffaqiai dependence of the azeotrope
céndition by changing the membraﬁe méterial.. The effect of
porosity on membraqe peffo;mance'wés‘demoﬁstrated by using the
same set of membranes throughout.
The primary conclusion that can be made from this

N~ o~

work 1s that the physicochemical approach to the ‘description of

reverse dsmosis can be used to énticipa;e_and pfedict reverse
osmosis_perfprmance in both nonagueous as well as agueous
condi;ions.' This work also suppofts the use of the physico-
chemical approach for the description of reverse osmosis in all

of its formé,'
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Nomenclature_

' pure solvent permeability constant[ (mols solvent)-

-~

m~2.s571.kPag”!,

- ‘ i M . - ) .
constant characterizing electrostatic repulsive force,

m. ) ) . .

specific surface area of polymer powder 1n the
chromatography experlments, m2/q.
electrostatic interaction term in eq #—52.
solvent activity. |

solute membrane permeability.

constant characterlzlng van der Waals attractive .-

-

force, md. , . o

ionig¢ v1sc051ty coeff1c1ent parameter in eq 3- 53

salt s viscosity coeff1¢1ent parameter in eg 3~52

-

solute frlctrOn in membrane pores.
molar density of solution, mols/m3.

concentration  of solvent in the membrane. N .

‘concentratioh of solute .in the membrane.

solute concentration. T
mean solute concentratlon in the membrane.
membrane por051ty coeff1c1ent, m/s: .-:"_ ‘.

dlstance assoc1ated with sterlc;repuléion‘at the.
-5 L 95, i ¢ S N,

interface, m.

. “
1 ‘ - A

diffusivity of solvent in-the membrane, = . Co
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diffusivity of solute in the membrane. f?i\'
diffusivity\;f A in B, m?/s. - )
solute transpbrt.parameter, treated as.é single
varilable, m/s. |
density, kg/m3. ) -

membrane surface diameter (circular qells), m.

Borﬂ equation parameter, kJ-memol™}.

electronic charge. |

Faraday constant.’

«solute separation.

solute sepératiOn based on the boundary'layer
concentration. | . ' -
free energy of solvation, kJ/mol.

surface excess free energy of solvation, eq 3-13,
kJ /mol. | | '
characterispic cell dimension.

sof&ent flux through a_membrahe.

solute f£lux thréugh-a membrane:d

_distfibution éf‘solﬁte‘between the bulk-Solution.and
the membrane. . |

ionic éissociation con;tant.;

mass transfer coefficient on .the high pressure side
'of,the-mgmbrape, m/s.

7Boltzmanh‘Cohstant.

. hydraulic membrane permeébility.
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r

" Kelvin radius, m. .

—

rmolecular weight of solute, g/moli

mﬁ}s/of ion per mol of solute.

Avogadro's Number.

solvent fiﬁx'throqgh the membrane, mé;-m'z-s'?.
Reynold'sinuﬁber. |
Schmidt!s.ﬁuﬁbér..
Shgrwood's-n&mﬁer.f - -

mols of ion i.

operatiné'pressure,'kEag.

experiméntal'product.permeatiqn?rate,‘g/h for 13.2

cm? surface area.

'experipentaf pure solvent perméation rate, g/h.

for 13.2 cm? surface area.

‘high pressure side volumetric. flow rate.

effective membrane\pore radius, m.
universal gas constant, 8.314 x 1073 JeK"lemol™!,
laminar flow-pore radius, m.

“hafd,wall" pore radius, m.

_radial distance from pore centerline, m.

Stoke's ‘Law radius, m. -

‘'solvated- ion size; m.

~

effective membrane surface area, mZ.

tehpergturé, K. -

© pore; velocity. .

molar volume of solution.
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partial molar volume of the solvent.

molar volume' of pure solvent.

experimental iiquid'chromatography retention volume,

solvaied_;on‘volume.

-~

eXcess energy of an ion inside a membrane pore,
kJ/mol.
mol fraction.

ﬁgl fraction of solute.

. A
distance, m. \
o \.. . .
ratio of the dielectric constants of liquid and
solid, eq (1-8). '

ion c¢harge valence.

s

P

———— [ ————— .



- a

R Y 281

Greek Letters

deéree of ionic dissociation.

defined in eg (1-9).. i

dimensionless solution velocity profile in a
concentration dgpendant parameter defined in
eq 3-24.

dimensionless quantity défined b} eg 4—14.
dimensionless' quantity defined by eé 4-15,
parameter in modified Born eguation, m.
effective pore length. .
acti&ity-coefficient.

. 2
surface excess concentration, mol/m?

dielectric constant.

inverse. of Debye-Huckel ionic cloud distance, m~l.

viscosity, Pa-°s.

ionic conductivity, S-{equiv)”!,
dimensioﬁless parameter defined in eg 4-26.
chemical potential. . | 7
kinematic viscosity, s/mZ2.

“osmotic pressure, KkPa.

} dimensionléss radial pore distanceyw
reflection'cpefficiént described\by_eq 1-6.
poteﬁtial function for the interfacial- force
exerted on the solute from_thé’membrane_pdre

Jemol™ 1.

pore.

wall,
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@ = dlmen51onless potentlal functlon.-

= [RT/D ], ﬁrlction-between'splute and'sdlvemt,
J-s-m'z-mol"l:. )

wo = solute membrane permeablllty. I

_'
- ‘Superscripts’
o = pure.solution case. . ° S R

T - "Subscripts
1r2,3i_=“ pertaiﬁing to bulk, concentrated boundary layer, ‘

_-"__. rmembrane permeated solutlon concentratlons,

- reSDectlvely. L S
i_h Coe= pertalplmg to soLuté; R -
B "_‘ = perteiming FO_Sé%éﬁnt_g;'bulk:eelétion phase.
R = pérteiningléo ion pai}s.‘ R .
's} : =: bertainimg to sqlvemt.' .
i = ~per£aining,te ion of type i, ) N

T, = perta;ning.to‘catibns and anions, respectxvely.,

x = pertaining to” the mean ionic propert& )
’ ' o~
- ? - -
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‘solvent found in Table A-l—6 The results for'membrane no. 1 are

_ determlned by equ3 45 as : _ ",

i Thus with egq 3-7, (DAM/KG)“can,bevdetermined by i}

D 284

An example'df the' calculation of (DAM/K6)'S from experimental

data is given here. The dilute solution case is considered here,

. - - - - '*'
with the experimental data from Run No. 9 for LiCl in ethanol

(PSP) of 17 52 g/h, (PR) ‘of 17 33 g/h, an 83 4% separatlon, -and a -~

membrane surface aﬁea of 13.2 cm2 Equation 3-7 <wan be used to

determlne (DAM/KG) since -at the 0 0009453 molal concentratlon used

in thls experlment the osmotlc pressure contrlbutlon is negllglble.
This equatlon also requires 1nformat10n on the densxty of ethanol,

.whlch was -taken as 0.7892 g/mL-.

The pure solvent.transport parameter, A, is calculated by eq ,'

3-1, where P is 1725 kPag, and My is 44 g/mol. ‘This is shown as
) . ' -~ 17.52 g/h
S A= ——. 7
44g/mol + 13.2 ch - 3600s/h - 1725 kPag
. 4.858 «x 10‘9 mol/(bmz-kPag-s)

h

5. 858 x lO 5 mol/¢ mz-kPag-s)

With thlS value ‘of A, the mass transfer coeffmcxent can’ be.’

k = 0.04951 (4. 858 x 107 5) 4-5.962'x,10-§7

=78.371 x 1076 m/s
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17.52 g/h ' (1-0.902)

(D /K§) = .
AN 3600s/h+13.2cm2-0.7892 g/mL ~  ©-902 R
17.52 g/h - i oyl -

x [exp
3600s/h+13.2cm 2.0, 7892 g/mL -8. 37lx10 Gm/s

1.923 x 107 & m/s

For the cglculation of rererse.osmosis;separatioh for dilute-
cases where osmotic-pressuré is not sigﬁificaﬁr; eg 3-47 can be o
used. For the case or LiBr in rsn No. 6 and membraae No. 3_ip
Table A—l—G,Athe.concentrarion Qas 0.001074 molai aad the operatiﬁél
' pressure was 1725 k?ag;r ‘As, well, the (PSP)-ﬁor membrane‘No. 3 is
23.04 g/h for 13. .2 .cm?2 of membrane surface. From previous -

1nformat10n (Table 3 13y, the membrane porosity, 1ln C* 1r was

"LiC

.taken as —9.38; On the basis of this information and ‘the surface?-

potential. free energy parameters that .are g1ven in Table 3-10,. the -

'calculatlon can be made.

W1th the (PSP) ‘and operatiﬁg preSSQre‘infbrmatibn, Agis:
calculated as . ‘ | ,

o ‘ 23.04 g/h R

a_f :_ j-‘e-A'% 44g/mol ¢13.2cm 2. -3600s/h +1725 kPag
= 6,389 %1075 mol/( mz-kPag s) ' ]
With tﬂ?é;value:ofA " the ‘mass transfer coeff1c1ent for LlCl can be‘
Caiculatedvas__'_'r-' o A :' - i_- ".,. ". ,. 5_-;
L k.. = 0.0495% t6'546 x 10~ 5) +.5.962 x‘10%6 o

ref
) 9, 125 x 107 6 m/s
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Unlike' the prevzous example, because the reference case of the mass‘
transfer coeff1c1ent is for dllute LlCl, a conver51on must be made
with eq 3-26 for LlBr. Because of the dilute’ concentratlcn, the
limiting diffusivities of Table 3-2 are used in eq 3-26, where
(D2g) is 4.92 x 10*llj and (D2_):.._ is 5.03 x 10”10, The mass

AB LlCl AB ' LiBr

. transfer coeff1c1ent of LiBr is then calculated as -,
‘ ’ ’ ‘ ' o V-c . 2/3:
kref (D /(D )

9. 125 x l[)"’6 (S 03/4 92)2/3

k

o 9. 260 x 10-6 m/s

This - mass transfer coeff1c1ent was the one used in eq 3-47. A

" further. requlrement is the value of (D, /K6) for LiBr. Thls'is

.‘-calculated as in eq 3 15 where the surface excess free energy :

- parameters for the ions are taken from Table 3—10-

= *4 ‘- _— i
ln(D /K6 1n cL c1 ¥ f ni_f aae/RT)i

~9.38 + (-5.40) + (-0.43)

-15.21

\

" 'and (D /Ké) 1s 2 480 x 10'7 m/s. /

~ .

Equatlon 3- 47 is then calculated as | - o R
‘ - . 3600:s-d ..(PSP) -1
£= [V 4 (Dpy/KE) - ZpapT exp [3gpgoeray |
_ , e - n 3600 's/h-13.2 cm2-0. 7822 g/mL
= . 7 . .
(1 + 2.480_x lO._ m/s 5307 g/h -
23.04 g/h . - -

x exp | ' - -
' 3600 s/h-13.2 cm2.0.7822 g/mL+9.260x107 6 m/s

Q.ngf 7

or'96\9%lseparation. ‘This result can be compared with the

'-experlmental separatlon of 93 9% 1n Table A-1-6. As well; the. -

'assumptlon,of equ1yalent (PSP) and (PR) is verlfled by the

" comparison of ‘the.two.

o
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Liquid Chromatography Retention Volumes

for Cellulose Acetate Polymer and
“and Methanol and Ethanol Solutions.

Ethanbl? ‘Methanol®
Sclute _ ]_ J. _
vl vl - -
) mL X %06 mg x%og
Acetonitrile 1.576 -2.757.
Propionitrile 2.327 2.631
"Valeronitrile ~1.880 2.491
Benzonitrile R 2.105 L 2,477
Nitromethane R 1.549% I - 3.148
1-Nitropropane - -2.181 : 2.658
- 2-Nitropropane 2.259 2,519
.Propicnamide _ - 1.542 2.044
n—-Butyramide . 1.536 1.987
J i-Butyramide’ " 1.455 1.959
~Aniline 2.816 2.728
Triethylamine, -1.634 ©1.885
N,N- Dlmethylbenzylamlne 1.579. 2.081
N N= Dlmethylanlllne . 1.996 2.445
Sucrose- 1.627 1.708
Raffinose 1.74] L =
Resorcinol 1.498 2,141 -
-Ethylene Glycol 1.326 1.987
- CC1 i ‘1,361 - —
Pol?acryllc Ac1d, 2k -1.442 -
Phenol - 1.531 2.21)Y
H,0 . ‘1.458 2,038
| Mgthanol N 1.402 . -
" Methaneol=gd- . == 1.9594
- Ethanol-4. “1.285" N
‘Ethanol Lo -1.903-
Heptane 1.614: -
Benzene 1.619 2.225
Toluene - 1.594. 2.141
,Ethylbenzene .1.482 2.057
o—Xylene 1.532 -2.169
p-Xylene o 1.472 2.099"
Cumene . 1.381 2.001
" n— Propylbenzene 1.361 2.001
- Mesitylene - o1.397 2.029
n—-Butylbenzene -1.270 1.959
s—Butylbenzene 1.257. 1.917
i-Butylbenzene L L1.217 - I 1.917
t-Butylbenzene, 1-..278 0 1.932
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Table A-1-1 (cont'd)

_ . - - Ethanol? MethanolP
5 ‘ -rranolt ,
\o;ute' .Lv'] Lv!]
m° x lOé m* x ?05
MgCl, 1.007 . 1.690
CaCl i 1.060 - 1,715
Src12 1.055 ‘1,715 .
BaCl, - = 1.739
LiF 0.757 -
S Licl - 0.934 1.690
LiBr - « - 0.9586 1.715 .

-{ NaCil - ' R 1.012 '1.715
NaBr e . 1.179. £1.714
NaIl : 1.289 1.910

© KF 1.455 2.019
KC1 0.956 1.934 |
KBr 1.020 1.946 .
KI - 0.997 - 2,056
RbC1 - 1.004 - ~ 2,030
_RbBr - 1.020 -
RbI 1.174 e
CsCl : . 1.037 . . 2,032
CsBr ol 1.075 S 2,080 .
- MgBr, S 0.976 -1.666 .
 MgSO, - 1.510 -
Sr (NG, ), 1.192 -
leso 1.538 - .
NaNo, - ~1.510 - |
NaNo - 1.047 -
NaCl -1.009 -——
NaCl0,. - 1.571" -
NH, CL 1.037 -
. NH DH "0.764 - -
‘Hel 0.918 -
LiNO, —_— 1.727

. Ethanecl Flow Rate of 0 265 mL/mln., 0 8715 g of cellulose S

'nacetate powder,

-Data suppllea by Taketaﬁl et al. (1981).’

25°C.

Métﬁanol~Flow Rate

. of 0.267 mL/min,, 0.92 g of cellulose acetate powder, room
"temperature {23- 25°C). . R

-
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“Table A=1-2

-

Solute:' .f LT

L ﬁas

Na, K. Tartate>~
Na ‘Benzoate

.Na’ Acetate

Na Succinate’
Na Citrate .

K Biphthalate ° i
" Na Oxalate-. oL
Pimelic Acid ’

Citric' Acid
.Lactic-Acid ]
i-Butyric Acid

.. Valeric Acid

Malonic Acid-
Pivalic Acid
-Adipic Acid
-Malic Ac¢id, .
Suberic atid
~Azelaic Acid
Benzorc Acid
Tartaric Acid
Succinic Acid .
Acetiec Acid -
.Ds0 | -
Methanol
Ethanol N
n—Propanol -
. i=Propanol’ oo
n-Butanol '
s-Butanel - - N
A-Butanol -
t=Butanoeol
n=-Pentanol -
-n—Hexanol T

1.995 -

-2:038
2,017
2,022
2.006

2.142

21440,
.2.,281
2,244

2,188

2,173
2,223,

2.355
2.170
2,247

- 2.305

2.257
2.334 -
2.064
2.218

T 2.239

2.162
2.290
2,180
2.135
2.154
2.157

©2.135

2.130

S 2,170

2.122

- 2.151

2,183

~

.

| |
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‘Table A-1-2 {cont'd)

p-Chlorophenol.

’ v T
.S?lgte m; x1§0§
n—Octanol 2.218.
- n-Nonanol . 2.265
.Cyclohexanol 2.180
2,3-Butanediol. 2.146°
1,2,6- Hexanetrlol 2.154
Glycerol 2,162
Ethylene Glycol 2.178
Polyethylene Glycol 200 2.104
PEG 300 - 2,067
PEG 600 2.048
PEG 1000 2.062
PEG 1500 2,033
PEG 3000 ©2.048 -
PEG 4000 2.067
PEG 6000 2.106 °
PEG 9000 2.064
PEG 15000 2.080
- PEG 20000 . 2,075
Sucrose 2.125
Dextrose 2.167
Fructose .2.170
Glucose - 2.175 .
d-Sorbitol - 2.196 -
. d=Xylitol 2.159
Lactose 2,149
Raffinose 2.128 .- -
FVa 2,000 2.054"
pPvVA 10,000 2.043.
PAA 5,000 2.014
PAA 50,000 2,003
PEXI 1800 2.083
Phenol 2.397
2.841
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Table A-1-2 (cont'd)

Solute

m

I

o—NiErophenol
m—Nitrophenol‘

" p~Nitropheénol
Acetonitrile -
Propiconitrile
Acetamide
Propionamide -
Nitromethane
" 1-Nitropropane.

2- Chloropropane
Aniline

Methyl- Ethyl Ketone
Acetone :
Methyl-i- Butyl Ketone
Methyl-i-Propyl Ketone
‘Di-i-Propyl -Ketone
Di—-i-Butyl Ketone
Cyclohexanone

. Acetophenone
Anisole’

n-Butyl Ethyl Ether

.di-Ethyl Ether
Phenetole

"Methyl Acetate
Ethyl Acetate
Propyl Acetate -
n-Butyl Acetdte
s-Butyl Acetate
i-Butyl ‘Acetate
t-Butyl Acetate,

‘Benzene
Toluene -
Ethylbenzene

2.737 -
2.763-
2-.837
2.088
2.135.
2.215
2.178

2.31%

Z.302
2,231
3.252
2.328
2.15¢9
2.236
2.188
2.125
2.106
2.188
2,207
2,183

-2.202
.2.275

2.191
2.265
2.239
2,244
2.275
2.498
2.239
2.244
2.418
2.328

2,365

v
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>

" Table A<1-2 “(cont'd) "’

o . - N v} $.r )
S?luFeA mg_xllo
‘o—Xylene - '2.281 °
m=Xylene 2.218
Cumene 2.302
‘n=Butylbenzene '2.384
s=Butylbenzene T 2.344
. 1-Butylbenzene 2.463
t=Butylbenzen 2.218 .
MgCl, . . - 2.083
‘caCly. ' " 2,104
SrCly . .. 2.054 - .
‘BaCly -~ - . 12,035 -

- MgBr, S - 12,064 _
o i'mir T, - - ©2.075 N
| ric1 2.130 ‘
LiBr 2:070
LiZX .2.131
‘NaF - - 2.120.
NaCl 2.098
NaBr -~ - 2.114
Nal = 2,109
-KF 2,059
--KC1 - - 2.064
KBy -7 2.083
CKI 12,067
'RbC1 2:130
. { RbBr .+ 2,151
" RbI. - 2.152
CsCl -~ 2,022

j CeBr 2,027
CsI, ©2.078
NaNOj 2.090
NaNo . - 2.093
NasSC - 2,053
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Table A-1-2 (cont'd)

e : ‘ Ty i

:Solute _ ‘<m5 Q]xés
NaClOs' ' | 2.130
NaBrO, 1 2.898
_NaIO8 2.ll2
Na,BFO, p ‘ 2.093
. Nazgo“ ‘ L ’ 2.067
ga O03 . . 57431
8 3 - , .313
HC1 - 2.082
HZSOH 2.067
NaCH . . . 1- 2.083

0.7715 g (dry) cellulose powder, water
"flow rate of 0.266 mL/min., 25°C.



Table A-1-3,

Peak Heights .and Retention Times for Methanol -
on Cellulose Acetate Powder for Surface °
a Area Determination '

uL 4] Peak Height Retention Time, |. Peak - Detector

injected | x 2.54, mm cm Area, Attenuation’
: <] em? Factor ;

2.0 . 23.3 2.10 ~ 1 11.73 .8

2.5 . 24,5 1.80 14,97 8 :
5 26.3 1.30 14.17 | 16
10 30.8 ' .0.80 3.193 32
10 16.0. . . 0.90 I 7.028 ‘64
20 44.5 0.50 1.337 64
30 .18.0 ° 0.36 4.799 256
40 "~ 28,5 0.25 7.258 256
" 60 .- 46.7 0.18 10.23 256
I 54.0 0.20 11.10 256
80 53,30 0.20 -] 12.39 | . 256
90 53.0P 0.30 12,35 | - 256
100 53,50 . 0.40 - 14.34 | .. 256
110 53.8P 0.45 14,44 -]~ 256
120 ] s3.9b - 0.45 .| 15.60 .} - 256
130 53.0P ©0.40 16.80 [~ ' 256
140 53.0P 0.49 . [ 18.08 256 .
150 53.00 . 0.50 19:81 | 256
250 t.  54.0 - "~ 1.45 - 2L.16 |- 256

@ 63.0°C column tempegéture, 240 mm/hour chartspeed,
. 23.80 mL He/minute, 0.6205 g cellulose acetate powder.

