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ABSTRACT 

The t ranspor t  p roper t ies  of perf luor inated  cation exchange membranes  in 
ch lo r -a lka l i  cell solut ion envi ronments  have been s tudied using a newly  de-  
s igned m e m b r a n e  test  cell. A r ad io t r ace r -we igh t  method  was used to measure  
sodium ion and wa te r  t r anspor t  numbers  for two Nation| perf luorosulfonate  
membranes .  A homogeneous film shows rap id ly  decreasing sodium ion t rans-  
por t  numbers  wi th  increas ing NaOH catholyte  concentrat ion,  reaching a value  
of 0.56 mol F -1 wi th  12.5M solut ion at  80~ A fab r i c -backed  mate r i a l  wi th  a 
sul fonamide exchange site l aye r  yields cons iderably  higher  values  wi th  a more 
complicated concentra t ion dependence.  Wate r  t ranspor t  numbers  for the  l a t t e r  
membrane  are  also higher;  a value  of about  3 mol F -1 is found for typical  ex-  
per iments  in which  the anoly te  solut ion is 5M NaC1. Results  are  discussed in 
te rms of the  mechanism of ionic membrane  t r anspor t  in re la t ion to po lymer  
w a t e r  and  e l ec t ro ly te  sorption. 

Recent ly  we have repor ted  self-diffusion coefficients 
for  sodium ion in severa l  NafionR perf luorosulfonate  
ion exchange  membranes  in concent ra ted  sodium h y -  
droxide  solutions at  e leva ted  t empera tu res  (1). The 
de te rmina t ion  of membrane  diffusion coefficients is 
pa r t  of an expe r imen ta l  p rog ram to provide  p a r a m -  
eters  for  a mul t icomponent  t ranspor t  model  of m e m -  
brane  ch lo r -a lka l i  cells (2-4). In  addi t ion  to measure -  
ments  of ionic diffusion and membrane  wa te r  and 
e lec t ro ly te  contents  (1), it  is also necessary to de-  
t e rmine  the dynamic  proper t ies  of the membrane  
under  condit ions typica l  of an  opera t ing  cell. These 
condit ions include concent ra ted  solut ion environments ,  
e leva ted  tempera tures ,  and high cur ren t  densities. 
Here  we repor t  a new cell  design for measurement  
of the  sodium ion and wa te r  t r anspor t  numbers  in 
ion exchange membranes  under  these conditions. 

A r a the r  extens ive  l i t e ra tu re  exists  on the de te r -  
mina t ion  of ionic and wa te r  t r anspor t  numbers  in ion 
exchange  membranes .  The ma jo r i t y  of this work  has 
been rev iewed  b y  L a k s h m i n a r a y a n a i a h  (5, 6). Two 
methods  for ionic t r anspor t  measurements  are  Hi t to r f -  
type  electrolysis  exper iments  and indi rec t  emf me th -  
ods. In  s imi lar  fashion, m e m b r a n e  wa te r  t r anspor t  
numbers  can be  measured  b y  electrolysis  techniques 
or  by  s t r eaming  potent ia l  measurements .  Aside f rom 
the sys temat ic  discrepancies  which have been ob-  
served  be tween  emf and the t rue  electrolysis  resul ts  
(5),  the former  techniques are  inappropr ia te  for this 
work  because we wish to measure  membrane  p rop -  
er t ies  under  condit ions of high current  density. Elec-  
t rolysis  methods  based on measur ing  changes in e i ther  
solut ion vo lume or  weight  can be employed.  Volume 
methods  a re  genera l ly  more  convenient,  bu t  a re  sus-  
cept ible  to er rors  due to m e m b r a n e  movement  and 
are difficult to use at  e leva ted  temuera tures .  Sinha 
and Bennion (7) have de te rmined  potass ium ion 
t r anspor t  numbers  for a cat ion exchange  membrane  
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in 2-10M potass ium hydrox ide  solutions at  room tem-  
perature .  Low cur ren t  densities,  12 A m -2  or  less ,  

were  used and resul ts  were  de t e rmined  by  measu re -  
ment  of solut ion vo lume changes and t i t r imet r ic  
analysis.  The average  re la t ive  s t andard  devia t ion  ob-  
ta ined for the potass ium ion t r anspor t  number  w a s  

