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In the study of polarization at anion-exchange membranes in a laboratory cell by a
4-electrode method; limiting current plateaus were not observed. .Addition of

polystyrene sulfonate brought the current-voltage curves much closer to the shape
of the polarographic plateaus predicted by solution of the Nernst-Planck equations.

The current-voltage curves suggested that membrane heterogeneity may play an
important part in polarization. Heterogeneities should show up as dispersions of
dielectric constant and frequency in the radio-frequency range. Dispersions were
indeed observed and are reported for future network analysis.

~ These electrochemical studies were supplemented by laser interferometry and a -
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formed the basis for the design of a pilot-size unit.for detailed mapping of
polarization on a single plant-size (1.5 X L. 5 foot) membrane.

Electrochernical studies of modified cellulose acetate membranes for reverse
usmosis were initiated by studying potential differences across a tubular roverse
‘'osmosis membrane as a function of pressure and circulation rate. The electrode
. at the low-pressure side of the membrane was always found to be positive with
regpect to the high-pressure electrode; atfter correction for the concentration
difference the streaming potentials were found to be 8-10 millivolt per 100 psi
when dilute sodium chloride solutions were used as feed. The potential dif-

ferences increase with increasing circulation rate. Flow rate is. proportional
to pressure.

Microelectrodes for membrane surface mapping were prepared and tested, viz.

hybrid platinized platinum-silver/silver chloride electrodes and micro pH
electrodes made of antimony.

- Theoretical work.on reverse osmosis (jointly with O. Kedem) resulted in predic-
tion of sali rejection as a function of productinn rate.by extension of the
Staverman-Katchalsky-Kedem equations, and in a mechanistic interpretation

of the "reflection factor" which expresses the degree of semipermeability of
a membrane for reverse osmosis.
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Created in 1849, the Depariment of the Interior—America’s
Department of Natural Resources—is concerned with th: manage-
ment, conservation, and developmant of the Notion's watar, wildlife,
mineral, forast, and park recraational resources. It alsc has major
responsibilities for Indian and Territorial affairs.

2s *he Nation's principal conservation agency, the Dencriment
.of the Interior works to assure thot nonrenevable resources ore
devaloped and used wisely, *hat park and recreational resources
are ronserved for the future, and that renswable resources make
their full centribution 1o the progress, prosperity, and security of
the United States—now and in the fuiure,

FOREWORD

This is one of a continving series of reports designed fo present
accounts of progress in saline “water conversion and the economics of
its applization. Such dota are expected to contribute fo the long-range
devalopment of econamical processes applicable to low-cost demlnerallza-
tion of sen and other saline water,

Except for ininor editing, the data herein are as wantained in a report
submitted by the contractar. The data and concluziens given in the report
are essentially those of the contractor and are not necessarily erndorsed by
the Department of the laterior,
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|. ABSTRACT

This work is the first stage of a fundamental experimental study of
mass-transfer at membrane-solution interfaces; the practical purpose of
this investigation is the characterization of efficient spacers and
turbulence promoters.

In the study of potarization at anicn-exchange membranes in a
laboratory cel!l by a L~electrode method, limiting current plateaus were
not observed. Addition of polystyrene sul fonate (molecular weight 30,000,
Dow Chemical Company, Midland, Michigan) brought the current=vol tage
curves much closer to the shape of the polarographic plateaus oredicted
by solution of the Nernst-Planck equations., The values of the "plateau"
currents are strongly dependent on the hydraulic conditicons; it is
therefore likely that they wiil prove useful as experimental criteria
for spacer efficiencies in electrodialysis units,

The current-vol fage curves suggested that membrane heterogeneity may
play an important part in polarization. Therefore a systematic study of
smal| membrane-solution stacks in the radio-frequency range was begun,
Heterogeneities should show up as dispersions of dielectric constant and
frequency in this range (™axwell-Yagner effect")., Dispersions were
indeed observed and are reported for future nefwork analysis,

These electrochemical studies were supplemented by (aser interferometry,
A method for the interferomefric observation of the membrane-solution
interfaces at low Reynolds numbers was developed; an example is shown in
this report. The results of the electrochemical studies formed the basis
for the design of a pilof-size unit for detailed mapping of polarization
on a singte plant-size (!5 x |1.5 foot) membrane,

Electrochemical studies of modified cellulose acetate membranes for
reverse osmosis were initiated by studying potential differences across
a tubular reverse-osmosis membrane as & function of pressure and circula=
tion rate, The eJecrrode'éf the low=pressure side of the membrane was
always found to be positive with respect to the high-pressure electrode;
after correction for the concentration difference the streaming potentials
wera found to be B8~10 millivolt per 100 psi when difute sodium chioride

solutions were used as feed. The potential differences increase with



increasing circulation rate. Flow rate is proporticnal to pressure.
These results suggest the use of electrical signals from reverse osmosis
plents as criteria for flow conditions and/or concentration polarization.
They served as the basic for the design of 2 test unit with well-defined
hydraulic flow conditions and segmented electrodes.

Microelectrodes for membrane surface mapping were prepared and
tested, viz, hybrid platinized platinum—silver/silver chicride eiectrodes
and micro pH electrodes made of antimony., While these electrodes were
primarily designed for electrodialysis studies, their future use in
reverse osmesis research may prove possible.

Theoretical work on reverse osmosis (jointly with O. Kedem) resul ted
in prediction of salt rejection as a function of production rate by
. extension of the Stavermai-Katchalsky-Kedem equations, and in a
mechanistic interpretation of the "reflection factor" which expresses the

degree of semipermeability of a membrane for reverse osmosis.



| 1. SUNWAARY

The present investigation deals with mass transfer at the interfaces
of membranes and agueous solutions under the influence of electrical
forces and/or pressure. Thus it has direct bearing on electrodiatysis
and reverse osmosis. An eppreciable portion of this rusearch dealt with
the development of metheds and designs for the study of these mass
transfer processes. Specifically, a method for obtaining true limiting
currents at anion-exchange membranes under polarization conditions was
investigated; an interferometric method for the observation of the
interface developed; progress was made in the development of micro-
electrodes for the local probing of membrane surface areas; the study of
membrane heterogeneity by radio-frequency measurements was begun; the
existence of streaming potentials across modified celiulose acetate
membranes (Loeb-Scurirajan type) was demonstrated for dilute feed
solutions, and design of pilot plant size cells for the utilizetien of
these findings under a new grant {IL=01-0001=1255) was begun. A theory
of reverse osmosis based on non-equillbrium thermodynamics was

developed jointly with 0. Kedem,

Polarization Studies

The vol fage between two micro-probe electrodes on opposite sides of
anion-exchange membrunes was measured as a function of the current passed
through the membrane cell, as well as the composition and the flow rate
of the solutions flowing on the two sides of the merbrane. A small
laboratory cell was used (Figures 1,2). Current densities ranged wel |
into the polarization range. These current-voltage curves are important
data in the study of the mechanism of polarization.

For membrane |11 BZL 183 (lonics, Inc., Cambridge, Massachusetts) in
KCl solutions, characteristic current-vol tage curves are f’%haped; no
well-defined plateau-was observed (Figure 6). On the other hand, additicn
of 5 percent (by waeight) of soluble sodium polystyrene sul fonate {PSS),
melecular weight 30,000 (Dow Chemical Company, Midiand, Michigan), causes
a characteristic simplification of the curves: with increasing vol tage
the current rises at first very steeply, and then e long region of much

lower and constent slope Is observed (Figure 7). The addition of poly-
styrene sulfonate is believed to reduce the chmic drop in the depleted

3
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boundary !ayer and quench the high electric fields otherwise prevailing

there, thus permitting us to Study the int.uence of hydrodynamic factors
en polarization without the disturbing influences of high ohmic drop and
"water-splitting" in the béundary layer.

The slope of the "inclined plateau” regions of the current-vol tage
curves was found independent of the suiution fiow rate, but the curves
shift to higher current values with increasing flow rcte. This suggests
that th2 current in the pclarization region is composed of two additive
parts, viz:

(g) a limiting current controlied by mass +ransfer in the

boundary layer (this portion increases with increasing flow
rate); and

(b) a superimposed ohmic leak current due to a parallel conductance

element which is almost independent of the flow rate, and is,
therefore, probably located within the membrane, rather than
in the boundary layer,

Yhen the current of type {b) is eliminated by graphical
extrapolation, the (hypothetical) true limiting current is fcund to
increase with a power greater than 0.5 of the fiow rate (at linear flow
rates above 150 cm min™!) {Figure 12). .

It was verified that the siope of the "inclined plateau” regicns is
not primarily due fo variations of boundary layer thickness along the
membrane.

Results obtained with membrane CA-{ (Asahi Chemical Company,

Figure 8) were similar to those with Il BZL 185. Membrane A~10| (American
Machine & Foundry Company) alsoc behaved in similar fashion (Figure §); this
membrane exhibited a rapid "poisoning" effect, which seems to be only
superficial, because (a) light sanding will restore the originai curve,

and (b} the current still increases rapidly with increasing flow rate.
(¥ith the lonics membrane, this effect was much slower,) On the other
hand, membranes #A-3236& and MA-3475 XL (lonac Chemical Company) gave
current=vecl tage curves which are little affected by flow rate and

indicate high d.c. resistance (Figures 10,11}, {f is clear that current-
vol tage curves thus show significant differences in the polarizafion

behavior of membranes which are similar in permselectivity,
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[These conclusions should under no circumstances be viewed as
recommendations or condemnations of any of fhese membrane brands.)

Te compare these results to those expected from the simple Nernst-
Planck mode! (Flgure 3), equations were derived for tie current-voltage
curves in the absence and presence of polystyrene sul fonate (Equations 3C
and 62 respectively; a list of symbois and units fo be used in ‘hese
equatiens is found on page !1l)and numerical examples calculated for each
of these cases. The results are presented in Figures L and 5 respectively,
The predicted current=-vol tage curves rise at first linearly and then
approach an asymptotic value (platesu) repidly. This is true whether the
mambrane is ideally permselective or not, The initial slope does not
represent the chmic resistance alone but also contains contributions from
the membrane and junetion petential,

From the experimental results, it is clear that for membrane-KCI
solution systems the situation is usually much more complicated than
predicted by the simple theory, On the other hand, the shape of fhe
current-voltage curves in the presence of "supporting” eltectrolyte
(pofystyrene sul fonate, "PSS") comes much closer to the theoretically
predicted curves (Figure IL). In this case theory predicts a concentra-
tion gradient of K" across the boundary about half in magnitude of the
gradient of C! , and an inverse gradient of the same inagnitude as the K"
gradient for PSS .

Hybrid microelectrodes containing silver-silver chloride and

platinum proved useful as potential probes in chloride solutions.

Devel opmen+ work on micro pHeelectrodes dealt primarily with anfimony
electrodes. Three-electrode assemblies consisting of two micro-antimony
electrodes and a Luggin caplllary showed promise for local pH-measurement,
but further testing Is still necessary. One of the antimony electrodes -
serves to measure the pH, while the other perfodically stimuiates the

. measuring electrode by cyclic polarization.

A large cell was designed for the measurement of current-voltage
curves at different locations of electrodialysis membranes, and in the
praesence of different spacers. Current can be measured in sight sections
separately; provision is also made for the insertion of microelectrodes,
Redox solutions can be used in the electrode compartments in order to
reduce the voltage drop in them; laboratory experiments in a small cell

5



indicated that a sufficiently high voltage drop reduction is indeed
possible.

Surface roughness of fhree commercial jon-exchange membranes wes
measurad and considerable differences found (Figure 21), The roughness
is Ef least of the same order of magnitude as the calculated boundary
layer thickness, and might therefore play a significant part in the flow
dynamics past the membrane.

The electrochemical studies were supplemented by laser interferometry
of the interface. A wedge interferometer (Figures 18 and 19) was
designed and built, which enabled us to cbsaerve polarization under condi-
tions of natural convection and at low #low rates (laminar flow). The
nature of ‘he concentration pelarization occcurring near the interface is
iltustrated in Figure 20 which shows the concentrafion distribution in the
micro-electrodialysis cell, built into an O'Brien laser wedge interferome-
ter, before and during the passage of efectric current. The interference
fringes are roughly equal fo concentration-distribution curves. The '
existence of depleted boundary layers in the central (diluate) compartment
and of concentration enrichment in the adjacent compariments could be
studied by preparing moction pictures of the phenomenon.

Radio-frequency measurements of different anion-exchange membranes
were performed in a cell (Figure22) containing consecutive
layers of membrane and demineralized water. The influence of the
transmission line was el iminated from the results by measuring membrane-
solution stacks of different thickness (Figures 23,2L1). After subtraction
of the complex impedance of water, a disparsion of dielectric constant
and conductivity of the membrane between | and 20 megacycle sef:.-I was

"found (Figures 25-27). It is probable that this is a Maxwel!-Wagner type
dispersion and thus indicative of membrane heterogeneity. The dielectric
constant of the membrane tends asymptotically to about LO at the higher
frequencies. Although the water layers separating the membranes were
only I/Bh—inch thick, their complex impedance in the frequency range [~20
megacycle sec ' is high; this reduces the accuracy of the results shown
in Figures 25-27. The conclusions from these measurements should
therefore be considered preliminary.

Electrical potential differences across modified cellulose acetate
membranes (Loeb-Sourirajan type) were measured (Figures 28-30).

é



Streaming potentials had been observed previcusly'inlreverse osmosis
experiments with ion-exchange membranes where the mechanism can be
readily explained by the fixed=charge notura of these materiels. It was
found, however, that potential differences develop even across seemingly
neutral modified cellulose acetate membranes, and that these potential
differences depend on the applied pressure and the brine circulation rate.
Sodium chloride solutions were circulated under pressure through & é~inch
long tubular reverse osmosis membrane (modified celluloge acetate type)
cured at GL°C which contalned a central Ag/AgCl electrode. The inside of
the cytindrical support tube for the membrane was coated with silver and
silver chloride, and thus acted as a second electrode which was
cutpletely insulated from the efectrode inside the tube. Measurements of
the potential difference between the electrodes as a function of pressure
and circulation rate were parformed, Hyperfiltration rates and product
concentration were determined at the same time.

The results (Figures 31-36) show that the potential differences
ingrease with the pressure at a rate of 8-10 mitlivoit/100 psi. The
potential differences also increase with the circutation rate, this
variation being most pronounced at the lowest flow rates. In all
of these experiments, the ow-pressure side was
atways positive,.

After correction for the difference of the electrode potentials, the
potential differences represent the algebraic sum of the junction
potential between the bulk brine and the polarization layer, and the
membrane streaming potential proper. By systematic variation of pressure,
circulation rate and concentration, it might prove possible to separate
these effects and obtain quantitative experimental data on the concentra=-
tion in the polarization layer. A test apparatus permitting circulation
of raw water under high pressure with suitable make-up pumps and prepuri-
fication devices was designed and bullt for future studies along these
lines.

A theory of hyperfiltration, basec on non-equi)ibrium thermodynamics,
was developed jointly with O, Kedem, The theory pinpcints criteria for
sal t=rejecting membranes; it does not deal with concentration polariza=
tion. The equetions for water and salt flux across a differential
membrane layer were derived from first principles, and integrated across

7



the membrane, assuming constancy of three coefficients, viz. the speclfic
hydraulic permeability, SO, the local solute permeability, P, and the
reflection factor, o, which is known to be a quantitative index of salt
rejectfion, varying from zero to unity (for non-rejecting to perfect
membranes respectively). This procedure was justified by considerations
based on the friction model of membrane transport processes. |t was
snown that | =¢ is the product of an equilibrium term end a kinetic

term. .The first cheracterizes the static salt exclusion and hydrophilic
properties of the membrane, The second is a quanfifarive expressjon for
the kinatic characteristics of the membrane. This theory was published(6o)

and is not repeated in this report.



