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Created in 1849, the Department of the Interlor-America’s

Department of Na,’urat Resources-is concerned with the manage-

meat, conservation, and development of the Nation’s water, wildlife,

mineral, fornst, and park recreational resources. It alsc has major

responslbifitles for tndlan and Terrltorlal affairs.

As ’he Nation’s princlpal conservation agency, the Deportment

of the Interior works to assure that nonrenewable resources are

developed and used wisely, that park and recreational resources

are ¢onserved far the futu:e, and that renewable resources make

their full ~:cntributlon ta the progress, prosperity, and security of

the United States-now and in the future.
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FOREWORD

Thi~ is one of a contlnolng ser;es of reports designed to present

accounts of progress ~n sallne¯water conversion and the economics of

its application. Such data are expected to contribute to the long-range

development of economical processes appllcable to low-cost deminerallza-

tion el: sea and other saline water.

Except for ~’nlnor e~fing, the data herein are as ~.ontained in a report

submitted bythe contractor. The data and conc[u:ions given tn the report

are essentlaffy ihose of the contractor and are not necessarily endorsed by

the Department el~ the I,’;terior.
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I. ABSTNACT

Thls work Is the first stage of a fundamental experimental study of

mass-transfer at membrane-solution interfaces; the practical purpose of

fhls investigation is the charac,erizaflon of efficient spacers and

,urbulence promoters.

In ,he study of polarizatlon at anlon-exchanqe membranes in a

laboratory cell by a k-electrode method, limiting current plateaus were

not observed. Addition of polystyrene sultanate (molecular weight 30,000,

Dam Chemical Company, Midland, Michigan) brought the current-voltage

curves much closer to the shape of the polarographic plateaus predicted

by solution of the Nernsf-Planck equations. The values of the "plateau"

currents are strongly dependent on the hydraulic condit;ons; i, is

therefore likely that they will prove useful as experimental criteria

for spacer efficlencles in electrodialysls units.

The current-voltage curves suggested that membrane heterogenelty may

play an important part in polarization. Therefore a systematic study of

small membrane-solution stacks in the radio-frequency range was begun.

Heferogene;tles should show up as dispersions of dielectric constant and

frequency ;n this range ("~axwell-’flagner effect"). Dispersions were

indeed observed and are reported for future network analysis.

These elechochemical studies were supplemented by laser in,erferometry.

A method for the lnterferometrlc observation of the membrane-solution

interfaces at low Reynolds numbers was developed; an example is shown in

this report. The results of the electrochemical sfudies formed the basis

for the design of a pilot-slze unl, for detailed mapping of polarlzaf;on

on a single plant-size (~;5 x 1.5 foot) membrane.

Electrochemical studies of modified cellulose acetate membranes for

reverse osmosis were initiated by study~n 9 potential differences across

a tubular reverse-osmosis membrane as c function of pressure and circula-

tlon rate. The electrode at 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 stream;rig potentials

were found to be 8-10 millivolt per IO0 psi when dilute sodium chloride

solutions were used as feed. The potential differences increase with



|ncreas|ng circulation rate. Flow rate is proport;onal fo pressure.

These results suggest the use of electrical signals frc~= reverse osmos;s

plants as crlter;s for flow condiflons and/nr concentrat;on polarization.

They served as the basis for the design of a test unlt with well-deFined

hydraulic flow conditions and segmented electrodes,

Microelecfrodes for membrane surface mapping were prepared and

tested, viz. hybr;d plstlnlzed plat;num~silver/s~lver chloride electrodes

and m;cro pH electrodes made of anf;mony, While these electrodes were

pr;marily desi§ned for elecfrodlslys;s sf~dles, their future use in

reverse osmosis research may prove possible,

Th~oreflcal work on reverse osmosis (jointly with O. Kedem) rosulfed

in prediction of salt reject;on as a function of product;on rate by

¯ exfens;on of the Stavermal-Katchalsky-Kedem equst;on3j and in s
mechanisflc interpretation of the "reflection factor" which expresses the

degree of semlpermeabillfy of a membrane for reverse osmosis.



The present Investigation deals wifh mass transfer at the interfaces

of membranes end aqueous solufions under the influence of elecfrical

forces and/or pressure. Thus ;f has direct bearing on electrod;alysis

and reverse osmosis. An appreciable portion of fhls r~search dealt wirh

the development of methods and designs for the study of these mass

transfer processes. Specifically, a method for obtaining true limiting

currents at anlon-exchange membranes under polarization conditions was

investigated; an ;nferferometric 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 modif;ed cellulose acetate

membranes (Loeb-Sourirajan type) was demonstrated for dilute feed

solutions, and design of pilot plant size ceils For ~he utilize,ion of

these findings under a new grant (I~-01-00UI-1295) was begun. A theory

of reverse osmosis based on non-equillbrlum thermodynamics was

developed jointly with O. Kedem.

Polarlzafion Studies

The voltage between two mlcro-probe electrodes on opposite sides of

anlon-exchange membrunes was measured as e function of the current passed

through the membrane cell, as well as the composition and the flow rate

of the solufions flowing on the two sides of the membrane. A small

laboratory cell was used (Figures 1,2). Current densities ranged well

Into the polarization range. These current-voltage curves are important

data in the study of the mechanism of polarization.

For membrane III BZL 183 (Ionics, Inc., Cambridge, Massachusetts) 

KCl soluflons, characferisfEc current-voltage curves are (’/shaped; no

well-deflned plateau.was observed (Figure 6). On the other hand, edditicn

of ~ percent (by weight) of soluble sodium polystyrene sultanate (PSS),

molecular weight ~0,000 (Dew Chemical Company, ~idland, ~ichlgan~causes

a characteristic simplification of the curves= with increasing voltage

the current rises at first very steeply, and then a long region of much

lower and constant slope ls observed (Figure 7). The eddlflon of poly-

styrene sultanate ls believed fo reduce the ohmic drop in the depleted



boundary layer and quench the high electric fields otherwise prevailing

there, thus permitting us re study the inl,uence of hydrodynamic faclors

on polarlzafion without the dls~urblng influences of hlgh ohmic drop and

"wa~pr-splittlng" in the bcundary layer.

The slope of the "inclined plateau ’t regions of the current-voltage

curves was found independent of the suiutlon fI~v rate, but the curves

shift to higher current values with increasing flovl rote. Thls suggests

that th~ current in the polarization region is composed of two additive

parts, viz:

(a) a limltin 9 current controlled by mass transfer in the

boundary layer (thls portion increases with increasing flow

rate); and

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

elemen~ which is almost independent of the flow rate, and is,

therefore, probably located within the membrane, rather than

in the boundary layer.

’;hen the current of type (b) is eliminated by graphlcal

extrapolation, the (hypotheflcal) true limltlng current is found 

increase with a power greater than 0.5 of the fl~v rate (at linear fI~v

rates above 150 cm mln"I) (Figure 12).

If was verlf!ed thai the slope of the "inclh~ed plateau ’~ regions is

notir)rlmarily due to variations of boundary layer thickness along the

membrane.