6% even for these carefu l ly  pe r fo rmed  measurements .  
The need to create  a measurab le  concentra t ion change 
dur ing  electrolysis  wi th  this a p p r o a c h  presents  a 
pa r t i cu la r  p rob lem for ionic t r anspor t  number  m e a -  
surements  in concent ra ted  solution environments .  If  
concentra t ion changes are  kep t  smal l  it  is difficult to  
obta in  sufficient accuracy in solut ion analysis  to ob-  
ta in  a re l iab le  result .  I f  l a rge r  concentra t ion changes 
are  produced,  such membrane  proper t ies  as wa te r  
and  e lec t ro ly te  content  are  al tered.  In  the l a t t e r  case 
in te rp re ta t ion  of resul ts  becomes difficult. Meares  and 
Sut ton (8) have descr ibed an e labora te  method for 
measur ing  membrane  ionic t r anspor t  numbers  at  con- 
s tant  chemical  composit ion using radiot racers .  A l -  
though this appara tus  is not r ead i ly  adap tab le  to the  
expe r imen ta l  condit ions of in teres t  here, i t  demon-  
s t ra tes  that  the use of rad io t racers  can be effective in 
la rge ly  removing the p rob lem of concentra t ion changes 
in the  measuremen t  of membrane  t r anspor t  p a r a m -  
eters. Thus the  exper iments  which are  descr ibed 
here  are  based on the r ad io t race r  de te rmina t ion  of 
sodium ion t ranspor t  numbers ,  combined wi th  a 
weight  method for  the measu remen t  of wa te r  t r ans -  
por t  numbers.  Resul ts  a re  discussed in  terms of the  
factors which influence the overa l l  t r anspor t  charac-  
terist ics of an ion exchange membrane  in a ch lor -  
a lka l i  cell. 

Experimental 
A~paratus.--A diagram of the m e m b r a n e  t ranspor t  

test  cell  is shown in Fig. 1 and 2. The cyl indr ica l  cell  
is constructed en t i re ly  of Teflon, wi th  an outs ide  
d iamete r  of 15 cm. The Teflon s t i r r ing assembly  in 
each ha l f -ce l l  is held  in place  using a p r e s s - f t  b e a r -  

ing  the  t h r e a d e d  end  cap. Teflon-coated magnet ic  
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Fig. 1, Ion exchange membrane transport cell 

s t i r r ing  bars  p rov ide  coupling to ex te rna l ly  p laced  
magnets  which are  a t tached to constant  speed motors. 
Solutions are  s t i r red  at  speeds of 600 r p m  to avoid 
concentrat ion polar iza t ion  at  membrane  surfaces and 
to hasten t empe ra tu r e  equi l ibrat ion.  The ion exchange 
membrane  is p laced be tween  the hal f -ce l l s  using si l i -  
cone rubbe r  gaskets, and the cell  assembly is then 
c lamped toge ther  wi th  brass  end pla tes  and  th readed  
bolts  (not  shown) .  The in te r ior  compar tmen t  of 
each ha l f -ce l l  is conical  in shape; this design al lows 

105 2 

7 ~  

Fig. 2. Top view of a half-cell, with dimensions in mm 

for even dis t r ibut ion  of cur ren t  lines of flux th rough  
the membrane ,  op t imum dra inage  for solut ion re -  
covery,  and gas bubble  d isengagement  space above 
the solut ion level.  

Circular  p la t inum mesh electrodes of 6 cm d iam 
are  used in the  cell; p l a t inum wire  leads are  fitted 
through th readed  Teflon fittings in openings B. The 
electrodes have center  holes to accommodate  the  
s t i r re r  shafts. Openings A are  used for solution de-  
l ivery  and sample  wi thdrawal .  Weighed dry ing  tubes 
filled wi th  molecular  sieves a re  fitted here  dur ing  the 
expe r imen t  so tha t  w a t e r  lost by  evapora t ion  can be 
determined.  Solut ions are  hea ted  wi th  80W car t r idge  
hea ters  (Wat low Electr ic  Manufac tur ing  Company)  
placed in each hal f -cel l ;  t empera tu re  control  ( • 1 7 6  
is achieved using a p la t inum t empera tu r e  sensor and 
propor t iona l  t e m p e r a t u r e  control ler  (Co le -Pa rmer  
Ins t rumen t  Company) .  The hea ters  and t empera tu re  
sensor a re  inser ted  into t i t an ium tubu la r  holders  
which are  fitted into openings C and D (Fig. 2). 