)

b‘These values were considered to be 54.0. .

- -
-

e -
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'Table Af;—4 ‘
' Peak Heights'aﬁd'Reteh;ibn'Times-fof Ethanol on”

Cellulose Acetate Powder for Surface Area

o - Determination . = .
- s ’

/“ .

A

K

Size - Factor ‘Height, Time, -

40 16 10.50- - 0.46 * .| 11.208

70 16 14.50 .- <0.74 |- 18.78 "
80 16 | 14,60 |.. -0.88- 20.31
g .. 14.60 .| . 0.84 . | 23.49
100 16 7 -| 14.80 | " 0.90 25,36
110 .16 14.60 ‘| . 0.90 28.50
120 16 "14.60 0.90 ] 29.49
130 : 16 ~14.60 [ . 1,00 | 32021
140 16 . 14.60 ‘0.82 34.40

200 : 16 . 14,60 0.84 | 48.70
250 © 16 14.60 0.85 64,72

50 16 - 112,71 F c 0.51 [ 13.55 | :
60 16 - 13.97 - |© 0.6l 15.78 ~| . n”

5 16 . 0.35 71.63 - ) 1.236 -
10 16 - '1.00 - 0,97 112,366
15 16 © 1.9 |t 0,69 3,948
20 16 ] 3.03 1t 0.57.7 [ "5.457]
30 - - 16 - 6.78° 4 - 0.40 | 8.504.

-

150 | 16 14.60- 0.80 | 37.53

# Column Temperature, 67°C; 26.78 mL He/minute, -
0.6205 g of cellulose‘acéta;e-powder.,' ' :

Injection | Attenuation | . Peéak’ | Retention . Pégkg:j?l'
Area, |~
WL o ]oem o eme L em2e

. v : —
A e f

b
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Conéxi,- '

(PSP)3,

Solute | P, . -|Membrane (PR)Z,]. £,%
] molal x 103 | -kPag No. g/h - g/h

NaCl 5:130. - 1725 | 137 ] 17.44 | 17.28 | 78.2,

- T - 14 |'52:68 | 52.20 | 72.6

-15 47.68 | 47.48 | 70.7

16 |"32,12 {:32.00-| 80.2

17 . ) 38.24 | 38.08 | 78.9

’ - 18" | 34.20 | 34.00 | 80.7

1 Nacl 5.591 L1725 | .13 17.40 | 16.89 | 78.4
T " 14 f 52,67 | 51.41 | 72:7

N 15 | 47.31 | 46.26 | 71.1

.16 .31.83 | '31.14 | 80.9

‘ 17 37.86 - 37.29 | 78.6

. 18 33.91 | 33.09 | 81.1

“CCl, 4.865 - 1725 13 1 17.36 | 17.12 | 99.6

. : S 14 52.24 | 51.36 | 98.7

15 47.40 | 46.92 | 97.9

16, 1'31.88 | 31.68 | 99.4

- , 17 37.62 | 37.56 | 99.1

© 18 33.92 | 33,40 | '99.1

LiNO . 5.707 1725 13 17.56 - | 16.74 | 86.3

: N 14 53.12 | 51.00 | 8l.6

15 47.92 | 45.78 | 80.0

’ 16 32.28 | 31.14 | 86.3

17 38.44 | 37.14 | 88.3

, 18 34,00 | 32.91 | 88.3

Sr(NC,) ,i°  5.592 1725 13 17.37 | 16.97 | 96.8

: - 14 52.73 | 50.87 | 91.1

15 . | 47.20- | 46.13 | 89.4

16 31.97 | 30.97 | 93.4

17 37.93 | 36.83| 94.8

- . \ 18 . | 33.60 | 32.50 | 95.2

NaCl 5.527 1725.. 13 |- 16.94 | 16.60 | 77.1

: 14 50.98 | 48.44 | 74.0

- 15 46.20 | 44.54 | 70.3

16 31.52 | 30.70 | 79.2

: 17 37.10 | 36.44 | 77.8

18 33.04 | 32.18 | 79.5

. .
s e
. o .
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S v - ' : . - | — -aj ER -
‘Run. | -Solute |. .-Concn, P, '{Membrare| (PSP)’, t-(FR)., £,%
- ) .| molal x 103 ‘kPag | -No: / g/h -
7 {¥Br - | 5.270° | 17257} 13 .| 16.80 |.16.56 160.9
S - I 14 -| 50.36 [.50.16 - |54.1 -
X | 15| 45.68 | 45.24 [52.3
) “ 1. 'l | 30.96 | 30.60 -(62.8
: 17 | 36.68 | 36.44 |61.0
| 3 18 .| 32.44 ‘| 32.04 "|64.1
‘8 | NaCL | - 6.220 1725 | - 13 | 17.08 | 16.65 |77.8
|- S Tl 1a.| 5203377} 50.38 (9241
15 |- 47.23 | 45.55 - {70.6
16 | 31.95 | 36.43 /7813 |
217 | 3788 | 30.70- |79.7
18 | 33.23 7] 32.05 |80.3.
9 | xer 5,733 |°1725 | 13 | 16.95. | 16.62 [60,5 "
- 14 | 51.39 | s50.40 |54.4.
) 15 | 46.53 | 45.63 |52.1
16 | 31.20. | 30.72 |52.1
17 | "36.96 | 36.54 |60.8
) 18 | 32.64 | 3123 [63.7 -
10 | MCl, |  4.319 1725 13° {7 16.77 | 16:23 |99.6
- : 14 | 51.30 |. 49.26.{99.4
15 | ‘46.53 | 44.43 |99.4
: 16| 31.14 | 30.09 }99.5
17. | 36.50 | 35.73°{99.6
, 18 | 32.16 - | .31.23 [99.5
1| BaCl, 7.051 - | 1725 13 | 16.53 | 15.90 |99.6
ool -l 1a | s50.31 | 48.41 [99:1
15 | '45.24 | 43.64 |98.7
16 | .30.56 [\ 29.54 {99.4
17 | 36.37 | 35.15 |99.4
18 | 3L71 | 30.71 |99:5
12 | Nl 4.897.". {1725 | 13 | 16.04. | 15.81 {79.9
' ' ' S 14 '48.96 49.06 {72.4
. 15 | 44.56 | 44.01 |73.2- 7]
16 | 30.00 ] 29.72 |81.1
17 | 35.60 | 135.40 |80.0
) 18 .| 31.04 | 30.95 82.1

—
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T U116

Run | ‘Solute |.- Conen, P,. [Membrarel (PSP)3; |- (PR)4,"
. - | mlal'x"103 | kPag | . No. a/h |-g/h | -
13 | srCl,. 5.257 - j1725 13- | 16:11 '| 15.60 }99.6
I . . . 14 | 49.77 .| 48.03 [99:0
K 15 | 744.94 | 43,56°]99.1.
- ’ 16 |+ 30.33 29.84 (99.3
17 | 35.64 "] 34.83 j99.6 -
\ -18 30.84. |~ 30.06 [99.4
114 -LiCl 5.431 - 1725 113 016,05 "1 15.79 |87.9
: ' , : 14 50.13  { 48.58 |84.1
15 45.15 | 43.85 [84.0
16 30.18° |- 29.64 |88.5
. 17 35,88 35.06 {88.1
. 18 | 730.96 |"30.58 {90.2
115 | NaCl0y ' | © 5.759 . 1725 13, .16.23- § 15,63 {61.1
: : 4 14 | .49.83 48.81 173.5
- 15 45,15 43.98 |51.6 .
- 16 30,57 | "29.58, {27.0
17 35.88 .| 35.17 |71.6
18- 31.26 -| '30.49 .[82.0 .
4 NaGlO, - 2.948 - |1725. 13 |. 16.08 |.15.54 {75.9
‘ ] 14 | 49.47 " | 48.41 |72.2
- - 15 |- 44.73 43.41 (75.8
16 | 29.94 .|  29.52 [B1.5
17 1 35.67 | 34.77.(83.3
* 18 |” 30.99 | 30.42 {85.2
17 NaNo, 7.151 - 1725 13 | 15.87. | 15.75 {82.4
. ) 14 49.23 | 48.66 -182.4
15 | -44.52. 44.04 181.7
16 .29.91 29.64 [86.3
17 35.49 34.95 (83,2
i 18- | 30.75 30.51 [87.0
18 | NaBroy 8.990 | 1725 13 | 15.81 |’ 15.60 |68.7
- - : 14 48,48 . °| 47.61 |74.2
15 "44,01 | 43.11 [66.8
16 .| 29.61 | 29,19 |78.8.
17- | 34.95 34.50 |54.8
187 | 30.21 29.85 {76.0
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S A . ‘e ©a a T
Run-| "Solute {- ' Conen, ' '|' P, . |Membrane| (BSP) ,. | (PR}, ! .£,%
N o' | molal x 103 | kPag ‘No. | -g/h- g/h-

- 19 - Na€1 °5,110 1725 13 '15.66 | 15,64 '}.78.9
i = LT " 14 48.75- ) '47.,94 ' 73.5
15 | -44.07 | 43.14 | 71.9
, 67 [ 29.82 °1-28,97 | 80.5
. T 17 | 35.25 °f 34,26 | 79.3°
- . o 18 | 30.64 .| 29.88 | 82.0
-20 | NaNO, .5.158 1725 © 13 | . 16.04 | 15.57 76.7
‘ - e 14 49.24 48.00 | 71.4 -
: 115 | 44.60 | 43.41 ‘| 71.4°
R - 16 | 30.16 | 29.10 | 78.8
- .17 35.56 | 34,68 | 77.8
18 | 31.00 | 30.24 | 78.8
21 | w,Cl 5.558 .1 1725 . 13| 15.91 |-15.67 | 76.9
: . : - 14 49.26 | 48.23 |-70.6
' 15 44.14 . ] 43,67 | 6700
: . 16 '30.00 | 29.537 '{,78.3
. . 170 | -35.09 | 34.70 | 774
) 18 | -30.69 | 30.20 |80.1
22 | NaCI . 4.989 | 1725 13 [ -15,91- | 15.57 | 79.5°
SRR o 14 44.24 | 43.11 | 73.8
” 15 44,24 | 43.11 | 72.7
- 16 | .30.00 ] 29.20 | 80.6"
17. | 23.40 | 34.40 | 79.5
- 18 '} 30.78 | 29.74 | 82.4
23 | Aniline 0.9101 1725 .7 13 7| 15.75 | 14.98 0.9
. 2 14 1] 48.63. | 48.53 0.1
15 44.10. | 44.12 | 0.9
, R SA6 .| 29.67 | 29.70 2.4
. 17 - {- 35.13 { 34.90. 2.0
181 30,72 | 30.53 | 0.9
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. Solute | Comen, .| P, |Membrare| (PSR)3, | (PR)2, ] £,%
e . molal x 103 | kPag No. g/ | gh '
N,N-Dimethyl~" |  0.9299 | 1725 13 | 15.75 |, 16.02 ] =0.

14 | 48.84 | 49.02 .

15| 44.13- | 44.07

16 " | 29.55 | 29,37
17 | 34.98 |. 34.92.
18’ 30.51 | 30.54

aniline

. .

1-Nitropropane . 1.033 - 1725 |- 13 16.02 | 15.63
A ' 1o |0 14| 49.59¢ | 48.63
15 | 44.79 44.07

‘16 30.00 29.61

=T . 17 | 35.61 | 34.71

- Sl 18 b 30.93 30,03

|Acetonitrile | 0.8024 1725.| 13 15.87 15.81
I : _ - 14 " |- 48.81 | 48.21

© 15 44.34 43,80

; - 16 | 29.46 29.22
L 17 34,71 7|7 34,98

18 | 30.18 30.24

.|Propionitrile . 1.045 ¢ | 1725 13 16.03 | 15.46
: i oo S 14 49,31 48.08 -
o . : .15 44.63. | 43,80

- : ‘ 16 29.74 | 29.62

- \ o 17 35.57 34.61

. ' - , 18 | 30.74 30.03
Nitromethane , 0.9991 1725 | 13 16.32 | . 14.22
B L C - | : 14 |.51.48 | 47.37

' 15 | . 46.86 43.83

16 |- 31.41 | 29.22

17 37.50 - | 34.89

18 -] 32,52 | 29.67

_Nitrobenzene 0.9138 1725 | . 13 | 15.84 | 15.42
. B R - . 14-| 49,53 48.09
1.:° | 15 44.85 43.87

R R - 16 30.12 ) 2915

17 | 35.25 |, -34.22
18 30.75 | 29.86

L
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“Run Solute .Comen, .: | P, L (BSR)E,-| (FR)Z, | £,%
S S molal ‘x 103 | kPag S | g/ o
| 30 |2-Nitropropane 0.9321 1725 15,93 15.54 |- ~7.9
B IO ‘ T 149,02 48,24 | 2.4
. - 44,52 143.53 | -5.3
: 30.21 29.25 | -2.3 |
- X 35.10 34.23 | -8.5 .
L 5 30.87, 30.30 | -1.9
31 [|Valeronitrile | 0.8196 1725 15.88 15.38 | 0.3.
b o - 49.05 47.67 | 0.6
g 44.35 44,10 | 0.6 -
* 30.33 29.32 | 1.6 .
’ 35.30 34.58 | 3.5
_ ‘ 30.63 30.44 | 1.1
-32. -|Benzonitrile ' { - #0.9113: [ 1725 15.76 | 15,30 | -1.%
‘ S o ‘ 48.14 48.06 | 0.7
43.36 43.32 | 6.2
| 29.s6 28,92 | 4.8
34,20 34.74 | 3.8
29.92 29.76 | 4.3
33 |mButyramide 0.9541 . [ 1725 15.66 15.53 | 16.7
E . - : 48.03 47,98 | 13.0
43.68 43,34 .| 13.8
29.22 29.14 | 19.1
- 34.44 34.37 | 18.7
29.94 30.00 | 17.6
34 |i-Butyramide . 0.9111 1725 - 15,63, 15.39 |, 19.7
o ' o - 48.20 47.56 | 15.0
43.29 42.97 | 17.6 .
©29.03 |- 28.77 | 20.9
34,17 33.99 | 22.7
30.03 29.58 | 21.9
35 |NaCl 3.320 .| 1725 | 15.49 14.50 | 81.0°
S 48.09 |- 46.41 | 75.7 .
© 43,31 | -41.91 { 74.2
29.06 28.14 | 82,3
34.80 32.46 | 80.9
) 29,26 28,47 | 83.9
.36 |Propionamide . |  0.9161 1725 15,69 14.69 | 7.4
: : ' 48.85 46.39 | .5.8
. 43,77 | 42.23 | 6.7
23,2 | 28,28 7.4
¢ 34.23 | '33.37 ] .7.2
= © 30,25 29.40 |~ 8.6
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: . a . a’ :
Run- Solute Concn, P, |Membrane| (PSP) , [ (PR) r | £,%
- . molal x 103 | kPag .No. { g/ "g/h '
52 |Benzene 4,977 1725 13 '| 15.03. 14.88 2.6 -
’ ' : CTp 14 | 46071 45.69 | "0.4
15 | 42,15 . |- 41;37 | 0.2
-t 16 - - 28,56 28.14 | 0.9
. 17 | .33.00 | 32.49° | 1.4 .
" 18 29.22 |, 28.89 | 1.5
1725 1301 140917 14,76 | 101
g ‘14 |- 46.47° | 45.78 | -0.4
c15- | 41,97 | . 41.31 |- 0.7
16 . | 28:53 28.23 | 1.1
- 17 {7 32.94. | 32,67 | 0.9
‘18 |- 29.46. | 29,10 | 1.3
54 |oXylene ©4.938 172570 0 130 14,91 7| “14.88 | 5.7
; o ' o - 14 45.93 f 45,817} 4.0
- 15| -41.34 o 41.46.| 5.6--
16 | ©27.99 | 28.35] 5.4
17 |- 3231 | 32.88{ 5.4
18 7| 28,53 |- 29.28 | 6.1
55 |p-Xylene 4.798 | 1725 ‘13 7] 15.03 14.85 | 2.8
T . L : 14 |. 46.50 -| .45.66 | 3.4°
- 15 71 42,18 ' | 41.317} 2.8 .
a 16 " 28.65 | 28.17 | 5.2
‘17 L 33.06.7) 32,67 | 5.2
o 18 29.52 |" 2947 [ 5.8 -
56 |Cumene -4.832- 17254 13 15.09 - | - 14.97 | 13.7
' . .. 14 +| 46.35 45,72 |- 9.9
S 15 .| 41091 41.52 | 9.9
-~ 16 28,41 28.32° | 13.0
- A 17 33.00 | 32,97 | 13.2
18 29.22 | 29.19 ] f15.0
57 |Ethylbenzene "4.846 1725 13 1 '14.91 | 15.00 [ 4.8
' oo ' 14 46.08 45,66 |. 3.4
" 15 42.06 .| 41,79 | 2.8
16. | . 28.56 28,35 | 4.2
. 17 33,000 | '32.,73 1 4,0 :
18 | 29.49 29.43 | 5.4
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: . : : a ooa
Run’ Solute Concn, P, Membr:ane4 (PSP) , | (PR) , | £,%
T molal x- 103 | kPag | . No. g/ g/h
58 |t-Butylbenzene 4,802 1725 13 | 15.10 14.91 8.5
B - : ' 14 46.85 46.05 6.9
15 42.29 42,09 6.9
16 28.70 28.47 8.5
17 . 33.52 . 33.27 ] 8.5
_ - 18 30.99 29.55 | 10.0
59 |Mesitylene 4.520 1725 |. 13 . 15.06 14,20 | -16.1
S T : ‘ 14 46.37 ¢ 43,31 | 12,3
15 42.11 39.63 | 12.1
- 16 28.51 26.86 | 16.2
17 33.06 31.24 | 16.4
18 .. 29.46 27.74 { 17.9
60 |i-Butylbenzene’ . 4.707 1725 13 14.97 14.91 | 18.8
. - - 14 46.38 45.69 |- 14.0
15 42,27 41.57 | 14.7
Pl 16 28.62 ‘28729 | 18.6
17 33.03 32,66 | 19.2
18 29.55 29.43 | 21.7
61 .|s-Butylbenzene - 4.880° 1725 13. | 15.05 14.91 | 23.2
' o 14 46.38 45.63 | 17.4
© 15 42,45 41.60 | 18.2
16 28.92 28.31 | 23.1
17 1| 33.33 | 32.91 | 23.5
, 18 | 29.55 29.23 | 24.8
' 62 |n-Propylbenzene|  4.7i6 .| 1725 | - 13.] 15.11 14.91 | 6.5
' ’ 14 46.31 45.57 | 4.6
15| - 42,25 41.70 4.2
T .16 28.88 28.32 6.5
17 33.05 33.00 | 6.5
. 18 29.73 29.16- 9.0
63 |nButylbenzene 4.824 1725 13 15.24 |, 14.94 8.8
‘ ) 14 46.44 . 45.66 5.8
15 42.33 - 41,57 5.4
16 28.44 ¢ 28.23 7.3
17 33.27 32.83'; 8.8
i8 29.64 .29.09 | 8.8

A,
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' ' ’ a a
Run Solute . Conen, ' -| P, |Membrane| (PSP) , | (PR) , £,3
molal x 103 .| kPag No. a/h g/h '
64 |NaCl 5.149 1725 13 15.09 |- 14.75 | 79.8
\ : - 14 46.26 - | 44.78 7} 67.2
15 42.18 40.85 | 73.2
. 16 28.56 27,90 | 76,5
17. | 33.12 32.29 {'80.3
' 18 29.64 -] 28,69 | 82.5
65 |t-Butylbenzene 4.787 1725 ‘13 15.06 14.86 | 22.5
i . ) : 14 45.72 | 45.26 | 17.4
15 41.73 41.11 | 17.8
L 16 28.29 28,03 -{ 22.5
, 17 33.00 -1 32.42 | 23.0
\jz _ . 18| 29,38 29.09 - 25.4
66 ' |s-Butylbenzene 4.899- | 1725 13 . 15.00 14,91 | 20:3
' : ) . 14 45,78 45730 | 16.2
15 41.52 41.31 | 16.2
. 16 28.11 28,20 | 20.6
17 32.84 32.55 | 20.8
18 29.16, 29,19 | 23.8
68 .NaCl - . 5.526 . 1035 13 - 8.82° |* 8.68 | 71.5
’ ' : : g 1 - 14 26.98 26.61 | 61.2.

: 15" | -24.88 24.41 | 65.3

- - 16 16,60 |. 16.28 | 71.0 -

17 19.50 19:26- ] 72.7 -

o] - 18 17.56 17.19 |'75.9 -

69 [NaCl 4.6878 .[1035 13 8.76 - 8.67- | 71.1 -

' . BN 14 27.00 | 26.46 | 61.8 .
15 24.72°.| 24.48 | 65.5
16, | 16.32° | 16.20 | 71.8
17 19.32 | 19.13 { 73.4
- - 18 — 17.21 | 76.5
70  {Benzene, 2.977 o [-1035 13 8.90° } 8.94 ] 4.9
‘ 14 27.21 - | 27.23 |- 2.8
. 15 24.81. 25.01.} 1.1
16 16.55 16.80 | 7.1
. ¥7 | 19.55 19.71 | 4.9
.18 17.63 '17.87 |1-1.5

: I




. . . o a a .