Results obtained with membrane CA-I (Asahl Chemlcal Company,

Figure 8) were slmiIar to those wlth Ill BZL 183. ~embrane A-lOt (American

~achlne & Foundry Company) also behaved in slmilar fashion (Figure 9); thls

membrane exhibited a rapid "poisoning" effect, which seems to be only

superflclal, because (a) light sanding will restore the original curve,

and (b) the current still increases rapldly with increasing flow rate.

(~ith the Ionlcs membrane, thls effect was much slower.) On the other

hand, membranee ~A-3236 and ~A-3~75 XL (Ionac Chemlcal Company) gave

current-voltage curves which arc little affected by flow rate and

indicate high d.c. resistance (Figures tO, It). It is clear that eurrenl-

voltage curves thus show significant differences in the polarization

behavior of membranes which are similar in permeelectivlty,

O



[These conclusions should under no circumstances be viewed a~

recommendations or condemn~tions Of any of these membrane brands.]

To compare these results to those expected from the simple Nernsf-

Planck model (Figure)), equations were derived for the current-voltage

curves in the absence and presence of polystyrene sultanate (Equations 39

and 62 respectively I a list of symbols and units to be used in these

equations is found on pagelll)and numerical examples calculated for each

of these cases, The results are presented in Figures 4 and 5 respectively,

The predicted current-voltage curves rlse at first linearly and then

approach an asymptotic value (plateau) rapidly. Thls Is true whether the

membrane is ideally permselectlve or not. The initial slope does not

represent the ohmic resistance alone but also contains contributions from

the membrane and junction potential.

From the experimental results, it Is clear that for membrane-KCl

solution systems the situation is usually much more complicated than

predicted by the simple theory, On the other hand, the shape of the

current-voltage curves in the’presence of "supporting" electrolyte

(polystyrene suffoeafe, "PSS") comes much closer to the theoretically

predicted curves (Figure I~). In fhls case theory predicts a concentra-

tion gradient of K+ across the boundary about half In magnitude of the

gradient of CI’j and an inverse gradient of the same ;magnitude as the K+

gradient for PS$’.

Hybrid mlcroeleotrodes containing silver-silver chloride and

ptatlnum proved useful as potenflal probes in chloride solutions,

Development work on micro pH-electrodes dealt primarily wlth antimony

electrodes. Three-electrode assemblies consisting of two mlcro-antlmony

electrodes and s Luggln capillary showed promlse for local pH-measurement,

but further testing Is still necessary. One of the antimony electrodes

serves to measure the pH, while the other periodically stimulates the

measuring electrode by cyclic polarization.

A large cell was designed for the measurement of current-voltage

curves at different locations of electrodlalysis membranes, and In the

presence of different spacers. Current can be measured In eight sections

separately| provision is also made for the insertion of mlcroelectrodes.

Redox solutions can be used in the electrode compartments in order to

reduce the voltage drop In themI laboratory experiments in a small cell



indicated that a sufficiently high voltage drop reduction is indeed

possible.

Surface roughness of three commercial ion-exchange membranes wee

measured and considerable differences found (Figure 21). The roughness

is st least of the same order of magnitude as the calculated boundary

layer thickness, and might therefore play a slgniflcant 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, whlch enabled us to observe polarization under condi-

tions of natural convection and at low flow rates (laminar flow). The

nature of the concentration polarlzaflon occurring near the interface is

~llustreted in Figure 20 which shews the concentratlon dlstribution in the

mlcro-electrodlalysls cell, built into an O’Brlen laser wedge interferome-

fert before and during the passage of electric current, The interference

fringes are roughly equal to concentration-dlstrlbutlon curves’. The

existence of depleted boundary layers in the central (diluate) compartment

and of concentration enrichment in the adjacent compartments could be

studied by preparing motion pictures of the phenomenon.

Radio-frequency measurement~ of different anion-exchange membranes

were performed in a cell (Figure 22) cant a i ni ng consecutive

layers of membrane and demlnerallzed water. The inf!uence of the

tr~nsmissicn line was eliminated from the resul~s by measuring membrane-

solution stacks of different thickness (Figures 23,2~). After subtraction

of the complex impedance of water, a dispersion of dielectric constant
-I

and conductivity of the membrane between I and 20 megacycle sec was

’found (Figures 25-27). It isprobable that this is a Msxwe/l-’}/agner type

dispersion and thus indicative of membrane heterogeneity. The dielectric

constant of the membrane tends asymptotlcal)y to about 20 at the higher

frequencies. Although the water layers separating the membranes were

only I/h-inch thick, their complex Impedance in the frequency range 1-20

megacycle sec"1 is high; fhls reduces the accuracy of the results shown

In Figures 23-27. The conclusions from these measurements should

therefore be considered preliminary.

Electrical potential differences across modified cellulose acetate

membranes (Loeb-Sourirajan type) were measured (F{gures 2B-30).

6



Streaming potentlals had been observed previously in,reverse osmosis

experiments with iOn-exchange membranes where the mechanism can be

readily explained by the flxed-charge nature of these materlels. It was

found, howeverp that potential differences develop even across seemlngly

neutral modlfledcellulose acetate membrenes~ and that these potential

differences depend On the applied pressure end the brine circulation rate.

Sodlum chloride solutiOns were circulated under pressure through ¯ (>-inch

long tubular reverse osmosis membrane (modified cellulose acetate type)

cured at 92j°C which contained a central Ag/AgCI electrode. The inside of

the cylindr~ca$ support tube for the membrane was coated wlth sliver and

silver chloride, and thus acted as a second electrode which was

rumple,ely insulated from the electrode inside the tube. Measurements of

the potential difference between the electrodes as e function of pressure

and circulatiOn rate were p~rformedo Hyperfilfratlon rates and product

concentration were determined at the same tlme.

The results (Figures 31-~6) shov~ tha~ the potential differences

increase with the pressure at a rate of 8-10 milllvott/lO0 psl. The

potential dlfferences also increase with the circulation rate, this

variation being most pronounced at the lowest flow rates. In aff

o f f he se exper lm enfs, fhe I ow-p re ssur e s ; de was

always pos]t lye.

After correction for the difference of the electrode potentials, the

potential differences represent the algebralc sum of the junction

potential between the bulk brine and the polarization layer~ and the

membrane streaming potential proper. By systematic varlat~on of pressure,

circulation rate end concentration, if might prove possible to separate

these effects and obtain quantifative experimental data on the concentra-

tion in the polarization layer. A test apparatus permfttlng circulatiOn

of raw water under h~gh pressure wlth suitable make-up pumps end prepuri-

flcatlon devices was designed and bull, for future s,udles along these

lines.

