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ABSTRACT CONCLUSIONS AND RECOMMENDATIONS 

This report deals primarily w i t h  the permeability character is t ics  of 
* 

the AMF C-103 cation-exchange membrane. The resu l t s  are based on the trans- 

p o r t  measurements achieved with the "Concentrati on-C1 amp" method, developed 

especially f o r  precise measurements of water and electrolyte  transport 

through membranes under the influence of  e l ec t r i c ,  osmotic and pressure 

forces or any combination thereof 

The evaluation of our transport measurements as reported in the tenth 

quarterly report (January, 1970) i s  described i n  this report ,  rather than 

new experimental data. 

A refined s e t  of transport equations has been derived i n  terms of 

Jw and J 

time-honored use of volume f l u x ,  J v ,  which turns out t o  be a non-conser- 

vative f l u x ,  because of the non-negligible variation of the partial  molar 

volumes of water and electrolyte  with the concentration. 

water and s a l t  f lux respectively, rather than the previous and 
S' 

Water and s a l t  permeabilities were calculated, as well as respective 

transport numbers. In order t o  compare w i t h  previous researches by others 

( i n  which - some, b u t  not - a1 1 transport phenomena were measured) we present 

our resul ts  also i n  terms of "practical" transport coefficients namely 

the reflection coefficient,  a, the hydraulic permeability, L 

solute permeability, w. 

data - do e x i s t o  there i s  f a i r  agreement w i t h  those measured by us w i t h  the 

"Concentration-Clamp" method. 

of t h i s  report show tha t  some transport coefficients are concentration- 

and the 
P '  

I t  was found tha t  where fragmentary l i t e r a tu re  

The resu l t s ,  described i n  detai l  i n  the body 

* * 
American Machine and Foundry Co. Springdale Connecticut 

i v  



dependent and tha t  hydrostatic pressure seems to  a l t e r  the transport 

properties of the membrane; mechanical side e f fec ts  of the pressure may 

compact the membrane, even though the used pressure differences were low, 

Some improvements in the experimental system, including a new membrane 

holder ( to  reduce traces of cross-compartment leakage) and two new micro- 

metering values i n  the demineralization loop (for  increased flaw control 

sens i t iv i ty)  were introduced d u r i n g  the current reporting period. They 

will  be described i n  the next quarterly report. 

Summarizing the resu l t s  of the past experiments we re'commend the 

following: (a )  perform transport experiments a t  uniform concentration 

and ( b )  design precise membrane conductivity measurements. 

Re (a ) :  I t  i s  of particular theoretical and practical in te res t  t o  

measure transport coefficients i n  a membrane-solution system w i t h  no 

concentration gradients whatsoever throughout the performance o f  the 

experiments. For onces transport coefficients can be determined w i t h o u t  

making any assumptions on how t o  "average" them over the existing concen- 

t ra t ion gradient; second, the "concentration-clamp" method i s  ideally suited 

for uniform-concentration conditions. Therefore, electroosmosis- 

electromigration experiments w i t h  no concentration gradient across the 

AMF C-103 membrane which we used previously, were s tar ted.  A ser ies  of 

experiments, covering the range of 0.05 N - 0.5 N NaCl i n  solution concen- 

t ra t ion and the range of 0.5 - 2.0 ma/cm i n  current density was already 

begun . 
2 

Re ( b ) :  To transform the data into more fundamental parameters, 

e ,g ,  f r ic t ion  factors ,  which should make predictions over wide ranges of 

t 
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forces and fluxes possible, i t  i s  necessary t o  measure the membrane con- 

ductance w i t h  great  precision e 

the technique developed by Guil lou and Buvet i n  Paris i n  recent years fo r  

this purpose, and hope the apparatus developed may be of use for  a wide 

range of e lectrolytes  a t  d i f fe ren t  concentrations e 

We are now considering the application of  
* 

* 
"Membranes a Permeabilite Selective1I4 Editions du C,IV.R.S. (1969), Paris,  
p .  131; a r t i c l e  by M. Guillou, De Gui l lou ,  R. Buvet. 
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Bj  