1t1. ELECTRODIALYSIS
J11,A, Current=Voltage Curves

ttt.ALl tatroduction

When the vol tage across an electrodialysis stack is raised, the cur-
rent Increases at first roughly in proportion to the voltage; the apparent
resistance of the stack increases, however, and eventually a point is
reached at which large voltage Increments cause only small current Increases,
At this point, or near it, pH changes appear in brine and product streams,
Thgse phﬁnbmena, usually tumped Into the single term ™polarization,™ are

_caused by mass fransfer !imitations assumed to occur at the membrane-

solution Interfaces, and to the undesirable participation of hydrogen and
hydroxyl lons In the electric conduction process; this effect is often
called "water splitting." Polarization In electrodialysis sets an upper
Fimit to the practical current gensity because of high pcwer consumation
and/or scale formaticn and, therefore, also limits the production rates.
in many cases polarization thus prevents the optimal utilization of the

capital investment in the electrodialysis plant.

Analysis of the limiting current phenomenon at membrane=solution

(1-9)

interfaces revealed some analogy to polarographic situations at metale=

solution inferfaces(Joule). On both interfaces non-chmic behavior in the
vicinity of the electrode is due to a change of conduction mechanism. At
the metal-solution interface this change is a radical one: not only does
the transport number of the negative (and positive) current carriers
change, but the nature of the current carriers themselves in the two
phases, viz, ions and electrons, is different. At the membrane=-solution
Interface, on the other hand, there is only a change of transport number,
not of the basic character of the current carriers., Yet a change of
transport number at any phase boundary is sufficlent to cause non-ohmic

behavior at that interface, and, ultimately some form of timiting current

. phenomanon,

While polarogrephic theory, based on the Nernst-Planck equations of
fon migration, describes the current=vol tage reiationship for many metal-
solution interfaces wall, several important questions remaln to be
answered for membrane=-solution interfaces. The equations for the current=
voltage curves developed in detail under "Theory™ {(Section 111.A.3), and the

Q
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shorter treatments in the llrarafura(h'6) all fead to the conciusion that
a limiting current should be reached, in close analogy with polarography.*
" Moreover, cation~-selective and anion-selective membranes should obey
analogous equafions, provided the basic assumptich of all these treatments
Is correct viz. that the polarization phenomenon occurs in the dijute
solution layer which is In contact with the membrane. In sctual fact,
howaver, different membranes exhibit considerable differences of polarlza-
tion behavior, in particular, no well=defined {imiting current plateaus
are observed with anion-exchange membranes; and "water spliffing™ sets in
at much lower volteges at these membranes than at éafldn-exchange membranas ,
Because anion-exchange membranes thus present more problems than cation-
exchange membranes, we have concentrated our efforts on the study of the
former.

Polarographic theory shows thai without a large excess of “neutral™
electrolyte which quenches the electrical field in the diffusion layer,
weli=definad limiting current plateaus over long vol tage regions can not
be expected. “Neutral®™ electrolytes are composed of ions which are not
discharged in the potentlal range investigated. In order to study limit-
Ing currents at membrane-solution Interfaces without undue Interference
of water splitting, one‘w[shes to achieve a simlilar neutral electrolyte
effect at the membrane-solution Interface. This is particularly important
If the influence of hydrodynamic factors on polarization is to be studied
quantitatively, Since this Is our purpose, we have tried to simulate the
nsutral electrolyte effect in polarography by adding to the sclutions large,
soluble polyelectrolyte fons which increase the solution conductivity but
can not pass through the membrane, (Of course, the polyelectrolyte must
also be non-polsonous to the membrane.) [n a number of the experiments
described in the folliowing, the polyelectrolyta was sodium polystyrene
sul fenate of nominal molecular welght 30,000‘*. The addition of poly-
elactrolyte was indeed found to have an eppreciable effect In.the predicted
direction on the current=vol tage curves,

If the electrode has a large surface, certain deviations from a (2-3,8-10)
constant plateav are to be expected hecause of hydrodynamic factors, ’
sut the observed deviations are frequently much larger (see Seetion Ill1.A.L).

»
*Thanks are due to the Dow Chemical Company, ®idland, Michigan, for the
supply of this material and information on its properties,

10




111.A.2 Experimental

Figure | is a schematic of the apparatus used for the polarization
studies. The cefl [outside dimensions 13.5 horizontal (i.e., in direction
of current) x 10 x 10 cm] is subdivided into four compartments which were
continuously flushed with solutions moved by peristaltic circulation
pumps (Model T-6S, Sigemotor Compeny, Middieport, New York) or, in the later
experiments by corrosion-preoof centrifugal pumps (Catal ogue No. 700L-3,

Cole Parmer Company, Chicago, Illinois). The circulation circuits also
contained |iquid reservoirs and small "accumulators™ to buffer flow rate
fluctuations. Flow rates were measured volumetrically first, but rotamefers
were installed at an early stage for continuous reading. In some experi=
ments, microstirrers, provided with small rotating seals were inserted

into the two center compartments, to provide additional fluid agitation.

In the center of the cell, a strip of ion=exchange membrane, M,

5 x | cm is exposed. The membrane compartments are separated from the
electrode compartments by cellulose membranes, C (dialyzer tubing, Fisher
Scientific Company, Pifrtsburgh, Pennsylvania). Electric current is fed
into the cell through platinized platinum electrodes, Pt, The veoltage-
regulated power source was converted to hear-galvancsrafiz operation by
introducing a large variable resistor in series. Currents were read by
means of a precise multi~range milliammeter, A, and the voltage between

the platinum electrodes periodically checked by a high=impedance vol tmeter,
v, (microvolt-ammeter, Mode! 203A, Cohu Electronics, San Diego, California,
or, later, with a Keithley Electrometer £108).

The polarization vol tage was measured by means cf the probe micro-
electrodes, P, which were Ag/AgCl electrodes prepared first by the thermal-
electrolytic merhod(l5), and later hybrid platinized platinum-Ag/AgCI
elecrrodes(lh which yield very stable and reprogucible potentials (see
Section 111.C), Their wires were sealed in glass capillaries and only
the tips, of characteristic dimension | mm, were exposed. In Figure |
these electrodes are shown in vertical position, for clarity, but in the
actual cell they are inserted at 90° to the position shown (i.e., the wires
are normal to the plane of the drawing). The probe electrcde voltage was
recorded by a "Serviter 11" (Texas Instruments, Houston, Texas) of full
scale sensitivity | mv and speed 0.25 sec full scale, after amplification

or attenuation in a high~impedance amplifier-attenuator (the same

1

hdoat ;‘-J';flj:

YTy

saald.orad

Lo . .
SEP Rl I SRR T RO O,

S e i K

ey T g A (T R

FCTVITLIY JORNA g




AMPUFIER -~ MULT| = RANGE
ATTEMUATQOR RECORDER

m_——e—
“ |
=
ub
N

\\\\\\\\\&

\\\\\\\\JF
>

N3
SE
1%
B‘u
N

| ]
| ]
»
) |

| (32)__
{o.c. poweR “”1”,

SQURCE RESISTOR

FIGURE !, SCHEMATIC OF POLARIZATION MEASUREMENT APPARATUS

12



o~

b SR

e T

e T A R T T T AR R UL T A e A T

a1

T e, A AT AT, PO TR R ALY Y T = N e AT, TR LT AR T e e s

instrument, V, as used for vol tage measurement was used, with the recorder

connected to the microvol t-ammeter recorder oufput; the switching arrange-
ment, as wel| as varlous minor attenuating potentiometer circvits are not
shown in the schematic of Figure | ). The inclusion of the vacuum tube
amp! [ fier-attenuator was deemed necessary because it draws much !ess
current than the recorder. The dimensions of the solution compartment

are shown in Figure 2.

Current-vol tage curves are determined by increasing the current stepwise
and cbserving the change of voltage, Vp, between the microprobe electrodes.
Upon application of & higher current, the voltage increases rapidly and
after a perlod varying between a few seconds to two minutes (depending on
flow rate, concentration,current, etc.) settles to a constant value. In
many experiments, a slow increase of vol tage rather than a constant value
was observed, in which cases the voltege was extrapolated to zero time,
l.¢., to the moment at which the current was increased. Satisfactory con-
stancy with respect to time was generally observed at low and high currents,
while voltages in the Intermediate region were less stable. There was
also more voltage oscillation in this range., A number of experiments were
performed with motorized linear current scan by driving the resistor In
Figure | by a geared motor, ond covering the full range in about 20 minutes.
Most experiments reported here were cbtained by the point=by-point procedure,
however, '

Solutiens

Amount and composition of the circulating solutions were chosen such
that mass transport through the dialyzer membranes during the experiment
caused only very small concentration changes in the various streems.

This was verified by analysis of the streams at the end of each experiment,

KCl solutions were prepared from analytical grade material and de-
ionized water, an! a trace of silver nitrate added to ensure saturation
wl}h respect to AgCl and thus prevent dissolution of AgCi from the
microel ectrodes. '

Originally the solutions from the two electrode compartments were
pumped from and into a common reservolr, and a similar procaduré was
followed for the solutions pumped past the membrane faces. In order to
el iminate altogether external shorts, the solutions were later pumped in

13
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individual streams, It was found that any external shorts in the early
experiments were so smatl, as not to warrant major efforts of correcting
the reported results. The total solutlon inventory associated with each
stream was about one |iter,

The sodium polystyrene sul fonate (PSS) soiutions supplied by the
Dow Chemical Company contained sbout 5 percent (by weight) polymer of
approximate molecular weight 30,000. They alsc conftained much sodium
bromide, which we removed by dialysis through Fisher dialyzer tubing until
free of reaction with AgNOa. To remove the water which enters the poly-
electrolyte sofution during dialysis, the dilute solution was restored
to its original volume by vacuum distii{lation. The resistivity of the
purified solution at ambient temperature is 160 chm cm (60 cycle a.c.).

The kinematic viscosity of the PSS solutions was determined with

both a Seybolt and a Cannon-Fenske Viscometer, The results were 6.5 and

5.2 centistoke respectively, The measurements were performed af differ-

ent times, and since it is known that some changes occur in the PSS
solution, the discrepancy was not considered serious. In the following,
we shall use a value of v=6,0 centistoke, assigning somewhat higher
weight to the more accurate Cannon-Fenske method. (Non=Newtonian behavior
may also contribute to the discrepancy.)

Using this value, we can calculate the Reynolds number at the
different flow rates used, The channel cross section was [ cm wide
% }.25 cm deep (length 5 cm), hence ratio, r = cross section/perimeter
w 0.278 cm, Hence the Reynolds number, Re, for a linear fiow rate, v,
of 2.5 cm sec” is Re = Lhvr/v =l x 2.5 cm sec”! x 0.278 cn/6.0 x 1672
on® sec”! = L6. For velocities of 1.25 and 3.75 cm sec”' we have Re = 23
and 70 respectively.

The magnitude of these Reynolds numbers indicates laminar flow
conditions, but 1t should be noted that the small cell did not permit
wel i~dofined hydraulic condifions.




Membranes

The anion-exchange membranes used in this work were the following:

A 101 8 Americen Machine and Foundry Company, Springdsie, Connecticut™
CA = | Asshi Chemical Company, Tokyo, Japan'
MA 3236 *
lonac Chemical Compeny, Birmingham, New Jersey
ma 3475 XL

It B2L 183 lonics, Inc., Watertown, Massachusetts™™

*Ihanks are due to the menufazcturers for supplying samples of these
materials.

**Samples cut from replacement membranes for the lonics Mark |1 stack in
the elactrodialysis pilot plant of the Sea Water Conversion Laboratory.,



111.A.3 Theory

In the past, polarization at membrane=-sofution Interfaces has been
trasted quantitetively from the standpoint of the classical theory of
transport In electroiyte solutions, (Nernst=Planck equations), and
assuming membrene selectivity, l.e,, & radical change of ionic treansport
number at the inrerfaca(|-3'6’9’15). It was either assumed or tacitly
imptied that the membrene is more or less homoganeous In the sense of not
having a layered structure. Since our results, re.u-ted In the previous
and the present quarterly report, and some recent observations by
ofhers(s'IT) indicate that matters are by no means so simple, it was
deemed desirable to determine In detail what to expect from the consistent
appl ication of this simplified picture, so as to befter understand the
causes of the deviations therefrom, In particutar it was considered im-
portant to derive expressions for the current-voltage curves both in the
presence and absence of "supporting®™ (neutra)) electrolyte; these curves
can then be compared to the experimental ones. This treatment is
presented In the following. |t leads to equations for the current-vol tage
curves [Equaticn (39) and (62) for these two cases respectively], The
treatment contains many elements of the subject matter in refer=
ences 1-3,6,9,15, and i6, which are used at various stages so as to lead

to useful expressions for the polarization curves in terms of measurable
parameters, |

lon Flux in Absence of Supporting Electrolyte

Consider steady~-state fon transport in the solution .n the boundary
layer at the membrane-solution interface. The solution flushing rate is
fast enough_§o~fhaf the bulk electrolyte concentration is not appreciably
depleted a!oné—fhe membrane., |t is aiso assumed that the hydraulic fiow
conditions are chosen such that variation along the membrane can be neg=
lected. In this cese, the solution concentraticn profile in the boundary
is time-invariant ard also does not vary along the membrene. This highly
simpiified picture is schematicaily shown in Figure 3 which depicts the
membrane=sclutlon boundaries at an anion-exchange membrane, The configu-
ration corresponds to that in our laboratory cell [but the inert membranas
saparating the electrode compartments from the test compartments
(Figure 1} and the probe efectrodes are not shown in Figure 3]. Nofe that

7
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when pesitive current flows from left to right, the current density i is
taken positive. But in Figure 3 moat of the current is carried by negative
ions flowing from left to right; therefore, I is a negative quentity.
Electric potential gradients are taken as potential on the right minus
potential on the left divided by the distance. Therefore, in Figure |,
the electric potential gradient is positive.

Neglecting non~electrostatic interaction between the fons, end aiso
neglacting efectroosmosis, we can describe the fon fluxes, J, as products

of respective mc:bilH'ies,"l m, concentrations, ¢, and forces (sums of
potential gradients):**

3, == O ¢, [z, 3(ee/az) + (a,foe)] ()
. o
m‘l'
J_ == (D_/RT) c_ [z_ F(dE/dz) + (dy./dz)] (2)
e )
m

Because of electroneutrality in the solution phase

c,mc_=c¢ (3)
For ideal solutions
b=p® +RT Inc | (L)
and therefore, for & dilute solution of a I~ electrolyte:
J, = =D, [(s/m') ¢ (dE/dz) + (dc/dz)] (5)
J_m=0_ [(- /RT)c (dE/dz) + (do/dz)] (6)

In the membrane, the nunerical vatue of the flux retle, J /J_, Is
equal to the transport number ratio ?;/?;. Since, by definition of the

*The mobiiities m, M are equal to (D+/PT), (D_/RT) respectively by the
Nernst-Einstein law. O , D _are the respective ionic diffusion
coefficlents,

*‘For meaning of symbols and suggested set of consistent units, see list
of symbols on page 111,
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steady state, the fluxes are independent of position z, the same flux
ratio prevails also in the solution:

I m =X St 0 =T) (7)

(The negative sign is introduced becsuse the J's are vectors. In

the membrane J,and J_ have opposite signs, whilef?+ and ?_ are always
taken positive.)

From (5), (6) and (7)s

t_J4, & dE do
~.  mTT— = (8)

f,D. RTdz dz

From equation (8) substitute for ( &c/RT) (dE/dz) in equation (5), and
solve for J+:

- 2D de

J, = 2 —
Y@ T T) (©)

and from (9) and (7)
QD_ dec

| - {o_¥,/b, 7)) az

(10)

Since fluxes, ionic diffusion coefficients and membrane transport
numbers are constant, it follows that dc/dz is constant also. In other
words, the application of the Nernst=Planck equations [equations (5) and
(6)1 leads to a 1inear concentration gradient In the boundary.

It is often more convenient to express the fluxes In terms of the
diffusion coefficient of the electrolyte, D, rather than the ionic diffusion
coeffictents, D_ and D_. Noting that in free solution

D+/D_-1"/1'_-f*/(l - t,) ()

and using the Nernst expression* for the diffusion coefficient of I=I
electrofyte in dilute solution

*EquationA(le) follows readily from the flux equations (5) and (6)
because for electrolyte diffusionJ =J_.