Procedure.--The membrane  is equ i l ib ra ted  wi th  ap-  
p ropr i a t e  solut ions at  e leva ted  t empe ra tu r e  in the  
cell  for  up to 24 hr. These solutions are  then  carefu l ly  
removed  by  syphoning and rep laced  with  weighed 
port ions of ident ical  solutions, about  330 ml for each 
half-cel l .  Af te r  t empera tu re  equi l ibra t ion  is achieved,  
the anode compar tmen t  is doped wi th  sodium-22 
radiot racer ,  an ini t ia l  weighed sample  of anode solu- 
t ion is removed,  and constant  cur ren t  ( •  is 
ini t iated.  The exposed m e m b r a n e  a rea  is 8 cm2; a 
cur ren t  of 1.6A is used in al l  exper iments  to y ie ld  a 
cur ren t  densi ty  of 2 k A  m -2. Electrolysis  is cont inued 
for 1-2 hr  unt i l  solut ion concentrat ions have changed 
by  about  1%. Final ly ,  anode and cathode solutions 
are  syphoned and weighed,  and samples  of cathode 
solut ion are  analyzed  for rad ioac t iv i ty  and composi-  
t ion b y  t i t rat ion.  Typica l ly  0.5% of the  or ig inal  r ad io -  
act ive sodium-22 is t r ans fe r red  dur ing  an exper iment .  

Exper iments  were  conducted in which solutions 
were  in i t ia l ly  weighed into a d ry  cell, and the cell  
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was disassembled to determine last traces ( < l g )  of 
solution left after  syphoning. Both procedures yield 
ident ical  results,  confirming the accuracy of the 
simpler approach. 

The sodium ion t ranspor t  number ,  tNa+, is calcu- 
lated from the weight concentrat ion and radioactiv- 
i ty of the anode solution and the total amount  of 
t ransferred radioactivity. The true sodium ion t rans-  
port  n u m b e r  describes the net  amount  of sodium 
ion t ransported from the anode to the cathode com- 
par tment ;  back-diffusion of sodium ion generates 
an error  when using radiochemical methods, par-  
t icular ly  at low current  densities (8). Exper iments  
were therefore performed where the cathode solu- 
tion was doped with radiotracer  and its appearance 
in  the anode solution was monitored. Corrections to 
tNa+ were less than  0.5%, as would be expected at a 
cur ren t  density of 2 kA m -2. 

To calculate the t ransport  number  of water, tH~o 
(mol F - l ) ,  the weight of water  in  the cathode solu- 
t ion before and after electrolysis is determined from 
solution weight concentrat ions and weights. The t rans-  
port number  is then given by 

(AWtH20) F 
tH20 -- -~- 1 [1] 

18.01 (i,A) (t,sec) 

The second t e rm in  Eq. [1] corrects for the consump- 
tion of water  in the cathode reaction. Estimated s tan-  
dard deviat ion for tNa+ and tH20 are 0.015 and 0.5 mol 
F - l ,  respectively. 

Materials.--Two Nation membranes  were studied: 
1150 equivalent  weight unbacked film and Nation 295. 
The lat ter  mater ia l  is an 1150 EW membrane  which is 
backed with an open weave Teflon fabric (70% open 
area) ,  and the cathode surface of the membrane  has 
been treated with e thylenediamine to produce weakly 
acidic sulfonamide exchange sites. Various properties 
of these membranes  in concentrated sodium hydroxide 
solution have been reported previously (1). 

Results and Discussion 

Sodium ion and water t ranspor t  numbers  for 1150 
EW are listed in Tables I and II. The values in  Table 
I are those of experiments  in which identical  NaOH 
solutions were used in anode and cathode compart-  
ments. In  Table II all experiments  utilized 5M NaC1 as 
the anode solut ion while cathode solutions were either 

Table I. Sodium ion and water transport numbers for 1150 EW 
Nation, sodium hydroxide solution 

Solution 
concen- 

Temper-  ~ration t~a + tH~o 
ature (~ (tool 1-D (tool F-D (tool F-D 

80 5,0" 0.78 2.4 
9.8 0.64 0.5 

10.9 0.62 1.2 
11.2 0.61 0.6 
12.8 0,56 0.5 

90 8.0 0.76 3.0 
9,8 0.64 0.4 

13.0 0.60 0.9 

�9 Molar concentrations wore determined at room temperature. 