Run Solute 7 Conen, " P, |Membrane| (PSP) , [ (PR) , £,%
] , : .{molal x 103 | kPag No. g/h -
71 |Toluene ) 4.756 | 1035 13 8.78 8.75 2.7

) - 14 27.04 | 26:84 0.9
© 15 | -24.70 | 24.64 0.5
16 16.36 | - 16.41 2.7
- - . 17 | - 19.52 | 19.49°| 1.8
N 18 -17.34 | 17.45 1.8
.72 |Benzene © 4,641 - 1035 13 '8.92 | - 8.85 0.7
. g 14 27.16 | 27.14 | 1.2
15 25208 | 24.99 0.7
16 16.72 | 16.68 0.7
. 17 |- 19.76 | 19.62 { 1.8
. : ) 18 | -17.64 | 17.68 | 2.3
-73  |o-Xylene® 4.769 1035 13 . 8.92 | 9.00 1 5.1
T ; y 14.f. 27.36 |.27.38 | 4.3
- ‘15 25.04 | 25.17 3.8
T - 16 16.84 | 16.82 { 5.3
i : 17 |, 19.92 | 19.92 5.1 -

' - 18 | 17.84 | 17.96.} -5.7

74 |p-Xylene 4,726 © |} 1035 13 8.96 8.99 3.9 °
: . N n 14 27.48 | 27.41 1.9
- 15 25.26 | 25.13 |- 1.5

16 16.76 | 16.80 3.3-

. 17 19.82 | 20,07 2.7
‘ ) - 18| 17.94 | 17.8% 3.3
.75 |Curéne 4,758 1035 13| . 8.80 8.85 |, -9.0
: . . 14 27.00 | 26.67 6.7
15 25.02 | 24.86 6.0
- T16 | . 16.54 | 16.58 | - -9.2
. - 17 19.66 |° 19.55 7.8

- - 18 17.78 | 17.66 | 10.6
76 |tButylbenzene { - 4.951 1035 13 | . 8.96 8.69 16.8
S ~ ’ 14 27220 | 26.63 |. 13.3
15°) 24,82 | 24,63 |7 I3.2
16: | 16,52 | 16.38'{ 17.5
- ] . 17 19.72 {- 19.41 | 18.9
18 17:70 |. 17.30 |  19.5
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|
- a a
Run Solute Concn P, | Membranel (PSP) , (FR) , £,%
' molal x 103 | kPag|  No. g/h a/h
77 |Mesitylene 04,978 1035 ~ 13 '8.92 8.79 11.1
: 14 27.16 | 26.79 | 8.6
) "15 25.18 | 24.68 8.1
16 16.62 | 16.46 | 10.6
17 19.90 | 19.53 " | 11.%
18 17.94 | 17.63 12.3
78 |i-Butylbenzene 4.873 1035 13 8.86 8.78 12.5
: 14 27.06 - 26.76 9.8
15 25.00 | 24.84 9.8
16 16,72 | 16.52 |J0.6o
17 19.80. | 19.65 | 12.8
. 18 17.94 17.@;; 12.3
79  |s—Butylbenzene 4,876 1035 13 - 8.80 4 — 15.4
- : o 14| 26.78 | 27.02 1.7
15 24.85 | 24.95- | 11.4
) 16 16.55 | 16.65 15.3
17 | - 19.75 | 19.71 [ 15.2
U - 18, | 17.65-| 17.75 | 17.6
80 |Propylbenzene- 4.779 1035f - 13 8.94 8.82 6.5
o ‘ 4 (- 27.17 | 26.91 4.4
- 15 25,10 | 24.74 4.2
. 16 16.72 | 16.58 6.0
17. ] 19.66 | 19.55 5.7
18 17.69 | 17.67 6.9
81 |Ethylbenzene 4.717 - | 1035 T 13 8.79 | 8.87 2.6
" * T 14 26.98 | 26.96 .| 1.6 .
. 15 24,89 | 24,92 1.6
16 16.66 | 16.64 2.6
17+ 19.63'| 19.67 2.4
18 . 17.62 | 17.73 | 3.2
) - L
82 {n-Butylbenzene . 4.843 1035 13 8.82 8.79 6.5 -
' - ' 14 26.78. [¥ 26.73 6.0 -
15 24,72 26.65 | 6.0
- 16 | 16.48 | 16.35 | 7.7
. .17 19.74 | "19.43 7:8
18 | 17.76 { 17.48 9.5

e
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. ‘ - . a ,'-_a ] \
Run Solute . Conen, P, (Membrane| (PSP) , |"(FR) , | £,%
‘ molal x 102 | kPag .} WNo. [- g/ -7/
83 [NaCl 5.543° | 1035-7 13 8.72° | 7 8.69.| 71.3
) . 14 26.92 26.47 { 61,7
15 24,76 |- 24.44 {-64.5
L le [ 16.44 .| 16022 |.712
17" 49.94 - | 19.37 | 72.9
18 17.90 | 17.40 | 75.7
84 [NaCl 4.968 1725 ~13 15.57 | 15.17 | 79.6
o 14 44,82 | "42.89 | 71.7
: - 15 43.44 ¢ 41.77 [ 66.3
- e =16 28.32 27.3L ] 79.8
) 17 "} 35.07 30.31 | 81.8
_ |18 | 31,53 30.31 | 81.8
8 {NaCl 5.084 1725 13 15.54 15.21 | 79.8
- 14 44,07 43,34 | 71.1
" 15 42.78 -] 41.92 | 73.0
16 27.72° |-"27.81 | 80.1.
- oo 17| 34,44 33.56 | 80.4
A ~ -  p.. Y8} 30.28 |- 30.84 { 81.6
"87 |t—Butylbenzene { ~.1.244 1725 13 15.54 15.24 | 26.9
-~ - . 14 44.13 43.48 |} 24.0
i . . 15 42,84 42.18.| 24.0
=T T cre| .16 27.39 27.36 } 29.9
, ~- s 17 34.71 33.81-1.29.9
. SR . 18. | 31.29 30.60 | 32.3
88 |t-Butylbenzepe (.. 9.620- 1725 - 13 15.33 15.36 | 23.2 -
. } - - 14 43.74 42.96 | 19.8 -
S e 15 42.57 41.88 | 20.1
T _ 16 27.75 27.18 | 25.5
5y - 17 34.11 33.84 ] 25.8
" 18 3084 — 26.1
89 |Triethylamine | ~ 11.72 1725 13 15.48 | -15.23.| 47.8
: -~ ‘ - T - 14 43,89 43,10 | 43.0
. 15 42.84 42.08 | 44.6
- T 16 |~ 27.90 27.33 | 52.4
- T 17 34.44 | 33.88 | 51.4
: - ~ 18 40.05 30.38 ] 52.6
S e ST
R i}




300 7 L. L ole -

.| Run Solute\?\f‘ " Conen, P, |Membrane{ (PSP}'-, | (PR) ,"} £,%
S e - | molal'x 103 | kPag. | No. .| g/h. g/h 7

91 |Triethylamine " k539 1725 -1° .13 | 15.36 15.16 | 40.
N 14 | 43.4 -, 42.26 | 36.
-oe R - 15 )1 -42.45° | 41,697} 37.

L A : Sy 16 ] 27.78 f 27.21 | 39.3 -

i 117 34.02. { 33768 | 38.8"

Co_18 | 31.05 {30027 | 4I.1

92 [NaCl . '5.021 1725 1 13 15,53 | 15.91
. : . o A0 140 43,27 | 4r.23

NCoo .15 |-42.62 | 42.05¢
ool 16.717727.82 )0 28.20 .4
S 17 | 34.42-| 35.04
18, |-31.30 3163 |

.

) ~1 -] oo
0w o
.

14
58 .

- 0o

~
——
o . . .
L R
(I "

93 |N,N-Dimethyl- 20.34 . 1725 | 13 | .15.39° |”15.13
benzylamine : T w14 Y 42.84 41.07

e e

o s 1 em2.21 ] 41,54
v o .16 17 27.42 26.93

- o TET U 733,93 ~10.33.32
L1871 30.63 30.05

3
.

W R RN

W Wwo K
L ]

O 00 O R Wi

£

~r

94 |N,N-Dimethyl- 1.128: 1725. | - 13 | 15.48 ‘| -15.38
- ' |benzylamine . - : 14 | .43.08 | 41.94
15 .| 42.21 .| 41.89
16 27.45 |.727.39
*17 34.29 33.87 |
18 30.72 30.45.

.

.

RS RYE SN
N W WO,

BN A RN

96 |t-Butylbenzene 5.268 | 1725 |- -13 | 15.48° | 15.48
: S . : 14 | 43.69 42.83 |-

B RO
SR
[ ]

. 15 | 42.81 -], 42.37 720,77
. . 16 27.90 | .27.48 | 27%6/-

- 18,17 31.17 - |~ 30.62 | 291

97 |N,N-Dimethyl- -, 5.018 1 1725 13 | 15.36 | 15.10
E benzylamine T e ©14. | 42.72 | 42.28 "
- ' 151 42.,07. | 41.58
' B C-16 )7 27.29- - 26294
o S 2 ST ) 33,96 | 33.50
S . 18 30.29 |730.12.

]

W RN .
00 W W o
. . .

IR R NIV R F)

an
.

= QW R
.
Ul b VR b~

98 |Nacl ¢ 5.413. 1725 - -13 |7 15.21 | 15.36°
g L e | 1 14 42.31° |. 42734

- ‘15 41,55 |- 42.13.

: 126,79 | 27.36
. oy ). 3328 34.46

. © - 18- | 29768 30,94 |-

=
oy

2

e s e o JRSS RO RN BN |

:_.-‘-r-—ql_),‘-‘_‘—lh-f”_‘. " : .
8 . . . :

g 17 (34.56 7 33,99 | 26.77|-,
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=TT K 311 . - )
1Rl . solite * Conen,. [P, ' Membrane| (PSP)3, | (PR)3, | £,
g . .7 .7 | rolal x 103 | xPag | Nos: g/m "} - :
.1 99 |G1pcerot - 7 -1.096sP {17254 93 — | 14.28 | 26.4°
R B R 14 - - 41.58 | 23,2
' - o 15 ¢ — 41.18-| 2126
> i » . 1 16 — 1. 26.55| 27.2 -
, - : 17 — | 33154 27.1 -
T - Lol 1. .-18 — ] '28.25 | 22.5.
<l: 100 |NaCY> |- v 4,928, -|-1208 | - 137 | 18.92 11,71} 75.0
£ S A o0 T T e L 310 o) 30061 | 6702
T : - »15 | 30019 Y| 29.00 | 8.3
- - : T 16 .| 1951 | 19.35 | 74.7
- . 17, 24,72 | 24.37 ] 2.2
-0 ’ 18 .} 25.20 24.83 | 63.3
2101 jNaCl o 5.085 < | 1208 - 13 0} . 11010 | 10.95 | 74.7
A T R JX4 O} 31,1377 30,29  66.8 .
. : ot 15 7} 30453+ | "29.77 -] 68.6
, |- S SR T 19.82°- | 19,47 |- 74.4
o ) - T - 17 | 25.20 24,38 ] 72.0
4 RO N .18 | 25.80 24.90 | 63.2 .-
162 [ t-Butylbenzene| . 5,183 4 f 1208 |- 13 |.11.18° |. 10.99 { 21.5
L) R © - 14 -] 31,600 |- -7 | 17.9
el T R I 1S 30.88 | - - 17.5
IR I N L T 16 20,08 | -19,65°] 21.6
- —— N 17 25.55 |.-24.86 { 19.6
. : , - ‘ 18 | 26.25 | 25.41°} 20.2
103"} 'N,N-Dimethyl~ ©5.159 21208 | . .13} .10.93 11.127 ) 25.2
-'| benzylamine . A 14 | 30.68 31.40 [ 18.9 .
: o - - 15 29.79. | 30,59 |-19.7
I SO . 16 I8.81 | "15.70 | 25.6 -
; I IR ' »17 |, 24.42 | 24,94 | 23.0 °
- - s . . 18 24.99- | 25,57 | 22.2.
104: {-Triethylamine |~ ~5.730 . 1208 13 10.71 | -10.69 | 36.8
e Tt w 1. l4.| 31.027 ] 30.49 | 32.9
- A i~ SRR 15 30.66 |- .30.03.| 32.1
\ . . B 16 19.68 19.22+| 38,9
. 7 o 17 28,75 .| 24.40 | 35.0
N . t:! 23.97 24,8971 32.2
105 Nac)y T v 5.242 1208 13- | 11,06 - 74.6
. - - 14 31.06 = 66.1
N s 15 T 30.40 - | 67.8
o ) - 16 19.66" - - 74.5
- 17 24.80 - 1.7
18 " 25.40 - 62.5
i \‘é‘«' ! .
- 7
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: i .
Run’ .Solute "Concn, P; -{Membrane| (PSP)3, | (PR)?,.| f£,%
) molal x°103 ‘kPag 1+ No: ‘g/h- - | .g/h
106 |NaCl 5.203 '] 690. 13, | 6.39: 1  6.26 | 63.8
: - . . 14 | 18.12- | 17,93 | 56.9
. - 15 | 18.09 17.25°] 58,2
. 16 "1 11.73 -} 1i.36 | 65.8 -
17 | 14.80. |" 14.25 | 62.8°
. _ . "18 4 -15.39 |, 14.78 | 55.9
108 |t-Butylbenzene 4.880 690 |- 13 |- 6.64. 6.27 | 13.9
B B . c : S A7} 19.08 17.85 | 11.0
: ) 15 | .18.78 | 17.48 | 11.6
’ . 16 12.14 10.87. | "14.7
- 17 |- 15.56 14.25 | 13.6
- > 18 16.10 14.73 | 13.6
109 |N,N-Dimethyl- 5.192 7 690 - 13 -— 6.12 | 16.1 |.
benzylamine : b4 — 118.05 | 13.1 °
_ . 15 — . 17.78 | 13.8
16 = 11.46 | 17.9
T 17 — | 14,517 16.5
i . 18 — 15.10 | 16.I
110, |Triethylamine 5.118 690 . 13 — | 6.52 |'27.3°.
. - ; . 14 — ~18.83 | 23.6
. 15 — 18.26 | 21.5
.16 — |. 11l.58 | 28.8
: , C 17 — 14.95 | 26.0
) : 18 . — 15.60 | 25.9
- 111 jo-Toludine 0.9757 1725 13 15.20 15,12 | 16.4
: 14 43.20 41.96 ‘|- 10.5
J15 1 42,30 T 41.31 | 11.4
16 | 27.05 26.59. | 15.4
17 |7 33.93 | 33.30° 1s.1
" 18 34.73 33.68 | 12.4
112 |wac1 5.328 1725 13 |- 15.40- 14.70 | 79.7
14 '42.88 41.19 | 71.6
15 | 42.23 40.53 | 72.3
16 27.28 '25.86 | 78.6
17 34.41 32.43 | 76.5
18 | 34,12 32.46 | 66.1
)
A |



v

e i . a . a
Run - Solute ~ Concn, .P;, {Membrane| (PSP) , | (FR) , £,%
. : moial x 103 | kPag No. | - g/h
- 113 {o-Toludine 1.436 1725 13 15.25 14,61+ 17.5
. S C ' 14 42.50 40,84 | 13.6
15 41.08 39.66 | '13.4
- 16 26,00 .| 25.43 | 16.2
17 33,35 |{. 31.56 | 15.6
18 . | "33.58 31.92. 14.8
14 |o-Toludine . 0./5530 - | 1725 .- 13 | 15.36 15.26 '} -8.8"
N S : "14 | 42.81 42,38 | 7.4
15 41.70. | 41.60-| 6.6
’ " 16 26.85 | 26.68-) 9.2
17 — - 33.30 |- 7.8
1871 29,55 |- 33.3¢° | 7.4
115 |{o~Toludine 0.9953 1208 13 11.30 | 10.89-t 13.8 "
C R . 14 | °31.86 ") 30.73 | 10.0
L 15 30.82 | 29.69 | 10.1
- 16 19.78° | 19.32°} 13.1
17 25.14 24.26 | 13.4
g 18 +|7°25.28 | 24.40 | 10.0-
| 116 |o~Toludine 0.9350 690 13 — 6.27.1 5.9
S ' - 14 —_— 18.00 | 7.9
15 . —_ 17.46-{ 8.9 .
16 — 11.19-| 5.3 .
17 - — 0 14.25 | 6.lr.
. 18 —_ 14.45 | 4.9
117 |NaCl - 5.252 1725 13 15.44 — |.78.1
‘ : ' . 14 43.46 43.06 | 71.3 .
LD 15 42,31 | .42.57 ] 72.0 .
5 16 27.34 27,30 | 78.6
17 34.75 | 34.34 ] 76.4°
18 | 34.85 34.53 {166.9
'118 |Triethylamine 5.746 1725 13 {. 15.81 15.21 | .42.5
~ .14 44.49 |- 42.66 | 37.3
T 15 43,20 41.76 | 37.8 -
16 28,08 |. 26.82 | 43.6
17 | 34.75 33.60 |- 44.1
18 35,55 33,57 | 38.2
119 |Triethylamine ‘| ~2.670 1725 | 013 — " 15.63 | 43.7
‘ : 14 . - 43.59 | 36.5
15 — 37.38 | 35.0
.16 - 27.72 | 42.9
17 - —_ 234.74- ] 43.2
.18 — 34.26 | 36.2
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Run | - Solute Conen, P, [Membrane| (PSP)2, { (PR)?, | £,3
. molal x 103 | kPag No. g/h g/h
512 (NaI 5.040 1725 | 1 | 22.00 21.39 | 54.3
' 2 5.47 5.37.{ 55.4
- . 3 4,31 4.19 | 67.4
4 15.31 15.37 { 70.0
5 20.49 20.13 | 58.8
6 3.33 3.24 | 75.9
" 513 |NaCl 5:002 1725 1 21.74 |, 21.22 | 58.9
‘ ' . 2 5.40. 5.32 | 72.9
: 3. 4.28 4.21 {.75.6 -
L 4 15.54 15.37 | 66.5
5 20.11 20.26 | 63.1
\\\ 6 = 3.31 | 80.3 -
1514 ICsCl 4.929 1725 1 21.80 | 21.59 | 43.7
: . 2. 5.46 5.35 { 61,2
- 3 4.32 4.21.1 61.2
4 15.52 | "15.35 | 47.6
5 20.58 | 20.15 | 45.8
- 6 3.28™ 3.27-|767.0
515 |RKC1 4.916 1725 1 21.60 21.41 | 45.5
: 2 5.40 5.31 | 62.3
3 4,22 $4.17 | 64.2
4 15.16 15.30 | 50.6 .
: 5 20.18 20.09 { 46.4
g 3.32 3.24 |'73.2 .
519 [NaCl 155.4 1725 1 21.64 17.75 | 46.9
. 2. 5.42 4.22 | 62.0
- 3 4,18 | ' 3.34 | 66.8
- 4l 15,45 12,53 | 52.1
-5 20.66 16.24 | 47.8
6. 3.24 2.55 | 73.4
520 |NaCl 152.5 17257 .. 17 21.77 (7 17.77 | 47.1
: o 2. 5.40 4.39 { 64.1
' .3 . 4.26 3.32 | B5.4
4 |7 15.45 12.53°] 51.5°
i 57| 20.66 | 16.75 | 47.9
- - ~ 6 3.32 © 2.58 | 72.9
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T - - a - a’ N
Rum Solute - Concny;, - P, {PSP) (PR}, £%
: ,molal x 103 | kPag a/h | g/ -
521 |NaCl 152.,2 1725 1 21.64 "17.66 | .46.9
Co e - 2 5.56. |. 4.25.1 63.0
3+ 4.20 3.30 | 65.2 °
L2 4 15.38 12.43 | s51.2
5 20.16 16.38 | 47.8
: 6" - . 2.54 | 72.9
522 {NaCl . 117.3 . 1725 | | 1. 22.02 | 18.88 | 49.1
. 2. 5.34 .|, 4.66:] 63,8
3 7 |.74.20 3.52 | 67.3
~ 4 |,15,27 ] 13.14 | 54.6
) 5 20,78 .| 17.65 | 51.3
.6 3.38 | 2,78 | 72.2
524 [NaCl 118.1 | 1725 1 21;92 | 18,77 | 48.8.
- : o .2 5.40. 4,53 | 64.0
- 3 4,22 3,52 | 674"
- 4 15.08 12.86 [ 53.7.
5 - 20.56 |. 17.60 | 50.8
6 3.24 2.74 | 71.5
525 |NaCl 117.5  ~f 1725 1 21.54 | 18.28 | 48.6
g ‘ 2 1 5.3 4.31 |-64.1
: ‘ 3 4.100 | _ 4.31 | 67.5
. 4 ‘14.82 | 12,77 | 53.7
5 20.00 17.22 | 50.3
6 |- 3.08.| 2.65 ] 72.1,
527 JNaCl . 4,990 1725+ . 1 | 21.80 | 21.67 ] 61.3.
. g o2 5.34 5.25 | 71.8
'3 4.14 | 4.15 ) 74.4
4 15.08 14.98 | 65.7
S .| 20.28 20.12 | 62.2
- ©3.24 3.24 {-77.5
4 530 fNaCl 116.6 1725 1 . 21.84 18.49 | 50.9
2 : 1 T k02 ) 5,280 1 4,40 ) 64L6
- 3 4,20 | 3.46 | 67.8
' 4 ']'15,20 | 12.87 ) 6.3
5 20.42 21.39 | 53.0°
- 3,26 2.68 | 72.5.