20
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w2 |—+—| =20 (I -t,) (12)

D, +0_ D, ©O_

20,0

L ) -

D=

we can rewrite equations (9) and (10) respectively:

.. en, itin-ED_P(l-f‘)**-d_c-- b, do (13)
* - - -— -
b= (t, T/t %) az t, -t  dz t,=t, dz

Dt de bt de

o= = (1L)
f_~t_dz T -t dz

For ideelly selective cation-exchange membranes ?; = |, Hence from
equations (13) and (I4):

D dec

Jp*——; J_=0 Ideal c.e. membrane (15)

t_dz
and for ldeally selective anlfon-exchange membranes (?_ =)

0 dc .
J,=0; J_m=—-=— tideal a.e. membrane (16)
f* dz
It is of interest to digress here and compare equation (15) to the
basic polarographic equation for a univalent cation, Caf*,

cat chat
J, =~ 0, (17)
dz :
Here Dgé* and cCaf are the ionic dliffusion coefficient ard molar

concentration of Cat respectively, This polarographic equation is readily
obtalned from equation (5) because, in a formal sense, we can consider the
mercury=solution interface as ideally selective for cations Caf‘, since
no other fons can pass through It. Morecver, we set (dE/dz) = 0, because
In polarographic experiments, a large excess of neutral electrolyte is
usually added to the solutien. This neutral electrolyte can not cross

the metal=solution interface, but "quenches™ the clectric field in the
solution,

2l
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Note that both equetions (I15) and (I7) are of the type of Flck's |aw,
but In the absence of neutral electrolyte the ratio D/t_ raplaces tha
jonlc diffusion coefficient Diaf. Thus comparing the flux of common
cations, e.g. k* or Na* In the absence and presence of neutral electrolyfe
It is found that the flux Is higher In the absence of the neutral electro-
lyte, becsuse the electric field provides additionsl driving force. This
simple conclusion has indeed been amply confirmed in the polarographic
|iterature,

Returning to the ion fluxes 1n the absence ot neutral electrolyte

[equations (13) and (IL)], we can calculate the electric current density, I,
from Faraday's law:

P B, =) (18)

Substituting the fluxes from equations (I3) and (lL4} we obtain

gb de 30D de

- - —= - (19)
(F, -ty dz (F_~t)dz

! =

Since i, D and the transport numbars are constants, this contirms
the previous conclusion that, withln the range of applicability of the
Nernst=Planck equations, the concentration gradient in the boundary layer
ts iinear,

As the current is Incressed, the electrolyte concentraticn at the
membrane interface decreases continuously, Hence the highest current
carried by the fon fluxes J_and J_ Is (for de/dz = - co/S)

‘ H)] <, /5 (20)
» - - m = B 0
Iim (?+ N f+) § o

where <, is the bulk electrotyte concentration and B = -'ED/(?* - r+).

Ohmic Potential Drop in the Boundary Layer

The complex hydraulic pattern (s approximated by the simp!ified
Nernst model of a boundary of uniform fhlbkness, § between the region of
fast-fiowing solution of uniform composition, ¢_, and the membrane
surface, Mass transport in this boundery layer is by diffusion only

a2



(Figure 3). The boundary layer thickness on the two membrane faces is
assumed to be the same.

To calculate the resistence of unit cross section of this boundary
layer, we perform an integration over its thickness, 6,

6
R = - 2,/ -f ptz (21)

=]

The negative sign is introduced in Ohm's law because for positive
potentiai drop the current is in the negative direction. The current
density | is the same at any location z.

We can exprass the specific resistence p by the following expression
(vatid In dilute solution)

o a (e\)” {22)

where X {s the equivalent conductance of the electrolyte (c:hm'"I en®
- L
equiv, '), and dz, from equation (19):

&D
4z = = _ dec = (B/i) dc (23)
i(t, - t,)
where the constant B8, which depends only on the nature of th. dissclved

eloctrolyte and of the membrane, is defined as
Ba =~ Fo/(F, - t,) = &0/(F_~1t) (2h)
Substituting the values for p and dz respectively in (21) we obtain

¢
B

~4E, = [ — de (25)

*the formula given In most of the electrochemical [iterature is p-lOOO(NA)"'
where N is the normelity, aquiv. Jjjer-‘. Note that in our system of
units, ¢ is given in mole 5975, which, for a I=| electrolyte, is equal
to equiv en™>. Hence N/1000 = ¢ and equation (22) Is identical with the
formulas In the |itersture.
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For the left boundary, we integrate from o [at the (hypothetical)

'
plane interface of bulk solution and boundary layer] to ¢, 8t the membrane
surface:

8, == (B/A) In (o /c.) (26)

t
To el iminate cn which is not accessible to direct measurement, we
remember that the concentration gradient in the boundary layer is !inear,
and use equation (19):

]
de ¢ =-¢ i{(t, -t i
—_— ”m O - (_"' +) - - (27)
dz 5 30 B )

1
We solve for oyt

el =c + 51/8 (28)
and substitute this vatue in equation (26):
, 51 i
bE, = = (B/A) In (I +;—) == (8/A) In () - i ) (29)
0 bim

For the boundary on the right side wa Integrate equation (25) from c"
(concentration at the membrane surface) to c, at the {hypothetical) plane
interface between diffusion boundary and bulk solution on the right:

0, = = (8/A) 1o (c fe.) (30)

"
c, is cbtained in analogy with equations (27) and (28):

L

Cp * o = 61/3 (31)
and hence from equations (30) and (20):
" &i i '
8E, = (B/A) tn (1 = — ) = (8/A) In {1 4;) (32)
Bco ‘HI‘I‘I

In equations (29) and (32) the influence of the different process
parameters has been clearly separated: & is Indicative of the hydraullic
flow conditions; A, B and €, describe the physico~chemical properties of

2L



solutions and membranes { is the applied current density, Note that when
negative lons flow from left to right, the current is counted nagative.

Hence both equations (29) and (32) yleld positive electric chmic drops, as
they should, For 1! = 0, the ohmic drop goes to zero, For I —» i

ol

[im
fequation (20)] the ohmic drop tends to infinity.

Membrane Potentials

The potential difference across a membrane in contact with a ||

L]
alectrolyte solution of concentration c; on the left and C, On the right
. (16)
sy

o€, = (RT/B)(F_ - T,) In (op/cn) = € In (,/cr) (33)
whera Cs= (RT/3)(T_ - ?;) (34)

Here, again, potential differences are counted positive when the
right side is more positive than the left.

£ the hydraulic conditions on the left and right sides of the mem-
brane are the same, the concentration excess {over the bulk concentration}
on the concentrate side equals the concentration depletion on the diluate
side.® This excess is calculated from equation (27):

" 1

€y = Cq ™€y = Cp ™" 16/8 (35)
Hence equation (33) can be written {n terms of measurable quantities

_ -81/8B _ 1 -&i/{Be) b+ (371,.)
b€ wTin © /-cm- ° =€ in Fim (36)

e v 8i/8 Le8i/(Be) U= (/i)

Junction Potentials

tn addition to the membrane potentials (concentration potentials
across the membrane}, there exjst atso concentration potentials in the
boundary layers, unless the electrolyte has equal positive and negative
transport number (e.g. KC1).

*Bacause, for equal boundery layer thickness, the ssme driving force is
necessary to remove lons from the membrane~concentrate interface as to
transport them to the membrane~diluate Interface,

25
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The Junction potentials are given by expressions similar to (33)

with solution transport numbers, t, rather than trensport numbers in the
membrane, f, hcwever(ié). The sum AEj of the junction potentials in the

two boundary layers is

s = R/ = 1,)0n (epfeg) + 1n (e fep)] = = Clt=t,) In (e /e,)

(37)
whare c= (RT/E)(t_ -t o (38)

Total Potential Drop

The potenttal drop betwean identical probe electrodes in the bulk
solution phases on opposite sides of the membrane (Figure 1) Is composed
ot {a) ohmic drops in the bulk solutions, the membrane and the boundary
layers, and (b) membrane potential, junctlion potentlials and electrode
potentials,

The ohmic potential drops [!isted under (a)] should vanish rapidly
vwhan the current is interrupted. The other potential drops are expected
to relax more slowly, because the relaxation depends on ionic diffusion
which is a slower process than the electronic processes which terminate
the ohmic potential drop measured with weli=-reversible probe electrodes.

We have assumed that the solution flow past the electredes is fast
anough so that the difference in the bulk solution concentrations on the
two sides of the membrane is negligible, Hence the electrode potentiais
cancel, It will also be assumed that the resistance of the membrane and
the transport numbers t in it are independent of the current ctet‘asi'ry."l
Hence the ohmic potential drop in the membrane, - 'R I is proportfional tfo

the current. So Is the drop, = R |, in the solufion between each elecfroda

and the adjacent boundary leyer.

* While this assumption has been frequentiy made in the |iterature, some

recent experiments indicate that it should not remain unquestioned.
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The potential drop across unit cress section is [from equations (26),

(30), (33), (37) and (35)]

[] L]
AE » - (2Rs + Rm) I+ (AEb + neb) + OE, + AEJ.

- (ERs + Rm) I+ (8/A) In (c;/b;) +Cln (c;fh;) -CIn (c;/E;)

- 1= 18/(8c,)
we (2BR_+R)I +[BA)+C=C]In
s m b+ 18/(Be,)
- L+ (l/ilim)
w-(2R_+R )1+ [(BA)+C=C)In— (39)
® " = (i/ilim)

It is seen that the total potential drop iz the sum of two terms,
one linear In i and the other a logarithmic function of 1. It is of
Interest that the ohmic drops in the boundary layers which are of dissi=
pative nature are contained in the second term together with the membrane
and junction potentials which are {at least partially) "reversible."

At low currents (i << BGO/G) equation (39) shows that the voltage is
proportional to the current. Hence the Initiai slope of the E vs. =i plot
Is

(- 88/i) = 2R_+ R+ [(B/A) + € - cl(ee/(se,}] (Lo)

On the other hand, as 1 approaches the 1imiting current, the
logarithmic term becomes dominant, « AE going to infinity as | = ilim
(equation {20)].

Numerical Example

1t Is of Interest to consider the predictions of equation (LD).
Any deviations therefrom in the experimental results can then be attributed
to the three main assumptions Implicit in Its derivation, namely
(a) vaildity of the Narnst=Planck equations without Interaction terms
[equations (5) and (6)] and (b) assumption of a diffusion boundary layer
of constani thickness (under conditions of forced flow) and (c) no
polarization effects within the membrane. The equation is also based on
conductance by a single i=1 elactrolyte and can not be expected to hold
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when an appraciable portion of the conductance is due to hydrogen and

hydroxy) lons (at high vol tages).

in the following numerical example, aill parameters for the soiution
are adjusted to ideal=solution behavior (i.e. for intensive properties
such as equivalent conductance and diffusion coefficient the vajues at
infinite ditution are consistent!ly teaken). Reference is made to the
situation shown in Figure 3, i.e. an anjon exchange membrane with negetive
fon flux from left to right., Therefore the current Is negative,

Temperature: 25°C (298°K)

Solution: KCl, 0.03N (c = 3 x 1077 mole cm'3)
A = 150 ohm™! em® moie™!; spec. conductance
= 1.5 % 1077 o en”!
t, =0.50 (t_ = 0.50)

0 = 2.0 x 1072 en® sec!

Membrane : Resistance of unit area R = [l ohm en®

T_=0.98 (¥, =0.02)
Boundary Layer; & = 0,02 cm

Solution between Probe Electrode and Boundary Layer

Assume resistance is equivalent to jayer of O.1 cm thickness

i R_@px 0. = [1/(0,0015 ohn ' cn )] x 0.1 cm = 22.2 chm en?

Universal Constants:
R = 8.32 watt sec mole-' ("K)—l - .

¥ = 0.9 x 10° coul mole!-l

e8



Other Expressions;

8 = 3/(F_~t_) =0.96 x 10° coul mole”’
x 2 x 107 cne sec”! /(0.98 = 0.5)
= 14,00 amp mole” cn®
C = RT/3)(F_ - F,) = 0,0258 (0.96) = 0,028 vol t

¢ & (RT/B)(t_-t) =0

0.02 em x | amp cru"'2

-(I/l”m) = (i8/Bc,) = w167 x i

4.00 amp moie™! en® x 3% 1072 mole em2

Using these values, equation (39) becomes

| - ta/(aco)] !

A w=(2R 4R )1 4+ [BA)+C~C]In
& * Fa / )+ (8/(Bc )] 1
I = 167 i
AE = = {Uhhy + 10) i + 1077 (26.7 + 2;.8) In ———
| + 167 i
. =167
=560 1 4515 % 107 In
b+ 167 i

A plot of the first and the second terms of this equation, as wel] as
thelr sum Is shown in Flgure 4. Note that the |imiting sicpe, Iim AE/(-I)

does not represent the ohmic drop = (Rs + Rm) 1, but contains, In
addition, a sizeable contribution from the membrane potential in the
second term., |t is also of Inferest that for the case calculated the
ohmic drop contribution 8/A (= 26.7 millivolt) in the prologarithmic term
Is about the same as the membrane potential contribution (E = 2L O miili=
volt). This means that the chmic drop in the boundary layer contributes
only about one half as much to the polarization potentfal as the membrane
potential. This remains true when the boundary layer thickness and/or
currenf density are changed (as long as there is no appreciable water
spllftlng), because nelther B/A nor C depends on & and i. On the other
hand, the ratio AE /OE of the contributions of ohmic drop in the boundery

a9



0.006}-

0.005}-

~0004 - AE (total)
N
Ie
(4 ]
[« %
£0.003 |
3
- Cen: 1-167i

0002 Ist term AE=-55i + 0.05I5In 1+167i

0.00!

ol I | I ) ! ! ! ) )
0 0.l 02 03 04 05 0.6 07 08 09 1.0

AE (volt)
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layer and membrane potentlal to the total polarizetion AE does depend on
the trensport number of the electrolyte and the membrone selectivity.
[See the definitions of B and C equationa (2) and (3L) respactively.]

In spite of this fact, AEb/hEm does not vary radically for most elaectro=
dialysis systems, since the most common elactrolytes found in brackish
woaters have similar diffusion coefficients and Tonic fransport numbers,
and since most modorn electrodialysis membranes have similar permselec-
tivity (i.e. simllar T_and t_ for dilute solutions). Therefore we may
generaifze our conclusion from the numerfcal example above and state that
in most cases ohmlc drop in the boundary layer, AEb, and membrane potens

tial, AE&, make gontributions of similar order of magnitude to the total
polarization potential, 4E.

Current=Vol taqe Curves in the Presence of Supporting Elactrolyts

In some experiments, an excess of soluble polyeiectrolyte is added
to rhe sotutions. The polymeric jon has the same charge as the counterion,
but it Is sssumed that because of ity large size, it cen not pass through
the membrane in significant amounts, For Instance, in our experiments
with anion=exchange membranes, we added polystyrene sul fonate of molecular
weight 30,000 (PSS) to the solution.,”

Consider solutions contafning low-molecular weight anions (e.g. CI-)
of concentration c¢_, large anfons (equivalent concentration c_) and a
single kind of catlons (e.g. K+), concentration C,e Ye can write three
flux equations of the type of equations (5) snd (6), an electreneutrallty
condition, a continuity equation for the alectric current, and we can also
set the flux ratio in the solution equal to the flux ratio in the membrane,
as In equation {7):

J,==0, L3R ¢, (dE/dz) + (dc,/dz)] ()
§_ w=0_ [(-3/RT) c_ (dE/dz) + (dc_/dz)] (L2)

‘Klndly suppl fed by Dow Chemical Company, Midland, Michigan

3l

sded il e e

VS

Pt raeld A

]

!
-:%
i
]
3
!