Table II. Sodium ion and water transport numbers for 1150 EW 
Nation, sodium chloride and sodium hydroxide solutions 

Anode Cathode 
Temper-  solut ion so lut ion tN~+ t~2o 

ature (~ (real 1-1) (tool  1 -z) (mol  F -1) ( m o l F  -z ) 

70 N a t 1 ,  5.0 NaCl ,  5.0 0.99 3.6 
80 5.0 5.0 0.99 2.8 
90 5.0 5.0 1.00 2.3 
80 Na t1 ,  5.0 NaOH,  5.0 0.80 2.1 
80 5.0 9.5 0.69 1.9 
80 5.0 11.0 0.62 1.9 
80 ,5.0 12.4 0.58 1.7 

5M NaC1 or various concentrat ions of NaOH. As seen in 
the tables and Fig. 3, tNa+ decreases smoothly with in -  
creasing NaOH concentrat ion for 1150 EW. This would 
be expected due to increasing electrolyte sorption into 
the membrane  phase. However, it has been observed 
that al though electrolyte invasion does occur for Nation 
membranes  in  concentrated NaOH solutions, the 
amount  of sorbed electrolyte remains  re la t ively  con- 
stant  over the concentrat ion ranges used in this work 
(1, 9). Membrane water  contents for 1100 EW (9) and 
Nation 295 (1) are seen to be great ly affected though, 
and so the only major  change in membrane  composi- 
tion is the reduction in water  content  with increasing 
electrolyte concentration. (This is reflected in  Table I 
by the general ly  lower tH20 values for 1150 EW as 
NaOH concentrat ion increases.) Mauritz and co-work-  
ers suggest that  a tunne l ing  process of the form 

H 

N a + O - - H  O H -  ~ Na+OH - H20 
5 -8+  

would enhance hydroxide ion t ranspor t  in  envi ron-  
ments  of decreasing water  content due to increased 
polarization of the O- -H bond (9). This explanat ion 
appears reasonable in light of the measured transport  
numbers  and the rather  unusua l  electrolyte sorption 
characteristics of these membranes.  

An interest ing aspect of the tSa+ values for 1150 EW 
in concentrated solution is their  relat ively large mag-  
nitude. In  general  the low concentrat ion of exchange 
sites (about 1.0 X 10 -3 mol /g  swollen polymer) in 
1150 EW would not be expected to cause sufficient 
Donnan  exclusion of electrolyte to allow tNa+ to rise 
much above 0.5. In  comparison, Kressman and co- 
workers measured tNa+ for a heterogeneous sulfonate 
ion exchange membrane  with much larger  ion ex-  
change capacity and found that in concentrated NaOH 
solution at 25~ tNa+ falls below 0.5 for solution con- 
centrat ions larger than 4M (10). We would a t t r ibute  
the difference to the ion clustered morphology of 
Nation. The ion clusters generate centers of high ex-  
change site concentrat ion ra ther  than  a more even 
distr ibution throughout  the membrane  phase as for 
conventional  materials (11). The ion clustering phe-  
nomenon has been shown to produce a var ie ty  of u n -  

m 
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N a O H  C o n c e n t r a t i o n ,  m o l  L -T 

Fig. 3. Sodium ion transport number vs. NaOH catholyte concen- 
tration. O ,  0 : 1 1 5 0  EW membrane; [~, I1: Hafion 295. Anolyte 
solution is NaOH far light symbols and 5M NaC| for dark symbols. 
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usual  thermodynamic and transport  properties for 
Nation membranes  in  dilute solution envi ronments  (12- 
15). The tNa+ values of near un i ty  in NaC1/NaC1 
systems in  Table  II are par t icular ly  noteworthy. The 
membrane  concentrations of sodium ion and chloride 
ion in  1150 EW equi l ibra ted with 5M NaC1 solution 
at 80~ are 1.9 • 10 -8 and 0.4 X 10-3 mol cm -~, 
respectively (16), indicat ing that  while there is break-  
down of Donnan  exclusion and subsequent  electrolyte 
sorption, chloride does not  part icipate in  conduction 
of current  at  a high current  density. 

The transport  numbers  in  Table I for NaOH/NaOH 
systems are seen to have little temperature  depen-  
dence. A similar  result  was obtained for the tempera-  
ture  dependence of self-diffusion of sodium ion in  
1150 EW for 9.5M NaOH solution, where the activation 
energy of diffusion from 60 ~ to 90~ was only  2.5 kcal 
mo1-1 (1). 