List of Symbols 

Chemical ac t iv i ty  of species k,  mole cms3 
Effective surface area of membrane, cm 2 

Concentration of s a l t  and water respectively, mle 

Total E.M. F. measured between Ag/AgCl reversible electrodes vol t  

Faraday’s constant, 9.6491 10 4 amp sec eq-’ 

Current density, amp 

Electric current, amp 

F lux  of s a l t  and water, mole sec-’ cm-‘ (positive from l e f t  to  r i g h t )  

Volume f lux,  R sec-l cmB2 

Hydraulic permeability, R sec” cm” atm-’ [Eq. (19)] 

Molecular weight of s a l t  and water respectively, g mole-’ 

Moles o f  s a l t  and water, respectively 

Hydrostatic pressure, atm 

Permeabi 1 i ty  coefficient of sal t and water respectively ., cm sec-’ 

Gas constant, 8.314 watt sec deg-’ mole-’ 

time, sec 

Transport number of cation and anion respectively, i n  the membrane 

Temperature, OC 

3 Volume, cm 

Partial  molar volume of species j cm3 mole-’ 

3 -1 Rate of solution loss of a half-cel l ,  cm sec 
, 
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A Denotes difference, r i g h t  minus l e f t  

6 Denotes di fference f i  nal s t a t e  mi nus i n i t i a l  s t a t e  

F Electrochemical potential cm atm mole-' 

YC Chemical potential cm atm mole 

3 

3 

7T Osmotic pressure atm 

P Solution density, g 

0 Reflection coefficient 

w Solute permeability coeff ic ient ,  mole cm"' atm-' sec -1 

4-J Electrical potential vol t  

Superscri pts 

I Single prime denotes "property of the demineralizing 
column ha1 f cell  'I 

I' Double prime denotes "property of the auto-buret side" 

C Denotes "measured under a positive concentration difference", 
c; > C' S 

C- P Denotes "measured under a positive concentration difference 
and a negative hydrostatic pressure difference" 

c- p- i Denotes "measured under a positive concentration difference 
a negative pressure difference and a negative current density'' 

-i Denotes "due to  negative current density alone'' 

-P Denotes "due t o  negative hydrostatic pressure difference 
alone", AP < 0 

-c- i Denotes "measured under a negative Concentration difference 
and a negative current density" 
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Subscripts 

Bu 

Col 

el 

f 

L 

on 

0 

s 

sol 

W 

Buret 

Demi neral i z i  ng col umn 

Electrode 

Final State 

Leak 

Membrane 

I n i t i a l  s t a t e  

Sa l t  

Solution 

Water 
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Column s ide  f l e f t  s i de  Bure t  Side E r i g h t  s ide  

Catho 

membrane 

= F lux  o f  s a l t  and water respec t i ve l y ,  p o s i t i v e  f rom l e f t  t o  r i g h t  
J s 3  Jw 

n = I n f l o w  o f  water through the  membrane, i n  mole; i n  many experiments, 
w ,m 

t h e  anode ( p o s i t i v e  e lec t rode )  i s  i n  the  bu re t  compartment a 

a cation-exchange membrane i s  used, there  i s  an e lec t roosmot ic  
ou t f l ow  o f  water, i .e .  Jw i s  negat ive.  

When 

FIGURE 1. Some Notat ions and D e f i n i t i o n s  
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I .  Introduction 

This i s  the eleventh quarterly report of a research program 

designed to  (a) construct one apparatus in w h i c h  transport of s a l t ,  ions 

and water across membranes can be determined w i t h  differences i n  con- 

centration s e lec t r i c  potential and pressure as driving forces, together 

w i t h  the measurement of membrane and streaming potential ,  and ( b )  per- 

form a variety of transport measurements in i t  t o  determine the range 

i n  which l inear  relationships between fluxes and forces exis t .  

will permit us to  study the performance of separators and membranes 

from a minimum number of basic characterization measurements. 