J =0 = =0, [~(3RT) c, (dE/dz) + (dc_/dz}] (L3)*

c, =c_+c, (electroneutral ity) (Lb)

Jy=d. = i/ (continuity of electric current) (l5)

J N, - -1/t (L46)

The six unknowns are Jyoo 0 S €0 €_ BN dE/dz. The %irst three

can be readily expressed in terms of the others by first solving

equations (Lh) to (L6):

I,~11/8 (L)
J_m= 11 /% (Ls)
c "¢, =c (k)

and then substituting these three expressions in equations (LI} to (43):

(17,/®,) +c, (8/RT)(dE/dz) + {dc, fdz) = 0 (50)
- (1 T_/30_) - c_ (3/RT)(d€/dz) 4 (dc_/dz) = O (51)
- (E/hT)(c+ - c_)(dE/dz) + (dec, fdz) - (dc_/dz) = 0 (52)

This Is a set of three simultaneous differential equations to be
solved for the variables ¢, c¢_ and E,.

I the equivalent concentration of polyelectroiyte is substantially
larger than that of the low-molecular weight electrolyte, we can simplify
the solution by the fol lowing approximation: in equations (51) and (52)
we drop the terms containing c_(dE/dz), because both ¢_ and (dE/dz) are
small compared to the other tarms** In the suns, and the product of these

*The diffusion coefficient tn this equation also refers to the
aquivalant of the polyion, but since D cencels anyway, the exact
definitlon is not discussed here.

**(dE/Hz) is small becsuse addition of neutral electrolyte supresses the
elactrical potential drop in the boundary layer.
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two smaf! terms is considered negligible. In other words, we neglect

transport of CI” in the boundary tayer by electromigration compared with
transport by diffusion.

With this approximation we obtain from equation (5!)
/3 = (0_/t_) dc_/az (53)

which 1s an expression of the type of Fick's |aw because = ?; 1/3 = J_
[equutton (48)].

The gradient of the concentration of ¢, can be calculated by combinw

fng eauntions (50) and (52), in which the term containing c_(dE/Hz) has
been neglected:

de, e, TT) 1T T,

—ta-| = Hla—f=.2 (5h)

dz 2\dz &D_j 2F\D D,

Comparing (53) to (5L) we find that

I D de de DD
- - e -
—-—--—-2——( - - (55)
& t_ dz dz D+ t_ =D, t+
and hence
de, | dc_ t, 0,
il U (56)
dz 2 dz t_D,

The significance of the last equation Is 1llustrated for the case of
KCi (D, = D_) at an ideally anion~selective membrane (?; =0). It is
seen that in this case the gradient of the k* concentration in the
boundary layer is only hal§ that of the Ci~ concentration, and that
because of electroneutrality [equation (LLi)] there exists a PSS concen-
tration gradient also of half the magnitude of the CI~ gradient, but In
the opposite direction:

de { dc dc
e aee a2 57)
dz 2 dz dz

In other words, both k* and c1” concentration decrease from bulk solution
to membrane surface while the PSS concentration increases (see Figure 5).
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Returning to equation (53), we see that the )imiting current in the

presence of supporting electrolyte is
Il im - (;ﬂ)_/?_) (:‘.‘:-/6 (58)

(where oS is the concentration of CI~ in the bulk solution) because the
largest possible numerical value of dc_/dz is = Oc_/'&.

Comparing equation (58) to the analogous equation in the absence of
supporting electrotyte [equation (20)] we see that the presence of the
supporting alectrolyte depresses the limiting current,

To express the concentration of Cl” at the membrane surface, sC; as
a function of the current densfty, we substifute in equation (53) dc_/dz
- (sc; - °c~)/3, end solva for sc;:

sc; = c_4 ] ?; 6/(3D_) "L Ia/b_ {(59)
where B_E 30_/;; (60)

{Comperison of B_ with B as defined In equation (2L) shows that for KCI
at a perfect anion=exchange membrane B_ = 8/2.]

The total potential drop across the probe electrodes consists again
of ohmic drops, membrane and junction potentials as in the absence of
supporting electrolyte [equation (39)]. Because of the presence of a
large excess of supporting electrolyte, however, the resistance sum,
2r

sP’
very small, and the junction potentials in the solutions are small, too.

in the solutions Including the boundary layers, is expected to be

- "

The membrane potential is C In (scm/;c;) [see equation (33)], where sc;
is given by equation (59) and sc; is determinad in analogy with
equation (35):

'
R RN R 16/8_ (61)
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Hence the total potential drop between the probe electrodes is'

. oo 1-18/(B c)
Mg, = - (ERsP + Rm) PoraE - - (ERSP + Rm) PeCin o+ i6/(8_ oc_)
| + (i/il. )
w-(2R_4+R)i+C In———a>D (62)
oo b= (/i)

where Rep is small. |f any additional series resistances exist (for

instance by creation of "poisoned" surface layers on the membrane),

their influence will asppear as an additional term in the expression
(2Rgp + R ) in equation (62).

A numerical example for the same conditions as those described

before {Figure ,.) is shown in Figure 5., Here equation (62) is plotted

under *! 1 assumption that the excess of supporting electrolyte is so
large that RsP is entjreiy negligible,

*entirely neglecting the junction potentials (this is a crude

approximation which can be refined when the transport numbers in PSS
solurions are known)
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EI1.A.y Results and Discussion

Flgure 6 shows current=vol tage curves of 0,0IN KCi solutions for
two series of experiments with membrane |11 BZL 183, viz. in the presence
and absence of PSS (5% by weight), Vp Is the potential difference
measured between the two probe electrodes (Figure |). Different curves
on the same graph refer to different solution flow rates past the
membrane (flow rates past the two membrane faces were held equal ). These
curves describe early experiments in which the microelectrode distance in
different series was not easily reproducible, No quantitative conclusions
should, therefore, be drawn from comparisons of the absolute values of
the currents In the two graphs.” On the other hand, the figures
Illustrate a basic difference In the shape of the curves: In the absence
of PSS, the limiting currents are not well deflned « in fact there is
merely a gradual change of slope with an inflection. In the presence of
PSS, however, two well=distinguished regions can be seen, viz. a low~
resistance region at low voltages and a high-resistance region of
vol tage-independent slope at higher vol tages, 1t is significant that the
latter slope depends very little on the flow rate. The same plcture
emerges from experiments at higher €low rates and at different chloride
concentrations (Figure 7).and from similar experiments with membranes
CA | (Figure 8) and A 10l B (Figure 9). In all cases the shepe of the
curves suggests the presence of two superimposed phenomene, namely:
(1) a limiting current which increases with increasing KCI concentration
and solution flow rate, (2) an additional current which seems to be due
to a parallel conductance, is independent of the flow rate and causes the
(hypothetical ) limiting current plateaus to degenerate into low=sicpe
plateaus. Current (2) iIncresses slightly with increasing chloride
concentration,

*The viscosity of the solutions containing PSS +# 0.0IN KC! is considerably
higher than of the 0.0IN KCI solutions. Hence experiments at equol fiow

rates do not represent equal Reynolds or Sherwood numbers, !

- P o T
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Figure 10 shows current-voltage curves for membrane /A 2236 (lonac Co. ).
This membrane is supp!ied by the manufacturer between fwo plastic sheets
that could be peeted off when the sandwich was soaked. The curves in
Figure 102 were obtained without surface treatment of the membrezne. |1
is seen that the resistance between the probe electrodes was high and
there was relatively little difference between experiments at different
flow rates. Abrasion of the surface with fine sandpaper decreases the
resistence (Figure t0b), but there is again little influence of flow rate
on the current-voltage curves. In .the presence of PSS, however,
(Figure 10c), "sloping plateaus™ appear. At any given probe electrode
vol tage In the ™sloping piateau™ region, the currents are, as usual,
lower than in the absence of PSS. This is probably due to the high
viscosity of the PSS solutions which increases the thickness of the
(hypothetical) boundary layer.

Similar results were obtained with membrane lonac MA 3475 XL
{Figure Il). For both of the [atter membranes, no limiting current
plateau at afl can be distinguished in the absence of polystyrene
sul fonate, Addition of polystyrene sul fonate causes at least some
differentiation of ™sloping plateaus."”

In the preceding paragraphs, emphasis was placed on the occurrence
(or lack of occurrence) of true limiting currents; f.e., regions of the
current=vol tage curve with a clear current plateau.* The imporfance of
these plateaus lies in their use as mass transfer criteria; in fact, much
modern mass transfer research ls being done by elactrochemical methods and
the magnitude of the Iimiting current at metal-solution interfaces serves
to calculate the mass transfer rate (|2,I8-21). The experiments

described In Figures 6 through || show that contrary to results at

*Note that the practical plant definition of " imiting current“(é) refers
to the minimum of a plot of E/I vs. 1/1 (E = voltage, | = current).
This minimum is not indicative of a current plateau, which is the usual

electrochemical meaning of a ™iimiting current.," The E/I vs., 1/I curve

will often have a minimum, whether there exists a true [imiting current

A T d e e

(t.e., o current niateau) or not.
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metal=sofution interfeces, reglons of constant current are not found In
currant=vol tage curves at membrane-solution interfaces. The addition of
PSS Improves the situation, however, in that one can at least distinguish
two regions of the currant-voltage curves, viz., a steep rise and a more
or less {inear "sloped plateau.” The slope of the "plateau™ varies from
membrane to membrane, some resembling almost horizontal plateaus, while
others have pronounced slants,

It is of interest to study the trends of "l imiting" currents with
flow rate and chloride concentration, As a flrst approximation, the
extrapolation of the low=slope portion of the current=vol tage curve to
zero vol tage was teken as an index for the limiting current (in accordance
with the current superpositlon model) and plotted against linear flow
rate on log=log peper. This type of evaluation of the results for the
lonles membrane is shown In Figure 12, The resuits are not extensive
enough to permit any accurate correlaticons between mass transport and
Reynolds number, and it should alsc be horne in mind that several changes
in apparatus and procedure were made between the early low~flow rate and
the later high-flow rate axperiments, so that the former series can not
be readily compared to the latter. But even the fragmentary information
summarized In Figure 12 permits the following conclusions: (a) Iimiting
currents increese with increasing flow rate; in the higher flow=rate
renge the exponent r in the correlaticon:

Limlting current o« (fiow rate)"

is probably larger than 0.5; and (b) at a given flow rate, the limiting
current increases monotonously, and perhaps in direct proportion, to the
Il ow=mol ecular weight electrolyte (kc1 ) concenfrafion.*

*It is of Interest to consider the experiments described in the light of
motecutar separations on polymer-solution surfaces which do not involve
electric pnenomena, e.g., the phenomenon of MGel Permeation Chromatography"
(22’25). In analogy, the type of electrical measurements outllined might

prove useful for the analysis of polyelectrolyte mixtures by means of

membranes of well-defined pore sfize (or vice-versa) In an analogous

operation of "gel permeation polaronraphy.®
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In order to verify that the absence of "platesu® regions in our
experiments was not due to hydrodynamic effects, a number of experiments
were performed in which repid stirring along the whole membrane surface
was carried out simul tanecus!y with slow flow, Coocke and Van Der‘whlt(s),
have demonstrated considerable variability of the diffusion layer thick=
ness In siaple electrolyte solutions under certain conditions, with
resulting variability of polarizetion conditions along the membrane. In
other words, ™iimiting® current conditions do not occur unfformly across
the whole mem.. sne (not even across small membrane semples) and the result
was found to be a current=volfage curve which never exhibits 2 weli-
defined plafeau.* It seemed unllkely that the [ong lew=stope regions of
the current=voltage curves in Figures 6-8 could be explalned by such hydro-
dynamic factors, and it was, therefore, deemed of Interest to test this
point. It was indeed found that in spite of even stirring along the
whole membrane surface, which should enauré uniform diffusion layer
thickness, no flat plateaus were evident. '

(¢ the membrane consisted of macroscopic reglons of dlfferent
character, the currentevol tage curves could be readily explained. Suppose
that there were perfectly permselective patches In parallel! with non-
permselective ones, The observed current would then be the sum of the
contributions of the two types of patches, namely; (a) a polarographic
"wave" (plateau) type and (b) a superimposed ohmic current. Since
current (a) is & polarization phencmenon, it should Increase with
Increasing flow rate and concentrafion, as found; current (b) should be
independent of the flow rate, again as found.

While it is true that many properties of ion-exchange membranes can
be understood from their hetercgeneous nafurecah’gé), which seems to
exist even in membranes labeled "homogenaous®™ from a macroscopic stand-
point, it should be borna in mind that these heterogeneities are of
colloid dimensions. It is, therefore, of conslderable interest that the
currenf—voltagé curves exhibit the shape expected from the macrescopic

*It should be noted that Cooke and Van Der Wait used "overpotential™
rather than straight probe electrode voltage as a parameter. OQverpoten~

tiat is the measured probe electrode potential minus the chmic drop,
and was determined by an interruption method!2r37,
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heterogeneous model, The ralative amount of Imperfections necessary to
account for the observed slopes {Flgure 6} ls amail: less than 3 percent
of the membrane area would have to bs non-permselective, with the
remainder aentirely ideal.

The behavior of the polyelectrotyte solutions thus focuses attention
on the relationship between membrane heterogeneity and polarizatien, It
is of interest that Blo<:k(27 » who studied a large number of commercial
membranes and found micro heterogeneities In many of them related their
polarization behavior at high current densities to the (yet unmeasured)
influence of micro heterogenaity on H' and ou” conductivity in the |
membrane. Some aspects of the heterogeneity problem are discussed In
Section IV of this report dealing with radio-frequency measurements which
offen provide some indication of these heterogeneities.

It has not been definitely proven, however, that membrane hetero-
geneltles are primarily responsible for the lack of the genuine IImiting
currents predicted from the solution of the Nernst-Planck equations, |t
should be noted that this theory doss not make allowance for sny rate-
controlling Influence of reactions near the membrane-solution interface,
0.9, desolvation of the ions or other changes in the solvent structure
when the ion passes across the phase boundary. Such reactions have been
studied extensively In the electrochemistry of metal=solution interfaces,
and It might prove worthwhite in the future to investigate their possible
influence on mass transfer at membrane=-solution interfaces, rather than
assuming a priorl that they sre so fast as to be negligible as rate-
controlling factors.

Comparison of Results with Different Membranes

7o "normal ize™ the curves for different membranes, l.e. to correct
for different membrane resistance terms, Rm’ and for different solution
resistances, Rs’ between the probe electrodes (due to siightly q:fferanf
pesitioning of the electrodes in different experiments), a number of
current-vol tage curves at 300 ml/min were replotted, by deducting or
adding & linear term, | o E, such that the Initial slopes of ail curves
coincide (Flgure 3). Tor a justification of this procedure, see
oquation (29) of Section I11.A3. Having thus etiminated the differences
of ohmic resistances in the membrane and in those parts of the solution
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which are cutside the bounda « shouid expect all curves to be

a! ke because presumably the -ry layer resistance is the same for

all membranes at a given ct unt density.* Figure 13 - howa, however,

that the normaiization does not make all curves coincide. Therefore it
seems that In addition to the resistances fo ion transfer in the bulk
solution and the !inear ohmic resistance of ths membrene, other resist-
ances which the theory does not take into account, come Into play. These
effects Increase in the serfes lonics A 11| BZL < Asahi CA | < (AWF A 101-8,
lonac MA 3236, i1onac MA 3475 %L}, At this stage, one can merely spaculate
about the reasons for the differences between these curves. Again,
heterogenelties within the membrane might give rise to Internal polariza«
tion effects which differ In accordance with the structure of the membrane,
It 1s also possible that at least some part of the dffferences is due to
individual differences of “water splitting™ at the solutlon side of the
membrané.