A ,beery of hyperfitfration, based on non-equllibrlum ,~ermodynamlcs, "

was developed jointly wlth ~, Kedem, The theory pinpoints criteria for

salt-rejecting membranes) it does not deal wlth concentration polarlza-

lion. The equations for water and salt flux across a d~tferentlal

membrane layer were derived from first principles, and Integrated across

7



the membrane~ assuming constancy of three coefficients, vlz. the specific

hydraulic permeability, ~1’ the local solute permeability, ~. and the

reflection factor~ G, which is kn~vn to be a quantltative index of salt

rejection, varying fro~ zero fo unity (for non-rejecting to perfect

membranes respectively ) . This procedure was justified by considerations

based on the friction model of membrane transport processes. It was

saown tha~ I-G is the product of an equilibrium term end a kinetic

term. The first characterizes the static salt excl ~ion and hydrophillc

properties of the membrane. The second is a quantitative express!on for

the k lnetlc characteristics of the membrane. This theory was published t60)" "

and is not repeated in this report.

8



Ill. ELECTRODIALYSIS

,III,A, Current-Voltage Curves

ltI.A.I l~roduction

~’len the voltage across an electrodialysie stack is ra;sed, 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.

These phenomena, usually lumped into the single term "polarization," are

caused by mass transfer limitations assumed to occur at the membrane-

solution interfaces, and to the undesirable participation of hydrogen and

hydroxyl ions in the electric conduction process; fhls effect is often

called nwater splitting." Polarization in electrodialysis sets on upper

limit to the practical current density because of h~§h pcwer consumption

and/or scale formation 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

interfaces (I-9) revealed some analogy to polarographlc situations at metal-

solution interfaces {10"12} On both interfaces non-ohmic behavior in the

vicinity of the electrode ls 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 (end positive) current carriers

¢hange~ but the nature of the current carriers themselves In the two

phases, vlz. ions and electrons, ls different. At the membrane-solutlom

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 sufficient to cause non-ohmlc

behavior at that interface, and, ultimately soma form of limiting current

¯ phenomenon.

¯nlle polarographi¢ theoryp based on the Nernst-Planck equations of

ion migration, describes the current-voltage relationship for many metal-

solution interfaces wellp several important questions remain to be

answered for membrane-solution Interfaces. The equations for the current-

voltage curvet developed In defell under "Theory n {Section III.A.]/, and the



shorter treatments in the literature (~’6) all lead to the conclusion that

a limiting current should be reached, in close analogy with polarography.*

Moreover, teflon-selective and anlon-select}ve membranes should obey

analogous equations, provided the basic assumption of all these treatments

la correct vlz. that the polarization phenomenon occurs In the dllute

solution layer which is In contact wlth the membrane. In actual fact,

however, different membranes exhibit considerable differences of polerlza-

tlon behavior. In partlcular~ no well-defined limiting current plateaus

are observed with anion-exchange membranes~ and ewafer splitting N sets in

at much lower voltages at these membranes than at Cation-exchange membranes.

Because anion-exchange membranes thus present more problems than cation-

exchange memhrenes~ we have concentrated our efforts on the study of the

fol~er.

Polarographlc theory shows thai without a large excess of nneutral*

electrolyte which quenches the electrical field in the diffusion Isyerp

well-deflned limiting current plateaus over long voltage regions can not

be expected. *Neutral* electrolytes are composed of Ions whlch are not

discharged In the potential range investigated. In order to study limit-

Ing currents at membrane-solution Interfaces without undue interference

of wafer splitting, one wishes to achieve a similar neutral electrolyte

effect at the membrane-solution interface. This ls 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

neutral electrolyte effect in polarogrephy by adding to the solutions large,

soluble polyelectrolyte ions which increase the solution conductivity but

can not pass through the membrane. (Of courses the pofyelectrolyte must

also be non-poisonous to the membrane.) In a number of the experiments

described in the foll owlngp the polyelectrolyts was sodium polystyrene

sulfe~afe of nominal molecular weight ~0,000’** The addition of poly=

electrolyte was indeed found to have an appreciable effect fn .the predicted

direction on the current-voltage curves,

If the electrode has a large surface, certaln devlatrons from a (~.~ R am~
constant p/efeeu are to be expected because of hydrodynamic factors, ~- .,~-,v,
~ut the observed dev~atlons are frequently much larger /see SeatTcn III.A.~).

**Thanks are due to the Dew Chem}cal Company, ~ldland, ,A,chlgan, for the
supply of this material and information on its properties.

I0



III.A.2 Experimental

Figure I is a schematic of the apparatus used for the polarization

studies. The ceil [outside dimensions I~.~ horlzonrat (i.e., in direction

of current) x I0 x I0 cm] is subdivided into four cc~npsrtmenfs which were

continuously flushed wlth solutions moved by peristaltic circulation

pumps (Model T-6S, S;gamotor C~pany, M;ddleport, New York) or, in the later

experiments by corroslon-proof centrifugal pumps (Catalogue No. ?00~-3,

Cole Parmor C~pany, Chicago, IIlinois). The circulation circuits also

contained liquid reservoirs and small "accumulators e to buffer flow rate

fluctuations. Flow rates were measured volumetrlcally first, but rotameters

were installed at an early stage for continuous reading. In sc~e experi-

ments, m;crostirrers, provided wlth small rotating seals were inserted

Into the two center compartments, to provide add;tlonal fluid agitation.

In the confer of the cell, a strip of ion-exchange membrane, M,

x I cm ls exposed. The membrane compartments are separated frcm the

electrode compartments by celtulose membranes, C (dialyzer tubing, Fisher

Scientific Company, Pittsburgh, Pennsylvania). Electric current is fed

into the cell through platin;zed platinum electrodes, Pt. The voltage-

regulated power source was converted to near-galva,:cs~atI: operation by

introducing a large variable resistor in series, Currents were read by

means of a precise multl-range milliammefer, A, and the voltage between

the platinum electrodes periodically checked by a h;gh-lmpedance voltmeterm

V, (microvolt-ammeter, Model 203A, Cohu Electronics, San Diego, California,

orj later~ with a Keithley Electrometer 6lOB).

The polarization voltage was measured by means of the probe micro-

electrodes, P, which were Ag/AgCI electrodes prepared first by the thermal-

electrolyti~ method(I}) , and later hybri6 platln;zed platlnum-Ag/AgCI
electrodes (~) which yield very stable and repro~uclble potent=als (see

Section Ill.C). Their wires were sealed in glass capillaries and only

the tips, of characteristlc dimension I mm, were exposed. In Figure I

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 electrode voltage was

recorded by a "Servlter I1" (Texas Instruments, Houston, Texas) of full

scale sensitivity I my and speed 0.2~ sac full scale, after amplification

or attenuation in a hlgh-lmpedance amplifier-attenuator (the same
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instrument. V, as used for vpItage measurement was used, with the recorder

connected to the mlcrovolt-emmeter recorder output~ the switching arrange-

ment, as well as various minor attenuating potentiometer circuits ere not

shown |n the schematic of Figure I), The inclusion of the vacuum tube

ampllfler-attenuator was deemed necessary because it drews much less

current than the recorder. The dimensions of the solution compartment

are shown in Figure 2.

Current-voltage curves are determined by increasing ~e current stepwlse

and observing the change of voltage, Vp, between the microprobe electrodes.