This 

The 

experimental system has been described in the f i r s t  annual report 

(November, 1968). 

i n  the f i f t h  (February, 1969) ,  sixth [May, 1969) ,  and seventh (August, 1969) 

quarterly reports and the extended eighth quarterly report (January, 1970) 

which serves as the second annual report. 

(July, 1970) described the measuring systems (voltage, pressure, e l ec t r i c  

current)  and included a complete ser ies  of transport measurements. 

Minor a l terat ions i n  t h i s  system have been reported 

The tenth quarterly report 

This report deals w i t h  the calculation of water and s a l t  transport 

and the permeability character is t ics  o f  the ine:iibrane, namely, the s a l t  

and water permeabilities and the various transport numbers determined 

in our system. 

11, Calculation of Water and Sa l t  transport: 

In our eighth quarterly report (January, 1970) we des- 

cribed our transport  measurement resu l t s  i n  terms of s a l t  and volume 

fluxes, 

upon s a l t  concentration vol ume i s  n o t  a s t r i c t l y  conserved quantity. 

Therefore, when discussing transport measurements, we shall describe 

Because the partial  molar volumes of s a l t  and water depend 

Y 



them here and in the future i n  terms o f  molar water f lux ,  J, and molar 

s a l t  fulx,  J s 9  rather than volume f lux ,  J v e  

11. 1. Mass-Balance for the Salt-Donor Half-Cell (Buret Side) 

The water gain ( inmole)  for the buret-side, 6n1, equals the i n -  

flow of water through the membrane, nWw,,,, (see Figure 1 ,  page x)  $ the 

"loss" term 

this half-cel l ,  nW,BU: 

* n i S L ,  and the buret contribution of water when s a l t  i s  added t o  

- n ~ , L  ' n ~ , B ~  w,m 6n; = -n 

where: 
3 6VBu = the buret reading o f  the volume change, i n  cm ; i t  i s  a 

positive increment. 

* 
The term "loss" i s  used for  the observed reduction 
volume; t h i s  i s  no t  necessarily due t o  real leaks. 
the p l a s t i c  has a similar e f f ec t ,  assuming no s a l t  

o f  - t o t a l  so lu t ion  

i s  lost. 
Water absorption by 

** 
The relat ion between the concentration of water and s a l t  i n  any volume 
o f  solution is  through the solution density, p,  which equals: 

p = cWMw + csMs (2a) 

Hence : 
CsMs 

cw = =-T- W 

2 



On the other hand, 

the second term on the right side of eq. (3 )  i s  due t o  changes i n  concen- 

t ra t ion of water dur ing  the time, t ,  between the recording of two sequential 

s e t s  of experimental data, I t  i s  a small correction factor due t o  the f ac t  

t h a t  the experimental set-up keeps the concentrations constant w i t h i n  0,02% 

or less ,  b u t  since V:ol ,o = 200 ml t h i s  term should be taken into account. 

The _c_ s a l t  gain of the solution, sn;, equals the s a l t  added by 

buret $ ns ,Bu plus the s a l t  which enters the solution, ns ,m,  as a resu l t  

flgw throygh the membrane and the electrochemical reaction a t  the anode: 
anodic 

>athodic 
Ag (solid) + C1- (solution) ' AgCl (sol id)  + e- (4 1 

the 

of 

+ For each Faraday passed, t+ mole of Na leave and (1 - t+) mole 

o f  C1- enter  through the membrane, (t+, t - are the transport numbers of the 

ions i n  the membrane); 1 

the electrode. 

by the solution of t+ mole NaC1. 

Js 
sodium ions,  3, * A. Therefore: 

mole of C1- leaves the solution t o  become part  of 

Hence, the resu l t  of the e lec t r ica l  transport i s  the loss 

In other words, the molar loss of s a l t ,  

A ,  of the solution i n  the buret compartment equals the molar outflow of 

Bn: = -ns,,, + ns,Bu (5 1 

is  determined analytically w i t h  about 0.1% accuracy. 's ,Bu 

The autoburet was calibrated w i t h  water. 

dial  was found to be accurate to  f 0.1% i n  our experiments. 