Since the lonics A 111 BZL membrane seems to conform best with the
simplifioed Nernst layer theory, its current-voltage curve in the presence
of PSS fs compared with the theoretical curve in Figure I}, The theo-
retical curve was calculated from equation (62) of Section 111.A.3 with
R, = Il ohm en®, 1 . = 0.0048 amp e, and R, = || ohm cn®, the latter
vaiue having been sefected to make the Initia) slope of the calculated
and experimentsl curves coincide. (This was necessary because the exact
distance of the probe electrodes from the membrane surfaces was unknown;
the value of I! ohm cm2 is entirely rahsonable, corresponding to a
distance of 1.5 to 2 mm,) '

The discrepancies below the theoretical limiting current are not
surprising In view of the change of the diffusion thickness layer along
the membrane. The continuous !inear increase of the ™I imiting" current
Is not readily understood, however., Since practically no pH change in
the bulk solutions was detected, it is unlikely that H* and OH™ carry the
current ("no water splitting"™). It is of interest, however, that about the

*Some differences in the current=vol tags curves might be due to surface
roughness differences (which are described In Section I11.D). It is
not |ikely, however, that the differences in Figure I3 are merely
surface roughness effects,
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same slope is obtained in PSS solutions which contain only traces of KCI.
Figure 15 shows i vs, Vp curves in such solutions for two membranes on an
expanded scate, H the membranes were comptetely Impermeable to PSS, thay shoutd
pass practically =~ current, The resu!ts show, however, that for both
membranes, a |inear current increase occurs where there should be a
Iimiting current. The slopes are 0.39 and 0.9 ma cm"e/bolf for lonics
and AMF membranes respectively s compared to 0,39 and 0.6L (lonics) and
1.2 (AMF) cbserved In different experiments with 10 to 50 times higher
KCl concentrations. Since the stope of the plateaus is not much dependent
on the KC! concentration, the excess current might be due primarily to a
parallel ™leak™ conductance of some PSS through the larger Mpores™ of the
membrane. Sinca the PSS solutions had been carefully dialyzed before the
experiments, it is not at all clear whether PSS molecules sufficiently
small to be able to get through the membrane were present, but note that
a relatively minor percentage of "leak" area could explain the results
for these two membranes.

Interaction between Membranes and PSS

Polvelectrolytes of cpposite charge generally interact very strongly;
therefore, it is not a priori clear whether the addifion of negatively
charged soluble polystyrene sul fonete would not "poison™ the positively
charged anion-exchange membrane matrices. While strong "poisening” of
anion=exchange membranes by mul tivalent cations has been observed(e'ea),
this type of interaction does not necessarily impede fthe migration of
small fons to a very large extent, provided the molecular size of the
soluble polyelectrolyte is kept within certain |imifs. Small(ag) has
shown that certain polyelectrolytes adsorb strongly on the surface of
jon-exchange resin granules, and yet do not materially impede the rate
of exchange of small jons; Small's resutts encouraged us to use PSS in
our systems. The results (Figures 6=11) show that while the presence of
PSS decreased the current density, as compared to corresponding membrane-
solution systems which did not contain PSS (partly due to the higher
viscosity of the PSS solutions), "poisoning” in the customary sense of the
word did not occur in these systems.

This conclusion was borne out by a study of the change of curren*-
vol tage curves with time {Figure 16). Considerable differences of
interaction hehavior were cbserved for the different membranes, For
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membrane ANF A=101 current=voltage curves were repeated after abrasion of
the surfoce four days after exposure to PSS, |t is seen that this procedure
restored the current densitlaes to the same state as for fresh membranes.
Therefore, at least for thismembrane, the Interaction occurs only at the
surface; It does not drasiically “poison™ the Interior of the membrane.

The experiments with PSS described In Figures &-{| were ali carried
cut at a time when the interaction with PSS causes only vary slow changes
of the current with time.*

*Althugh we have no dats for the lonac membranes corresponding to the
datas for the other membranes (shown in Figure 16}, several Indirect
observations fndicate that no rapid changes occurred in the lonac
membrenes either.
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111.B. Laser Interferometry of Membrane-Solution interfaces

J,,II,.‘B.I Principte

Concentration polarization at membrane=sclution interfaces was also
studled by laser interferometry. A small interferometer cell was
developed which enabled us to observe the formation of concentration
polarization layers at membrane-diluate interfaces under natural convec~
tion conditions. Several movies of the development of these layers were
produced. This technique proves to be very useful for the study of both
transient and steady-state polarization phenomena at the membrane-
solution interfaces. Experiments were also carried out under condltions
of laminar and turbulent flow in the diluate compartment. Because of the
shrinkage of the diffusion layers under these conditions, the optical
requirements are more stringent than those achievable In our original
cells; it Is believed that these requirements can be met in more
sophisticated cells which are now being designed. It Is Important,
however, that the principle of the applicability of this method to
electrodialysis systems was confirmed in the first stage of this
research,

These experiments were carried out jointly with R, N, O'Brien and
K. Beach of the Lawrence Radiation Laboratory, Berkeley. The membranes,
electredes, and solutions were placed into a wedge interferometer. This
type of interferometer is discussed in some detail in References 30 and 3I.
Briefly, as shown schematically in Figure 17, a perallel beam of |ight
impinges on a wedge formed of two glass flats with partially reflecting
surfaces, normal to the bisector plane of the wedge. If the camera
focuses on a plane G-H (Figure 17a) intersecting the back window of the
cell (the upper wedge plane) at D, then the interference of the two
coherent rays ABCD and EF at D will be observed, (The path length difference
3CD between the two interferring rays is almost double the awerage wedge thick-
ness, f': because the wedge angle is very small; typical dimensions are ’r' = 3 mm
and wedge angle B=2 minutes.) Any disptacement of the focal plane e.g to G’-H'
(Figure 17b) leads to the observation of the interference of a different
ray (E'D') with ray ABCD'. In other words, the interference at D'

, 1 — —
2t = AB + DE (Figure 17)
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(Figure 17b) rather than at D (Figure 172) is now observed. Note,
11!
however, that when rays AB and ED or AB and E D are quite close together

(which is the case et near-ncrmal incidenca), the cverage wedge thickness,
t', for cases (a) and (b) is almost tho same. Since the path length
differences between the interfering rays ABCD~DE end ABCD'~E'D' are in
both cases twice the average wedge thickness in the regions considered
here, the interference at D' will be almost the same as at D, |In other
words, we can refocus the camera (in & vertical direc*'nn in Figure 17)
at any plane paralle! to G-H within the wedge without chonging the fringe
position appreciably. On the other hand, moving substantial distances

to or from the fulcrum of the wedge (horizontally in Figure 17), one will
alternately obtain reinforcement end extinction in accordance with the
variation of the phase difference caused by the more substantial change
of the wedge thickness in the observed region,

This discussion presupposes that the interfering rays ABCD and ED
(or ABCD' and E'D') are in phase. Lateral coherence of the incident
parallel beam of 1ight is therefore necessary--at least over a distance
of the order AE or AE|. In addition, axial ccherence of at (east ef' Is
required (axial coherence is coherence in the directicn of light propa-
gation). These coherence requirements together with the desired high
intensity for fine~grained motion picture film, are conveniently met by
lasers. in fact, In this case the good cohererce obtains even over much
wider regions,

The magnitude of the wedge angle in Figure |7 was exaggerated for
the purpose of illustration only. |In practice this angle is quite small,
and the incidence is almost normal to either wedge plane. In thls case
an approximate interference formula may be used(BO): interference occurs

when
2u't' = na
where u' is the index of refraction of the fluid In the wedge, f' {cm)
the average thickness of the wedge section shown in Figure 17, n the order
of interference, and A the wavelength of the light (em); n is an
integer for constructive Interference. It is seen that for a mcnochromatic

interference fringe {which is a line of constant n), the product of the

' '
refractive index, p , and the path=-length difference, 2t , is a constant,
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If a refractive index gradient arises in the di-ecfion normal to the

(3t)

plane of drawing, fhe interference spots must move up or down the wedge .
In other wards, fringes which ware originally straight must curve toward
the wedge upex when the Index of refraction, p', increases, and eway from
the apex when p' decresses. The cobserved fringe shift makes it possible
to calculate the changes of index of refraction and hence the concentra-
tion changes,

Al though conventional monochromatic light sources have been success=
fully used for quentitative wedge-interfercmetry, the ready commercial
availability of uniphase outout continuous gas lasers has greatly
amplified the application of this technique because of the coherence and
high inrenslty of these strictly monochromatic |ight sources which makes
ft possible to work with fairly farge ceit thicknesses, f', and fo
obtain high enough light intensities for convenient normal-speed motion
picrure photography with fine-grained film (ASA speeds 50-80}(32). The
camera used was & Bolex H=I6 RX=L 16 mm with Switar ):).Ly, #=25 mm Jens.
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111.8.2 Interferometer Cell

An assembly view of the cell used in these experiments is shown in
Figure 8.1 Figure 19 is a drawing of the "Plexiglas" membrane and
electrode helder which fits inside the cell, as designed by K. Beach,
The interferometer and microelectrodialysis cel| are an integral unit, The
current is introduced through two small Ag/AgCl electrodes and passes
through the cation and anion-exchange membranes which border the solution
channel, The smal] membrane sfrips were streftched taut over the
openings between the electrode compartments and the central solution
channel. As shown in Figure 19, the membrane strips are tightly held
between two "Plexiglas" sections; the strips protrude into the small
cytindrical openings, ¢. The two "Plexiglas™ pieces holding the
membrane fit into the inside of & hollow "Teflon™ cylinder, and are
pressed together and held in place by insertion of "Tefion" retainers
(which act as solution ducts) in notches e (Figure 19),

Laser radiarion* was passed perpendicular to the plane of the
drawing through a pair of optical flats with mirror surfaces on the
inside (Optical Coating Laboratories, Santa Rosa, California). The
reflection was about Q0 percen‘.** The flats were I/Qrinch thick and
| 1/8~inches in diameter. The seal between the flats and the "reflon®
eyl inder was effected by compression rings {Figure 18). The mirrcred
flats were held in place by axial pressure exerted by screws in a cylin-
drical brass frame of expandable thickness into which the whoie cell
assembiy fits., The wedge was produced by tightening the top or the
bottom screw more than the two other screws. This creates encugh pressure

. *K
on the relatively soft "Teflon" to produce the desired wedge effact.”

f'r:t'.al.ur-i*ess-,; of Lawrence Radiation Laboratory, Berkeley, California.

*nadal 30, Spectra~Physics, Mountain View, California. This continucus-
wave gas laser has a rated output power of 0,79 milliwatt (hemispherical ).
A telescope expanded the beam from a2 diameter of .2 mm to any desired
diameter up to 60 mm, A = 6328 A.

This reflectivity was specified by the manufagturer feor the air-gtass
interface, |t is different for the solution-glass interface,

“*Note that due to the wedge angle the distance between the optical
flats thus varied in the vertical direction, while Figure 17 shows a
variation in the horizontal direction. In other words, the apex of
the wedge wos perpendicular to the membrane surfaces.
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The wedge angle was adjusted until the fringes were about | mm apart;
concentration changes can be calculated from the fringe shifts, provided
the relation between refractive index and concentration is known(El).

This relotion is almost exactly linear.

111.B.3 Procedure and Results

The laser, cell, and camera were mounted in line with suitable ciamps
(an optical bench did not prove essential for this purpose, but It is
useful) and movies taken of the development of the fringe pattern as a
function of time, current density, nature of the solutions, and solution
flow rate in the channel between the membranes. The anion and cation-
exchange membranes were A-i0l and C-103 respectiveiy (American Machine
and Foundry Company, Springdale, Connecticut)., All experiments were
carried out at 23 £ 1°C. Originally o simpler cell was used which
provided large recesses from the main channel near the membrane surfaces.
While this cell had the advantage of very simple design, the hydraulic
conditions are complex; therefore, we used the cell shown in Figure 18 in
|ater experiments.

Current was drawn from a galvanostatically controlled power source
(Mcdel C63A, Electronic Measurements Corporation, Eatontown, New Jfersey);
vol tage and current were continucusly read. The current density was
calculated with respect to the exposed membrane area,

Figure 20 shows a pair of frames before the passage of current and
in the quasi-sfationary* state respectively (i.e.) about one minute after
the current was switched on) under conditions of natural convection, The
" details of the exberlmenfal resul ts are embodied in the movies and are
 briefly summarized as follows:

(1) The time for the establishment of 8 quasi-stationary state.
is of the order of 20 seconds for the conditions shown in

* The term Mquasi-stationary™ {s used here to Indicate that in the
absence of flow, no statfonary state can be reached. There is a rapid
change of the concentration profiles whan the current is switched on,
followed by a state of slow change. The beginning of this latter
state is termed "quasi-stationary.”
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(a)

(b

FIGURE 20. LASER INTERFEROGRAMS OF MICROELECTRODIALYSIS CELL

Interference lines show concentration distribution before (a)
and during passage of current (b). Solution 0,03 N KC1, Vertical
shadows are anion exchange membrane (left) and cation exchange membrane
(right). Positive current, 10 milliamp cm*2 fron left to right in (b).
Natural convection, Distance between membranes 0,3 cm,
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Figure 20. This is of the same order as calculated for
similar condifions(5).

(2) The thickness of the natural=convection diffusion layer
varies somewhat with position; for the conditions studied
here, values of 0.02 - 0.05 cm were found.

(3) As expected from the theory, the relaxation time after
switch-off of the current is roughly the some as the time
necessary for the establishment of the diffusion layer.
This is of importance for the evaluation of pulsing
methods in electrodialysis,

Some experiments were carried out under flow conditicns. The
results are not amenable to quantitative interpretation because various
sources of error including leakage of solution between membrane and
glass flat tend to obscure the concentration changes in the boundary
layer. It was concluded that fhe method is potentially very valuable,
but requires the development of more scphisticated ceils. These are

now being developed.
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111.C. Microelectrode Develonment

Microelectrodes ara Important for the local probing of potential
differences across membranes and for the determination of ion concentra-
tions, In this research, microelectrodes for the first purpose were
prepared and used. In eddition, development was carried out for micro
pH electrodes sultable for the mapping of local pH changes. The
electrodes prepared in this research have diameters of the order of
0.l cm. This is much larger than some of the microelectrodes used in
biological and medical applications, but the purpose of the electrodes and
the conditions of use are quite different. The recent development of
several types of very small! microelectrodes for biophysica) 5rudies(33)
and of the associated electronics, and the development of small conduc=
tivity probes (which are based on a different principle, however, and
serve a different purpose)(ah'35) encourages us to believe, however, that

a further size reduction in our electrodes below | mm is possible.

Sitver=Silver Chloride Electrodes

These electrodes were first prepared by standard electrolytic and
thermal mefhods(56). (t was soon found, howaver, that "hybrid" micre-
glectrodes of the Cole=Kishimoto fype(IL) gave stabler potentials than
the conventional electrodes. The "hybrid" electrodes contain platinized
platinum, silver and silver chlcride. It is probable that their specific
surface is larger than that of the more conventional siiver=silver
chloride electrodes and that this accounts for their high stabitity,

The plating circuit consists of the electrolytic cetl, a 100,000 chm
potentiometer, mil)iammeter, and three volt battery in series. Twenty-
two gauge silver wire (anode) is plated with AgCl for about eighty
minutes at 0.0L milliempere., The electroiyte is 0.5% KCI and the cathode
a pltatinum wire. Tie silver wire is completely sheathed In plastic
tubing, except for its tip, After rinsing both electrodes, polarity is
reversed, and they are immersed in Kohlrausch solution (H2PfCI6 with a
smali amount of |ead acefafe)(57). Ptatinizing is carried ouf at a
current of 0.0 ma for |7 minutes. The electrodes are rinsed, pelarity
reversed again, and the electrodes returned to the KCI solution, where an
additional amount of AgCl is deposited for one minute at 0.04 ms,
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These electrodes proved to be stable microprobes for electrical
potentiel sensing in chloride solutions. Their potential depended on fthe
chloride concentration as predicted by the Narnst equation.