.
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- : ! o . a M a’ B
“Run Solute ‘Conen, | P, . [Membranet (PSP) ,:| (FR) , f,%
o mlal x 103 | kPag |  No. |- _g/h - -
531 [NaBr . 148.6 - | 1725 |7 1 21.70 18,16, { 43.4
: C 2 - 5.23 |- 4,75 | 59.1
3. 4.14 | 3.36 |-61.2
4 15.00 12.56 | 47.5
5. 20,28~ | 17.06.7 44.3
6 3.23 2.60 | 66,2
532 |NaCl 158.6 . | 1725 1 . 21.90  17.78 | 45.9
: . ‘ - -2 . 5.26 .| 4.13 | 60.1 -
3 4.16 |, 3.27-[.63.9 .
4 . 15.14 | 11.24 | 50.0 -
5 20.44 | "17.73 | 47.3
L & 3.24 |. .2.53 | 68.2
533 |NaBr 123.9 1725 | 1. |- 21,29 18.59 | 44.0
: 2 5,13 4.35 { 61.2 -
N 3 4 3.45 | 62.2-.
.4 ©14.85 |, 12.74 | 49.2.°
5" 20211 |0 17.41 ] 44.9
6 3.16 2,66 |-66.5-
84 |LiBr 1493 - 1725 1 22.08 17.40 | 64.8
2 " 5.15 3.37 ] 74.7
. 3 " 419 3,23 | 77.8
4 -15.24 |’ 12.08 | 68.6°
5 .01 20,7571 16.48.{ 65.6
6. | " 3.300 | - 2.51 ) 81.7
535 |LiCl "125.9 | 1725 -1 22,00 { 17.34.( 68.0 .
e T 2 Y| .05.32 | - 4.15 | 76.5
Y 3. 4,20 3.25 ] 79.9
4 15,16 | '11.16 { 71.2
/ "5 $20.62 | 16.32 | 68.9
. 6" ..3.24 | 2.53 { 83.8
536 |LiBr ©108.4 1725 |- .1 T [ - 21.68 18.47 | 66.4
y T -2 . 520 4.40 | 75.5
3 4,10 | :3.45 [ 78.9
. 4. ). 14,86 12,76 | 70.3
- -5 20,02 | 17.2¢4°| 67.3
6 3.14 | 2067 ] 82.6
H
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N . . a . .
Run . Solute Concn; P, |Membrane| (PSP) , (PR). , £,%
: molal x 103 | kPag No. g/h g/h
+-537 {LiCl s 95.52{ 1725 -1 21.68 18.40 71.5
PR 2 5.22 4.38 | 78.6
3 © 4,12 3.44 81.9
’ 4 14.84 12.51 | 74.1
5 20.18 17.16 1.7
6 3.14 -2.67 | 85.2
538, {NaBr 4.9596 1725' 1 22,00 21.92 56.8
oo - 2 5,27 '5.25 66.1
L3 T 4.19- 4,14 67.2
o 4 15.13 15.18 | 60.7
- < 5" 20.49 20,43 57.7
) R -6 3.24 3.22 ] 70.4
'539 |LiCl 4.610 1725 -1 21.86 21.50 | 8Q.2
‘ o - oo 2 5.24 5.20 | 88.1
a 3 4.14- 4.10 86.0
- 4 _ . 14.86 | 82.8
5 20.34. 20.05 80.86
- - 6 3,20° 3.17°| 87.6
‘541 |LiBr 6.432 17251 1 21.78 | 21.27 | 78.2
' . ) woeoo- : 2 5.20. 5.08 | 83.9
‘ 3 4.14 4,03 | 85.9
. 4 15.00 14.66 | 81.4-
- ...5 20.42 19.68 | 78.9.
: - 3.24 | 3.11 | 88.8
542 JKC1 - 5.246 1725 1..] 21.76 21.62 | 46.1
PR I : " ‘ 2 5.20 5.15 | 60.6
3 1.14 4.08 63.1 -
g . N 4 14.92 14.87 |~50.1
N : "5 ] 20,26 20.11.] 47.0
4 - 6 [ -3.20- 3.14' | 67.8
543 (KBr 4.774 1725 { . 1 22,00 21.76 .| 43.5
- T T T 5.24 5.15 | 57.7
) W 3 4.14 | 4.10 | 60.6.
- - L 15,02 |..14.94 | 47.4
) o) T 20.52 20,21-| 44.3
: 6 . 3.22 3,15 64.2
544 {KI “[* s.308 1725 1, 21,72 | 21.49 | 43.2
: ’ - ‘ g 2 . 5.1 5.05 | 56.3
.3 4.06 ~4.02 58.5
: 4| 14.77 14.68 | 45.2
5. 19.87 19.89 { 41.9
- 6 3.03 c404 ] 62.3
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Run Solute . Conen, .| P, {Membrane| (PSP}®, | (FR)?,
' ‘ mlal x 103 | kPag | . 'No. a/h. g/h
546 [CsBr 0 40980 | 1725 L7} 21,80 | o21.59
A . S . : .2 5.14 |- 5.06
3| 4.10 . 4.04
4 14:94 14.73
- 120.34° | 19.94-
| 6 . 3.6 3.1
547 |KI g T 146.2 1725 1 | 22,00 |.17.72.] 18.7.
. S R 2 |7 5.16 - -4.12.] 306
301 -4.12 | 3,260 f2:2
4 14.88 1| 12,03 | ©2.3
5 20.20 16.50 | 20,1
6 | 3.1 02,53 ] 37.5
. 548 |CsCl - "76.19 1725 | -1, |.21.48 *| 20.02-] 25.4
E , : - 2 5.05 4,66 '} 40.7
) "3 4,03 . 3.74 t 43.0
- 4 .| 14l65 | -13.73 | 33.7
-5 20.03 18.57 | 29.0 -
. 6 3.16 2,91 | 47.6
550 |KF 5.947 1725 1 22.48 22.01 | 60.3, -
‘ ‘ . 2 5.38 '5.26 | 70.6
3 4,20 4.14 { 73.9
S 14.94 14.79 | 66.0,
5 20.68 20.39 -| 61.4
] 6- 3.26 3.23 | 77.4
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Run Solute " Concn, P, [Membrane| (PSP)2, | (PR)Z, £,%
. molal x 103 | kPag | | No. | g/h g/h )
603 |NaC1l L I77.4 | 1725 7 15.49 -| 12.12 | 68.6
. , 8 10.50° 8.20 | 71.6
i "9 8.89 - 6,96 | 71.7
- 10 - . - . =
11 9,51° 7.32 | 73.2
12 7.54. 5.95 | 72.7
604 {NaCl 143.2 1725 -7 ~15.32 14.19 | 65.8
' - : 8 10.28 8.26 | 69.4
9 8.76 7.02° | .69.3
10 - .- - -
11 - 9.36 7.42 | 70.8
12 7.44" 6.02 | 68.1
‘608 |NaCl 152.2 | 3450 7 21.36 16.64 | 72.9
T 8 . 15.42 12.14 | 78.1.
9 .| 12.30 9.71 | 76.8
10 - 3,120 | - 81.5
11 . 12.84 " | 10.08 | .79.7
) 12 10.02 7.90 | 70.9
1 609 [NaCl - -154.1. | 3450 7 18.45 14.75 | 72.2° .
- - : 8.. 13.50 10.89° | 77.8. .
S | 10.62 8.68 | 75.9 -
10 - 2.84 2.33 | '82.3
L1 11.31. 9.03 {-77.8
12 8.64 7.10 4 70.1- .
611 |NaBr . " 385.3 3450 | 7. 18.51 | 11.48 | 55.4
’ .. : 8 - 13.59 8.50 | 61.6 "
9, 10.65 - 6.73 |. 60.0
10 . 2.85 - 70.1.-
-~ 11 11.16 6.91. ] 6L.7
12 {  8.58° 5.42 | s5.1
612 . |NaBr - :377.8 3450 7 16.58 .10.32 | 55.1
' | 8 12.20 | 7.60 | 60.3
- 9 9.49 -6.00 | 59,5
‘ .10 2.63 - 72.2
- ) 11 19.96 6.22 | 61.2
‘12 " 7.62 4.75 | 55.1
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o , . R : B - ©.a
1 Run'| | Solute - - Concn, .| P, |Membranel (PSP) ," | (PR) , | ‘£,%
1. o . .| rolal x 103 .| kPag No. g/h g/h |
614" {LiBr. . 409.3 | 3450 7 15.75 9.88 | 76.8
- S 8 11.58 - 7.29 1 81.4 -
-9 9.03 5.79.-] 80.0
10 . 2.37 . 1.49 | 87.7
11 9.39 5.99 '] 87.7
L 12 7.23 4.84 | 72.9 -
LiCl 458.6" | 3450 7 15.42 9.17 | 80.1.
; B 8 11.28 ° 6.71 | B3.5
) . 9 8.79- 5.38 | 82:0
- - 10° 2,31 - .| 8.9
11 9.09 5.51-| 83.9
12 7.05 4,54 | 74.8.
618 |LiC1- . 447.6 | 3450 7 1 14.84 8.76. | 79.0
. ' : g 10.93 6.41 | 83.3
.9 8.45 5.16 | 81.7
10 . 2.22 1.30 { 98.0
- 211 8.77 5.29 | 83.7
- RV 6.54 4.38 | 74.2
620" [NaCl 152.9 . 3450 -7 14.70 12.80 | 73.4
: : .8 ] 10.74 9.44 | 77.9
9. 8.37 7.43 | 76.7
- .10 2.16 1.87 | 83.5
© 11 8.64 1.87 | 78.5
- 12 6.81 6.07 | 70.5
622 |LiCl 493.0 | 3450 -7 - 14.49 8.25 | 79.
’ ' 8 | 10.71 6.10 | B82.8
-9 8.34 4.86 | 81.5
10 2.13 - |.o1.8
11 -8.64 5.05 | 83.5
12 6.81 4.16 | 73.7
624 |LiBr 261.7 - 3450 7 .{ 14.43 11.10 | 82.1
N A : "8 10.68 "8.21 | 85.6
9. | -8i3g 6.53 [ 84.0
- 10 2.13 - | 88.8
N 11 8.70 6.71 | 86.1
12 6.81 5.47 | 77.1
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* ot . - I a a
1 Run . Solute " Conen, . | P, {Membrane| (PSP} , | (PR) ; | £,%
. .‘ . molal x 103 | kPag | _ No. g/h . g/h
626" |NaBr . 268.6 ...} 3450 7 14.49 11.04 | 58.3
o , . | g 10.77 8.15'| -67.6
9 8.13- 6.45 | 66.1
. - 10 1.83 1.58 | 77.9 -
E 11 8.73 6.72 | 68.4
Ao 12 6.93. 5.3 | 57.1°
628 |NaCl - 162.9 '3450 7 14.31 12.11 | 73.3
. . -8 10.50 8.97 | 78.6
. 9 8.19 7.02°] 77.1
10 2.01 1.79 | 86.2
- C11 8.58 7.33 | 78.6
12 6.72 5.85 | 70.7
- 630 |NaCl 158.2 - | 1725 7 7.53 6.37°| 61.5
: o . 8 5.67 4.65 | 66.2
"9 4,38 3.69 | 64.6
10 1.11 0.87- | 82.2
11 4,59 3.72 | 82.2
12 3.60 3.07 | 58.9
1 631 [NaCl 158.7. ] 1725+ -7 7.73 6.32 | 60.5
. . : 8.  |. 5.70 4.61 | 65.8
9 4.48 3.65 | 63.9
10 1.13 0.87 | 81.5
1 4,57 3.60 | 65.5
12 '3.72 3.03 | 58.4
632 |xc1 ' 6.564 1725 . 7 7.71 7.83 | 55.8
: - o 8 5,69 5.74.] -59.2
"9 4.46. 4.50 | '57.4
. _ 107 1.06 1,11 7 27.2
: 1 £.06 4.61 | 61.2
12 3.69 3.70 | 49.5
633 |LiCl . 4.315 -1725 . 7 7.74 — -|-83.6
- g 5.68 — [ '83.2
g 4.50° —" | 83.2
. 10. 1.11 — | 50.8
11 4.63 — | 86.6
12 3.60 — | 73.6
"634 |NaBr " 5.053 1725 7 7.56 7.57 | 71.6
' o : : 8 5.59- 5.57 | 75.5
9 4.44 4,38 | 73.8
10 - 1.10 1,08 | 71.3
11 4346 | 4.5r| 76.5
- 12, 3.55 3.60




R - - ~ - L. - a a
Run Solute Cbncn, P, Membrane (PSP) r (FR) r fr%
molal x 103 | kPag No. | g/h g/h
635 |LiBr . 4.905 1725 7 7.70 7.56 |-84.4
B o . - 8 - 5.58 5.48 | 87.3
s 9 4.41 4.38 | 85.6
" 10 L10 1.09 { 80.0
b 4.46 4.47 | 87.6
. ; 12 3.57 3.57 | 78.7
637 KT © 4.813 1725 7 7.39 7.38 |.56.7
o S : 8 .. 5.43 5.41 7 61.0
9 4.25 4.24 { 59.8
10 1.01 1.03 | 78.3
11 4.34 4,31} 61.0
12 3.30 3.28 | 55.7
638 |CsCl S 72,22 1725 7 7.54; 687 | 35.1
S . 8- 5.46 4.99 | 41.7 .
9 4.23 3.94 | 41.7
.10 1.03 0.93 | 78.8
11 4.37 | ..3:97 | 8.8
12 - 3.40 3.15 | 37.7
639 [NaC1 4.864 1725 7 7.38 7.43 | 70.2
C ' ; 8 . 5.40 5.41 | 72.2
9. 4.17 4.26 {°72.9°
) © 10 . 0.96 1.02 | 52.8
AL 4.20 4.24 | 75.6.-
o ‘ 12 3.27 3.37 $ 64.2
640 (LiCI - 144.4 1725 7 7.30 5.65 | 81.7.
. . - ‘ 8 . 5.32 4.08°{ 84.8
) A 9" 4.76 3.22} 83.6
o 10 0.99 0.76 | 92,8
11 4.19 3.20.1;92.8
’ 12 3.17 2.61 | 76.9
641 |LiBr’ 149.8 , | 1725 | 7. 7.40 5.75 | 78.0
o - S S AP 5.31 4.17 | 81.7
-9 717, 4.20 3.30 | 80.5
10 0.97 0.78"} 90,1 -
11 4.26 3.31.1 90.1
12 3.31 2,68 | 73.8
642 |NaBr - - 153.0 © | 1725 | - 7. 7.32 6.04 | 59.1
o B ) 8 5.40 " © 4,37 | 63.9
-9 4:35 3.47 ]-62.5
0 1.05 0.81 | 84.0
11 4.33 3.47 | 64.9
12 3.39 2.77-|"58.3
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Expefiméntaf Reverse Osmosis Results for Dilute
- Ethapol-Solutions at 25°C, 1725 kPag, and

Cellulose Acetate Membranes.
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* ﬁ 6 v z . -"
. Solute Concentratlcn, Membrane «(psp)3; | (PR)2|
. molal x 103 No: e, \97‘1&\__ .
L Etﬁq;pl _ Pure R 19,70 —
e STl ~30.30 —_
TR 23.22 — :
) 16.96 — \
- - 2814 |t —
) : 14.04 -

Ethanol | Pure . C19.02 | —

oo T .o 20.76 . —_.

—_ _ - 23-.10 _

- S 4 16:98- [ - —

- T 5 23,98 - —
- -8 13.92 — -
Ethanol Pure .- 1 19.31 . T —

. 2 30,28 — —
3 .| 23.42 — -
“ 4 16.92 — _—
v 5 . 24.14 — —
) 6 13.80 - -
drLicls {- s.231 1 | 1s.88 | 18.80
. . 2 7| 29.9 29,24
- 3 23.16 22.98
e 4 16.92 | .16.88
. T 5 | 23.96 23.60

_ .. 6ol 13.64 13.88

LiCl .| 1.074 1 | t18.44 | 18.30

) il 42 29.56 28.97
L : =7 o 3.0 23.00 22385
S . 4 | 716.84 16.76"

- - 5 23.56 23.39

6. 13.28 | 13.61

LiBr [ .0.9545 1 | 17.96- 18.4;/J‘

S ’ 2 |- 29,40 29.5
R "3 | 23.04 [) 23.39
g 16.80, 8
: 5 .- .23.60 | 23.94
6 13.32]" 14.00

f“\-\' - Lo . A J \
Nair .| 1.272 1 17.28 18.11.
T Fa 2 20.00° | 29.63
- . 3 23.08 |’ 23.84
o . 4} 17.08 17.55
. : 5 | 23.67 | .24.33
' &~ 6 13.64 | 14.30

L]
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Run | Solute |Concentration, [Mémbrane| (PSP)2, (PR)&, £,%
No. . molal x 103 No. .| g/h g/h
9 | Lica 0.9453 1 17.52 17.33 90,2
‘ 2 29.12 28.35 91.5
3 23,20 22.69 96.5
4 T 16.84 16.69 | . 97.3
5 23.56 23.08 94.2
6 13.52 . 13.51 96.1
10 | NaI 1.066 1 17.00 ‘17.73 79.5
: ‘ 2 28.72 29.15 76.9
3 22,76 23.48 | 82.6
- ) - 4 “16.64+ | 17.30 83.1
A .5 23.44 °| 23.99 70.3
‘\\\ . 6 13.44 14.13 83.1
1L | KT 15319 1 7.04 | 17.15 67.7
. ~ 2 28.24 28.00 67.2
3 22,64 22.54 70.1
4 16.52 16.58 70.9
. 5 23.00 |. 22.87 66.9
6 13.16 13.40 | 74.1
12 | KBr 1.238 1 16.80 17.47 71.1
2 28.50 28.65 71.6
3 22.88 23.15 72.1
4 16.75 17.06 77.4
5 . 23.43 23.59 73.2 .
6 - 13.31. ‘13.89 | 77.9
13- | K1 1.108 1 17.08 17.13 74.1 -
2 28.59 | 28.07 75.0
3 23.12. 22.65 77.1
4 16.94 16.63 79.4
! 5 23.54 '22.87 76.5
‘\\\ 6- 13.31 13.42 81.5
14 | csBr 1.169 1 16.91. 17.28 59.8
2 28.16 28.20 62.3
3 22.54 22.76 | 64.8
. 4 -16.43 16.61 62.3
5 22.84 22.96 62.3
6 12.98 |, 13.49 68.8
15 | M, CL 9.601 - 1 15.68 | 17.04 91.2
2 26.88 27.67 86.2
3 21.56 22.33 92.8
4 15.28 " | 16.35 94.5
5 21.64 22,37 90.1
6 12.04 13.12 96.7
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.Run Solute [Concentration, |[Membrane| (PSP)2, (PR)3, £,%
No. {- molal x 103 No. '] g/h- " g/h
17 CsIl 1.160 1 -_ 18.52 51.2
. - . 2 —_ 30.90 48.8
3 — | — 52.1
4 . _ 16.94 50.4
5 —_ 24.25 51.2
6 _— 14.02 54.5
18 CsC1 1.112 1 18.20 18.34 59.4
2 30. 30.86 51.7
3 éiigﬁ 23.15 64.7
4 17.20 17.22 60.3
5 24.40 24.31 61.2
6 13.64 14.11 6l.2
19 RbI 0.8345 1 17.50 17.75 60.7
. 2 29.97 29.66 55.4
) 3 22.63 22.62 60.7
4 16.80 16.82 62.5
5 23.77 23.61 57.1
6 13.07 13.68 66.1
20 RbBr - 9,016 ~ _ 1 0 17.28 17.84 63.
. 2 | 29.64 2981 | 58.7°
3 22,56 22.93 65.3
_ 4 16.80 17.08 .| :68.6
. ;. 5 23.60 23,97 63.6
6 13.28 13.96 70.2
21 LiCl 0.7664 1 17.12 17.28 76.5
' 2 29.32 28.60 85.4
3 22,44 | .22.19 94,7
4 16,60 16.51 96.4
5 23.24 22.99 91.8
6 13,04 13.36 91.1
22 CaCl2 . 0.8580 -1 17.07 17.20 92.2
2 ~29.27 28.47 91.3
3 22.47 22.36 98.5
4 16.53 16.65 98.7 -
5 23.37 23.04 96,7
6 13.27 . 13.43 97.2
24 NaClO3 1.116 1 16.60 17.09 67.1
2 28.30 28,28 52,6
3 22.03 22,45 64.8
4. 16.57 16.75 70.6
5 23,17 24.31 53.4
6 13.10 | 13.57 67.5