Upon application of s higher currant, the voltage increases rapidly and

after a period varylng between a few seconds to two minutes (depending on

flow rate, concentration, currentj etc.) settles to a constant value. In

many experiments, a slow increase of voltage rather than a constant value

was observed, In which cases the voltage was extrapolated to zero timep

l,e,j to the moment at which the current was increased, Satisfactory con-

stancy with respect to time was generally observed at low end high currents,

while voltages in the intermediate region were less stable, There was

also more voltage csc~llatlon In this range, A number of experiments were

performed with motorized linear current scan by driving the resistor In

Figure I by a geared motor, end covering the full range in about 20 minutes,

Most experiments reported here were obtained by the point-by-point procedure,

however,

Solutions

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 streams,

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

KCI solutions were prepared from analytical grade material and de-

ionized water, anJ s trace of silver nitrate added to ensure saturation

wl~h respect to AgCI and thus prevent dissolution of AgCI from the

mlcroai ectrodes,

Originally the solutions from the two electrode compartments were

pumped from and into a common reservolr~ and a similar procedure was

followed for the solutions pumped past the membrane faces, In order to

eliminate altogether external shorts~ the solutions were later pumped In
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individual streams. It was found that any external shorts in the early

experiments were so small, as not to warrant major efforts of correcting

the reported results. The total solutton Inventory associated with each

stream was about one liter.

The sodium polystyrene sultanate (PSS) solutions supplied by the

DOW Chemical Company contained about 5 percent (by weight) polymer 

approximate molecular weight 30,000. They also contained much sodium

bromide, which we removed by dialysis through Fisher dialyzer tubing until

free of reaction with AgNO3. To remove the water which enters the poly-
electrolyte solution during dialysis, the dilute solution was restored

to its original volume by vacuum distillation. The reslstlvity of the

purified solution at ambient temperature is 160 ohm cm (60 cycle a.c.).

The kinematic viscosity of the PSS solutions was determined with

both a Seybolf and a Cannon-Fenske Viscometer. The results were 6.5 and

5.2 centistoke respectively. The measurements were performed at 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-Newton~en behavior

may also contribute to the discrepancy.)

Using thls value, we can calculate the Reynolds number at the

different flow rates used. The channel cross section was I cm wide

x 1.25 cm deep (length 5 cm), hence ratio, r ~ cross sectlon/perlmeter

¯ 0.278 cm. Hence the Reynolds number, Re, for e linear flow rate, v,

of 2.5 cm sec"1 is Re ~ ~vr/v ¯’~ x 2.5 cm sec"1 x 0.278 cm/6.0 x 10-2

cm2 sec’l = 26. For velocities of 1.25 and 3.75 cm sec"1 we have Re ̄ 23

and 70 respectively.

The magnitude of these Reynolds numbers indicates laminar flow

conditions, but It should be noted that the small cell dld not permit

well-doflned hydraulic conditions.
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CA- I

MA 3 .75 XL}

Me~bra~es

The anion-exchange membrane= used in thls work were the fo|la~Ing:

A I01 B American Machine and Foundry Company, Sprlngdale, Connectlcutt

Asahl Chemical Company, Tokyo, Japan

lense Chemical Company, BTrmtngham, New Jerseym

Ill BZL |8 3 /onlcs, Inc., Watertown, Massachusetts**

*Thanks are due to the manufacturers for supply|rig samples of these

materials,

**Samples cut from replacen,ent membranes for the I onlcs Mark II stack in

the electrmdlslysls pilot plant of the Sea Water Conversion Laboratory,



III.A.~ Theory

In the pest, polarization at membrane-solution Interfaces has been

treated quantltatively from the standpoint of the classical theory of

transport in electrolyte solutions, (Nernst-Planck equations), and

essumlng membrane selectivity, I.e., a radical change of Ionic transport

number at the interface (1"3’6’9’15). It was either assumed or tacitly

implied that the membrane is more or less homogeneous in the sense of not

having s layered structure. Since our results, re~;.-ted In the previous

and the present quarterly report, end some recent observations by

others (8’17) Indicate that matters are by no means so simple, it was

deemed desirable to determine in detail whet to expect fr¢~ the consistent

application of this sJmpllfied picture, ~o as to better understand the

causes of the deviations therefrom, In particular It was considered im-

portant to derive expressions for the current-voltage curves both in the

presence end absence of "supporting" (neutral) electrolyte~ these curves

can then be compared to the experimental ones. This treatment is

presented In the Following. If loads to equations for the current-voltage

curves [Equatlcn (39) end (62) for these two cases respectlvely~. 

treatment contains many elements of the subject matter in refer-

ences l-3,6,%15, and 16, which are used at vsrrous stages so as to lead

to useful expressions for the polarization curves in terms of measurable

parameters.

Ion Flux in Absence of Supportlnq Electrolyte

Consider steady-state ion transport in the solution .n the boundary

layer at the membrane-solution interface. The solution flushing rate is

fast enough so, that the bulk electrolyte concentration is not appreciably

depleted along the membrane. It ls aJso assumed that the hydraulic flow

conditions are chosen such that varlatlon along the membrane can be neg-

lected. In this case, the solution concentration profile Tn the bounder/

is time-lnvarlsnt erd also does not vary along the membrane. This highly

simpl~fled picture is schematically shown in Figure ~ whlch depicts the

membrane-solution boundaries at an ant on-exchange membrane. The conflgu-

ration corresponds to that in our laboratory cell ~but the Inert membranes

separating the electrode compartments from the test conpartments

(Figure f} and the probe electrodes are not shown In Figure 3]. Note that

t7
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when p~!tlve current flows from left to right, the current density i is

taken p~ltive. ~t in Figure 3 mat of the current is carried by neqstlve

ions flowing from left to rightj therefore, 1 is a negative quantity.

Electric potential gradients are taken as potential on the right minus

potential on the left divided by the distance. Therefore, in Figure I,

the electric potential gradient is poeitive.

Neglecting n~-electroetatlc lnterectlon between the ions, and also

neglecting electrooemosis, we can describe the Ion fluxes, J, as products

of respective mobllltles, ~ m, concentrations, c, and forces (sums of

potential gredlents)~~m

J+ - - (DM/RT) c+ Iz+ (I)
~,~

÷

d. - - (O./RT) c_ Iz_
m

(2)

8÷cause of electroneutrelity in the solution phase

C÷mC me

For Ideal solutions

= I~" ÷ RT f n c (2)

end therefore, for 8 dilute solution of a I-I electrolytez

J÷ - - O+ I(~IRT) e (dEldz) + (de/d,)] (~)

J. - - D I(-~;/RT)c (dE/dz) + (dc/dz)] (6)

In the membrane, the nt:,nerlcal value of the flux ratio, J+/J., Is

equal to the transport number ratio t+/t . Since, by definition of the

tThe mobilitles m+j m ere equal to (D+/RT)~ (D./RT) respectively by 

Nernst-Eineteln law. D+, D. ere the respectFve ionic diffusion

coefficients.