6VBu, as read from the digi ta l  
i' 

3 



The volume change i n  the compartment, 6Wieas9 measured i n  the 

capi 11 ary or calculated from the recorded weight change o f  the weighing 

bot t le ,  6wieas, equals the gain of water and sa l t  i n  the solution, 6W;o19 

and the electrode volume changep 6We1 ; therefore: 

We have f ive  unknowns, namely: 

equations: 

i n t o  eq. (3 )  and the equivalent of &Vio,  from eq. (10) into eq. ( 3 ) ,  the 

water f lux,  Jw,  is  solved as follows: 

6n1 ,  6 n i ,  6Vio1 Jw and Js ,  and f ive  

By s u b s t i t u t i n g  an; from eq. ( 2 )  ( Z ) ,  ( 3 ) ,  (6), (7)  and (10). 

The s a l t  f l u x ,  Js, i s  solved by the same way; by substi tuting 6n; from 

eq. (6)  into eq. ( 7 )  and the r i g h t  side terms o f  eq. (10) for  6ViO1 into 

eq. (7) ,  we get the following equation: 

Both the s a l t  and water fluxes can be calculated from measurements on the 

buret-side or the column-side. 

data as an internal check on the resul ts .  

Usually, they are  calculated fo r  both se t s  of 

4 



I I 2. Mass-Bal ance for  the Sal t-Recei v i  ng Hal f-Cell (Column Side) 

Following reasoning of Section 11. 1 ,  we derive here t o o ,  

equations f o r  the water gain, s a l t  gain and for  the volume change o f  the 

sal t-recei v i  ng compartment. 

The water gain (in mole) fo r  the column-side, sn;, equals the 

inflow o f  water th rough  the membrane, n w , m 9  minus the "lossii  term, n i , L 9  
plus the equivalent of water released by the ion-exchange column, nw,col,  

d u r i n g  the fol lowing reaction: 

R ~ - H +  + R ~ - O H -  + Na+ + C1--R1-Na + R2-C1 + H20 (1 3)  

where R l 9  R2 respectively represent the negative and positive active groups 

fixed i n  the mixed-bed ion-exchange column. The NaCl uptake by the column, 

i s  equal t o  the equivalent o f  water released by the column, nw,col. 

i s  determined by eluting the column with 0.5N NaN03 and determining 
ns ,co1 

ns ,co1 
the chloride content in the eluate ,  The repeatabi l i ty  of this process i s  

f 0.2%. 

Therefore: 

w,m - "$,L + 'w, col 6 n i  = n 

Following the reasoning of Section I1 e 1 ,  this equation can be rewritten 

as follows: 

sn; = J, e t a A - iL 9 t * c; + nwScol = CI; * 6ViO1 + 6c; * v;ols 0 

(15) 

5 



The - s a l t  gain ( i n  mole) of the solution equals the s a l t  uptake 

by the column, nss,col p l u s  the s a l t  which enters the solution as a r e su l t  

flow through the membrane and the electrochemical reaction a the cathode, 

eq. (4) .  

compartment equals the molar inflow of sodium ions, as explained i n  Section 

11. 1.  Therefore: 

In f ac t ,  the molar gain of s a l t  of the solution i n  the column 

6n; = n s,m - ns,col (16) 

6n; = -J, A 0 t - nss,col = ~ v ; ~ ~ ) ~  c; +(Sc;)- vkOl ,o (17) 

The volume change, 6VAeas, measured i n  the capillary equals 

the volume change of the solution, 6VAOl, plus the volume change of the 

electrode (the cathode), due t o  the reversed electrochemical reaction, eq. 