Transpor t  numbers  for Nation 295 are presented in  
Table III  for experiments  using identical NaOH solu- 
tions and for those in which the anode solution was 
fixed at 5M NaC1. These results may be compared to 
other measurements  of the t ransport  properties of 
Nation 295. Hora and Maloney report  an average 
caustic cur ren t  efficiency of 88% for this membrane  
when used in  a chlor-alkali  cell (17). Maloney also 
reports a cur ren t  efficiency of 93% at 5M NaC1, 10M 
NaOH concentrations and 2 kA m -a  current  density 
(18) Berzins measured a water  t ransport  number  of 
3.2 tool F -1 for 9M NaOH caustic s trength with a mem-  
brane  of the 295 composition bu t  without fabric back-  
ing (19). In  a recent  report, Dotson and co-workers 
(20, 21) measured tNa+ and tH20 for Nation 295 at 85 ~ 
and 1-3 kA m -2 current  density. For experiments  
where identical NaOH concentrat ions are used as ano-  
lyre and catholyte, they report  t~2o values from 4.0 to 
1.5 over the concentrat ion range studied in Table III, 
in  excellent agreement  with our  results. However, their  
tNa+ values are all about 0.1 mol F -1  lower than ours, 
al though they observe a peak in tNa+ at about l l M  
NaOH as seen in Fig. 3. No explanat ion can be offered 
here for this discrepancy. These workers have observed 
that the t ransport  properties of Nation 295 are inde-  
pendent  of cur ren t  density in  the 1-3 kA m -2 range 
(18, 20, 21). Thus we have not varied current  density 
here bu t  have focused instead on the influence of other 
parameters.  

As seen in Table III  and Fig. 3, the dependence of 
tNa+ on NaOH concentrat ion has change dramatical ly 
with the introduct ion of the sulfonamide layer on 
the cathode surface of the membrane.  At intermediate  
concentrations tNa+ actual ly increases with increasing 
concentrat ion followed by a rapid decrease as the 
NaOH cathode solution concentrat ion is raised about 
12M. The sulfonamide layer  is characterized by both 
reduced water  content  and sorbed electrolyte and thus 
serves as a bar r ie r  to hydroxide t ransport  (I, I7). As 
discussed by  iVfauritz et al., in  envi ronments  of ex-  
t remely low water  Ievels, as would be present  in  the 
sulfonamide layer, ion pai r ing would reduce the effect 

Table III. Sodium ion and water transport numbers, 
Haflon 295, 80~ 

Anode Cathode 
solut ion solut ion tNa+ $H20 
(tool 1 -z) (mol  1 -z ) (mol  F -1 ) (tool F -1 ) 

NaOH, 4.2 NaOH, 4.2 0.93 4.1 
5.5 5.5 0.92 3.1 
9.5 9.5 0.96 1.8 

11.0 11.0 0.94 1.4 
12.5 12.5 0.83 1.4 
5.8 5.8 0.80" 2.2* 

NaCI, 5.0 NaOH, 5.0 0.91 3,9 
5.0 9.5 0.94 2.9 
5.0 11.4 0.96 3.0 
5.0 12.8 0.88 2.9 

* Treated membrane  sur face  fac ing  anode  solution. 

of a proton tunnel ing  mechanism of hydroxide t rans-  
port (9). Similar  bu t  less pronounced improvements  
in current  emciency are seen even with ~afion com- 
posite membranes  where the cathode surface of the 
membrane  is simply a higher equivalent  weight sul-  
fonate form, yielding fewer exchange sites (19). 

The presence of a m i n i m u m  in the tNa+ plots for 
Nation 295 can be related to the effects of electro- 
osmosis, in general t~zo is a function of tNa+ and other 

membrane  parameters,  but  also strongly depends on 
anolyte concentrat ion for cation exchange membranes  
(5, 21). Sodium ion, as the major  current  carrier, t rans-  
ports net  positive amounts  of water across the mem-  
brane. The frictional interact ion between this water  
and hydroxide serves to increase tNa+. Kressman and 
Tye provide a general  discussion of the effects of elec- 
troosmosis on cation t ransport  number  for cation ex- 
change membranes  in  concentrated solution envi ron-  
ments  (22). They predict a m i n i mum can be obtained 
in the concentrat ion dependence of tNa+ for a suffi- 
ciently large electroosmotic effect, even if anode and 
cathode solutions are of the same concentration. With 
fixed NaC1 concentrat ion and increasing NaOH con- 
centrations in the cathode compartment,  an osmotic 
component to water t ransport  might also be expected. 
This would serve to increase water -hydroxide  fric- 
t ional interaction. As seen in Fig. 3, the result  for 
Nation 295 is to shift the tNa+ curve to higher con- 
centrations of NaOH for the mixed electrolyte experi-  
ments. For the 1150 EW membrane,  where $H20 values 
are smaller, much smaller  differences in tNa+ are 
seen between the two types of experiment.  