~For meaning of symbols end suggested set of consistent units, see llst

of symbols on page III.



steady state, the fluxes are independent of position z, the same flux

ratio prevails also in the solution=

-- IS_ -- - T.I (7)

(The negsftve sign Is }nfroduced because the J’s are vectors, In

the membrane J+ and J have opposite signs, while.T+ and ~_ are always

taken positive.)

From (5), (6) and 

T J+ ~c dE dc
¯ .... (8)

T+ D RT dz dz

From equation (8) substitute for (~c/RT) (dE/dz) in equation (5), 

solve for J+:

- 2D+ dc
J+ - @)

i - (% T./o_ T,) 

and from (9) end (7)

2D. dc
J. - -- (lO)

, - (o. TJo+ T.) dz

Since fluxes, ionic diffusion coefficlents and membrane transport

numbers are constant, It follows that dc/dz is constant also. In other

words~ the application of the Nernst-Planck equations Fequatlons (5) and

(6)~ leads to a linear 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

coefficlents, D+ and D ¯ Noting that In free solution

D÷/D " f+//t_ = t+/(I - t+) (ll)

and using the Nernst expression* for the diffusion cosfflclent of l-I

electrolyte In dilute sofutlon

*Equation (12) follows readily from the flux equations (5) and 

because for electrolyte diffusion J+ ¯ J .

2O



- t+) (12)

we can rewrite equations (9) and (I0) respectively:

2D+ dc

I - (t+ T_It.T+)

2De (I - t+) ~’+ DT+ do

T÷-t÷
dc D~. dc

J" = " = T+~ - t dz - t+ dz

For ideally selective cation-exchange membranes T+ = I. Hence fros

equations (13) and (1~):

D do
j+ ,=ram; J = 0 Ideal c.e. membrane (15)

t dz

end for Ideally selective anion-exchange membranes (~ ¯ I)

D dc
J+ = O; j. = . ~m

t+ dz
Ideal a.e. membrane

It Is of Interest to digress here and cospare equation (15) to the

baslc polarographlc equation for a univalent cation, Cat+,

dccat

j+ _Cat¯ - u+ (l?)
dz

_Cat and ccat
Here ue ere the Ionic diffusion coefficient and molar

concentratlon of Cat respectively. This polarographlo equation is readily

obtained fr~ equation (5) because, in ¯ formal sense, we can consider the

mercury-solution Interface as Ideally selective for cations Cat+, since

no other Ions can pass through It. Moreover, we set (dE/dz) = O, because

In polarographlc experiments, a large excess of neutral electrolyte is

usually added to the solution, Thls neutral electrolyte can not cross

the metal-solution Interface, but lquenchese the olectrlc field In the

solution.
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Note that both equations (15) end (17) are of the type of Fickts 

but In the absence of neutral elecfrotyfe the ratio D/f replaces the

ionic diffusion coefficientD+-Cat. Thus comparing the flux of common

cations, e.go K+ or N8+ in the sbsence end presence of neutral electrolyte

It Is found that the flux Is higher In the absence of the neutral electro-

lyre, because the elecfrlc field provides addltionef drlvlng force. This

s|mple conclusion has (ndeed been smp(y confirmed |n the potarogrsph(o

literature,

Returning to the ion fluxes in the absence of neutral e)ectrolyte

[equations (13) end (1~)], we o~n calculate the eleofrlc current density, 

from Faredsyls law=

I - ~0+- J.) (tB)

Substituting the fluxes from equations (15) and (l~) we obtain

O dc ~ O do
I - - -- ¯ -- (~9)

(T+-t,)dz (T.-t.)d=

Since 1, D and the transport numbers are constanfs, th~s confirms

the previous conclusion that, within the range of appllceb|llty of the

Nernsf-Planck equations, the concentration gradient In the boundary layer

ts iSneer.

As the current ls Inoressed, the electrolyte ¢oncentraflon ef the

membrane Interface decreases continuously, Hence the highest current

carried by the Ion fluxes J+ and J. is (for dc/dz ¯ - cJ6)

c
-+ - Boo/6 (2o);’tm (T+- t+) 

where co is the bulk electrolyte concentration end B m -~D/(T÷ t÷).

Ohmic Potential Orop in the Boundary Layer

The complex hydraulic pattern is approximated by the simplified

Nernst model of a boundary of uniform thickness, 6 between the region of

fast-flowing solution of uniform ¢omposttlon, c., end the membrane

surface. Mass transport In this boundary layer |s by diffusion only

2E



(Figure 3)- The boundary layer thickness on the two membrane faces 

assumed to be the same.

To calculate the resistance of unit cross section of this boundary

layer, we perform on integration over Its thlcknes~ 6,

6

0

The negative slgn Is introduced In Ohmls law because for positive

potential drop the current Is in the neRatlve direction. The current

density I Is the same at any location z.

We can express the specific resistance p by the following expression

(valid in dilute solution)

p - (o~)" (e2)

where X is the equivalent conductance of the electrolyte (ohm"1 cm2

equlv.’l)~and dz, from equetlon (19):

dz - - dc = (B/I) dc (23)
I CT, - t+)

where the constant B, which depends only on the nature of th, dlssolved

electrolyte and of the membrane, Is defined as

B ~ - ~D/(T+ - t+). ~0/(T. - t.) (~)

Substituting the values for p and dz respectively in (21) we obtain

6

0

*The formula given In most of the electrochemical literature is p=lOOO(N~)"1

where N Is the normality, equiv, liter -I. Note that in our system of

units, ¢ ls given in mole c_mm"3, whlch, for a I-I electrolyte, is equal

to equlv ¢m"~. Hence N/IO00 ¯ c and equation (22) Is identical with the

formulae In the literature.



For the left boundary, we integrate from c [at the (hypothetical)
0 I

plane interface of bulk solution and boundary layer] to cm at the membrane

Surface:

! !

6Eb ¯ - (B/L) In (cm/Co) (26)

I

To eliminate cm which ls not accessible to direct measurement, we

remember that the concentration gradient in the boundary layer is linear,

end use equation (19)=

!
dc

Cm " Co ;(T+ - t÷) ¯ ,, . -, - - (27)
dz 6 ~ O 8

!
We solve for Cmt

c~ - co + 6I/B (2B)

and substitute this value in equation (26)t

i 61 i
AEb =- (B/L) In (I + ) = (B/L) In (I -  (29)

Bco Illm

For the bcwJndary on the right side we Integrate equation (25) from 

(concentration at the membrane surface) to o at t he ( hypothetical) p lane

Interface between diffusion boundary and bulk solution on the right=

n

6Eb -- (B/~)In (¢o/cm) (3o)

It

cm ls obtained In analogy with equations (27) and (28)=

cm ̄ co- 6t/B OJ)

and hence from equations (30) and (20);

. 61 i
~Eb - (B/~,) In (, -- ) - (B/L) in (I.,--)

Bco I I Im

In equations (29) and (~2) the influence of the different process

parameters has been clearly separated= 6 Is indicative of the hydraulic

flow conditions; X, B and ¢o describe the physlco-ohemlca) properties of



solutions and membrane! ( is the applied current density, Note that when

negative Tons flow from left to right, the current is counted neqatlve,

Hence both equations (29) and (~2) yield positive electric ohmic drops, they should. For I .--~Op the ohmic drop goes to zero. For | J~ illm

[equation (20)3 the ohmic drop tends to Infinity.