- 1  &'ieas - 6VSOl + 6Vl, 

The water f lux,  Jw9 and s a l t  f lux,  J s ,  are  calculated from 

equations (15) and (17) respectively, by s u b s t i t u t i n g  6V;01 from equation (19): 

a 

+ Vi 0 C; * t -  

The solution concentrations are  calculated from the temperature 

and resistance readings, following the method reported i n  the eighth quarterly 

report ( Januarys 1970) 
I 



111. Permeabi 1 i ty  Characteristics of the membrane: 

The same membrane segment was used throughout a l l  our reported 

transport measurements; i t  i s  a cation-exchange membrane AMF C-103 

(American Machine and Foundry Co., Springdale, Connecticut), a poly- 

ethylene-styrene graf t  polymer, w i t h  sulfonate as the active group. 

The equilibrium properties of the membrane, such as ion exchange capacity, 

water content, thickness, were determined by s tandard t e s t  procedures, as 

described i n  the O.S.W. R & D Report No. 77[11, and the resul ts  were 

reported in the eighth quarterly report (November, 1969). 

the measured fluxes from the dialysis  electromigration-electroosmosis and 

pressure permeation experiments described i n  the tenth quarterly report 

(July, 1970); they are c lassi f ied i n  Table (1) .  

We report here 

111. 1. Water and Sal t Permeabi 1 i t i e s  

Permeability coefficients may be calculated from our dialysis  - osmosis 

experiments. These coefficients a re  defined as positive parameters: c41 

pc = IJwl/lAcsl I' (Osmotic) Water Permeabi 1 i ty"  (22)  

Pm S = lJsl/lAcJ "Dialysis Coefficient" (23) 

Pmw and Pm, are not material constants, b u t  are  inversely proportional 

t o  the membrane thickness. 

on the solution concentrations on both sides of the membrane. 

I t  should be noted that  they are  somewhat dependent 

The "osmotic water permeability", Pmw as calcu 

(see Table 1) was: 

= (3.25 f. 0.03) x cm sec-' 
pmW 

ated from our data 

7 



TABLE 1 
THE MEASURED FLUXES* 

I .  Dialysis cf osmosis: 

A %  = 0.5 - 0.1 N NaCl 

(Jw) i =o = (+130 f 1 )  x lom9 mole sec-' cm-' 
Ap =O 

(Js) i=o = (-1.2. f 0.01) x mole sec-l 
Ap=O 

Previous Notation 

J W c  

J S c  

11. Electroosmosis - Electromigration: 
(a)  Ac, = 0.5 - 0.1 N NaC1; i =  -2ma/cm 2 

(Jw)Ap=O 

(Js )Ap=O 

= (-311 5 2)  x lo-' mole sec-' cm-' 

= (-18.4 k 0.1) x lo-' mole sec-' ~ t n - ~  

-c-i 

-c-i 
JW 

JS 

( b )  Acs = 0.1 - 0.5 N NaCl; i = -2 ma/cm 2 

-1 -2 = (-147 _+ 1 )  x lo-' mole sec cm 

= (-20.9 5 0.3) x lo-' mole sec-' cm" 

(Jw) Ap=o 

JSc-i  (Js)  Ap=O 

111. Pressure-Permeation: 

(a )  Acs = 0.5 - 0.1 N NaC1; Ap = 1.5 atm 
= (+lo1 f 0.6) x lo-' mole sec -1 cm-2 (Jw) i =o 
= (-0.442 5 0,008) x lo-' mole sec -1 cm -2 (Js)  i=o 

(b) Acs = 0,08 - 0.1 N NaCl 

-C 
Ap = 0.000 atm; Jv  = (-1.48 5 0.03) x 10-l' 1 sec-' J v  
Ap = - 0.985 atm; Jv  = (t1.41 k 0.03) x lom1' 1 sec-' cm -2 Jv-c-pl 

Ap = - 1.490 atm;.Jv = (t2.80 f 0.06) x 10-l' 1 sec -1 cm -2 Jv-emP2 

* 
A l l  fluxes were measured across AMF C-103 cation select ive membrane, 
a t  25.00 t O.0loC. 
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TABLE 1 (Continued) 

THE MEASURED FLUXES* 

I V e "Comb i ned " ex per i men t : 

Acs = 0.5 - 0.1 N NaC1; Ap = 1.5 atm; i = -2 ma/cm 2 

(-98.1 5 0.9) x lo-' mole sec -1 cm-2 

Previous Notati on 

JHc-p-i 
J S  c-p-i 

= 
J W  

J = (-20.5 k 0.2) x lo-' mole sec-' cm-* S 

* 
All fluxes were measured across AMF C-103 cation selective membrane, 
a t  25.00 5 0.OlOC. 