Although water  t ransport  provides a positive con- 
t r ibut ion  to t~a+, the presence of large amounts  of 
water  in a membrane  serves to favor hydroxide mi-  
gration relative to that  of sodium ion. These opposing 
effects lead to current  efficiencies general ly  lower than  
90% for homogeneous Nation materials in highly con- 
centrated NaOH solution environments .  Berzins mea-  
sured current  efficiencies and water  t ransport  numbers  
for three Nation membranes  in NaC1/NaOH systems at 
80~ and 8 kA m -2 current  density: 0.1 mm thick 1100 
EW, 0.05 mm 1500 EW, and a composite membrane  
composed of the two homogeneous films (19). The 
1100 EW membrane  shows current  efficiencies of 55%, 
40%, and 70% at NaOH concentrat ions of 6M, 10M, and 
14M, respectively. For the 1500 EW membrane,  current  
efficiency steadily declines from 85% to 55% over this 
concentrat ion range. The water  t ransport  number  in -  
creases for 1100 EW from 2 to 3.5 mol F -1 while for 
1500 EW it decreases from 3 to 2 mol F -1 with increas- 
ing NaOH concentration. The performance of the com- 
posite film is very s imilar  to that  of the 1500 EW mem- 
brane, with the exception of slightly increased water  
transport.  As predicted by Kressman and Tye, a min i -  
m u m  in current  efficiency is seen for the membrane  
with larger  water  content  and, probably  due to an  os- 
motic contribution,  the 1100 EW membrane  actual ly 
has a superior current  efficiency at highest NaOH con- 
centrations. Thus the overall performance of a homo- 
geneous membrane  is the net  result  of complicated 
interactions among cation transport,  eleetroosmosis, 
osmosis, and the effect of membrane  water  content on 
the hydroxide t ransport  mechanism. We would a t t r ib-  
ute the higher current  efficiency of Nation 295 over the 
1100 EW/1500 EW composite membrane  to the lower 
acidity of sulfonamide exchange sites, which would re-  
duce water  content, enhance ion pairing, and thus 
discourage hydroxide ion transport.  

The water  t ransport  number  for Nation 295 in NaC1/ 
NaOH experiments  is seen to remain  at about 3, in-  
dependent  of NaOH concentration. This value is similar 
to that  of 1150 EW in 5M NaCI solution. I t  is interest ing 
to note that the sulfonamide layer does not appear to 
restrict  water transport.  An increase in water  concen- 
trat ion in the 1150 EW port ion of the 295 membrane  
due to electroosmosis might  be responsible for this 
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behavior, perhaps resulting in intramembrane pres- 
sure gradients (2). 

Krishtalik discusses the performance of a hypotheti- 
cal two layer cation exchange membrane in chior-alkali 
electrolysis (23). One layer would be highly conduct- 
ing, but have low selectivity for transport of cations 
over anions, and the second layer (such as the sulfon- 
amide layer" in Nation 295) would have opposite prop- 
,erties. His treatment yields the result that when the 
selective layer faces the hydroxide solution, the cur- 
rent efficiency of the composite membrane would be 
the same or slightly higher than that of the layer when 
used alone as a homogeneous film. If the placement of 
the composite membrane is reversed in the cell, the 
current efficiency should be somewhat better than us- 
ing the nonselective film alone, but much lower than 
that of the composite membrane in the opposite place- 
ment. One experiment was performed here for Nation 
295 in NaOH solutions, in which the sulfonamide layer 
faced the anode compartment. As predicted, the tNa+ 
value of 0.80 is marginally higher than the 0.78 re- 
sult for 1150 EW, but much smaller than the value of 
0.92 when the membrane is used in the opposite con- 
figuration. 

In conclusion, the current efficiency of a chlor- 
alkali membrane cell is seen to be a complicated func- 
tion of several membrane and solution parameters. 
These interactions become more complex in composite 
membranes. General features which lead to high cur- 
rent efficiencies are large ion exchange capacity to en- 
hance cation diffusion and reject electrolyte sorption, 
low water content to prevent hydroxide migration by 
a tunneling effect, and osmotic or electroosmotic water 
transport to increase the frictional interaction between 
water and hydroxide ion. The optimization of mem- 
brane performance therefore depends on the difficult 
task of simultaneously improving each of these prop- 
erties. 
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