Membrane Potentials

The potential difference across a membrane in contact with a I-Ielectrolyte solution of concentration cm on the left and cm on the right

i~O6)

where

Heretagain, potential differences are counted positive when the

right side ts more positive than the left.

If the hydrsullc conditions on the left and right sides of the mem-

brane are the same, the concentration excess (over the bulk concentratlon)

on the concentrate side equals the concentration depletion on the diluate

side. i Thls excess Is calculated from equation (27)=

It |

%-co=co-%-- ie/B (35)

Hence equation (33) can be written In terms of measurable quantities

Junc,ion Potentials

In addition ,o the membrane potentials (concentratlon potentials

across the membrane), there exist also concentra,ion potentials in the

boundary layers, unless the electrolyte has equal positive and negative

transport number (e.g. KCI).

mBeceuee, for equal bOundary layer thickness, the same driving force ls

necessary to remove Ions from the membrane-concentrate interface as to

transport them to the membrane-diluate interface,
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The junction potentials are given by expressions similar to (33)

with solution transport numbers, t, rather than transport numbers in the

mef~brane, ~, h~,vever {16). The sum bE. o~ the junction potentials [n the
J

two boundary layers ;s

AEj - (RT/~)(t. - t.)[’n (o~/mo)

where

n f

¯-C(t-t÷) In (Cm/am)

(37)
(38)

Total Potent|el Drop

The potential drop between identical probe electrodes In the bulk

solution phases on oppc~ife sides of the membrane (Figure I) is composed

at Is) ohmic drops In the bulk solutions, the membrane and the boundary

layers, end (b) membrane potential, Junction potentials and electrode

potentials,

The ohmic potential dl’ops [listed under (e)] should vanish rapidly

when the current ls interrupted. The other potential drops ere expected

to relax more slowly, because the relaxaflon depends on Ionic diffusion

whiob fs a slower process than the electronic processes which terminate

the obmlo potential drop measured with well-reversible probe electrodes.

We have assumed that the solution flow pest the electrodes is fast

enough so that the difference in the bulk solution concentrations on the

two sides of the membrane Is negligible. Hence the electrode potentials

cancel. If will also be assumed that the resistance of the membrane end

the transport numbers ~ in it are independent of the current density.*

Hence the ohmic potential drop in the membrane, - Rmi ;s proportional to

the current. So Is the drop, - Rsl , In the solution between each electrode

and the adjacent b~Jndary layer.

~;le this assumption has been frequently made in the literature, some

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

(~0), (~.~). (~7) and 

dE - - (2Rs * Rm) , ¯ (~E’b + ~:) ° ~E~ ÷ AEj
¯ - (2Rs 4. Re) 1 4. (B/L) In (c/o m) * ~ In (cm/om) - C In (o /c 

I - I6/(e%)
-- (2Re4.Rm) I +[a/~)+~-C]in

I + l~/(e%)

I 4. (I/~lim)
¯ - {2Rs÷Rm) I+[(B/X)*~-C]In (59)

I - ¢l/illm)

It Is seen that the total potential drop Is the sum of two terms,

one linear in I and the other a logarithmic function of |. If Is of

Interest that the ohmlc drops In the boundary layers which are of dissi-

pative nature are contained in the second tem together with the membrane

and junction potentials which are (at feast partially) areverslble,a

At low currents (I << BOo/6) equation (59) show~ that the voltage 

proportional to the current, Hence the Initial elope of the E vs. -I plot

Is (- dE/t) - s + ~m+ [ (eA) 4. ~ - C][~ .6/(~o)]

(~0)

On the other hand, as I approaches the limiting current, the

logarithmic term becomes dominant, - ~ going to Infinity es 1 --> I Ilm
[equation (20) 

Numerlcal Example

It Is of Interest to consider the predictions of equation (~ID).

Any deviations therefrom in the experimental results can then be attributed

to the three maln assumptions Implicit In Its derivation, namely

Ca) valldlfy of the Hernst-Planok equations without Interaction terms

[equations (5) end (6)~ end (b) assumption of a diffusion boundary 

of constant thickness (under conditions of forced flow) end (c) 

polarization effects w,lfhln the membrane, The equation is also based on

cond;,ctance by a single I-I electrolyte end can not be expected to hold



when an appreciable portion of the conductance is due to hydrogen and

hydroxyl Ices (at high voltages).

In the following numerical examplej all parameters for the soluf;ce

are adjusted to ideal-solutlce behavior (i.e, for Intensive properties

such as equivalent conductance and diffusion coefficient the values at

Infinite dilution are consistently taken), Reference Is made to the

sltuat~om shown ~n Figure 3, I.e. an anion exchange membrane wlth hegel|re

ion flux from left to right. Therefore the current Is neRatlve.

Temperature= 2~oC (2cJa°K)

Solution= KCIt O.O~N..(c - ~ x 10.5 mole cm"3)

= 150 ohm"1 cm2 mole’l= spec, conductance

¯ ~,5 x I0 "3 Ohm"1 cm-I

t+- 0.50 (t. - 0.50)

0 - 2,0 x 10"5 cm2 sac"1

2
Membrane: Resistance of unlt area Rm ¯ II ohm cm

T_ ̄  o.98 (T. - 0.02)

Boundary Layer= 5 ¯ 0,02 em

Solution between Probe Electrode and Boundary Layer=

Assume resistance is equivalent to layer of.O,I cm thickness

i,e. R = p x 0,1 = [I/(O,OOb5 ohm"t cm’t)] x 0,1 cm ̄  22.2 ohm cm2
S

Universal Consfanfst

R ¯ 8,32 watt sec mole"1 (=K)"1

= 0.96x 105 coul mole"1
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Other Expressions=

B n 3D/(~. - t ) - 0,96 I0 5 coul mo le"1

x 2 x I0 -5 cm2 sec’I/(o.q8 - 0.5)

- ~.00 amp mole"I am2

E . (RT/~)(T. - T+) - o.o2~8 (o.s~) - o.o~!,.R 

c = (RT/~)(t. - %) 

0.02 cmx i amp cm-2

"(I/I Ivm
) - (lll/SCo) 

~.00 amp mole"1 cm2 x 3 x I0 "5 mole cm"3

’Using these values, equatlon (~9) becomes

I - [~/(BCo)] 
AE =- (2Rs + Rm) I + [B/X) +E- C] 

I + [6/(B%)] 

¯ , 167x 1

&E=- (l.ll~.{* II) i + "3 (26.7 *P --14..8)In
I - i67 i

I + 167 1

=" 55.~ I + 51,P x I0 -3 In
i - i67 I

I + 167 1

A plot of the first and the second terms of fhls equation, as well as

their sum Is shc~m In Figure ~, Note that the limiting slope, Ilm AE/(-I)
-I--> 0

does no~f represent the ohmic drop - (Rs + Rm) Ii but contains, in

additions a sizeable contribution from the membrane potential In the

second term. It Is also of Interest that for the case calculated the

ohmic drop contribution B/~ (= 26.7 mllllvolt) In the prelogertfhml¢ term

is about the same as the membrane potential contribution (~ ¯ 9]$o8 mllll-

volt). This means that the ohmic drop In the beJndary layer contributes

only about one half es much to the polarization potential as the membrane

potential o This remains true when the boundary layer thickness and/or

current density are changed (as long as there is no appreciable water

-splittlng), because neither B/~ nor ~ depends on J and i, On the other

hand, the ratio 6Eb/AEm of the contributions of ohmic drop in the boundary
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layer and membrane potential to the total polarization AE does depend on

the transport number of the electrolyte and the membrane ee|ectlvify.