9 



The "dialysis  coefficient" Pms measured i n  our experiments fo r  

the same concentration difference, A% = 0.5 - 0.1 N NaCl, 

Table 1) :  

was (see 

= (3.02 2 0.03) x lom6 cm sec"' 
PmS 

I t  i s  worthwhile t o  compare these values to  data from the l i t e r a tu re .  

I t  should be noted that  the water and s a l t  permeabilities through membrane 

systems are expected t o  be related to  equilibrium properties of the membranes, 

such as water content, charge density and d ie lec t r ic  constant o f  the material I 3 1  e 

I t  i s  unlikely t o  f ind a unique relationship between these equilibrium 

parameters and the permeabilities, Because of the lack o f  accuracy i n  

the experiments reported i n  the l i t e r a tu re  and also because only frag- 

mentary data are available,  no such relationship i s  evident yet.  

transport measurements made by other authors were always performed w i t h  a 

Previous 

concentration change of the solutions while our  "concentration-clamp" 

technique makes i t  possible t o  maintain constant concentrations on both sides 

of the membrane, So, we shall look f o r  a trend i n  the reported values rather 

than a unique relationship between one o f  the equilibrium parameters, namely 

the water content of the membrane and the water and s a l t  permeabilities, as 

reported i n  Table 2 .  

In these published values (Table 2)  both the "dialysis coefficient",  

and the'losmoti c water permeabi 1 i ty" PmS 
content b u t  is  i s  probable tha t  future measurements will show tha t  water 

content i s  n o t  the only parameter determining permeabilities and tha t  other 

equilibrium properties of the membrane a l so  influence the permeabilities. 

P$9 increase w i t h  increasi ng water 

10 



TABLE 2 

VARIATIONS OF Pmw, Pm, WITH WATER CONTENT 

iati on-exchange membrane 

Polystyrene Sulfonatea 

\MF C-103 

b ,on- X- Negati ve 

!eo-Karb 31 5‘ 

PmW 

x 104 cm sec-l 

1.04 

3.25 

6.2 

22 

Pms 
x 106 cm sec-’’ 

1.3 

3.02 

120 

200 

Water Content 

% 

17 

20 

53 

80 

?e f e re n ce 

our  worl 

a a High-densi ty  Polystyrene Sulfonate membrane (supplied by Central Laboratorium 
TNO, Delft) .  

b. 

c. 

Cation-selective cellophane membrane (Polymer Research Corporation o f  America). 

Sulfonated resin of the phenol-formaldehyde type (Permutit Co., Ltd. London). 

11 



Interestingly enough the water permeabi 1 i t i e s  i n  biological membranes 

are of the same order of magnitudeC53: 

eggs; 1.8 x 

and 6.3 x loe4 cm sec" for  onion skin, although a l l  these biological mem- 

branes are much thinner. 

2.1 x los4 cm sec-' fo r  arbacia 

cm sec-' f o r  n i t t e l a ;  6,3 x loe4 cm sec-' f o r  rabbit  lencocytes; 

111. 2. The "Practical I' Coefficients: 

Since the permeability coeff ic ients ,  Pm,, Pm, (Section 111. 1 . )  are  

n o t  materi a1 constants b u t  rather are  concentration dependent 

one may desire to  define al ternate  membrane parameters which are  l e s s  dependent 

on the s a l t  concentrations. 

t h i s  requirement are  the "reflection coeff ic ient" ,  oC6], the solute 

permeability, w, and the hydraulic permeability L 

coefficients the following equations, valid f o r  non-ionic membranes, can be 

derived ['¶ 14' fo r  the volume flux Jv  , and the s a l t  f lux,  J s ,  w i t h  some 

approxi mati ons : 