Run Solute “_ Concentration, [Membrane (PsP),2. [ (PR)®, |.
No. ' Nolal x 103 No. g/h g/h
vy NaClo, 1.888 1 "16.54 16.81
2 28.20 27.67
3 b 22.35 22.00
4 16.61 | 16.40
5 23.03 22,58
"6 13.09 13a180
26, LSICIZ 1.110 1 16.52 | 16.84
3= : 2 28.36 27.74
3 ~22.72 .22.39
4 © 16.88 16.72
5 23,68 22,97
6 13.60 13.49
27\_ LiCl 0.8966 ! 16.52 16.74 .3
' 2 28.12 27.52 .3
3 | 22.60 22,17 9
4 16.72 16,52 2
5 23.04 23,65 6
6 113.20 13.2% 1
28 KF, 0.7558 1 16.41 |- 16.63 88.4
.2 27.74 27.34 65.7
3 22.45 22.01- 88.3
4 16.73 16.40 92.5
5 23.15. 22.47‘“‘\?6.2
& 13.38 13.17 9.5
29 NaNo,, 1.042 1 16.67 16.96 73.6
. 2 28.13 27.82 67.3
-3 22.60 22.30 | 74.0
4 - 16.90 16.62 74.0
5 23.17 22.81 | 70.8
6 13.27 | 13.37 .78.1
30 NaCl 1.116 1 16.44 17.09
. 2- 27.88 28.00
3 22,28 22.44
- 4 16.60 - | . 16.72
5. | 22.96 22.98
- 13.16 13.54
31 |Triethylamine 0.9356 1 16.77 17.22
: ‘ ' T2 27.83 28.20
3 22.26 22,58
4 16.63 16.83
5 22.94 - | 23,18
6 13.17 13.67
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Run Solute Concentration, [Memorane| (PSP)2, | (PR)2, £,8
No. ’ molal x 103 No. .
32 | Aniline 1.068 1 17.01-"} 17.35 | -18.3
2 28.13 28.11 -0
.3 22.41 22.57 -4,7
. o 4 16.38.. | 16.83 | 1.7
;s 22,91 .23.08 -20.2
6 12.99 13.55 —0.5
33 | Propionitrile 0.8673 1 16.88 17.27 -7.1
: - 2 . 28,12 28.03 -10.1
3 22.60 22.54 -9.7
4 16.80 16.76 -11.2
5 23.20 23.06 10.7
6 13.24 13.52 | -22.3
34 N,N-Dimethy 1- 1.003 1 T17.04 | 16.63 16.1
benzylamine : 2 28.32 27.00 15.6
o o 3 22,77 21.56 6.8
4 16.76 15.92 17.0
N . 5 23.12 ~21.80 -1.5
6 13.16 12.70 16.1
35 | 1-Nitropropane 0.0827 1 — 17.16 —4.9
: 2 27.29 27,99 -2.9
3 22.11 22.54 | -10.7
4 '16.49 16.81 -8.1
5 22.69 23.08 -14.9
6 12.80 13.59 -16.5
36 Valeronitrile 0.9375 <k 17.20 16.99 =7.2
2 28.36 27.70 -9.6
A : 3 22,40 .| 22.34 -6.2
. > 4 16.68 16.63 -18.8
? 5 20.96 22.78 -8.2
-6 13.16 13.42 -4.8
37 | N,N-Dimethyl- 0.9261 1 16.714 16.76 . -3.7
. aniline’ : "2 127,28 | 27.49 5.1
3 21.60 21,99 -3.1
4 "15.88 16.38 -13.4
5 22,07 22.41 -7.1
6 .12.19 13.16 -13.9
38 [Benzonitrile T1.1% 1 ] 16.73 17.20 -11.0
: . 2 28,24 28.20 -3.0
3 22.66 22.68 12.1
4. 16.94 |.16.90 | -s.5
5. 23.29 23,14 8.0
6 13&34. L 13.60 11.7
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Run Solute Concentration, {PSP)4, (PR)2, £,%
No. molal x 103. - No. a/h g/h
'39 | Nitromethane 0.9375 1 16.16 | 16.73 8.2
2 | 27,24 | 27035 7.3
3 21.76 | 22.02 5.3
3 16.20 | 16.34 1.9
5 -4 22.08 | 22.31 | -13.0
6 12.56 | 13.07 | -12.1
40 | 2-Nitropropane| 0.7740 * 1 16,32 | 16.70 0
S 2 27.18 | 27.33 | -7.6-
3 21.78 | 21.97 | -9.9
~ 4 16.02 | 16.36 | =6.5
5 22,02 | 22.21 | -8.8
6 12.30 | 13.04 | -14.7
53 | Acetonitrile 0.8130 1 15.79 .| ‘16.19 | 3.6
- - 2 26.59 | 26.55 3.1
3 21.60 | 21.75 | -0.1
4 16.06 | 16.19 4.2
5 20.81 | 21.94 0.2
: 6 12.60 | 12.92 0.1
54 | n-Butyramide 0.8843 1 15.38 | 16.27 6.4
2 27.03 | 26.57 8.0
N\ 3 22.01 | 21.73 | 10.0
I , ( 4 16.42 16.18 11.6
o5 0 22042 | 2189 | Ta.s
Lﬁ//\ );/’/ 12,95 | 12.89 .| 0.3
\I
55 | i-Butyramide 1.093 1 16.17 | 15.93 4.7
: 2 27.17 | 26.15 2.7
3 22.26 | 21.37 3.5
4 16.60 | 15.90 8.9
5 22.3¢ | 21.51 8.9
6 12,97 | 12.65 | 12.3
3 |74 -
1 56 |n-Propionamide | 0.9738 1| 1572 | 1s.25 0.5
: 2 26.48 | 26.57 8.8
3 21.56 | 21.77 0.5
4 15.92 | 16.22 | -0.4
- 5 21.60 | 21.90 | -2.3
6 12.24 | 12.90 733
69 | Licl 7.428 1 14.78 .| 14.61 | 6.6
, 2 .| 26.35 | 26.00 | 90.2
.3 14.09 | 13.80 | 9.6
X 4 10.78 | 10.38 | 9.8
5 21.98 | 21.48 | 92.7
6 12.38 | 11.49 | o94.4
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(FR)2,

Run Solute Concentration, |Membrane| (PSP)2, £,%
No. molal x %03 No. g/h g/h _
70 | LiCl 7.972 1 14.36 13.95° 88.6
: 2 26.38 25,84 91.4
3 13,98 13.05 96.4
4 10.48 9,59 96.6
5 21.82 20.50 93,2
c 6 10.86 11.51 95.0
73 | Licl 149.8 1 14572 10.84 85.2
- 2 25.86 17.%4 - 88.0
3 14.04 9,96 94.4
4 10.70 7.72 94.8
5 21.58 14.85 89.7
6 12.20 8.84 92.5
74 | Licl 163.6 1 14.04 10.36 - | 84.4
: 2 24.83 17.17 87.5
3 13.41 9.57 94,0
4 10.13 7.41 | "94.8
_ 5 20.43 14,07 90.3
, 6 11.54 8.49 92.9
75 | Benzene 4,013 1 14.46 214,76 -1.3
2 25,94 16.51 17.0
3 14.06° | 14.13 2.3
4 10.77 10.78 3.0
5 21.69 16.24 23.6
6 12.23 12.47 0
76 | Cumene 4,338 1 14.33 14.84 6.4
- 2 25.88 26.07 11.0
3 14.03 14.22 13.4
« 4 10.69 10,89 11.0
5 21.53 21,63 5.8
N 6~ 12,26 12.62 5.2
77 | Toluere 4.428 1 14.40 14,60 -8.9
2 26.16 19.18 -7.8
3 14.28 14.04 ~4.9
. 4 10.92 10.68 -8.9
5 22,00 18.26 -8.4
-6 12.52 12.34 -3.4
78 | Mesitylene 4.110 1 14.26 14.55 —_
2 .| 25.60 25,62 12.3
-~ 13.98 14.07 18.7
4 10.62 |. 10.79 | 19.5
5 21.26 21.36 15.5
6 11.63 12.47 15.7




Q- - -,’.
332

Run Solute Concentration, [Membrane| (PSP)2, (PR)?, £,%

No. molal x 103 No. g/h g/h -
79 Ethylbenzene 4.725 1 - 15.04 3.3
' : 2 — 26.64 3.9
3 — 14.61 5.0
4- — 9.59 3.4
5 — 22.15 1.8
6 — 27.63 2.2
80 | cXylene 4.399 1 — 17.86 3.8
. 2 — 25.83 4.3
, 3 — 17.41 . 5.6
- 4 — 13.31 5.6
5 — 21.62 3.6
6 — 15.49 3.2
8l { pXylene 4.650 1 14,10 14.29 0.9
2 25.64 25.24° 0.9
3 14.05 13.92 1.7
4 10.64 10.62 0.4
5 21.35 21.06 1.1
6 -11.45 12.28 -0.2
82 |n-Propylbenzene| 4.671 1 14.07 14.32 | -11.5
2 25.50 25.40 5.9
3 13.93 13.95 6.7
4 10.50 10.60 6.1
5 21.27 21.14 2.7
6 C11.97 | 12.24 3.3

A .

83\ | s—Butylberzene| 5.077 1 14.18 — 16.5
. 2 25.31 — 17.2
3 13.77 — 15.0
4 10.45 — 22.7
5 20.75 — 16.8
6 11.86 — 18.7
84 | mButylbenzene| 4.399 1 13,92 14.22 2.3
E 2 25.32 25.25 6.0
3 13.92 13.98 7.0
4 10.56 10.54 8.4
"5 21.28 21.34 | 6.5
6 12.20 12,11 10.9
85 | t-Butylbenzene| 4.429 1 13.84 -] 13.87 19.1
2 25.56 25.51 11.2
3 14.00 13.85 16.6
- 4 10.56 16.16 24.1
_ 5 21.28 21.86 14.6
: 6 12.08 13.67 10.8
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" (PR),

Run Solute Concentration, [Membzape| (PSP)2, . £,%
No. Imolal x 103 - No.’ g/h " g/h
86 | i-Butylbenzene| 2.086 1 13.88 14.14 | 7.9
. g 2 25.68 . | 26.03 23.2
3 14.16 10.39 19.6
4 10.60 10.88 27.1
5. ] 21.56 20.49 21.1
6 12.20 6.72 16.1
87 | Phenol 3.779 1 14.10 | -11.26 | . 2.5
. 2 25.87 21.07 | 3.1
. 3 14.13 8.65 4.8
4 10.77 |- 9.56 3.4
5 21.60 20.81 3.4
6 12.20 |  9.63 5.9
88 | HQ 6.65%2 1 — 12.92 | ~l1.6
2 - 23.04 -1.5 .
3 — 13.15 | -10.7-
4 — 9.65 -9.7
“ 5 — 19.02 -11.0
) 6 — 10.75 | -10.4
89 | Hp 10.09%P 1 14.23 12.49 | -186.8
: 2 25.15 22.23 -7.5
3 14.73 12.81 | -10.4
4 10,91 |}  9.49 -3.4
5 20.73 °| 18.32 | -11.
6 11.84 10.54 -5.3

2 for 13.2 cm? surface area.

b

weight pércent,
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Table A~1-7

Experimental Reverse Osmosis Results for Dilute
Adueous Solutions at 25°C, 6900 kPag, and

- Cellulose Membranes.
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Run | Solute |Concentration, |Membrane| (PSP)3, (PR)?, £,%
No. | . molal x 103 . No. g/h g/h
1 + NaCl 56.29 1 3.32 5.05 21.6 -
: ' 2 6.40 " 5.34 21.4
3 7.68 6.41 18.5
4 6.66 5.98 18.5
5 8.02 7.05 15.9
6 5.78 5.00 16.7.
2 Lic 6.407 1 6.28 | . 5.50 47.3 -
: 2 6.28 5.95 47.3
3 6.88 6.57 | 45.8
4 - 6.41 6.07 46.9
5 7.62 6.95 26.5
L 5.32 4.93 | 33.1
3 NaCl 4.604 1 6.90 5.51 55.2.
2 6.05 5.64 55.9
3 6.85 6.75 53.7
4 6.32. | 6,10 | 53.7
5 7.45 7.17 33.0
6 5.18 4.93 41.5
4 KCl 4.631 1 5.59 5.38 46.1
2 4.80 5.57 51.6
3 5.63 6.80 50.4
4 5.07 6.14 50.4
5 6.27 7.28 35.9
6 3.79 4.31 41.12
5 NaCl 51.50 1 5.40 5.27 p 22.3
2 5.63 5.27 25.3
23 6.90 6.73 15.0
4 6.27 6.18 19.4
.5 7.51 7.21 -'15.8
6 5.02 450 178~
6 REC1 2.632 1 - 5.48 5.27 63.0
2 5.80 '5.58 66.1
3 6.84 6.77 61.
4 6.24 6.13 GZJE
5 T 7.40 7.15 45.
6 4.96 4,81 54.
7 NaBr 4.426 1 5.17 5.26 5046
2 5.42 5.58 51.3
3 6.59 6.66 47.8
- 4 5.97 6.03 48.2
5 7.11 .7.10 30.7
6 4.73 - 4,73 36.4
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Run | Solute |Concentration, [Membrane| (PSP)3, |. (PR)2, f,%
No. . [molal x 103 No. g/h .+ .gh

8 NaTl 5.204 1 5.55 5.33 52.6

’ ) 2 5.55- 5.55 52.3

3 6.56 6.71 49.0

3 6.00 | _6.06 | 50.0

5 7.09 7.15 33.3

6 4.73 4.77 | 39.7

9 LiCl 5.654 1 4,07 5.32 53.5

: - 2 5.35 . 5.97 51.4

"3 6.70 6.82 | 48.3

4 6.03 5.99 48.3

5 7.16 7.1 | 32.6

6 4.76 4.72 37.2

ki Nar 4.399 1. 5.33 5.25. 68.9
- 2 5.83 5.70 68.6

3 6.73 6.62 65.2

4 6.10 6.04 65.6

5 7.17 7.04 . 47.0

6 4.77 4,72 55,1

1l +/ RBC1 4.445 T 5.37. 5.32 54.0
. 2 5.77 5.69 54.2
3 6.70- 6.61 51.6
- 4 6.10 6.05° 52.4°

- 5 7.20° 7.03. 37.9

7 6 4.83 4.66 43.1

.12 CsBr 4,221 1 5.43 5.39 50.3
- 2 5.77 5.96 | 47.5

3 6.69 6.65 43.3

— 4 6.14 6.05 46.6

—- 5 7.14 7.04 34.8

6 4.74 4.70 41.0

13 NaCl 27.68 1 5.38 5.44 21.5
, . 2 6.09 5.71 22.3

3 ©.75 6.58 19.6

4 6.16 6.02 19.6

5 7.22 6.97 14.2

6 4.79 4,67 16.5

14 LiF 3.848 1 5.34 5.36 - 68.7
: 2 5.80 5.86 67.8

3 6.63 6.71 63.0

4 6.11 6.13 63.8

5 7:00 7.10 39.9

6 4.73 4.71 51.6
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rin | Solute |Concentration, |Membrane| (PSP)3, | -(PR)%, £,%
No. molal x 103 . No.. ‘g/h g/h

15 | LiBr 3.725 . 1 5.46 5.32 55.2

S .2 5.79. 5.76 53.7

3 _6.39 6.74 50.5

4 " 6.06 6.11 51.4

2. 5 . 7.11 7.03 30.0

6~ 4.71 4.82 38.5

16 | NaBrO, 4.137 <1 5.67 5.39 57.2

- o 2 - 5.83 5.82 64.3

3 6.83 669 63.0

4 6.20 6.12 61.3

5 7.20 6.99 47.6

6 4,77 4.65 |. 53.1

17 | KF. 3.968 1. 81 5.49 67.5

. - : - 2 5,91 5.81 69.2

-3 6.72 6.69 67.3

4 . 6.18 6.09 -| 67.8

5 7.11 6.95 52.7

6 4.74 4.65 59.1

18 | KBr 4.185 1 5.49 5.35 | 50.1
2 5.86 " 5.79 4973 -

B 3 4 6:75 6.67. | 47.0

4 6.15 6.09 |- 47.6

5 7.11 6:98 35.1

6 4.77 4.64 40.0

19 | ma 4,107 1 } 5.42 5.65 52.7

: 2 5.92 5.66 56.3

3 6.75 6.587 | 53.8

4 6.14 6.00 54.4

5 7.08 6.80 | 39.4

6 ° 4.68 4.47 46.2

20 | Nal ’ 3.769 - 1 - 6.11 5.41 61.8

- ] "2 5.73 5.73° | .61.4

) 3 7.69 6.7k - | . 58.2

4 6.11 6.09 58.9

- 5 7.04 6.94 | 40.5

F .6 4.64 4.59 | 47.6

2 | cl, 4.036 1 5.44 5.38 27.5

' . 2 5.72 5.66 28.6

- . 3 6.56 6.61 | 2.9

T4 | 5096 5.97 21.9

5 6.92 6.85 16.1

6. | 4.56 4.56 21.2




. No. -

- .

NN

— N M N o

AN INY |

» AM O A, NN~ O ONOWVWLE NNOHYO . W~ W~ Mo
T e, 9 * . (] L] L] L I | L] L] L ] L] . - * L] L] [ L] [ ] +* [ ] - L] ., ® e . * [ ] . L[] L [ ] [ ] . - L L] [ ]
W FAFU~NYE OV FY  CONVUTO VNMMPYDY HONOHN  VAOCOHO MM~
. 232212\.888867 VOPVOWLO WVNINNMT AROAVY MNNDWOE ANAA A

. . . . ’ i

. . . :
~ v 4 . T S V . ! .
g s NOOM AN NANNMH ONNUAW OMBMOMM ~OON M [~ ed b
\1mm TNVOoORN AMFAT MOOVOORN MFVORN MEANCOW VWM HDW (WD
m @ & o 4 4 s 4 8 4 s 4 % ¢ ¢ & &+ a ¢t 3 8 g R N R N e+ 4 8 4 ¢
A |OVNWYWVYLY VYWNUVNWOUY VNYVOVLYUY  HNQYOVEST YOO LT N WVWYVE T WO WYIN DT
St
L]
-.
3 ] * . - :
- . H . - s v A ’
1] Mmoo Mme= N oM~ o e oMo NIV~ om™m ™M~~~ SN MNOWNW O N\WW Oy
— NEROoONS MOWVWOXWM mMNOYWAAN HQOUO0N M |Oo®Wn " FMARAOWO =FNOO WY
Pm LR N T ¢ 4 v a0 R I N L R N N T T () " 4 s 4 W s « 8 85t e @
.mw NV VVYE VLY VYOV YE NNYOVOVDE N~ PO L NCOVVLOT NWVWOWY WO
. Il\g Ve .y . - K . " s.ﬂ : .
" v T '
1 A ¢
- +
- -/

— N M NG

molal x 103

| L 4,747

4.092

4.036

4.306

8.679

3.907

51.40

Na 50,

Na ;SO ,

-NaNO ,

Na IO,

NaSCN

NaCl

' Run [ Solute [Concentration, |Membrene

No.

22

23

24

25

~26

27

28.

-

N\




“‘T‘h“\_ﬂ | | . | | | | | |
. . . - . 4
[ . . N o
e s . .