[See the definitions of B and ~ equations (9.~) and (~) respectively.]

In spite of thls fact, AEb/AEm does not vary radically for mo~t electro-

dialysis systems, since the moef common electrolytes found In brackish

waters have slmllar diffuslon coefficients and Ionic transport numbers,

and since most modern eleotrodlalysls membranes have similar permselec-

tlvlty (I.e. similar ~÷ and ~ for dilute solutions). Therefore we may

generalize our conclusion from the numerical example above and state that

In most cases damlc drop in the boundary layer, 6Eb, and membrane poten-

tial, AEmw make Gontrlbutlone of similar order of magnitude to the total

polsrlzatlon potential, AE.

,Current-Voltaqe Curves In the Presence of Suppn~’tlnq Electrolyte

In some experiments+ an excess of soluble polyelectrolyte Is added

to The solutions. The polymeric Ion has the same charge as the counferton,

but If Is assumed that because of It~ large size, If can not pass through

the membrane In significant amounts, For tnstance~ in our experiments

with anlon-exchange membranes~ we added polystyrene sultanate of molecular

weight ]0=000 (PS$) to the solution.*

Consider solutions ¢ontatnlng low-molecular weight anions (e.g. Cl’)

of concentration c, large anions (equivalent concentration o=) and 

single klnd of cations (e°g. K÷), concentration c+° ~ can write three

flux equations of the type of equations (5) end (6), am electroneutrsllty

¢ondltlon, s continuity equation for the olectrlc current, end we can also

set the flux ratio In the solution equal to the flux ratio tn the membrane,

as In equation (7)=

j, - - D+ [(~/RT) o÷ (dE/dz) * (doJdz)3

J. - - 0 [(-~/RT) c. (dE/d=) + (do./dz)3 (~)

=Kindly supplied by Oo~ Chemical Company, Midland, Mlohlgan
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J.. o - - o. r-(~/RT) c. (dE/d,) + (dcJdz)~ 

C. = C ÷ C. (electroneutral Ity) (~J.g)

J+ - J. = i/~ (continuity of electric current) (~5)

J/J . - Tf.

The slx unknowns ere J+, J., c , c+, c nnd dE/dz. The flrst three

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

equations ()4J~) to (~JS)t

j,. -, ~+/a (h.?)

j..-, T./~ (~e)

=. - c+ - c. (~9)

end then substituting these three expressions In equations (~l) to (~3)=

(I T+/~+) + c+ (~/RT)(dE/dz) + (dc+/dz) (50)

- (} T/vo~) ) - c. (~;/RT)(dE/dz) + (dr /dz) 451)

- (~/RT)(c+ - c.)(dE/dz) + (dc+/dz) - (dr (52)

This is ¯ set of three simultaneous differential equations to be

solved for the variables c+, c end E.

If the equivalent concentration of polyelectrolyte is substantially

larger than that of the low-molecular weight electrolyte, we can simplify

the solution by the following approximation= in equations (51) end (52)

we drop the terms containing c (dE/dz), because both c end (dE/dz) 

small compared to the other terms** in the sun~s, end the product of these

*The diffusion coefficient In thls equetlon else refers to the

equivelAnt of the polyion, but since D cancels anyway, the exact

definition is not discussed here,

**(dE/dz) Is small because addition of neutral electrolyte supresees the

electrical potential drop In the boundary layer.



~wo small terms ls considered negligible. In other words, we neglect

transport of CI- in the boundary layer by electrc~tgration co~pared with

transport by diffusion.

With this approximation we obtain from equation (51)

I/’~- (0 /~) d%/dz (53)

which is en expression of the type of Fick~s law because - ~. i//~ - J

bqu.tlon

The gradient of the concentration of c+ can be calculated by c~bln-

Ing equations (50) and (52), in which the term containing c (dE/dz) 

been neglected:

Comparlng (53) to (5~) we find 

I D_ dc

t. dz

dc+ ( D+ D
i 2 --

dz D+ ~ " D ~+
(55)

end hence

dc+ I dc ( ~+ D.}
-- = - ~ I - (56)
dz 2 dz ~ D~

The slgnlflcance of the last equation Is Illustrated for the case of

KCI (D+ " D ) at an Ideally anlon-selectlve membrane (f’+ = O). It 
seen that in this case the gradient of the K+ concentration in the

boundary layer ls only half that of the CI" concentration, and that

because of electroneufral ity [equation (J4J$)] there exists a PSS concen-

treflon gradient also of half the magnitude of the Cl" gradient, but In

the opposite direction=

dc= I de. dc+
--’’---’’-- (57) 
dz 2 dz dz

In other words, both K+ and CI" concentration decrease from bulk solution

to membrane surface while the PSS concentration increases (see Figure 5).
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f_-.. Returning to equation (53), we see that the limiting current tn the

presence of supporting electrolyte Is

ili,, .- (ao./T.) 0%/6 (58)

(where 0% Is the concentration of Cl- In the bulk solution) because the

largest possible numerical value of dc_/dz is - c./6,

Co~parlng equation (58) to the analogous equation In the absence 

supporting electrolyte [equation (20)] we see that the presence of the

supporting electrolyte depresses the limiting current,
i

To express the concentration of CI" at the membrane surface, sCm as

e function of the current density, we substitute In equation (53) dc./dz
I

)/6, and SOlVe for m ~sCm - oC
sCm=

!

sc~. °c. + ) ~ 6/(~o.). 0% + i6/o. (sn)

where 8.. t ~D/t" (60)

[C~parlson of B with B as defined In equation (P.~) shows that for KCl

at s perfect anion-exchange membrane B = 8//2.]