A group of three coefficients which often sa t i s fy  

Wi th  t h i s  choice of 
P '  

* 

JV = L p ( A p  - GAT) ( 24) 

Js  =  AT + (1 - 0) JvCs ( 25) 

-~ 

* 
Note tha t  the volume flux i s  the sum o f  water and sa l t  f lux: 

Jv = J, 0 vw + Js * eS (26) 

12 



Cs i n  eq. (25) i s  an average s a l t  concentration; fo r  large volume flow 

and h i g h  concentration gradient, the changing concentration prof i le  inside 

the membrane has t o  be taken into account, instead of the average cs and 

eq, (24) [15, 16, 171 ( 25) have t o  be transformed i n t o  the local f l u x  equations 

The hydraulic permeability, L was calculated from the measured fluxes 
P 

brought about by (1) osmotic force only and ( 2 )  by a hydrostatic pressure 

and osmotic forces:  

= -L JAIT (27) (JV) Ap=O P 
when Ap=O,  

J V  = L p ( A p  - GAIT) (28) 

Substracting eq. (28) from eq. (27),  we obtain an equation f o r  L which 

does not contain 0: 
P 

The numerical L values f o r  two d i f fe ren t  pressures were as follows (see 

Table 1 ) :  
P 

-1 -2  
( L  

( L  

) for Ap = 0.985 atm equals: 

) f o r  Ap = 1.49 atm equals: 

2.89 x 10-l' / 0.985 = 2.93 x 10-l' 1 sec cm atm-' 

4.28 x 10-l' / 1.49 = 2.89 x lom1' 1 sec cm atm-' 
P1 

P2 
-1 -2 

I t  i s  seen tha t  there is  f a i r  agreement between the two values. Moreover, 
th is  value is  in good agreement w i t h  L measured by Lakshminarayanaiah c7 1 I 

P 
He used an AMF C-103 membrane, deionized water, a s ta in less  steel mesh 

membrane support with a piece o f  f i l t e r  paper between the membrane and the 

s u p p o r t  and Ap i n  the range of 2 - 4 atm. The reported value fo r  L was: 
P 

13 



2.2 x lom1' 1 sec-l cm-' atm-'* 

fo r  AMF C-103 membrane with Ap = 3.1 atm, 0.1 N NaCl solution concentration 

and a f i l t e r  paper membrane suppor t ;  t he i r  value for  L was: 

cm-* atm-l, i . e .  of the same order as ours, b u t  about s ixty percent higher, 

These differences may be due to  variations in membrane manufacture and 

possibly to  the different  nature of the suppor t .  

t ion" coeff ic ient ,  an adequate measure of membrane se lec t iv i ty .  

ent i re ly  unselective membrane, in which a concentration gradient does n o t  

cause volume flow a t  a l l ,  CI = 0. 

CI = 1 ;  thus cr i s  a measure of the degree of semipermeability of the membrane, 

i .e .  i t s  a b i l i t y  to  pass solvent i n  preference to  solute.  

t o  realize tha t  the value of cs depends on the properties of both the membrane 

and the solute. 

Scattergood and LightfootC81 measured L 
P 

5 x 10-l' 1 sec-' P 

cr i s  Staverman's "reflec- 

In an 

In an ideally semipermeable membrane, 

I t  i s  important 

The reflection coeff ic ient ,  cr, for  the AMF C-103 membrane was calculated 

from our measurements, u s i n g  eq. (27) and found t o  be: cr = 0.41 fo r  

Acs = 0.5 - 0.1 N NaCl and 0.59 for  Acs = 0.08 - 0.1 N NaC1, No values 

fo r  comparison were found i n  the l i t e r a tu re .  

decreases i s  expected because Donnan excl usi on 1 owers the s a l t  concentrati on 

in the membrane w i t h  the decrease i n  the concentration of the bounding 

The increase of cr as cs 

solutions ; therefore the s a l t  permeabi 1 i t y  decreases w i t h  a corresponding 

increase i n  the ref lect ion coefficient,  cr, (HelfferichC181, Kedem and 

The t h i r d  coefficient involved i s  w, the solute permeability a t  zero 
volume flow; i t  i s  defined as c91 : 

14 



* 
w i s  not quite identical t o  Pm,, defined i n  eq. (23) a We used 

eq, (25) rather than eq. (30) to  calculate w, since we have no measure- 

ments a t  zero volume flow. 

t i o n  dependent[17]. 