339

. Solute |Concentration, |Membrane| (PSP)2, (PR)2, £,%
1 No. | . . |molal.x 103" No. g/h f gh '
29 | Nalo, | . 4.493 1 TR 5.94 | '61.8
: - 2 6.04 6.00 70.3
3 6.80 6.71 68.2
i | 6.6 6.07 72.1
5 6.88\| 6.72 52.2
6. 4.68 | 460 57.4
30 1| Bacl, 4.515 A 6.17 ( 5.30
: 2y | +6.03/] 5.82
6394 | -6.63
. < 47 17 18.74 8.88
“\\\ 5. 6.837| 6.74
_ 6 4.71 4.57
31 | s, “a.391 B8 5,81 5.42 | 26.6
. ™~ 6.04 5.97 | 18.1
3 6.79 6.81 | "20.2
4 10.46 8.82 14.8
, 5 |° 6.94 6.88 13.8
' 6 4.69 4.66 20.2
32 | NaNo, 4.092 1, 5.78 5.40 16.3
: 2 6.34 6.08 56.6
o -3 6.79 6.66 49.4
: 4 | 10.69 7.49 39.2
5 ~6.94 6.79 27.7
6 4,28 4,63 39,2
. - ”\'H
33 | NClo, 4.236 1 5,59 5.36 | 67.3
* 2 6.79 6.76 62.5
3 6.79 6.76 | 62.5
4 9.11 6.95 55.3
5 6.94 6.78 44.0
| 6 4.76 4.66 52.5
a4 CsCl’ 4.839 1 7.73 ~5.55 53.1
, ' 2 836 | - 5.96 | 45,5
/ » 3% 1. 6.87 6.76 52.3
. v 4 12.03 7.53 43.8
5 6.87 6.75 39.5
j = 6 4.85 4.68 | 43.8
- - . . 4
35 | MgsO,. . | 4.885. X 6.68" 5.28 84.4
o 2 6.36 5.90 82.5
- . 3 6.88 6.62 75.5
4 8.52 7.04 63.4
5 6.92°| 6.59 48.3
6 4.76 4.58 | 64.6

&



~

Run Solute Concentratio/ry’ rane| (PSP)3, | . (PR)Z, £,%
No. molal x 103 o. g/h g/h

36 NaCl '’ 1 12.58 5.23 5.36 34.5

] §\\\ 6.10 6.15 32.8

3 6.27 6.77 31.1

- 4 6.43 6.90 26.8

5 6.30 6.70 20.8

~§ 1 4.40 4,67 | 25.7

37 " | NaCl 2.327 1 . 6.13 5.43 65.3

-- ‘ 2 6.28 6.02 63.7

3 6.92 6.67 62.1

4 7.13 7.24 45.2

- 5 "6.92 6.62 45.2

' 6 4.66 4.68 49.0

38 fgzgghql 2.129 . 1 5.88 5.57 25.0

I 2 6.06 5.95 22.3

3 6.72 6.77 14.9

4 7.12 6.58 13.9

5 6.68 6.66 13.9

i 6 4.68 4.69 | 18.4

39 i~Propanol 0.8857 iR 6.71 5.72 36.5

' a 27 6.09 - 6.17 37.3

3 6.80 ~ 6.81 33.2

4 6.73 7.85 28.8

5 6.68 © 6.60 25.4

6 4.71 4.72 36.3

40 r—Propanol 0.7868 1 5.46 5.49 . 31.5

: 2 6.00 6.05 30.5

. . 3 6,79 6.81 27.3

_ 4 4 .20 6.98 21.3

5 6.63 6.58 17.2

6 4.74 4.64 19.7

41 NaCl 1.188 1 5.79 5.62 76.4

C 2 6.16 6.08 77.2

3 6.78 6.85 78.0

4 B.79 7.33 53.2

5 6.64- 6.61 68.9

6 4.68 4,73 73.9

42 : MgC12 2.179 1l 5.52 5.49 30,1

. : 2 6.08 5.96 28.2

. 3 6.84 6:80 | 21.4

-4 7.04 6.99 19.8

_ - 6.66 6.57 | 11.6

) - 6 4.82 4,78 18.6




mun | Solute |Concentration, |Membrane| (PSP)2, (PR)Z, £,%
No. molal x 103 No. a/h a/h

43 | mgso, 1.809 1 5.63 5.47 82.9

' ‘ 2 — 5.96 84.8

3 6.92 6.77 78.4

4 7.48 7.08 67.4

5 6.65 6:52 56.1

6 4.75 2.71 70.3

44 | ¥a 2.862 1. 5.64 5.70 | +91.0

1 20 2 5.94 | 5,94 | 94.7

3 6.87 6.81 94.0

4 7.29 6.99 81.9

] 5 | 6.66 6.52 82.7

6 4.80 4.65 89.7

45 | NaSO, 1.130 1 5.86 5.62 92.3

* 2 — — —

3 6.79 6.76 95.5

4 7.36 6.79 86.9

5 6.56 6.46 89.3

6 4.72 4.65 95.1

46 | Na 8.019 1 5.90. 5.80 72.9

ol ‘ 2 6.05 5.85 78.8

3 6.83 6.71 73.5

4 7.02 6.67 66.6

5 6.60 6.43 51.3

6 4.77 4.60° | 60.8

47 | Na.SO, . 1.215 1 6.03 5.57 86.4

ol 2 6.09 5.90 92.7

3 6.85 6.71 92.6

4 6.95 6.69 84.6

5 6.63 |  6.39 85.3

6 4.77 4.6l | . 93.0

48 | Nacl 50.55 1 6.21 5.39 25.0

2 5.91 5.90 21.8

-3 6.72 6.71 19.8

2 6.57 6.40 | 18.6

5 6.45 6.36 16.3

6 4.69 4.68 19.4

49 | mgso, 1.538 1 5.64 6.40 | -53.2

2 6.04 6.05 67.3

3 6.88 6.87 60.1 .

4 7.28 °|  6.8L 65.2

5 b 15.36 10.42 36.2

6 |. 4.76 4.79 | 49.7

el



Concsat{ation,

Run f Solute - : Membrane| (PSP)2, | (BR)Z, | £,%
. : molal x 103 . No. g/h g/
50 | MgCl, 1.134 1 6.99- 5.82 30.6
2 | - 7.9 5.87 | " 31.3
' 3 '~ 6.86 6.71 27.7
4 6.92 6.54 25.0
o 5° 13.97 6.34 13.0
6 4.80 | 4.70 21.2
51 -] .MgCl, 8.481 1 5.64 5.40 30,5
o 2 6.08 5.92 30.0 .
3  6.67 6.70 25.6
4 | 672 6.27 | 23.5
5 23.76 7.79 14.1
6 4.76 4.71 26.1
52 | MgSO, 1.021 - 1 5.52 5.44 72.0 .
* 2 6.26 | 5.88 72.6
3 6.79 6.67 65.6
4 6.60 6.15 64.3
-5 14.51 9.29 30.8
_ ‘ 6 4.81 4.67 57.7
53 | Na SO, 8.586 1 5.72 7.02 66.5
2 . 7.92 5.86 | 77.0
3 . 6.80 6.67 72.1
4 6.64 6.06 70.5
5 10.48 8.51 36.0
6 4.80 4.66 "61.0
54 | MgSO, 19.71 1 6.00 5.61 -] 67.1
. 5.79 | 5.8l 70.4
3 6.55 6.61 63.6
4 5.95 6.15 61.5
5 38.56 7.28 31.6
. 67| ©.4.59 4.63 49.4
55 { NaSO, 17.20 1 5 6.24 6.28 56.8
2 6.12 5.96 | ©62.3
3Y | 6.9 6.76 | 60.0
4 8.70 6.47 56.0
5 7.02 6.39 39.6
6 4.92 4.72. | 50.5
56 | MgCl, 17.63 1 6.23 5.69 35.3
' 2 6.08 5.82 | 37.6
3 6.83 6.68 30.7
4 6.26 6.09 30.9
5 21.08 9.12 15.5
6 © 4,73 4.72 | 30.9
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Run {  Solute |Concentration{Membrane| (PSP)2, (PR)2, £,
“No. . molal x 103 No. - g/h~ g/ -
57 | Ethanol | 0.791 -1 6.38 5.68 24.9
, : 2 6.15 5.87 '24.9
3 6.71 6.70 23.3
-4 6.26 6.18 26.2
5 14.81 9.34 14.1
6 - 4.76 4.72 26.7
58 |mButanol| 0,798 1 5.53 5.60 36.3
e . 2 6.70 6.66 34.1
= 3 .. 6.70 6.66 34.1
4 6.17 6.17 32.1
5 16.03 "15.14 13.2 .
) 6 4.70 4.69 29.8
59 |i-Butanol| -0.815] - 1 5.56 | 5.3 | 42.2
: A 2 5.88 5.84 42.3
/ 3 6.72. 6.68 | " 34,3
4 6.28. 6.09 33.8
5 - 25.60 1 3.0
6  4.68 35.0
60 |t-Butamol| 0.797 1 - 5.64 49.7
B R 2 6.08 47.7
3 6.88 40.5
4 6.48 39.2
5 29.48 5.9
6 4.84 39.1
61 [s-Butanol| = 0.797 - 1 6.18 5.51 40.8
: 2 5.93 5.84 44,2
3 6.78 6.70 37.7
4 6.82 6.75 35.9
o 5 45.56 33.56 6.3
S~ .6 . 4.76 | 4.69 38.7
62 | NaSO, 42.97 . )7 1 6.32 5.95 49.9
o - ¥ -2 . 5.96 5.92 | 54,4
- - 3 6.80 6.82 49.7
4 6.80 6.38 48.2
5 37.48 32.71 6.3
- 6 4,72 4.72 44.2
63 | MgSO, 21.13 1 5.91 5.45 67.6
T 2 5.91 5.70 69.6
. 3 - 6.51 6.57 61.8
4 - 6.51 6.11 61.8
5] 43.91 14.80 |} .17.0
6 4.77 4.61 53.8




344
Run { Solute [Concentration,iMembrane| (PSP)3, (PR)&, £,%
No. molal x 103 No. g/h g/h
64 | Na 0.5859 1 © 6.69 5.55 78.2

533“‘ 2 5.0 5.83 80.8

) 3 . 6.72 6.60 79.0

4 6.41 6.07 82.6

5 21.71 13.07 43.8

6 4,68 4.67 86.2

65 | NaCl '0.5427 1 5.20 5.44 70.4
2 5.92» 5.81 72.2

3 6.76 6.67 75.4

4 6.36 6.07 78.1

5 22.40 17.85 25.7

\U - 6 4.80 4.65 | 76.4

66 | MgSO, 2.294 _ .1 5.75 5.42 89.3
: L2 5,95 5.80 92.0

3 6.75 6.69 90.6

4 6.30 6.14 88.3

5. 20.60 16.32 27.8

. 6 - 4.75 4.67 88.0

68 ]1-Octanol 5,234 i 5.68 5.75 72.1
2 6.08 5.92 63.7

3 6.92 6.81 68.7

4. 6.44 6.54 69.2

- 6 5.36 4.74 | .73.9

, N ’

69 | NaCl 52.47" 1 5.54 5.45 22.6
o 2 5.81 5.76 21.2

3 6.72 6.69. | 19.6

4 6.29 6.49 17.5.

. 6 4.73 4.67 19.1

70 | Methanol 11.45 1 5.69 5.51 15.2
2 5.95 5.78 14.1

3 6.83 6.66 '12.8

4 6.70 6.23 13.4

6 4.72 465 20.5

7L |1-Pentanol| 0.7014 1 6.08 6.38 31.3
‘ 2 5.89 5.74 37.6

3 6.79 6.73 33.3

4 ,5-68 6.56 29.7

' = 6 . 4.80 4.69 | 28.7
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Run Solute = |Concentration, [Membrane| (PSP)%, (PR)%, £,3%
No. . .. [ |molal x 103 . No. g/h g/h

72 |Methanol 3.283 1 6.46 5.74 13.7
T 2 5.81 5.90 | 16.0

3 6.66 6.77 13.1

4 6.41 6.35 12.4

6 4.69 4.71 13.2

73 Sucrose ..0'6521 1 6.32. 5.82 61.9
- . 2 5.88 5.81 69.6

. 3] 6.80 6.61 | 58.5

4 6.37 6.13 64.2

6 4.74 4.61 . 48.9

75 {d-Sorbitol 0.4644 1 . 5.59 5.46 49,2

- ‘ - 2 - 5.96 5.88 51.2
3 6.94 6.82 43.8

4 .6.56 6.23 44.1

6 - 4,80 4.73 38.1

77 |Anisole 0.0911 -1 5.49 5.42 76.5

’ . 2 £.26 5.89 84.3
3. 6.89 6.76 77.8

¢ . 4 6.46 6.38 67.3

6 4,80 4.72 84.3

78  }Phenol 0.4097 1 5.36 5.41 20.3

. ) 2 5.80 5.87 23.7

3 6.64 6.72 21.0

. 4 6.52 6.31 18.6

6 4.68 4.70 19.5

79 pw??lorcphenol 0.4521 1 5.52 5.46 14.7

. - 2 6.40 5.85 14.7

oov -3 6.88 6.78 13.4

4 6.40 6.43 10.0

* 6 4.80 4.80 13.2

80 |[Benzene 0.1646 1 5.53 5.97 85.6
2 5.97 —_— -_—

3 6.77 6.67 84.8

4 6.67 6.20 78.9

6 4,87 4.65 91.6
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Run Solute Concentration, |Membrane| (PSP)2, (PR)2, £,%
No. molal x 103 No. g/h g/h :
81 |anisole 0:4%%9 1 5.48 5.48 49.9
. . - 2 —_ _ 52.9
"~ 3 6.84 6.80 42.2

N 4 6.40 6.40 39.1

B 6 4.80 4,73 53.8

82 |Benzene 0.3924 1 5.51 5.57 61.8
2 5.96 5.95 67.1

3 .81 6.84 69.6

4 6.35 6.45 83.2

( 6 4.76 4,77 73.5

83 |Aniline 0.4257 1 5.57 5.49 2.4
-2 5.90 5.92 2.4

3 6.70 6.85 -2.0

4 6.33 .6.32 -0.3

6 4.73 %4,79 2.4

84 ]Acetone 0.4813 1 5.60 5.54 24,2
i 2 6.04 5.72 29,7

3 6.88 6.83 19.5

i 4 6.36 6.29 22.9

6 4,92 4.75 20.8

85 |Phenetole 0.2479 1 5.62 5.52 60.9
' .2 6.22 5.86 58.8

3 7.01 6.88 56.3

4 7.07 6.41 55.5

6 4.86 4.82 65.1

86 |n-Butyraldehyde 0.2771 1 — 5.51 61.7
2 - 5.58 64.3

3 — 6.67 46.6

4 — 6.44 45.9

6 — 4.71 - 57.1

87 |Benzaldehyde 0.4344 -~ 1 6.12 6.60 31.3
oy 2 5.97 6.04 40.5

' 3. 6.84 6.77 38.3

4 6.66 6.92 28.1

T\ 6 4.77 4.70 30.3
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Run Solute Concentration, {Membrane| (PSP)2, {. (PR)Z, £,%

No. molal x 103 No. g/h g/h
88 |n-Butyl Ethyl 0.2704 1 6.70 6.86 | 68.2
Ether 2 6.03 5.90 73.8
\ 3 6.93 6.87 | 85.6
4 7.73 8.68 71.8
& 4.83 4.78 87.2
89 |t-Butyl Ethyl 0.2966 1 6.43 6.2 | 73.1
Ether 2 5.83 5.71 77.1
o 3 6.67 6.75 | 64.9
; 4 8.37 7.14 49.4
N 6 4.67 4.73 | 69.6

e
96 |t-Butyl-i-Propyl] 0.2244 1 6.54 5.81 | 82.5
Ether 2 5.91 S.50 83.6
3 6.75 6.62 76.1
4 6.95 6.64 90.5
+ 6 | 4.76 4.68 | 82.0
91 i-Propyl Ether 0.2875 1 6.23 5.74 63.8
2 5.95 5.72 65.7
3 6.78 6.63 73.4
4 6.97 7.61 52.2
6# 4.71 4.63 70.5
: . A\
92’ 1-Valeraldehyde 0.3250 1 —_ 5.74 - 61.8
‘ 1 ) 2 —_— 5.71 48.7
3 —_— 6.67 56.4
4 _ 6.97 44.9
6 — 4.65 . 57.3
93 |i-Butylaldehyde | 0.2276 - — 5.90 | 61.1
' 2 —_ 5.83 66.1
3 —_ 6.70 46.0
4 — 6.36 50.6
6 —_— 4.67 50.6
94 |Acetophenone 0.4367 1 — 5.57 | 24.6
: 2 — 5.76 28.4
3 — 6.71 24.2
4 —_ 6.75 18.7
6 —_ 4.68 22,5
-y

N
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A —————

Run- Solute Concentration, |Merbrane| (PSP)2, (PR)Z, £,%
No. molal x 103 No. g/h g/h
95 |Methyl Ethyl ~ 0.6514 . 1 5.73 5.76 36.2
Ketone - 2 5.90 5.81 31.9
3 6.78 6.71 35.3
4 6.85 12.67: 18.4
6 4.73 4.70 34.0
96 (Methyl i-Propyl 0.3292 1 5.96 5.52 56.0
Ketone 2 6.02 5.83 56.6
‘ - 3 6.89 6.73. | 37.0
4 13.13 8.96 36.2
6 4.82 4.74 43.8
97 |di-i~Prooyl 0.3048 1 5.33
|Ketone 2 5.86
3 6.71
4 8.86
6 4.69
98 |Benzyl Methyl 0.3958 1 6.39 6.66 33.9
Ketone 2 5.93 5.77 38.0
. 3 6.81 6.66 34.5
- 4 10.09 8.63 25.9
6 4.73 3.61 33.3
99 |di-i-Butyl 0.2037 1 6.89 6.25 75.5
Ketone ‘ 2 5.93 5.90 79.6
v 3 6.71 . 6.78 77.3
, 4 9.13 8.54 .60.6
6 4.76 4.72 73.8
100 - |NaCl 54.32 1 6.68 5.38 22.3
' 2 6.12 5.82 21.7
o 3 6.92 6.66 20.0
_ 4 10.24 7.69 15.5
N | 6 4.84 4.60 | .19.9
101 |n-Hexanol 0.4132 1 5.40 6.43 31.1
- : 2 5.94 5.83 46,3
| 3 6.69 6.69 39.9
4 7.74 7.89 33.1
6 4,62 4.63 36.3

ir
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.Run Solute Concentration, {Membrane| (PSP)23, (PR)3, £,%

No. | molal =103 No. ah g/h
102 |Ethylene Glycol |  0.5469 1 6.76 6.36 17.7
N 2 6.03 5.87 22.3
3 6.85 8.20 8.6
B 4 8.78 6.68 15:4
6 4.77 4.59 15.4
103 |di-Ethylene 0.3600 1 6.60 5.56 35.7
. |Glycol 2 5.96 5.73 38.1
3° 6.60 6.53 32.9
4 8.12 7.96 21.3
-r-—~~\\\\ . 6 4.76 4,51 23.0
104 [PEGP200 39.0° 1 5,70 5.58 58.7
2 6.65 6.93. | 52.8
3 6.80 6.57 55.3
4 9.50 18.58 38.4
6 4.70 4.56 47.7
105 |PEGP300 62.7° 1 5.63 5.91 68.1
S 2 7.00 5.89 71.7
3 6.67 6.67 67.9
. 4 7.63 7.91 51.7
6 4}23—“__ 4.63 72,2
106 - [PEGP400 '65.8C 1 5.76 5.60 74.6
2 6.12 6.16 | 74.5
3 6.76 6.85 71.4
4 6.88 7.18 |- 61.3
6 4.76 4.76 59.5
108 |PEG21000 52.8€ 1 5.55 5.58 82.7
N 2 6.85  6.48 77.3
3 6.55 6.73 80.4
4 6.70 7.38 66.2
6 4,53 4.68 77.8
109 |pEGPS00 56.2C 1 5.77 5.62 83.7
2 6.67 6.46 77.1
3 6.70 6.77 83.0
-4 7.73 7.49 67.4
6 4.70 4.69 73.3

"
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Run . Solute Concentration, {Menbrane| (PSP)2, (PR)E, £,%
No. ) molal x 103 No. g/h g/h

110 {PeGP 2,000 62.7¢ 1 5.70 5.94 88.5

2 6.54 6.21 |- 92.6

3 6.48 6.73 95.6

4 6.96 6.47 87.8

. 6 4.50 4.74 93.0

111 |pec® 3,000 58.0C 1 6.17 5.96 88.6

' 2. 6.66 6.33 | .93.5

' 3 6.85 6.75 96.2

4 6.95 6.65 91.7

6 .82 4.70 99.9

112 {PEGP 4,000 165.5C 1 5.65 8.08 63.1

2 6.25 6.89 83.0

3 6.73 6.82 97.6

4 6.93 7.75 78.5

6 4.74 4.74 98.5

113 |{PEG® 1,500 64.8%, 1 8.54 5.55 94.2

' _ 2 7.66 6.38 90.4

3 6.92 6.81 96.0

4 8.12 7.36 81.9

6 4.85, 4.70 92.6

114 [pGP 4,000 61.5€ 1 5.66 6.05 89.1

| 2 6.43 6.42 92.9

3 6.77 6,77 97.7

4 13.07 | -12.46 28.1

- 6 4.71 4.72 98.0

115 |pec® 6,000 58.1° 1 — 5.51 96.7

2 — 6.05 | 96.6

3 — 6.67 99.0

4 — 8.02 72.5

6 _ 4,66 99.6

116 (PeG® 1,000 48.0¢ 1 — 5.58 80.6

2 — 5.59 83.8

3 — 6.73 80.4

4 — 12.55 33.1

6 — 4.70 73.5
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Run Solute Concentration, Membrane| (PSP)3, (PR)E, | "f,%
No. molal x 103, No. g/h g/h .
1117 {Aniline * 0.500 1 — ‘5.44 ‘3.3
27 _— 5.90 11.4
3 _— 6.67 8.9
4 —-— 6.30 9.7
6 T - 4.66 | 11.1
118 |Phenol 3.750 1 5.54 5.46 18.7
. 27 6.00 6.05 7.6
3 6.67 6.73 | 16.1
4 7.84 6.59 12.4
6 4.62 4.69 12.1
1119 |Glycerol 0.3056 1 |7 641 5.63 | 17.5
. 2 . 6.85 6.07 N 37.4
3 6.76 6.77 33.8
4 | 872 7.75. | 17.0
6 4.74 4.73 25.6
120 |Glycerol 0.5924 1 — 564 | 37.6
. 2 —_— 6.09 38.1
3 — 6.87 | 33.4
4 -_— 7.05 21.2
) 6 -] = 4.81 | 25.4
121 PEGbl,OOO 56.5C. 1. 5.68 . 5.44 50.3
) . 2 6.08 5.90 -88.1
3 6.67 6.72 | 88.5
4 6.92 - 6.78 . 79.6
6 4.80 4.70 80.9
122 [NaCl 53.33 1 6.03 5.62 22.6
" 2 5.40 6.07 - 20.9
3 7.02 6.93 20.4
4 7.33 6.92 | 18.5
& 4'93. 4.82.- 18.0¢
. @ for 13.2 am? surface area.
b Polyéthylene'glyco_l.
€ ppm by weight. -
A d
P
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Table A-1-8