These elecfrodes were used as potential probes jn most of the
experiments described in Section Ill1.A and proved stable and reliable,
Because of the relatively small amount of ions migrating through the ion-
exchange membranes under rapid flushing of the cell compartments with
identfcal solutions, the potential drop between the elfecfrodes and the
solutions tn which they are immersed was almost equal for each electrode
oair, and consfant with respect to time., Asymmetry potenfials were
determined outside of the cell and were found fo be smaller than other
errors and fluctuations in the potential differences measured under
current flow.

pH=Electrodes

The development of microelectrodes for the detection of pH changes
near the membrane surfaces presenfed more difficulties, but some
engouraging progress was made with antimony electrodes. |t is possible
to make and/or obtain ccmmercially(aa) experimental glass electrodes with
characteristic tip dimensions of about | mm, and it may be possible to
develop smaller ones., The impedance of these electrodes is very high,
however, and furfher scale~down would involve special insfrumentation;
because of the very high impedance one expects also slow response In that
case, ‘le therefore concentrated our efforts on antimony electrodes.

Large antimony electrodes were in common use in analytical laboratories
before the large-scale commercial availability of sturdy glass electrodes.
¥hile they are not as stable and reliable as glass electrodes, they give
reesonably accurate results if calibrated properly(36'39), and are in
principle more amenable to miniaturization because of their much lower
impedance, Smali antimony electrodes sre being used for dental research.”

Several pairs of micro pH-probes were prepared. fhey consist of
micro=antimony electrodes and micro KCl=-bridges (Luggin capillarles)
leading to calomel electrodes. The outer diameter of either of these

* The author thanks Or. 1. Kleinberg, University of Manitoba, Winnipeg,
Canada, for his advice and the gift of a dental research electrode,
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probes is about one millimeter. They were inserted into the cell and
their potential measured as a8 function of the cell current, after their
pesition had been adjusted properly in an equipotential pisne. In other
words, the position of the electrodes was adjusted so that they did not
register an IR drop at fow current densities. It was assumed that any
change in the potential difference between the electrodes is due to pH
changes, A callbration curve had been prepared previously for each
electrode pair by electrometric titration of a universal buffer solution.
It wes found that while the microelectrodes performed very well under the
calibration conditions outside the cell, their performance within the
cell during the passage of current was frequently unstable and erratic,
On the other hand, certain 3-electrode assembliés showed promising
results within and cutside the cell. These assemblies contain two
antimony electrodes and a Luggin capillary mounted flush in epoxy resin.
The area defined by the tips of these electrodes is placed paralilel to
the membrane. One antimony electrode (the "auxi!iary electrode®) serves
to pass periodically & polarizing current through the other. After this
current is swifched off, the potential difference between the second
antimony electrode and the Luggin capillary is allowed fo reach a steady
value which was found to indicate the pH in the vicinity of the (second)
antimony electrode. The periodic polarization~depclarization thus seems
very useful,

This method was discovered and tested only toward the end of the
contract period; thus only preliminary (and promising) results were

obtained, This aspect of the work is being continued under a new grant,



I11.D, Membrane Roughness Measurements

Because of the importance of hydrodynamic conditions at the
membrane=-solution interface for polarization phenomena, the surface
roughness of three membranes used in our polarization studies was meas-
ured, |t is known from other mess transfer studies that surface
roughness can be a significant factor in defermining the fturbulent flow
pattern near the interface. Therefore we wanted to determine the magni~
tude of the roughness for different membranes used in cur previous
measurements. These membranes had exhiblited different polarization
behavior.

The roughness was measured with a profile meter, Model V "Mototrace"
{Physicists Research Company, Ann Arber, Michigan), The membranes were
measured in a wet state, after having been superficially dried with 8
paper towel. The results are shown in Figure 2I.

It Is seen that the membranes vary appreciably in surface roughness.,
The roughness of the American Machine & Foundry Company (AM.F.) membrane
shows no distinct periodicity whereas the loenics membrane does. This
periodicity reflects the mesh of the fabric backing the membrane whose
threads ere on the average about | mm apart. The lonac membrane is also
backed by a fabric, but the weave is much tighter; it is not clear whether
the appreciable surface roughness of this membrane is entirely due to the
backing material.

With regard to the hydrodynamic aspects of this research, the
surface roughness shown in Figure 2| might prove to be quite significant.
The larger protrusions are of the order of 0.l mm, which is larger than
the boundary layer thickness. Therefore we might expect the membrane
itself to disrupt to a certain extent the development of the boundary

layer and to promote turbulence.
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$11.E. Pilot=Size Celt

The findings of the laboratory experiments were utilized in the
design of a large cell for the study of polarization at single anion-
exchange membranes of size |.5 foot x 1.5 foot, While this call was
designed and built during the period of grant IL-01-00CI-652, there was
not enocugh time to perform experiments with it during the grant period.
Tharefore no mere than a brief description is given here. The experiments
are being continued under & new grant |4~01-0001-1295,

The large cell was designed for the measurement of current=vol tage
curves at different Jocations of electrodialysis membranes, and in the
presence of diffarent spacers. Current can be measured in eight
sections separately; provision is also made for the insertion of micro-
electrodes., Redox solutions can be used in the electrode compartments
in order to reduce the veltage drop in them; laboratory experiments in a
small cell indicated that a sufficiently high voltage drop reduction is
indeed possible.
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1I1.F. Radic-Frequency Measurements

I1.F.1 ‘tnatroduction

In experiments described in Section Il1.A.L we found that for some
ion=exchange membranes the current-voltage curves are almest independent
of the solution flow rate, This indicates that under the cenditions of
these experiments the soiution~boundary layer at the membrane-solution
interface is not controlling the rate of mass transfer, and raises the
question of internal polarization phenomena within the membrane, brought
about by heterogeneities. Morecver, the appearance of |inear "slanted
plateau” regions observed with some membranes aiso suggests heterogeneity.
In fact, a similar phenomenon has recently been claimed to exist in mem-
branes into which macroscopic heterogeneities were incorporated on
purposecul).

Therefore we are interested in quantitative methods characterizing
membrane heterogeneity. Electron micrographs have been used for a con-
siderable time to study heterogeneities in ion.exchanger granules(be’hB)

(@7,LL)

heterogeneities on membrane surfaces, as well as very considerable

and membranes , and have indaed demonstrated the existence of
differences between different icn-exchange membranes with respect to the
type and characteristic size of the heterogeneities. The interpretation
of Donnan uptake data in ion-exchange materials also leads to the con-
clusion that submicroscopic heterogeneities exist in rhem(25'26'h5) and
similar conclusions were reached from the detailed evaluation of

(1:6).

W thought that the measurement of the radio-frequency properties

diffusion data

of ion-exchange membranes should provide a quantitative indication of
membrane heterogeneity, because it is well known fhat a heterogenecus
mixture of conductors shows a dispersion of the dielectric constent and
conductivity ("Mexwell-Wagner effect") which for materials of the tyge
of our membranes should be located in the radio-frequency range(by),
and has indeed been found in columns containing ion~exchanger-solution

systems which are macroscopically heterogeneous in that range(ha), and

*For the purpose of this discussion, the "radio-frequency range" is
taken as about 1-100 megacycle sec=).
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quantitatively interpreted as o consequence of thair heterogeneity. If

this interpretation is correct, one should axpect o similar dispersicn

In the radio-frequency range due to microscopic and, perhaps, submicro-
scoplc hetercgeneities. While it is not always possible to determine the
charoecteristic dimension of the heterogeneities from such measuremenrs,*
the defection of such dispersions is of relevance to membrane performance,
since the dispersion in this range attests to the deviation of the mem-
brane from the single-phase ("chemically hcmageneous") model(hg) on which
the most common membrane concepts and equafions are based.

Ye have indeed found such dispersions with six membranes and will
describe our resulfs in the following. Since the technigue of measurement
{s not a simple one, however, much of the work during this grant period
consisted of the development of the methods of measurement. The results
should be considered preliminary, and no quantitative theories based on
them, nor far-reaching hypotheses reached from them before this work has
proceeded through further stages of refinement of method and evaluation.
We do believe, however, that the appearance of the dispersion in the
radjo-frequency range in all six cases is noteworthy; and it is for this
reason that the present stage of rhe method development and the prelimin-
ary results are reported here. [f these are borne out by future work,
these findings would open the way to a non-destructive method for
characterizing membrane heterogeneities by the frequency dispersion
characteristics of the membranes,

I11.F.2 Principle

The use of radio-frequency measurements for the defermination of
membrane hefterogeneity will be illustrated by the simple example of a
"hal f~sandwich®™ membrane, consisting of two different fayers, ) and 2,
respectively in series, each of which ha~ different transport coefficients,
If the resistances and capacitances of these ilayers are designated by

R (ohm) and C {absolute farad) respectively, it is found that the apparent

*For instance, the evaluation of the dispersion observed for ion-exchange
resin-solution systems [described in reference (L8)] is independent of
the particle size of the resin. Even submicroscopic heterogeneities,
such as doubie layers of colloids, can indeed give rise to dispersiens
in this frequency range.
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resistances, Ra’ and capacitances, C,, 8s measured with a Schering bridge
(or any simitar instrument) are strongly dependent on the frequency.
Elementary natwork theory leads to the following expressions:

\ ,(D+F)27
Ra = (C rE) 11+ EE: ) (63)
+ &)
.
2(0+F)2
C, = (D+F)/{1 +u e (6L)
where w = 2nf (65)
T R
! ' 2
c = =3 E 8§ =—ap3 €6)
2.7 2 222 (
) Rl“l 1+ R202
2 2
o = —Lhs; Fom - 22, (67)
| 4 Rlcl HY Race

Even without going into & detalled discussion of these formulae,*
che can easily calculate in what approximate frequency range the disper-
sicn may be expected: It is readily 5een from the formulse that maximum
changes of C and R occur when w C R (-w Cz/k wherg K is the layer

onducfance) becomes unity, Now the rafio C/K is equal tec

c/k = 0.0885 x 1072 e/k | (&8)

. . . - =1
where € is the dielectric constant and % the conductivity {(ohm l cm )

of the respective layer. Taking values of e=3H, K=2 %10"2 mho e~ as

*some discussicn may be found in references 7 and 50.
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t
rough estimates, we cbtain for the frequency, f , at which w?CERE becomes

unitys:

! -1
g . L (C/K)-I . ! O.OBBSxIO-Iax—-ﬁ—_g - t;ij:uIO6 cycle sec"|
en en 6.28 2x10

f =
Depending on the exact values of the capacitances and conductances of the
different layer regions of the membrane, the ffequency characteristic of
the dispersion can vary accordingly. !f element 1 is primorily a capaci-
tance (very large R') and element 2 primarily a conductance (very small C2)
and if the thickness of layer I is one order of magnitude less than that

of layer 2, one would expect the dispersion to occur roughly at 10 mega-
cycle sec-l. At any rate this rough calculation shows that dispersions

in the radio~frequency range should be quentitative indicators of

membrane heterogeneity. This conclusion is in I'ine with previous radio-
frequency work on systems containing electrolyte solutions and granular

(L8)

ion~exchange resins , and with work on biological membranes.
In order to stay within the range of conventional bridge instruments

for the radio-frequency range, we measured the compiex impedance of a
stack of |0 membranes separated by thir solution layers of well-defined
thickness (0.0?25"), fol iowed by the meosurement of a stack of § membranes . *
The solution layers were introduced because it is possible to obtain well
reproducible membrane-solution contact, while irreproducible contact
resistances are liable to develup if one just places one wet membrane on
top of the other between a nair of electrodes. It is necessary to have

N 8 number of membrane thicknesses in series, because the conductance of a
single membrane of reascnably representative area is generatly too high
for the range of available instrumentation. By measuring the impedance
at two different sample thicknesses in this manner, one can correct for

the impedance of the transmission 1ine which is considerable (especially

*In the first stack there are 9 solution layers between the membranes,
one between the bottom membrane and boftom electrode, and a double solu-
tion layer between top membrane and top electrode (altogether 12 solution
spaces, i.e. 0.750" = 1,905 cm solution thickness}. In the second stack
there sre L solution layers between the 5 membranes, and one each
between the electrodes and adjacent membrane. Hence both membrane and
solution total thickness are halved Irn the second stack.
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at the higher frequencies) and is left with the impedance of a series
combination of membrane and solution.

The impedanca of the solution alene is then computed from measure-
ments of the soiution impedance at two electrode distapces, and
subtracted from the impedance of the whole stack, thus leaving only the
complex membrane impedance from which the dielectric concstant and
conductivity can be calculated.

t11.F.3 Appsratus

The impedances were measured with an "RX Meter" Type 250 {Boonton
Radio Corp., Boonton, Mew Jersey) the cell being mounted directly on top
of the chassis, The cell is shown in Figure 22 and the principie of
measurement at two different electrode distances in Figure 23. Note
that thexlengfh of the transmission line is the same in both positions
and the geometry of the Iine is similar. The two electrode distances
are | inch and 0.5 inch respectively.,

The cel| material was "Plexiglas®™ in our first experiments, but when
unduly high dissipation was found above 50 megacycie 59:“', it was
repltaced by "Tefion™ which indeed has lower dissipation in this range.
The experiments were performed in a constant-temperatfure room (18°C).
The liquids used were C.,O00IN and O.0IN aquecus NaCi solutions and dis-
tilled water, and the membranes lonics 11| BZL 183 (anion-exchange) and
CR=6! (cafion-exchange), Only the measurements with lonics (]| BZL 183

in distilled water have been evaluated so far and are reported in the
following.

..y Evatuation and Results

a. Calculation of sample impedance. To calculate the impedance of
the stack containing |0 membranes (total thickness 0.25 inch) and
associated solution layers (total thickness 0.75 inch), it was first
necessary to eiiminate the transmission line impedance by calcuiation,
The impedances were interprefed in terms of circuits of the type shown
in Figure 2L (2) and (c). These networks consist simply of two
impedances in series, shunted by & parailel capacitor, Cf (s farad).
One of the series impedanges, Zfr (chm), represents the transmission
line, the other, composed of a resistance and a capacitance in parallel

[Rs, C_ and Rsﬂl, £e_ in Figure 2l (a) end (c), respectively] represents
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FIGURE 24i. EQUIVALENT CIRCUITS FOR CELL AND TRANSMISSION LINE(L"B)

Networks (a) and (¢) describe line impedance, z ., stray capacitance, C,
and impedance of material in cell, represented by a resistor, RS, and
capacitor, Cs, in parallel, Electrode distances in measurements
represented by networks (a) and (c), respectively, are in ratio £. "RX"

meter presents results in terms of (b) and (d), respectively.



the sample. C, represents the stray capacltance of the transmission Ilne
and the electrodes, i.e., the capacitance measured when there Is no sample
batwaeen the electrodes. tt was found to be 3.00 and 2,75 uuf for the
"Plexiglass” and "Tefion" cells respectiveiy, almost independent of the
frequency. In our experiments £=2,

Equating the expressions for the impedances of circuits (a) and {c)
obtained from elementary network analysis(so) to those of (b) and (d),
respectively, one obtains two equaticns cf complex variables from which
the |ine impedanca, Zfr, can be eliminated., The real and imaginary parts
of the resulting single equation then lead to Equations 69 and 70 for the
true resistance (chms) and capacitance (uuf) of the sampie of [ inch
length, respectively, at frequency f (sec"l)(h8'5l).

Equations 69 and 70 contain Rp, Cp, R;, and C; which are read directly
from the "RX Meter,™ the stray capacitance, Cf, determined previously
when the sample is not in the circult, and the angular frequency ® = 2nf
at which the measurement is carried out,

A computer program was writfen and used for rapid evaluation of the
stack resistance, Rg» @nd capac!tance, C.» by Equations (69) and (70)
respectively, The same equations were used to determine resistance, Ry
and capacitance, Cw, respectively of 2 | inch deep layer of liquid atone.
The resistance, Rm’ and capacitance, Cm, of the membranes alone was then
calculated by subtracting vectorially the impedance of the liquid celumn
of height 0.75 inch from the total impedance of the stack.,® This is an
elementary operarion(SOJ which yields the following result:

2 ' o2 T
R DR wRC D wR C R DR
R [ 555 2321*&‘%32 222/( 555 - ega] (71)
m
I+ R C I+ Rwa | +w RSCS 4y R C | 4y R C |+ Rwa
2 1
I wR omc b'R
Ca '[( 332" )//( 205" 5 e)] (72)
R Hw%% rwnc RS 1 RECE

'
*The exact height was 0.752 inch., The factor 0,752 is designated D in
Equations (7;3 and (72).
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! cmnil and the dielectric

constant, €t of the membrane are then calculated from Equations (73)

and (74):

The specific conductance, K (ohm™~

Ko * R {(73)

e, = 1.3 LAC (74)

where L' is the combined thickness of |0 membranes, 0.635 cm, and A the
cross-sectional area of the membranes (1.78 cme). R is in ohm and C in
uu farad. The results are shown in Figures 25 to 27. The apparent
dielectric constants and conductivities were computed from equations
71-7L with further correction for edge effects, measured in blank experi-
ments with spacers and membrane rings cnly. These corrections (which
were not done in the first experiments)are sufficiently large to affect
the results appreciably.