I t  should be kept i n  mind that  w i s  concentra- 

Hence the values obtained in an experiment w i t h  a f i n i t e  

concentration difference across the membrane yield a broad average of w. 

The average volume flow, J v 9  was calculated from eq. (26)  u s i n g  our  

measured value o f  Jw and Js  (Table 1 ) .  Since the partial  molar volume of 

s a l t ,  Is, i s  concentration dependent, an arithmetic mean was used i n  the 

calculation. 

0.1 M NaC1, was w = 8.6 x 10-l’ mole sec 

The r e su l t ,  fo r  the concentration difference, Acs = 0.5 - 
-1 -2 cm atm-I, I t  i s  of some 

in te res t  t o  re fer  t o  Table 2 ,  Ref. [SI ,  (page 123) where a few comparable 

values fo r  biological membranes are  reported; for  example, when the solute 

i s  acetamide and the membrane i s  toad skin, w = 0.0041 x 

CI i s  0.89 and the hydraulic permeability, L i s  0.4 x cm3 dyne-’ sec , 

(work done by Andersen and Ussing,C1O1), 

mole dyne-’ sec-’ , 
-1 

P’ 
Such measurements may be useful in 

obtaining a bet ter  understanding of membrane properties. 

SolomonC111, has ut i l ized measurements of 0 t o  estimate the s ize  of equivalent 

For example 

aqueous channels i n  the membrane, 

111. 3, Water and Sa l t  transport  numbers: 

The water transport number, L W E 3  was calculated from the following: 

where Jw i s  the water f lux under the influence o f  both current and concentra- 

t ion  gradient (combined osmosis and electroosmosis) while (Jw) i=o i s  the 

t * 
For ideal solutions,  AT = RTAc,, hence w = Ps / (RT)  

15 



water flux under 

(osmosi s )  a When 

direction, L u E  = 

reported a value 

the same concentration gradient, u t  w i t h o u t  current 

the osmotic and electroosmotic fluxes are i n  the s 

8.73 (see Table 1 ). Lakshiminarayanaiah and Subrahmanyan 11 21 
o f  LWE = 7.0 on AMF C-103 membrane, under uniform con- - 

centration conditions, a t  cs = 0.01 M NaCl and i = 1.58 ma cm-'. 

Scattergood and L i  ghtfootC8] measured LWE for  AMF C-103 membrane us ing  

uniform concentration conditions, 0.1 M NaCl and obtained LWE = 7.58. 

The larger values obtained here are due t o  the difference i n  membrane 

samples or may indicate a change in the properties of the membrane, due 

t o  deformation by pressure. A further comparison could have been carried,  

primarily from the measurement of the streaming potential ,  as  reported in 

the previous tenth quarterly report (July,  1970). 

streaming potenti a1 i s  extremely non-1 i near i n  the hydrostatic pressure 

ranges used i n  our experiments. A fur ther  ser ies  of streaming potential 

measurements i s  strongly suggested. 

Unfortunately, the 

The absolute cation transport number, LSE, was calculated from the 

measured fluxes,  us ing  e i ther  one of the equations (see Table 1 ) :  

= 0.950 k 0.01 

= 0.946 k 0.01 

= 1.04 rf: 0.05 

The value calculated from the pressure-permeation experiments i s  larger 

than unity, a resu l t  which i s  physically unreasonableg since s a l t  transport 

numbers should no t  exceed unity, 

tha t  pressure may compact the membrane, and furthermore, may increase the 

I t  seems t o  support o r previous concl usi on 

cation-selectivi ty of the membrane. 
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