Experimental Reverse Osmosis Results for the

Ethanol-Heptane System at 6900 kPag and 25°C.
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| ~— N
Membrane No. 1 {(Cellulose)
Run No. x,2 “ (PR), X,>
g/h C
L1 1.000 | ~-5.03 -
2 1.000. " 5.16 ==
3 1.000 - 5.19 -
4 0,956 5.54 0.95
5 0.910 4.54 0.907
6 0.857 4.38 0.863
L7 0.786 " 5.48 0.807
8 0.722 5.28 0.757
9 0.641 5.07 0.712
10 . 0.592 5.01 0.694
11 0.414 |7 5.17 0.623
12 0.425 5.21 | 0.615
13 0.332 5.36 - 0.561
14 0.287 5.23 70,524
15 0.214 5.75 i0.444
16 0.144 5.75 0.326
17 '0.078 '5.18- 0.195
18 0.049 6.35 0.110
19 0.000 11.31° -— .
20 . 0.000 10.95. o~
21 ©0.031 -] L 3.21 0.079
22 0.069* |- 2.82°°1 0,173
237 0.139. " - 2.80 0.354
24 0.201 2.55 0.449
25 - 0.232 2,12 0.503
26 0.355 2.42 0.604
.27 0.424 2.49 0.638
28 0.528 T 2.35 0.683
--29 0.614 2.66 0.710
30 0.678 2.77 0.744
31 0.766 . 3.41. 0.793
32 0.825 ©2.47. { 0.837
33 0.861 2.33° 0.865
34 0.898 2.27 0.901
35 0.942 2.16 0.944
36 0.966 2.26 0.965
37 1.000 2,18 -
38 1.000 2,19 -
39 ~1.000 - 2.13 -
40 1.000 - 2.14 -
41 £1.000 2,32 -
42 0.933 2.34 0.936
43 0.860 2.39 0.870

S .
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‘Membrane No. 1 (Cellulose) (cont'd)

Run No. x,2 (PR), x,P
' g/h
44 0.736 2.96 . 0.784
45 0.672 3.05 0.752
46 0.567 3.15 0.706
47 0.497 3.31 0.684 °
48 0.470 T—a 0.674
49 0.477 3.40 0.676
50 0.478 3.25 0.679
51 0.482 3.26 0.680

a

b

mol fraction df

mol fraction of

ethanol in feed.-

ethanol in permeate. i

-/

7



Membran.e No. 2' (Cellulose)

355

Run No.| - X2 ~ (PR), xP
1 1.000 3.07 —_—
2 1:000 3.04 -
3 1.000 3.03 -
4 0.956 3.26 0.955
- 5 0.910 3.32 0.908
6 0.857 3.38 0.862
7 0.786 3.53 0.810
8 0.722 3.66 0.767
9 0.641 3.65 0.731
10 0.592 3.64 0.709
11 0.414 3.50 0.638
12 0.425 3.50 0.626
13 0.332 3.55 0.600
14 0.287 3.76 0.563
15 0.214 3.78° 0.496
16 0.144 3.90 0.377
.17 0.078 3,38 0.233
18 0.049 4.14 0.137
19 0.000 8.61 -
20 0.000 8.49 -—
21 0.031 2.72 0.095
22 0.069- 2,64 0.205
23 0.139 "} -2.45 0.387
24 0.201 2.26 0.485
25 0.232 2.21 €.537
26 0.355 2.37 0.624
27 0.424 2.43 0.659
28 0.528 2.38 0.700
29 - 0.614 2.44 0.727
30 0.678 2.45 0.751
31 0.766 2.67 0.803
332 0.825 2.33 0.837
33 . 0.861 2.18 0.867
34 0.898 2..07 0.900
35 - 0.942 2.11 0.940
36 0.966 2.02 0.965
37 1.000 1.92 -
38 1.000 1.83 -
39 ©1.000 1.94 -
40 1.000 1.81 -
41 1.000 1.92 -
42 0.933 2.09 0.932
43 0.-860 2.15 0.874 <

b



356 .

Membrang No. 2 (Cellulose) (cont'd)

- Run No. X2 " (PR), x3b
44 0.736 2.32 0.791
45 0.672 2.37 0.762
.46 0.567 2.33 0.718
47 0.497 - 2.32 0.698 _
48 0.470 - 0.691
49- 0.477 2.40 0.693
b 50. 0.478 2.36 0.694
51 0.482 2.36 0.693

a

b

/
Iy

mol fraction of etha

mol fraction of ethanol in feed.

nol in permeate.
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Membrane No. 3 (Cellulose)

+
Run No. %2 (PR), X ,P
. . g @
1. 1.000 7.75 -—
2 1.0600 7.88 -
3 1.000 7.98 -
4 0.956 8.37 0.955
5 0.910 8.54 0.907
6 0.857 8.47 0.859
7 0.786 8.46 0.800
8 0.722 8.34 0.752.
9 0.641 8.78 0.712
10 0.592. 8.90 | 0.689-
11 0.414 8.55 0.599
12 0.225 8.56 0.594
13 0.332 8,70 0.553
14 - 0.287 9.15 0.505
15 0.214 9.11 0.416
16 0.144 9.58 0.311
17 1 0.078 '10.17 | 0.180
18 0.049 - | 11.22 0.103
19 0.000 19.59 -—
20 0.000 .19.44 -
21 0.031 8.19 0.067
22 0.069 7.62 0.154
23 0.139 6.52 0.311
24 0.201 5.85 | 0.399
25- 0.232 5.59" 0.461
26 0.355. | . 5.80 0.568
27 0.424 5.69 0.614
- 28 0.528 5.52 0.663
29 0.614 . 5.67 0.700
30 0.678 5.91 0.735
31 0.766 6.32. 0.787
32 . 0.825 5.29 0.832
33 0.861 5.00 0.862
34 0.898 4.72. 0.900
35 0.942 4567 0.942
.36 0.966 4.66 0.962
37 1.000 4.26 -
38 1.000 4.14 -
39 1.000 4,28 --
40 1.000 4.06 -
41 1.000 4.24 —
42 0.933 4.53. 0.934
43 0.860 ' 4,66 0.867

—
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Membrane No. 3 (Cellulose) (cont'd) -

-
-

- . -
Run No. Xia (PR), X3b
a4 0.736 |- 5.13 10.787
45 | 0.672 _ 5.08 07738 - |
46 0.567 «|. ' 5.25 0.693
47 0.497 5.25 0.666
48 |..0.470 - lg 0.653
49 0.477 | 5.38 0.649
.50 0.478 5.36 0.654
51 Q;ﬂ&z_“k .§<32 . 0.653
T \4'./"
»
2 mol fraction of ethanol in feed.
- b o1 fractipn of ethanol in permeate.
A
) g
()'
N
- \

==

N
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Membrane No. 4 (Cellulose Acétate)

Run No.| * X3 (PR}, | X,
g/h -
1 1.000 10.94 -
2 1.000- 11.42 -
3 1.000 | .11.62 -
2 0.956, 10.15 | .0.981
5 0.910 8.95 10,957
6 0.857 8.24 | . 0.938
7 0.786 7.29 0.921
8 0.722 6.30° 0.910
9 0.641 5.89 0.906
10 0.592 5.61 0.901
11 0.414 4.27 0.863
12 0.425 4.36 0.884
13 0.332 4.03 0.870
14 0.287 3.69 0.843
15 0.214 2.91 0.823
16 0.144 1.93 0.762
17 0.078 1.07 0.358
18 |° 0.049 0.52 0.142
19 0.000 0.23 —
20 0.000 0.25 -
21 0.031 0.12 |- -
22 0.069 .1 . 0.20 | . —-
23 0.139 0.53 0.792
24 - 0.201 0.72 0.842
25 0.232 0.87 . 0.868
26 0.355 1.13 0.903
27 0.424 1.41 | 0.908
28 0.528 1.56 0.920
29 0.614 1.72 | 0.928
30 0.678 - 1.99 0.929
3 0.766 2,44 0.944
32 0.825" 2.56 0.953
33 0.861 2.77 0.957
34 0.898 2.98 10.963
35 0.942 3.79 '} 0.877
36 0.966 4.17 | 0.985
37 1.000 4.79 —
38 1900 4.79 --
39 .| Z.000 5.15 .| -= -
40 | ‘1.000 5.34 —-—
41 |/ 1.000 5.36 -
42 0.933 4.65 .0.970
43 |- 0.860 3.81 0.951
\ N

.
\/—\
. .
. .
.
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Membrane No. 4 {Celluldse Acetate) (cont'd)

Run No.| x,2 (PR), x,°
- g/h -
44 0.736 2.79 .0.934
4s 0.672 2.38 0.929.
46 0.567 2.00 0.919
47 0.497 1.81 0.911
a8 0.470 -~ 0.908
49 10.477 1.81 0.911.
50 0.478 1.79 0.914
51 0.482 1.77 0.909

a

b

mol fraction of

mol fraction of

ethancl in feed.

ethancl in permeate.

"y

-5

—_———
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Membrane No. 5 (Cellﬁlosé)
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-~

Run No. X2 (PR), xab
g/h
1- 1.000 22.84 - -—
2 1.000 24.22 -
"3 1.000 21.08 —
4 0.956 16.35 0.954
5 0.910 - 0.907
6 0.857 17.74 0.856
7 0.786 17.80 0.789
8 0.722 17.57 0.740
9 0.641 18.26 0.684
10 0.592 .Y 18.41 0.661
11 0.414 | - 17.92 0.554
12 . 0.425 17.70 0.568
13 0.332° 19.04 0.479
14 0.287 18.28 0.438"
15 0.214 18.68 0.361
16 <« 0.144 19.28 0.248
17 1 0.078 20,53 0.136
18 0.049 22,51 0.081
19 0.000 ° 34.43 -
20 0.000 32.78 -
21 0.031 . 18.41 0.051
22 0.069 15.75 0.122
23 0.139 14.38 0.257
24 0.201 13.24 0.348
25 0.232 12.50 0.387
26 0.355 12.11 0.511
27 0.424 12.46 0.572
28 0.528 12.13 0.642
29 0.614 »11:69 0.670
30 0.678 11.83 0.708
31 1 0.766 | 12.74 0.773
32 0.825 10.87 0.823
33 - 0.861 | '10.35 0.855
34 0.898 - 9.58 0.894
35 0.942 9.42 0.940
36 0.966 9.05 0.963
37 1.000 9.62 -
38 ° 1.000 11.97 -
39 1.000 . 8.63 -
40 1.000 S11.91 -
41 1.000 | x0*68 -
42 10.933 9.01 0.932
43, 0.860 9.44 0.862

]
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Membrane No. 5 (Cellulose) (cont'd)

Run No.| x,2 (PR), X P
: g/h
44 0.736 10.08 0.756
45 0.672 10.27 0.714
46 0.567 | 10.53 0.649
4% 0.497 10.74 | 0.616
48 0.470 - 0.604
49 0.477 10893 0.611
50 0.478 11.01 0.609
51 0.482 - 0.605

mol fraction of ethanol in feed.

mol fraction of ethanol in permeate.

{
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Membrane No. 6 (PPPH 8273)

Run No. X2 (PR), - x,P
o g/h .
1 1.000 12.62 —
2 1.000 12.92 -
3 1.000 9.873 — .
4 0.956 9.81 0.991 .
5 0.910 - 7.80 0.987.
6 0.857 6.41 0.976 -
7 0.786 - 4.93 0.967
8 0.722 3.86 0.958
9 0:641 3.28 0.957
10 0.592 2.95 .0-.943
11 0.414 | 1.79 0.940
12 0.425 © 1.87 0.942
13 0.332. 1.44 0.918
14 0.287 ~ 5.52 0.681
15 0.214 5.01 0.403

2 mol fraction of ethanol in feed.

b

mol fraction of ethanol in permeate.

o

e
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Table A-1-9
Experimental Reverse Osmosis Results for the

\

Ethanol-Heptane System at 3450 kPag and 25°C.

r‘:‘

8]
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V

Membrane No. 1 ®#ellulose)

2
|

Run No. X2 (PR), xP
g/h
60 1.000 1.16 .
61 1.000 0..97 . —
62 0.967 | »1.37 0.967
63 0.907 |* 1.37 0.908
64 0.819 1.43 0.835
65 0.751 1.57 0.772
66. 0.625 1.49 0.720
. 67 0.554 1.71 0.686
68 0.500 1.63 0.663
6 0.405 1.30 0.616
zé% 0.301" 1.52 0.570
71 - 0.190 1.34 0.420
72 - 0.163 1.30 0.286
73 0.070 1.67 0.134
74 0.037 1.91 0.042
75 . 0.000 2.97 —_—
76 0.000 2.87 -
a

b

~

mol fraction of ethanol in feed.

mol fraction of ethanol in permeate.’



Membrane No. 2 (Cellulose)
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Run No. X2 ~ (PR), x>
: + g/h
60 1.000- 1.04 <m
61 . 1.000 0.63 -
62 Q.967 313 0.966
63 0.907 1.14 0.909
64 0.819 1.19 0.837
65 0.751 1.21 0.781
66 0.625 1.19 0.728
67 0.554 1.22 0.696
68 . 0.500 1.22° 0.673
69 0.405 1.22 0.633

70 0.301 1.13 0.587
71 0.190 1.09 0.448
72 0.163 0.95 0.313
73 0.070 1.11 0.148
74 0.037 1.45 0.061
75 0.000 2.35 - -
76 0.000 .2.10 -

. a

b

mol fraction of ethanol in feed.

mol fyaction of ethanol in permeate.
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Membrane No. 3 (CelELulos'e)

Run No.| X2 (PR), x P

: . g/h
60 1.000 2.16 -
61 1.000 1.80 -
62 0.967 2.36 _| .0.967
63 0.907 | 2.43 °| 0.90%
64 0.819 2.53 0.824

. 65" 0.751 "2.63 0.768

. 66 0.625 | 2.69 ‘| 0.706
67 0.554 2.70 |* 0.670

‘| 68 "0.500 2.65 0.645.

69 - | 0.405 2.71 0.597
70 0.301 2.58 - | 0.569
71 0.190 2.66 0.394
72 0.163 2.63 0.261
73 0.070 |  3.27 0.136
74 0.037 3.80 | . 0.059
75 0.000 5.99 --
76 0.000 5.78 -

. "2 mol fraction of ethanol in feed.

® mol fraction of ethanol in permeate.

o
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Membrane No. 4 (Cellulose)

Run No. X 2 (PR), xab
--g/h '
60 1.000 3,08 -
61 1.000 2.71 -—
62 0.967 2.83 0.977
63 0.907 2.19 0.949
64 0.819 1.56 0.921
65 0.751 1.18 0.895
66 0.625 " 0.80 0.890
67 0.554 0.72 0.863
68 0.500 0.66 0.844
69 0.405 " 0.55 .0.830
70 0.301 0.43 0.813
! 0.190 0.23" 0.667
Y72 0.163 0.13 -
73 0.070 0.10 -
74, 0.037 0.09 -
~75 - 0.000 0.01 -
76 - 0.000 0~ -

2. mol fraction of ethanol in feed.

b

mol fraction of ethanol in permeate,

e
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Membrane No. 5 (Cellulose)

Run No: x 2 (PR), X2
g/h
60 1.000 4.32 -
61 1.000 4.06 |- --
62 0,967 4.61 | 0.965
63 0.907 4.81 | - 0.903
64 ¢.819 4.90 0.822
65 0.751 . 5.22 0.750
66 0.625 - 5,27 0.688
67 0.554 5.38 0.640
68 0.500 | - 5.44 0.611
69 0.405 5.36 0.578 -
70 0.301 | 5.51 0.485
71 0.190 5.68 0.338
72 0.163 5.87 0.233
73 0.070 7.24 0.122
“74 | 0.037 8.39 0.059
75 | 0.c00 11.87- -
76 - 0.000" 11.67 —

a ol fraction of ethanol in_feed.

® mol fraction of ethanol in permeate. E

y

[
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Table A-1-10
Experimental Reverse Osmosis Rééults for Diiute
Solutions in Ethanol at GBOb aﬁd 5450 kPag, and
25°C Q?th thé Membranes;used for Ethanol-Heptane

Fractionation.
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Run Solute | Conen, P, [Membrane (PR}, . £,%
No. ) m x 103 | kPag No. g/h g/n

1 LiCl 5.511 6900 1 5.03 4.61 15.2

‘ ~ 2 3.07 2.79 | 40.9

3. .75 7.60 33.4

4 10.94 10.80 »99.9

5 22.84 15.22 22.6

.6 12.62 11.98 »99.9

2 LiCl 5.026 6900 1 5.10 4.75 33.5

- 2 3.04 3,05 | 42.4

3 7.88 7.62 30.0

- 4 11.42 11.10 »99.9

5 | "24.22 | 17.36 | 19.6

6 12.92 12.35 »99.9

3 ] LiCl. 81.46 £900 1 5.19 4.37 24.7

- ) 2 3.03 2.54 . 31.4

3 7.98 6.60 | "22.3

4 11.62 9.94 | 97.6

5 21.08 13.31 ] 14.4

6 13.19 9.83 {.. 97.8

37 LiCl 6.643 6900 1 2.18 1.95 41.7

L : 2 1.83 1.79 47.5

3 4.14 4.03 38.5

4 4.99 4.88 >89.9

5 11.97 11.14 24.0

38 | Licl ©6.107 | 6900-] 1 s 2.13 2.78 | 37.1

' . 2 1.94 1.91 43.1

- 3 4.28 4.23 | 36.8

‘ 4 5.15 5.09 »99.9

5. 8.63 8.58 | 35.2

39 LiCl 6.680 6900 1 o1 2.34 1.99 43.1

: 2 1.43 1.87 48.5

[~ 3 4.63 4.13 38.9

4 ~-5,.38 5.34 »99.9

5 9.17 8.50 29.9
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Run { Solute Concn, P, |Membrane| (PSP)3, | (PR)3, £,%
No. mx 103 } kPag No. g/h g/n '

40 | LiCl1 8.085 6900 1 2.14 2.07 40.4
: 2 1.81 1.86 46.7
3 4,06 4.05 38.6
4 5.34 5.33 | 99.9
5 11.91 12,75 - | -19.3
41 | LiCl 63.51 .6900 1 2.21° -— 33.8
2 1.17 — '38.7
.3 4,18 — 29.9
4 5.32 — - 99,2
.5 8.90 — 23.0
"42 | LiCl 74.09 6900 1 2.32 2.07 32.9
- ' 2 1.92 1.67 38.1
3 4.24 3.68 29.4
4 5.36 | " 4.87 99.0
5 .| 10.68 7.13 21,1
54, | N,N- 4,022 | 6900 1 2.35 2.31 1.0
Dimethyl- 2 1.86 1.88 1.7
benzylamine 3 4,21 4.18 " 3.9
4 5.45° |+ 5.36 61.5
5 19.55 71.34 |7 1.9

55 | N,N- 4.336 6900 1 1.73 2.53 6.0 -
Dimethyl~ - 2 1.46 1.80 8.0
benzylamine 3 3.43 4.02 7.8
S 4 4.58 - { 5,22 63.6
5° 10.26 12.59 | 9.1
56 | Triethyl- 5,203 6900 | .1 2.76 2.72 15.9
amine S 2. 2.07 2.12 .| 22,9
3 4.48 4.47 18.2
4 6.00 5.77 79.2
5 ‘14.76 10.72 8.0
57 | Triethyl- 5.178 6900 1 2.65 2.70 15.7
amine 2 1.94 2,01 23.0
3 © 4,32 4.23 17.4
4 5.7 | 5.36 82.8
" 5. | 12.84 8.15 3.6
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Solute “Concn, P, {Membrane| (PSP)3, | (PR)?, £,%
"No. mx 103 | kPag No. g/h a/n
59 | Triethyl- 4.167 3450 1 1.16 1.31 14.1
amine - ; 2 1.04 1.06 16.8
3 2.16 2.18 13.5
4 3.08 3.05 { 77.3
5 4.32 4.16 7.0
60 | Triethyl- 3.773 3450 1 - 0.97 1:.15 16.4
amine : 2 0.63 0.76 14.6
‘ 3 1.80 1.82 12.8
4 2.71 2.72 70.2
5 4.06 3.92 11.9
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Appendix B

a Détailed'Reverse Osmosis Experimental Description
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A more detailed description of a typical reverse osmosis
experiment is given here as an elaboration. From aAppendix A-1-5, °
run number 513- is taken as an example. The solute is ﬁaCl at a
nominal concentration of 0.005 molal® in methanol. The membranes
are of cellulose acetate ghmbered from 1 to 6 inclusively.” The
prbcedure is outlined as follows.

Step 1. It is considered that the entire ciculation system would
have been standing with the tubing and pump filled with room
temperature methanol, as well as 2 L of methanol in the feed
reservoir. The pump and temﬁerature controller are étartgdf and
the controls adjusted to give the flowrate (5 x 10~* m3/min)
6perating‘pressure (1725 kPag) and temperature (25°C).

Step 2. When the system reached operating conditions (usually
temperature was the.constréint), pre-weighed sample bottles were
hcbnﬁected to the permeate outlet for each cell, aﬁd the time was
recorded. These bottles were of 50 mL capacity, and were Eitted
Qith'female‘ground glass joints for their necks. A special lid was
used with a small hole through which a Teflon tube could be loosely
fitted. This tube was connected directly to the permeate outlet..
In this case, since six membranes were studied, six sample bottles
were used.