It is seen that the computed dielectric constants and conductivities
show dispersions in the range | - 20 megacycle sechl. It should be
noted, that at these retatively low radic~frequencies the series impedance
of the water layers separating the membranes is still relatively large,
Therefore the results represent relatively small differences between large
numbers, This explains the scatfter of the peints. In spite of this
scatter, these preliminary results focus attention on the range | - 20
rmegacycle sec-l for dispersions characteristic of the membrape, This
range Is roughly the same as found for squeous polyelectrolyte
solutiong (52); it would therefore be of considerable interest to examine
the possible applicetion to the membranes of some of the concepts developed
for these solutions.

It Is of interest that in all cases the conductivities of the
membranes at low frequencies were found fto be extremely low. It is hard
to assess the relijability of these figures at this stage, because
literature values of membrane conductivities usually refer to membranes
equilibrated with sclutions. |t remains to be seen whether a steep
decrease of conductivity in membranes with decreasing soluticn concen-

trations occurs in very dilute solutions, or if this feature of the
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curves is due to the refatively high imocdance of the water layers

separating the membranes and consequent inaccuracy of the results in the
range as mentioned above. [A large decresse of the counterion seif-
diffusion coefficient in this concentration range has been reporfed(sa).]
At any rate the results point to the desiraebiiity of continuing these

measurements with e redesigned cel! incorporating considerably thinner
water |ayers between the membranes.
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IV, REVERSE OSMOSIS

V.l Introductlon

The purpose of this study Is the observetion of electrical potential
differences scross membranes during the process of reverse osmosis, and
in particuler, their correlation with rhe mechanism of the reverse
osmosis process, the cperating variables, and, eventually, the nature of
the membrane and the change of its performance with time,

Electrical potential difterences had been observed previously in
reverse osmosis experiments with lon=-exchange membranes(5h) where the
mechanism can be readily explained by the fixed-charge nature of these
materials. It was found, however, that potential differences devalop
even across seemingly neutral modifird cellulose acetate membranes, and
that these potential differences depend on the applied pressure and the
brine circufation rats. The utilization of this phenomenon for quantita=
tive monitoring of concentration polarization seems therefore reasonable,

Work during this grant period constitutes the beginning of this
kind of investigation. In the first preliminery stage, we constructed a
simple reverse osmosis test rig, utilizing a tubular modified cellulose
acetate membrane, through which dilute sodium chloride solutions were re-
circulated from a tank at atmospheric pressure. The circulating solutions
were pressurized up to 800 psi and the potential differences measured
between B central, rod-shaped silver~silver chloride electrode (electrical ly
insulated from the rest of the rig) and the membrane support tube on the
|l ow~pressure side whose inner surface was effectively converted into a
silver-silver chloride electrode. After potential changes with pressure
and circulation rate were measured, the second stage of this research wes
begun, namely the design and construction of a test rig for higher
pressures (up to 1200 psi) and continuous circulation under high pressure
(rather than from atmospheric to high pressure) at considerably higher
rates (up to 195 gal /hr), enabling us to work beyond the laminar flow
regime. All experiments during the grant period were perfermed with the
first rig; the second rig was designed and built, and experiment: =ith It
are being carried out under a new grant (I14=01-0001-1295),
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IV.2 Layout of Apparatus

Cylindrical membranes, develcped by Loeb and co-warkers, similar to
those used at the hyperfiltration pilot plant at Coslinga, Callfornis,
were used(55-57).
but also bacause in this case cne can be reasonably sure what the high
pressure saline water velocity profiles lock like in both laminar and
turbulent flow in the test cell. The difficulty with this geometry is

the design of suitable electrodes. Membrane sesling presents no

This geometry was chosen not only for practical reasons,

formidable probiems,

As o first step, it was decided to use a concentric tubular assembly
with a central rod electrode (Figures 28-29). The outer tube, which has
the membrane mounted in it, served as the iow~pressure electrade., The
high-pressure saline water flowed longitudinally through the anaulus,
and the desalinized product water flowed through the membrane and thea
through porous nylon backing meterial between the membrane and tube.
Water left the test section through a I/ié-inzh diameter hole drilled
through the tube wall. A copper nipple (I/h=inch OD) fitted around this
hole conducted the hyperfil trate into a graduate cylinder. Both
electrodes ware electrolytically coated with fine silver and then
partisily converted fo silver chioride. The membrane was then mounted in
the outer tube 2fter completion of the chlioridizing step. The result is
a system in which twe identical (silver=silver chloride) electrodes are
placed on “ither side of the membrane. A short copper nipple soldered to
the copper tube serves as electrical connection to the |ow=pressure
electrode,

The electrodes were Isclated from each other by replacing certain of
the customary metel construction materials by plastic. A 316 stainless
steel end manifold was built to support both electrodes. One end of the
cuter tube wes connected fo this manifold by a plastic copy of a Farker
Triple Lok F5BX 37° flare tube adapter fittina (Parker-Hannifin Corp.,
Cleveland, Ohio), made from gloss~filled "Delrin®™ (E. I, du Pont Company,
Witmington, Celaware). Saline feedwater entered the end manifold
through this fitting. The high-pressure saline feedwater exited the
manifoid from the bottom while the inner electrode was mounted cn the
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manifold on the side opposite the tube entrance, This inner electrode

was mounted in a plastic end cap which was then bolted to the manifold.
For convenience, the inner electrode was epoxied into a i|/B-inch NPT
plastic plug which fits into the plastic end cap that bolts cato the end
manjfold. The other end of the inner electrode was supported by a plastic
retainer that fitted into a plastic copy of a Triple Lok HBTX 37° flare
tube union (Parker-Hannifin Corp., Cleveland, Ohic) fitted to the other
end of the tube. The electrodes were therefore isolated not oniy from
each other but from the rest of the system as well, since they contact

no other metatlic parts, , _

The voltage across the membrane was measured by connecting a high
impedance vol tmeter (Keithley 610B Electrometer, Keithley tnstruments, Inc.,
Cleveland, Ohid) across the efectrodes and observing how this vol tage
increases with pressure.

The flow scheme is shown in Figure 30. An entrance section preceded
the test section, Made of 316 stainless steel tubing, this section
served to reduce the effects of a sudden fluid flow transition from
3/8-inch 1D to the 0.93-inch 1D of the test section and to eliminate
entrance effects for later mass transfer studies,

To minimize saline solution contact with mefai, plastic fittings
were used in the pressure section of the apparatus. A 55=gallon poly=~
ethylene tank was used to store s2line feed solution, and most of the
low-pressure flow fines were flexible "Tygon" tubing., Where threaded
pipe and greater strength was required, | /2=inch schedute 80 UPVC pipe
(polyvinylchloride) was used, The "Tygon®™ tubing permitted observation
of the condition of both saline feedwater flowing to the pump infet and
the saline effluent returning to the feed tank after going through the
pressure-reducing valve, '

The high~pressure lines, not Including the entrance and test sections,
were of either 3/8-inch schedule BO pipe or [/2-inch 0D, 0.035-inch wai|
thickness tubing., The inner diemeters were 0,423-Inch and 0.430-inch
respectively, and both can be used for pressures below 2000 psig. Llnes
and fittings were made of 316 stainless steel, The pipe was used where
there are relatively few modifications expected for the future. The
tubing was used where modifications, such as length changes in the test

)



16

133HS MO SISOWSO 3543A3Y  *0F a4

NO1L1J3S 153l

same Il vALvl [COLE PLANES
etk WATFAT, B WAT LLLIPTH
-mAvr) *

' ==
. — e
1 [ ] 1
FEEP Timm |COLE PARNTE 83D
9 SAL ., POLTETMTLERE )
3
a! .

eIt eiovime

TEES DATOrf viurk
WRFPT, WPYC, SATE
T

o
]

W Entnanel FRTER lt&ﬂ;&lll
WR-3 WIRID NN AR MTWRATER
L B ]

I vaivl ({woxi M hu
" SLOBE TTFT wIKDLE
L TE {]

[y}
p— T rreewatEn

nimhg .
»-
.-
.-
.
.-
.-
.
1-

-
o

1
SAALIIIED PEODLTT warEd

e samrcoms vaLvES (COLN PRbALE
SOTD, VAT REDIRE TYAE APWOT, 3A'NPT)

IRIEN

o 1M-1 LOW MALERAT

sriadVE L3 EILR
AN OPIRATED ripivm
[

g &
‘ CYPASE vALYE (mimi /

Y ETRR, WRCPPT, MU
TYPE EREDLY wawvi)

)
L]
B e Uit Ghuie

\-.llll Apir-200, F 1R BaL,
BLADME TYPE SEEUNATON

ISEA WATER COMVENSION LABORATORY
IETITUTE oF FEMETREG Bt &) AACH
WTEANTE OF CALFRREA, SERENLEY

NYPEATILTRATHON rlt‘l‘
APPARATUS - FLOW RIARRAM

Y-

—

Joarn

s 0t

PiIFiNG DISCANNDON & IDEMOFICATION

VT8 v A" TrEDW TURS
wit ueyl PR, ACHEDULT B0
e’ rirE, sCREivLE M, TR ER

BT waLL VastmmieA, MBS TUTINC

1"on, 958" Wil TamEres, CorrRe TViime

pAa” Fird, SEnIL K by, B BB

VE" 8B COPPER TURMS

FLEXIOLE WORE, W' IS Imt -0tk OB, wrwrdE
HE =D -

L

TN

5.3 88 ASMMILY
ws" rer,

— DUTHOE PR

W, HoGLE .
wewon Pt SAFETY MEAW

-y
VESeeT upve TES

O Bt oY 5 LY” TV 10 ARAPTER [COLE A BN 0] - 0F "LASDIG GOfw of & 1"y 17 FLARE TvRTVmGS
| () W1 0P T 2.1/27 TWOE 38 ABAPTRA

13_TRE (CRLN_ramum_gaqd. A
) HPY o LA FRT_UPVE TITREMG BAAWNE
Q‘afl'!!--slnp'l-nupu Palbalh GBI
1 ) —

N_sg AT BT]
corr of a

Moot UnF THREAD
LcommzeTOR_ERL

. 5 _ e
@ nw-w var Teagag _Tnp y ELARE T CHO__
%07 SLOOW (PANELE m CHPS_EA2
A RPT e FR” FLARE TuUBl CORMECTOR

et weve TIE
{§) a" aeT_s1en PLUD

T teanngm afatx

ﬂ A" RFT_MPE SA0RR

WMM_M!.-.- I
T 90* gLNOs -

ueTs 1A°PIT REBUCE BUImS o
TPt Pieg "..

1 y- wPT WA FPT_AIUSCIE Suimme

1TIET KEpuCEme  uSMmE
»

Tui FLANE TV ymGa Iranatn gt Ty

n_ _ .. [ —

Ala 18]

— ———

RS




section, will be frequent, and also where maintenance operations might

prove necessary (e.g. in the accumulator).

‘Thare were fwo tengths of flexibie hose, one 3 feet long and the
other 2 feet long. This hose (Synflex 102 No. 3000-08, Samuel Moore Co.,
Mantos, Ohfo) has an inner dismeter of 0.375 inch and is |ined with teflon.
With the exception of the metal end fittings, there was no other metal in
the hose, The purpose of the flexible hose is to accommodate length
changes in both the entrence and test sections.

The high-pressure fittings were all of 316 stainless steel, except
for the plastic tube fittings. The pipe fittings were of the schedule 80
type or cf the schedule LO type specially tested to 2000 psig internal
pressure, Parker Triple Lok 37° flare tube fittings were used in making
varicus types of tubing connections. The flare ftube fittings were
readily available and can be used at high liquid pressures, As with the
3/8~inch pipe, the pipe fittings are used where there is reletively little
possibility of future piping changes or where structural strength is
needed, ’

Two methods of sealing pipe threads were tried. It was found that
teflon tape gave better sealing results than the Bakersea!l Product
No. 899-21 Sealing and Lubricating Compound (Baker Q1! Tools, Inc.,

Los Angeles, California), This s particularly so when large diameter
pipe threads, as found in the accumulator, had to be sesled against high;
preséure liquid leaks. So far, tests up to 1000 psig have created no '
leakage problems. _ - ‘

All the valves are made of either plastic or 316 stainless ‘steel.
The high pressure valves are globe pattern needle=type valves [PY 271K
(1 /i=inch) and PY 273K (i /2-inch), Hoke, Inc., Cresskill, New Jerseyl.
They are used for pressure reducing, system fifling, andiflushing service,
These valves use Kel=F stems to prevent galling of the valve seat, The
I ow-pressure valves are of four types: (a) needle aﬁgle pattern [#6070,
I/éfinch needie-fype spigot, Cole-Parmer instrument & Equfpmanf Company,
Chicago, 1llinoic]; (b) diaphragm [Model 500A diaphragm=type valve,

lHills-McCanna Company, Chfcago, {ilinais); {(c) gate [1/2=inch fhreadedmt
UPVC gate valve, Tube Turns Plastics, Inc., Louisville, Kentuckyl; and .
(d) three-way elliptic [Cole-Parmer #GL72, three-way elliptic vélve].ﬁ:

The gate valve served as a feed shuftoff to the entire system, while the
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diaphragm valves served as system and feed tank drain vaives. The needle
valves (one on either side of the jon-exchange column) and the three-way
elliptic valve served as sampling valves for the feed and effluent streams
of the test section respectively,

The jon-exchange cotumn in the {ow-pressure feed line to the pump
suctlon iniet served to remove traces of corrosion products and other
ionic impurities. |t was constructed frem clear "Plexiglass" and used
Amber! fte #B-3 (Rohm & Heas Company, Philadelphia, Pennsy!vania) mixed=
bed resin equillbrated with sodium chlioride and washed prior to the
reverse osmosis experiments, The column used distributor plates which
were sealed by |/8~inch thick soft rubber gaskets to prevent liquid
leakdge. One of the plastic needle~type sanpling valves was alsc used as
an air purge valve when the [on-nxchange column was beiné filled with
liquid. The resin rested on » mat of glass wool, and the wool was
suppbrfed on a I=inch bed of 5 mm glass beads. An expanded plastic mesh
screen pravented the glass beads from flowing out of the column and
being sucked into the pump inlet,

As added protection against particulate matter fiowing into the pump
inlet, & small IM=I filter unit {Cuno Engineering Corporation, Meriden,
Connecticut) with a clear plastic housing was used. A cellulose cartridge
filtered purtlclés of greater than 5 microns in diameter,

To smooth out pressure surges cdue to the pistor actlon of the pump,
a heavy 2=1/2 galion bladder=type sccumulator (Greer Hydraulics, inc.,
Los Angeles, Colifornia), specially modified for seawater, was used,

The accumulator uses & cushion of nitrogen, supplied from an external
source, to absorb the energy of the pressure fluctuations., High=pressure
zal ine solution flowed diractly into the accumulator, which was mounted
verticalty, and » tee, mounted directiy below the accumulator, allowed
the saline feedwater to flow to the test section.