Step 3. At the end of a suitable time period to obtain a weighable
.samgle {31 minutes in-this case) the sample botfles were removed.
The exact time was not always the same, but was usually in tﬁe

range of 15 to 30 minutes for these‘expériments. The samples were

R et SUUUI 1
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i . A -
weighed and found to be 11.23, 2:29, 2.21, 8.03, and 10.39 grams
for membranes 1 to 5, #espectively'(the (PSP} sample for membrane 6
wa§ lost by a handling error).
Step 4. The pump was stopped and.the pure'methanol was removed,
It should be noted that-two separate feed solution reservoirs were
used. The feed solutiecn feservoir,_wﬁich had previously been
filled with a 3.8 L solution made up to the nominal concentration
(6.005 molal) was attached. Instead of recycling, the circuiation
system was attached to a waste solveng tank. The pump was started
and a?proximately 0.8 L were let run into the waste solvent tank.
Tﬁé pump’ was then.stopped and the circulation system's closed cycle
was recoﬁnécted. The pump was then restarted and the permeate
from membranevﬁ'(lowest pérmeation rate)rwas collected in a small
graduated cylinder. ’
Step 5. When 8 mL of permeate'ﬁad been collected (a time éeriod of
approgimately 2 hours), another set of preﬁeighed sample Sottles
were connected to;the permeate outlets and the time was recorded.
As well, -a sémpleﬂof the feed solutien was taken. After 60
minutes, the sample bottles were removed and another sample of the
feed solution was collected. The permeate samples were tﬁen
weighed and found to be 21.22, 4.21, 15.37 and 20.21 grams for
membranes /5. to 8 féspectively.

C
Step 6. The pump was stopped and the feed solution was replaced by

pure methanol. The circulation system was connected to the waste

solvent tank and the pump was started. After 2 L of pure methanol

~
{

e m——

v
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had been passed (sufficient to rlnse the system), the pump was
stopped and the circulation system was reconnected. If no more
experiments were considered, the system was left standing as

encountered in Step 1. - 5

-

Step 7. The six samplesv(z_feed, 6 permeate) were then analyzed
for concentratien by an electrical conductance method. The two
feed solution sampies were 265 and 273.2 ug/mL, and the eixl
permeate solution samples were 110 9, 72.95, 65.7, 90.1, 99.3 and
?52 9 ug/mL, for membranes 1 to 6, respectively; The solute |
éEparatlons were then calculated for the six membranes: 58.9%,
72.8%; 75.6%; 66.5%;, 63.13; and 80.3%, for membranes 1 to 6,
respectively. Both (PSP) ané (PR)rwere caLCulated;l The" (PSP)'s
were 21.74, 5.40, 4.28, 15.54, and 20.11 g/h gor 13.2 cm? surface
-areas for membranes 1 ;o‘S, respectively. The (PR)'s were

calculated as 21.22, 5.32, 4.21, 15.37, 20.21.and 3.31 g/h for 13.2

cm? surface areas for membranes 1 to 6, respectively.
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~ Appendix C

Fortran Program Listings'

—




Program Listing - -
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nnos DATA CORRK/4,14640D=04,3. 380D-04.2 9204D~Q431.2742D-04,
£2.94010=-05,2.5785D~04/
" C THESE ARE AVERAGE 'a' VALUES
‘»g SFR%;ng OS/DATA AVGA/B4._.25D= 09 20 58D~08,16% 17D-08 58.64D=08,78.80N0=
& 930~ .
c R DATAAVGA/?B.QOHD-OB.Z].ITQD-OS.I6.650-0R.4.0540-09.16.33R90-08
g &,1-3‘.2720-03/ . : .
Cc FPPROP MFSSAGFS : ’ .
6006 6 DATA ERROK/' XA3 'LUPATXA2','"OCENSTY', ' DIFF ',!'K_VISC'/
C -
0007 . DO 2222 F=1.,10
0008 2222 TYPE'%.'WAPJINC!lllll! FOR WATER aNLY!Itiriry
C. RN . )
0009 ~ . OPEN (UNIT=1,NaME='SOLUTIQN. DAT' ,,TYPE='0LD'")
on1Lo OPFEN (UNIT:Q,NAHF-';prMNTL.DAT' LTYPE='OLD ")
0011. CPRN (UNIT:B,NANE 'KIﬂwATFR OUT',TYPF"NFN‘)
L .
- C READ THE SOLUTFE DATA
0012 RFAD{(1,99) I“AX.hEITM.SGLI,SUL?,SOL3 oo
no1s3 99 FORMAT(T?,3X,D10.4,9%,3848) . . ) )
0014 ?FTD§1£;;(FBACML(I}.QENSHL(IJ;OSMPPS(I],VISCﬂS(I),DTFFSNLT).
. EI=1,1IMm ‘ . . . .
C .
SR
g ADJUST THE DIFFUSTON COEFFICIENT .
- ‘ .
C . ) .
0015 D321 T=1, 1w : :
0016 : 371 DIFFSN(T)=DIF N(T)*(l OGnRe bS] . . [T )
C ) ‘ o o . -
. .C RFAD THFE FXPFPIMENTRL DATA ’ . . : N
0017 S RFEAD(Z2, *} NDFILN ¥ T S|
no1g 1- - NO=1 - )
0on13 TYPF *,'FILM a8 ', nLQOFILM ) . ' T
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ETN:7 /TR: euocxssz - :
_ WRITF(3,105) NOFILM,SOL1,SOL2,SOL3
105 ggRTAT(IHl.'FILM NO.',5X,13,10X%,3%4///)
2 'READ(?2,%) NODRUN,PWP,PRODRT,SEPRTN,PRESS,FEEDML,XA1(NO),FEEDRT
AREA=13.2D0 :
© TYPE ¥, TXA1',XA1(nN0)
- "NRUN(NOI=NORUN . N N
¢ . S8 ) -
C . . = \
,g‘ IF NORUN=Q STOP .
* IF(NORUN.LE.Q) GU TQ 7777
PRFSSS(NOY=PRESS sr .
FEEDMM{NO)=FEEDML :
SEPRTT (NG)=SEPRTN
¢ CALCULATE SOLVENT FLUX AND SOLUTE FLUX
999 PRODMLE(1..0D0-SEPRTN) *FEEDNL :
XA3(NO)=XA1(NO)#*(1-SEPRTN) ,
YNB(NO)=PRODRTX (1-XA3(NG)I/((CI=-XRI(NGI)I*18, 02+XA3(\0)*WEITH)-
S*3R00%AREA)
c . YNA(NO):YNB(ND)*XAB(NO)/(1 =XA3(ND))
C USTNG SOLUTION DATA., CALCULATE THF QSMNTIC PRESSIIRE OF PRODUCT FRO
E ITS ¥OLAL CONCENTRATION,BY LINEAR TNTRRPOLATION.
gggLILNTPRP(XAB(NO) PAIXAB(Nﬂ).FRACML OSMPRS,IMAX,MESS) -
"TF(MESS.ED.0) GO TO 4444
¢ CALCULATE “A" AND OSMOTIC PRESSURE OF XAz
A0 ACNN)=PwP/{3600%AREA*16.02*4PRESS)
Lo PATXAZ2(ND)=PRESS+PAIXA3(ND)~- !NE(ND)/A(NO) .
C .USING SOLUTION DATA, CALCULATE MOLAL CONCENTRATION OF XA2 FROM
C 1TS OSXOTIC PRESSURE; 81 LINEAR INTERPOLATION., , |
o EégbzumrsppcPAIxnztwol.xn?(NO) (DSMPRS, FRACML,IMAX,MESS)
c IE(iEss.Eo 0) GO TO 4444 )
C USING THE SOLUTION DATA,CALCULATE THE MALAR DENSITY “oF xAJ,xazsxA3
E BY LINEAR INTERPOLATION. ,
"gé%EBLNTEPP(XAl(VU).AVDENI(NDJ FRACML,DENSKL, IMAX MFSS)
IF(MESS.EQ.0) GO TO 4444
CALL LNTERB(XA2(ND),AVDEN2,FRACHL,DENSHL), THAX  MESS)
IF(MESS.FC.0) GO TO 4444 -
CALL LNTERP(XA3(H0).AVDEN3, FRACML ,DENSML, TMAX, HESS)
IF(MESS.FN.0) GO TO 4444
C CALCULATE DAMFKD'



[ S

)
x| z .
. = o (]
. - o
b 34 = I
.- ., CO - fan] |9
~ o' 21 [ v -
o (o~ O [ o
=4 ' < 7] c . .
<« - L o ~ 2
m. =l [ E = =
] < oo | o V4
w > X o~ (x} ta) C— 0
< * - OWw ‘v L T WS W
T o, m CE v 74} we v
= o~ z w g » JoE .
13} ' ~ lF T T=Z w I
. o T I - W O~ -
= 3. o = T - = OOND
s — <t L B U (& MmOUNQ
' O il 2 Ca i - Flhoe @
—~ c o= ] [7) B B 3 - LYY
(@) e} — .~ o o -~ (&) - = -
= [a RS- | z an ua x> w aouwn
- . * 7] H v Iz
. ™ —~ e {s, Doy oz o, @ slgn
[ L4 c =>x [*% C e o o =~ —~
@ ». V2 e — wH = ~ [F9 jm] b,
- [ S, I [ L e ) [§] [N Fe¥d »
2 o~ —-. D=2 - 3 o 4 L% - OO0
o =, Z WO 2 Lo U o ™ [ P
=] (o} v Gl - ZF Lz« w o - N2 s
| [a} [l I [ &) Wik w [ NET W N
m > > OD <L OxXxz > — . —~n XNy
o < -1 e 1 4 U H. s T o~ e 0N
- - 0 {o. Ll 2. v o - [ X .
- N 7 . o 2 = = LM - v ~0o M
’ ~ —~ O Wlu= L 2 o C Ww & 1)
. - - . ~ .5 U ‘e @ a < oo LN
- o~ o . D Wy’ L < v x < ~— et o 3 s ATaT ol I -
pa LY - Z i b v 2O N T > =R A, ary «
o ' - . - e R B $ =T 3 I S * PN A
=+ ma ™ —- A c 2 @ AC > & W Y ATy S ade) o
—T o 4 2z DWw . O D — TOm MmN ' e Ol e
N X ~ > Urn ~ o WU~ ~ 3 o M aNC —~E~ax o
Uy * N + e [ R SR T B i w < . = c xoa,
N - ™Mo ~ 1 == ' s X e 4 = [i9 - o e 2 o~ LYo D- R ST ¢
[ S =) 2L ~~ O Gl - O a Uk « O O —“OO¥ X &N - S .
o =z th, OO0 ac =2 o (LT & - 27 B A N ) L USSR LNO @ sD m
. Q9 QU ZZ O ~ = [ T R S LCLR c SNOLO® 23 CCC SAMmx, e
m L PEZ O a gz oA EBAL XK~ pm L 2L ZOoOgQIm O (DG Z= —OMa
* oz L MM vy 2 RC - O C PkE - C o OO0 E L O QCON D s TIW0
@ >~ A S O > <l o ¢ LR C n L 1S ZOZCDHTIT C©C ¢ 4 (MR ) » -
B N~ S XX ) - OF r 4CcCC o C oh “ANT 1= 1 OCCCre O s—Om
i N T = I )~ H L W Wk =2x (W v) CO>LST Nl COINNCC skm S
) oD < o~ M Z2r £ ¢ D20 & L TR A Al am (N sLMaa
ZZ -~ 00 r~OMmC, Ok Z Vi H O«a 2 v, Ta ~OANBHCOO~COD  Nets VG0N v
m e M, P22 2Z2MNZ =2 [ T I T e b I R ) R SR '3 QUONXZZOCIHTZ2~ sNQAr s(Ne
) QM ME M ) Sl VEREQ U0 e} = B A e e T A e A ) S M
s c X NN U DU DlE W2 ODUE (o C b= ONEE OO0 F— A sl
v @Mx G adNSNOY a2 e x> [ty A TR )Y OHCZ2Orz20Cz2F¥UKa= WO«
m ) 2E O RKMNxZEZ DO SWh. HOY abl —~y FOL~ A2 X alr[<F s2>¥
= Tre g FHIl—ex < QL Ut SV Us— 3 e NG B TR = S el (X
P J g VoemNT L O UD X E WU~ TITaOUNIEALrCnNed ~C
5] * DRI UE A [T9 LA Y] EHUNNOALCUNWO I b T>L
o~ [?] [ 2« Wi o3 ; PR 21+ 4 : . — -
TR -1 ~ 0 = LD (8%} .
o=z « ~ ~ wo Founa A PO o o oc o < o
e U ~ i~ =% =l o o e F=r o m
X8 . ] o o oNeS o~ N
e LI 18 oy LvuLoow upLUL YL o -
x. . . o
Z
of b »
x < : .
X o ~— N TNO~@© PO N WO ERC —NMTNL =~ < —
xx ul i [Ta1TalValValValTalTel o oo O DD . P epNafVoliagVel ol o ol ol o pl ol ol o o W @
O O o QOCOoOoOoO0O OO oo . COoOO0OCCOCOOCOoOOoOCC 'c ©
by o o CCOOOCO [=Y=Te [#Y =¥ CCOCOCCOOCO0OOE c o

-



PAGE 5

'23-0CT=-82

o2

RLOC

-
-

/TR

N

FORTRAN IV=-PLUS V3.0-3

KIMWATER.FTN

.
—~
o
L= '
=
~ - .
o~ - [S ~
(o8 c ~ - ~
> - o <L -
- - -4 N —
- — ™~ e L= <
- Q- [ IR /] [a] <
Ll 2, Ll ] ) ~
- o — ~ = 75 [€1] m .
-4 — M- - [ [ ¢ LK K I .
- X et —- o > L B X NN
sy > = 0 < - LR R X X N
[ YoN . - F £~ o~ LI
M= —~ o — < L2 R R
= O, oA o 1) > AR
N 2 0 = T LR B B KR
- O “~ ()3 b B~ L E R R K R R
LT <~ =z |8} 8 LE X X X X3
o N FE R Y, O — LE X X ¥ NS
<L . ~Zz o - ) z LR X .S
- O o r~ ~ (=) L 3 O
o Zm - [ [x} [ &} LE B N
[F. 4 —= . 3 [43] = LER F W ¥
0, U - - 3] G HOW NN
< v} o~ o~ ] > o LR X X R 8
X < Z o~ [ 172] 4 1) x LR R N RN
- o a0 “F b . LR R B X%
- v -~ o vy (&4 LE E X X X
™~ [k [als [+4 = F-d LR N R RN
o~ LY ¢ ow - —~ b LI 3
[kl —~e oz ~al x €I LR B X R R
2 (= za oW ale By Lol
- - = . oo~ Z [ Ml LEX B X ¥
¥ —~ jm S L — X LR RN
< m [alw] T C - L «t Q LE X X BN
Qg wZ VI = G~ v R R
-3¢ o — < - = s Jw] o= LE X R
.- M - we o 4 (73] bl il
(o Y oL el 0N e T~ | LMo H LR N
o —tr- a0 —er v Y] oW W
- o~ O [ (S I ~ 2] LE 2 B RN
o~ N AN o Rty O O L R X K
C. - 2N O = -®% " OO~ 22 £l L XX
n D= = 32 O# ZEd w2 I L R N
4 XN Z s ZXT Oy P2 2 X X K
™~ ZzazrH=20m 2L ZZM DD "% -
- D= O DVl HIDZen - &= LE R N x
le] a- “Dax~—D - ~habbh =~ &~ PN R R 58]
- - ST EZMNE - AN\D2Z200 m m’ L [
LN [ ot U S 1 SeNZ B s S A L33 O <
— ARG N SN sl M O s s LR RN x
[m) O Il O OO SOOI TONX LE X X RS =
-4 W s 2sD@0at v AN s [IMme axy st s LR KK X eV
I OMNNe = Z0NA MN= OO NN M — NN [« NN R NN DX
o ZoaN - s aeih] SN 2EmN ) NN T
ZANIIMwILZ MAwDMees MoewOlaOllaD O R N ]
ME A SO b 2O~ IR 2 B wHE R O
00T WA ~PLZarLDaX OF T HE  HE— HHHRNR 20D
NEZHHERE sONE“FHREIOMFaAaIDx00T0OR O *oHw RN OF 2
H—ll L~ HMEZ2HEU~ HEaU2zLOFELh 2 O M e DD
QOO ON—OIXADOE OO IO | O LE R R XN
HHZUZZLEHEOZXLUZW-- Ozl | &) LR
. - — -y - . LE XN X
' : <0 M- LR R T o
WO oo < coco SN MeNG EE K
MmN ~ WO~ m < m = LR R X N
CNEN NN - N NONem M - m o m ™ ERE R X B
- v uLuLLLLL
°
¥, -0
N0~ GO N NG RO mNMT WD L@
mXP@DODED® . O OOT oo OGO OoOOTO O cCco
cooodoo cCO CoO00o OO0 OCOCHrmrtrtr — e
(= [+T=T o]

[efalalelels]al o COoOO0CoC 00 COoOoOOOOOQ
bt



1

PAGE

23-0CT=82 .

403

1
BLOCK

- /TR

IV=PLUS V3,0-3

" FORTRAHN
OHYA.FTN:126

—~
~0
E=v.A

CWEOD
O el
—~ s |l
[ Dl g £
[=3 1 ¥
OOl
w~ e O
T rrde w
1 O -

<L F  wEe

U o

ZAV O a-

O » s

HL XEFQ -

RS(100),INDEX(2)

TW s QU

HADXZ W
OC Qa2
WOICQX FE
xXeU= =X
Ly== ] s

[l -
WELWEN¥Y=oO
SAVIE (D
TZxzxE I
D2 s GE

OC IO L2~ C= 'z
QO Ml xQC sIAaltc

ZHEAER s I CAErx- s M
O = % WX D sl s/ vmm e Z
NI Z M <aonmmno D
CSL]4*T3MDCU(T9913337(OOEU*2DRD

il -

»'PROD',9X,'XA2',10X,

'SEPN',8X
.« "PROLD")

TO 9999

-06
-04

N
Fata s
g I o
N~y XS ZE
b et
[N
11-'.-
nn
O
= LS Y

M s~ A
Lt Tl ol b )
- Rnnwdu-tl\rl\r\
s o JU}.2

“CEQE

Laad S TE R L R ¢ BT
CXYX W) s LA CaE 2
sy i
ML OO

n=

T',TYPE='QLD'}

fon P0G R

HZ O~ QO {)d » s s sl I s

Tl Z Ol

OLE WAl UemwEAWHEb —wa e e Q@ i)~ hils,a »

-DRVITMI1T111T512HN2AE=O

AT .
M,PRESS,FEEDML,FOLD,PROLD

§0w1L+_55'.506DDJ

MRKD

b ol . f

.

GMA/(EF)*(F2-1)/(1-KE31)%%2).
X R R R R E RN R AR R A R KRR A KRN R KK AR KRN R R AL £ X

o
~~ .
~lu - =
Lo ip) H
T Leny T —
KT, P nva Mo
¥ Dl [aal RTVR (RN ||
< <qi{c “NC —
O~ C —~m
=yt &) OSSN Ol
M=) MmN~ &
— 2 < s e
— O OCH# 1 <O
NOCOHL, CWON~Z v .
o ~ e {a) N M [ - -
te —hIFN ~C + [ Z (0.3 —t ot %
+- M OABMNIMNY,. Ol 8 3 X%

S Ol s MenND | T Mt MR #

QOOC ) WUI# WUNDELDMMONLI* —®

© DO DN ) W2 M NmMg
POCT t)— NI v e el (e o OV D L W

FHZOAOXONLIXAEZONOF COOELVUNUALOENECD «—lH swwh l ImOWummmiLi, Kol +
I[EDRTAAIDTOWFEARAAARCSSSUAAIG:]:11::TE?E::(EEEIIIE?3¥
o, T xWOLIkinO [0 A O NG (S ) <G M ALl

O “ oo o XULDWNNNLW W (. >

- »*

ww = o o L

w W o a ™M < (=] o u o *

o - o o~ ™ <¥ ~ ['g) "

: o m m S t %

(818 w L

— N TNLH OO 0N MINOCDOC~(NMT N O DRO—ANMINOOT O NMTIND X
coc COCOOOmrmrt ittt VOOV O ON OV NN NN N O M MMM s S g Stk e
(oYY OCCOOCOOO0 COOO00OCOLCOOOLRCCOOOOOCODOCCODOODOOCY COC

OO OCCOOO000O00O

OO0 OOODOOLOOCOCOOCOCOCOCCCOLOCOCOO OCoO
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PART OF THE CALA SERIES

]

. SUBROUTINE POTEN1(ROH,FUNCK)

REAL*8 FUNC,FUNCK
1ROC?MMON Xt, X2 EH; ALPHA(IOO) A,B,C,AA,K,L, M,KK, N, RDHO ROHOO,
IF(ROH.EQ. ROHl) GO TO S
. AMSFLOAT(M
FUNC=-C/(ROH1-RDHJ**ﬁM
IF(FUNC,LT.=10.0) FUNC==10,0
(FUNC.GT,13,0) FUNC=13.0
CK DEXP( FUNC)

N
TU
g K DEXP(=10.0D0)
D

2NN elslniginle]
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0001

SUBROUTINE OQATR(XL,XU,EPS,NDIM,FCT,Y,IER,AUX)

(A-H,0=2}

E PRECISION

L
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M .

N <
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