To provide a measure of safety against the piping and tubing
bursting under high inférnal pressure, a B,S.&8, (Black, Sivalls, & Bryson,
Inc,, Kansas City, Mlgsourl) union=type safety head was employed as shown
in Figure 30. 1In case the disc should rupture, the-high pressufa sal ine
water is discharged, by means of a copper tube, to an ares cutside the
laboratory and away from operating personnel and instruments,
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An alr-operated pump (Model S216C5=355S Sprague Engineering Corp.,
Gardena, California) was used to pressurize tho saline solution, The
maximum pump pressure was LS00 psig at 100 psig operating alr pressure.

" Operating air was supplied by a compressor in the laboratory. The
Sprague pump is capable of providing liquid flowrates suitable for laminar-
ficw mass-transfer studies at high pressures. This pump Is small and can

be moved around if necessary. When the high pressure circulation pump was
installed in the second stage of the investigation, the Sprague pump
served as & make-up pump in order to maintain a constant saline feedwater
concentration to the membrane test section,

The test and enfrance sections were atrached to a rack mounted on a
I2-foot long table, constructed from slotted steel members (Acme Steel
Company, Chicago, Il!linois).

A tower assembly, whick was not directiy connected to the tabie
which mounts the test and entrance sections, was built in order to
elevate the feed fank and also to mount the pump, mixed-bed {on-exchange
column, filter, and the accumulator. The feed tank had to be mounted
sbout ten feet above the pump inlet in order to provide enough intake
pressure for satisfactory performance of the pump piston packings. In
addition fo elevating the feed tank, the observation deck of the tower
was built to accommodate two or three observers. The Sprague pump was
bolted to the lower table in the tower, and & hole was cut In the upper
table in the tower to accommedate mounting the accumulator. The ohser-
vation deck was 8 feet and the feed tank deck 9 feet above the floor,

Ouring the operation of the system, care was taken to purge air from
‘the liquid flov lines, To accomplish this, a |/B=inch NPT hole was
drilted into the top section of the end manifoid. The [/B-inch NPT plug
fitting into this hole was tightened only whan water began to lesk out
when the system was being filled with saline solution. In addition, the
pressure-raducing valve was brought to the wide open position, and the
Sprague pump was operated to expel any air left in the lines. The
axpelled air was vented from the system effluent return line to the feed
tank via the wide open pressure=-reducing valve,



IV.% Membranes

The membranes were cellulose acetate of the type developed by
Dr. S. Loeb and co~workers at the University of California, Los Angeles.
These membranes are cylindrical and are backed by a thin layer of porous
nylon parchment inserted in a I=inch 0D support tube which has hyperfil~
trate sampling ocutiet tubes soldered to It., [In our experiments, the
inside of the tube was treated to be effectively a Ag/th! electrode.

See section "Electrodes.®] We wish to thank Dr. Loeb and his collabora-
tors for the supply of the membranes and for the helpful advice end
guidance he has given us on their preparation, use, and properties. The
cellulose acetate membrane was used &5 & specific example of particuliar
interest, but 1t is known that other types of reverse osmosis membranes
also exhibit streaming pofanf!als(Sh).

The ﬁethod for membrane preparation is described in considerable
detail in the'liferafure(55-57). Brief!y, the membrane tube is cast from
a mixture of cellulose acetate, formamide, and acetone in the proportions
2513045 weight percent respectively, The casting operation takes ptace
at room temperature, and the membrane tube is subsequently immersed in
ice water for approximately cne hour., The membranes, in the %as cast"
form have an average thickness of 0.,0197 cm and an outer diameter of
2.29 cm, whiie the inner diameter of the i=-inch OD hard-drawn copper tube
is 2,36 cm, The silver coating on the inside diameter of the copper tube
is approximately 0,005 cm thick. The membrane Is wrapped up to the flared
ends of the tube with three layers of porous nylon parchment (French
Fabrics No. 627T) to provide a |ow resistance path for fthe product water
coming through the membrane. The wrapped membrane is then fitted into
the trasted copper tube. A rubber ring gasket is used to provide end
seals batween the flared tube ends and the flared tube fittings. The
entire assembly is then heated to 9I°C by passing |13 liters of hot water
through the tube during |0 minutes at a geuge pressure of 0.40 to 0.55
atm. After the heating is completed, water at ambient temperature is
passed through the tubular assembly at 0.6 to 0.8 atm until the assembly
is cool, The tubular membrane assembly is then ready for use.

The tubes with the membranes were always kept filled with deionized
weter and closed to prevent membrane deterioration by drying. '
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V.4 Electrodes

In the experiments reported here, the potential difference was
measured between a cylindrical electrode p'aced at the axis of the hyper=-
filtration tube {"high-pressure electrode®™) and the cutside pipe which
held the membrane (™ ow-pressure electrode™). It wss deemed important
that both electrodes be reversible to chloride ion. Hence both were
suitebly treated, so 8s to convert their surfaces into large sllver-siﬂver
chioride electrodes.

The potential measurements ware carried out with a short reverse
osmosis tube (length 6 Inches) which had only one hyperfiltrete outiet
tuba. The plating methods described in this section are suitable for
longer tubes also,

The silver-plating solution used in preparing the electrodes was
potassium silver cyenide solution [100 grams of KAg(CN), crystals dis-
solved in one Viter of distiiled water], The anodes were of fine silver
(99.9+4 percent) in the form of 1/4-inch diemeter rods for plating the
Inside of the copper tubes, and four !|/B-Inch diameter rods spaced af
the corners of a rectangle for plating the exterior of the inner electrode
of the membrane test section which was also a |/8-inch diameter silver rod.
The current was kept constant by using a Model 4100 Research Potentiai
Controller (Magma Corporation, Santa Fe Springs, California) cperating as
& galvanostat,

To plate the inside of the copper tube, its [ower end was closed
with 8 plastic slug that resembles one end of & I~inch 36® flare tube
unton, This plug had a 1/2=inch diameter hole driiled about one=half
inch deep in the flared end so that the rotating electrode would not
wobble. A small electric motor with a Jacob chuck rotated the anode.
Electric contact was made by a stiff copper wire, one end of which bore
against the rofaffﬁg matal shaft, |In this operation, the copper tube was
the cathode and a vol tmeter was connected parallel with the plating ceit, :
Cell voltages were kept below one volt, Pilating solution completely fifled
the cell, Including the flared ends. The current density was about
0.8 ma/%me (based on tube 10) at about 0,1 to Q. volts across the
plating cell, part of whichwes due to the contact resistance between the

rotating anode and the copper wire contact. In this method, the flared
tube ends did not receive as thick a silver coat as dees the rest ef the
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tube wall; therefore, a second ptating step was added: We immersed the
inner electrode only 1/li-inch to |/2-inch In the piating cell solution,
making sure that the solution cumpletely filled the cell and covered the

ftared ends, and continued silver plating at about 30 ma with the inner
electrode rotating., The plating operation was periodically stopped and
the plastic end fiffiné inserted into the opposife end of the tube sc
that the other flared end could be plated. For the &-inch tubes, 5 to 6
grams of silver were plated on the inside diameter in order to insure &
thick coating that would not permit the exposure of copper to the chlori=-
dizing solution. After the plating was completed, the inslde diameter of
the tube was soaked in concentrated ammonium hydroxide from 6 to 12 hours.
| f copper was exposed through the siiver coating, this was detected by
the blue color sppearing in the ammonia solution. (lIn that case the
electrode was cleaned and replated,) The silver-plated surface was then
soaked for 6 to 12 hours in deionized water which was frequentiy changed.
Before silver plating, the surface was sanded with #120~) emery
paper, followed by Croccus cloth. The surface was then rinsed with dilute
nitric acid followed by distilled water, The ancde was washed with con-
centrated nitric acid, rinsed in distilled water, sanded with #1120~/
emery paper, and then rinsed with distilled water again before being
used for silver plating.
A portion of the deposited silver was then converted to chioride,
by making the electrode the anode. IN hydrochloric acid soiution was
used and a differant fine silver rod saerved as the rotating cathode.
Currents of about 30 me were used at from 0.6 to 0,9 volts across the
cel)., Hydrogen bubbles formed on the cathode and enly a few, if any,
bubbles formed cn the surfece being chloridized. About twenty to thirty
percent of the silver layer was converted to siiver chloride and the
flared ends of the tubes were also included in the chioridizing operation.
After the chloridizing operation was completed, the electrode was soaked
in distilled water for about one hour. Both electrodes were stored In
distllled water until they were ready to be used,



I1v,5 Results and Discussicn

Systematic measurements of the patentlal difference between the
electrodes as a function of pressure and circulation rate were performed.
Hyporfiltration rates and product concentration were determined at the
same time,

The experiments were performed in two time-sequences; viz. (a) four
series in which the circulation rate was kept constant and the pressure
varied in steps after the observed volfage reached a constant value and
{b) four series in which the pressure was kepf constent and the circula-
tion rate varied systenaticaliy after attainment of steady state.
Comparison of the results showed fairly good reproducibility of the
change of streaming potential with both parsmeters; the reproducibliity
of the absolute values of the potentials was only fair; this is due to
asymmetry potentials which are not of major significance for the
evajuation of the results.

Flgure 3! shows the measured potentials In the constant-circulation
series as a function of the pressure; these are raw data, as recorded,
The low pressure side was always positive. Figures 32 and 33 show the
data for both the constant-circulation and constant-pressure series
respectively after correction for the influence of chloride concentra~
tion on the potentials of the silvar-silver chloride electrodes:”

(E' - E“) - (;'-é) £n (c'/c")

" This correction was done using the data for product concentration,
1

¢, shown In Figures 3L and 35, The feed concentration, ¢ , was always

0.008IN. The hyperfiltration rates are shown in Figure 36. They were

) "
l.'(E ~E ), volt, is the potential difference due to the difference of
the concentretions c' and c" (mole ¢m=3) on the high and low pressure
side respactively. R is:the gas constant [8.317 watt sec mole=!
(*k)~!1, T the temperature (°K), & Faraday's constant (96,500 coul eq:)
and 3 the valency of the ion to which the electrode is responsive
(<1 for the chloride~responsive Ag~AgCi electrodes).
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MEASURED VOLTAGE, (volt)
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FIGURE 31. VOLTAGE ACROSS MEMBRANE VS. PRESSURE (70°F)

Feed: 0.,008IN NaCl, Membrane: modified celluicse acetate.
Different curves refer to serles of experiments in which
clirculation rate was held constent and pressure varied.
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STREAMING
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FIGURE 32, STREAMING POTENTIAL V5. PRESSURE (TC'F)
Feed: 0.008IN NaCl., Membrane: modified cellulose acetate,

Different curves refer to series of experiments fn which
circulation rate was held constant and pressure varied,
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FIGURE 33. STREAMING POTENTIAL VS. CIRCULATION RATE (70°F)
Feed: 0,008IN NaCl., Membrane: modified cellulose acetate,

Different curves refer to series of experiments in which
pressure was held constant and circulation rate varied.
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HYPERFILTRATE CONCENTRATION, PPM
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FIGURE 3l4. HYPERFILTRATE CONCENTRATION VS. PRESSURF {79°F)
Fead: 0.00BIN NaCi, Menbrane: modified celfulose acatate,

Different curves refer to series of experiments in which
circulation rate was held constant and pressure varied,
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HYPERFILTRATE CONCENTRATION, (ppm}
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Feed: 0.008IN NaC). Membrane: modified cellulose acetate,

- .Di#ferent curves refer to series of experiments in which
pressure was heid constant and circulation rate varied,
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HYPERFILTRATE FLUX, (ml mia ')
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FIGURE 36, HYPERFILTRATION FLUX VS. PRESSURE (70°F)

Feed: 0.008IN NaCl, Membranes modifled cellulose acetate,
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practically identical in the constant-pressure and constant=flow rate

, . . -1 *
series. The results are shown in terms of c¢mn sec .

It is seen that the stresming potentials increase with the pressure,
at a rate of 8-10 millivol+/100 psi. 1t will be of considerable interest
fo observe the variation of the streaming pofentials in the extension of
these experiments Yo gradually increasing salt concentrations. Such
experiments might shed some iight on the exclusion mechanism in the
Moores™: modified celliulose acetate is generally assumed to have but few,
if any, fixed charges. For fixed-charge membranes, on the other hand, a
large reduction of streaming potential (which also implies an equal
reduction in electroosmotic water transfer) is indicative of media having

.a very low concentration of fixed charges(58’59).

The streaming potentials also increase with the clrculation rate,
this varfafion being most proncunced at the lowest flow rates. It is
planned to investigate the relatjon of this variation to concentratrion
polarization.

Theory of Reverse Osmosis

During the period of this grant, there has been much activity in
the United States and abroad In the field of thermodynamic theory of
osmesis and reverse osmosis(sé’S?’60‘6|) and the application of the
theoretical concepts to the calculation of the intrinsic water/salt
permeability requirements of any membrane capable of reverse osmosis(ée).
Theoretical work under this grant was performed jointly with
Professor O. Kedem, Welizmann institute of Science, Rehovoth, israel,.
Since this work has already been pubtished ["Thermodynamics of
Hyperfiltration (Reverse Osmosis): Criteria for Efficient Membranes,"

Desalination |, 311 (1966)], only the abstract is repeated in Section ||
of this report, .

* - | ‘ -2 -
© | cm ge¢ - 3780 x 9?9 % 86,400 = 2,12 x |oh gal £t 2 dey l
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" aser Interferometry of the Electrodialysis of a KCl Solution," with

R. N. O'Brien, joint meeting of American Institute of Chemical Engineers,
Canadian [nstitute of Chemical Engineers, and Institute of Chemical
Engineers (Great Britain), Mcntreat, Canade, (September, (968),
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L1ST OF SYMBOLS

This list contains the symbols for Saction 111.A.3 only [Eq. (1)-(62)].
The few additional symbols in other sections ere defined where used.

Subscripts 4t ot and _ refer to K+, cl” and PSS“.reSpective!y. All
properties of PSS are calculated per equivalent, Note that the concentra-
tions are In mole or equivalent per 593, not per liter, Primes and double
primes stand for jeft and right boundary respectively (Figure 2},

Units are identical or consistent with those suggested on page 1409

of Trans, Farad. Soc, 54 (1958).

8, B_ Expressiors defined in equatlons (24) and (60) resp., amp en? mole
¢ Concentration, mole cm > or equivalent em
Cor S Concentration of KCI in bulk electrolyte (outside boundary
: layer), and at membrane surface, respectively, mole cm-3
: s ; Concentration of C1” at left membrane surface when
supporting electrolyte is present, equiv e 3
" Expression defined in equation {38), volt
€ Expression defined in equation (34), volt
D Diffusion coefficient of low-molecular weight electrolyte
{KC1} In solution, cm 5cc-!
b, 0, D lonic diffusion coefficients of K+, 17 and PSS,
respectively cn® sec”
; € Electric potential, voit
' éﬁ’ Faraday's constant, 0.96 x \Ds coul mc:le"l
J FMx,mﬂeGKZSﬁ-‘
a lon mobility, cw? et sec”
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oS4 ofur Cu Concentration of KT, C1~ and PSS~ respectively in bulk

solution, when supporting etectrolyte is present, equiv t:arn'3

R Gas constant, 8.32 watt sec mole'] (OK)
Rm Membrane resistance (calculated for unit crossection), ohm cm2
Rs Resistance of solution between probe electrode and boundary

layer, In absence of supporting electrolyte, ohm cm2

RsP Resistance of solution between probe electrode and membrane
surface, in presence of supporting electrolyte, ohm r:.m2

éﬁl Resistance of boundary layer (calculated for unit cross
section, and in absence of supporting electrolyte), ohm cm2

LA Trancport number of K+ and €1~ respectively in solution

?+, ?_ Transport number of K and €1° respectively in membrane

T  Absolute temperature, %k

z Length coordlnate, cm

T % lonic valency; positive for cations, negative for anions

& Boundary layer thickness, cm

AEb Ohmic potential drop across boundary, volt

AEj Junction potential {“zoncentration potential''} in boundary, volt

aE Membrane potential, volt |

A Equivalent conductance, ohm | cm % e‘:;ulv"I

] _ Chemical potential, watt sec rnca]e-l

p Specific resistance, ohm cm
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