The total potential drop across the probe electrodes consists again

of ohmic drops, membrane and junctlon potentials as in the absence of

supporting electrolyte [equation (39)1, Because of the presence of a

large excess of supporting electrolyte, however, the resistance sum,

2Rsp, In the soluflc~s Including the boundary layers, Is expected to be

very small, and the junction potentials in the solutions are smell, too.
tl I I

The membrane potential Is ~ In (sCWsCm) [see equation (33)1, where 

Is given by equation (59) and a I s d eter~llned t n analogy w lfh
S m

equetlon (35)i

it

’. - i ~/B (6))C ," C m oC" ,, C
sm o- sm

35



Hence the total potential drop between the probe electrodes is

AEs " - (2Rsp

+ Rm) i * ,~Em = - (2Rsp + Rm) i +~ 

where Rsp is small. If any addltional series resistances exist (for

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

their influence will appear as an additional term in the expression

(2Rsp + Rm) in equation (62)°

A numerical example for the same conditions as those described

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

under tlJ assumption that the excess of supporting electrolyte is so

large that Rsp ls entirely negligible.

*entirely neglectlng the junction potentials (this is a crude
approximation which can be refined when the transport numbers ;n PS$
solutions ere kn~vn)



III.Ao~ Results and Discussion

Figure 6 shows current-voltage curves of O.OlN KCi solutions for

two series of experiments wlth membrane III 8ZL 183, vlz. in the preeenc~

and absence of PSS (~-~ by weight). Vp Is the potential difference

measured between the two probe electrodes (Figure I). Different curves

on the same graph refer to different solutlon 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 wee not eeslly 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 ere not weft defined - in fact there is

merely a gradual change of slope wtth an inflection. In the presence of

PSS, however, two well-dlstlngulshed regions can be seen, v;z. a low-

resistance region at low voltages end ¯ high-resistance region of

voltage-~ndependent slope at higher voltages. It is slgnlficanf that the

latter slope depends very little on the flow rate. The same picture

emerges from experiments at h|gher flow rates and at different chloride

concentrations (Figure 7).and fr~ similar experiments with membranes

CA I (Figure 8) end A I01 8 (Figure 9). In all cases the shape of 

curves suggests the presence of two superimposed phenomena, nemelyz

(I) 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-slope

plateaus. Current (2) Increases slightly with increasing chloride

concentration.

*The viscosity of the solutions containing PSS + O.OIN KCl is considerably

higher than of the O.OIN KCI solutions. Hence experiments at equal flow

rates do not represent equal Reynolds or Sherwood numbers.
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Figure I0 shows current-voltage curves for membrane HA 3236 (Ionac Co.).

This membrane Is supplied by the manufacturer between two plastic sheets

that could be peeled off when the sandwich was soaked. The curves ~n

Figure lOs were obtained without surface treatment of the membrane. It

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

resistance (Figure lob), but there ls again little influence of flow rate

on the current-voltage curves. In .the presence of PSS= however,

(Figure ]Oc)p aslopin9 plateaus e appear. At any given probe electrode

voltage In the esloping plateau e region, the currents are, as usual,

lower than in the absence of P$S. Thls ls 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 Ionoc MA 3~75 XL

(Figure II). For both of the latter membranes, no limiting current

plateau at all can be distinguished in the absence of polystyrene

sultanate. Addition of polystyrene sultanate causes at least some

differentiation of nsloping plateaus,n

In the preceding paragraphs, emphasis was placed on the occurrence

(or lack of occurrence) of true limiting currents; l.e.p raglans of the

current-voltage curve with a clear current plateau. ~ The importance of

these plateaus lies in their use as mass transfer criteria; in fact, much

modern mass transfer research Is being done by electrochemical methods and

the magnitude of the I[mltlng current at metal-solution Interfaces serves

to calculate the mass transfer rate (12,18-21). The experiments

described in Figures 6 through II show that contrary to results at

*Note that the practical plant definition of "limiting current "(6) refers

to the minimum of ¯ plot of E/I vs. I/I (E ¯ voltage, I - current).

Thls minimum is not ~ndfcaflve of o current plateau, which is ~he usual

electrochemical meonlng of a "l;mTHng current." The E/I vs. 1/I curve

wiJr often hove o minimum, whether ~here exists o true Iimiflng current

(?.e., s current nlefeau) or no~.
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mefal-solutlon interfaces, regions of constant current are not found In

curront-voltcge curves at membrane-solutlon interfaces. The addition of

PSS improves the situation, however, In that one can at least distinguish

two reglons of the current-voltage curves, viz. a steep rise and a more

or less linear msloped plateau. ~ The elope of the mplatesum varies from

membrane to membrane, some rssembllng almost horizontal plateaus, while

others have pronounced slants.

It Is of Interest to study the trends of "limiting n currents with

flow rate end chloride concentration. As a first approximation, the

extrapolation of the low-slope portion of the c~mrent-voltage curve to

zero voltage was taken as an Index for the limiting current (In accordance

with the current superpositlon model) and plotted against linear flow

rate on log-log paper. This type of evaluatlon of the results for the

I onlcs membrane is shown in Figure 12. The results ere not extensive

enough to permit any accurate correlations between mass transport end

Reynolds number, and It should also be borne in mlnd that several changes

in apparatus and procedure were made between the early low-flow rape and

the later hlgh-flow rate experiments, so that the former series can not

be readily compared to the latter. But even the fragmentary information

summarized in Flgure 12 permlts the following conclusions= (a) I~miting

currents increase with Increasing flow rate~ In ,he higher flow-rate

range the exponent n in the correlation:

Llmttlnq current ¢ (flow rate)n

is probably larger then 0.Sj and (b) at a given flow rate, the limiting

current increases monotonously, and perhaps in direct proportion, to the

low-molecular weight electrolyte (KCI) concentration,*

*It ~s of Interest to consider the experiments described in the light of

motuuufar separations on polymer-solution surfaces which do no~f involve

electric pnenomena, e.go, the phenomenon of nGel Permeation Chromatographyn

(22,23). In analogy, the type of electrical measurements outlined might

prove useful for the analysis of polyelectrolyte mixtures by means of

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

operat|on of agel permeation polero~rephy,m
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In order to verlfy that the absence of mplateau" regions In our

experiments was not due to hydrodynamic effecfaw a number of experiments

were performed In which rap|d stlrrlng along the whole membrane surface

was carried out simultaneously with slow flow. Cocks and Van Oer Walt(~),

have demonstrated considerable variability of the dlffuslon layer thick-

ness In simple electrolyte solutions under certain conditions, with

resulting variability of polerlzat|on conditions along the membrane. In

other wordsp Rllmltlngl current conditions do not occur uniformly across

the whole memL. ~ne (not even across small membrane samplos) and the resulf

was found to be ¯ current-voltage curve which never exhibits a wa11-

defined plateau.* It seemed unlikely that the long low-slope regions of

the current-voltage curves In Figures 6-8 could be explained by such hydro-

dynamic factors, and it was. therefore, deemed of Interest to test this

point. If was Indeed found that In spite of even stirring along the

whole membrane surface, whlch should ensure unlform diffusion layer

thickness, no flat plateaus were evident.

If the membrane consls,od of macroscopic regions of different

character, the current-voltage curves could be readily explained. Suppose

,ha, there were perfectly permselectlve patches In parallel with non-

parmselec, lve ones. The observed currant would ,hen be ,he sum o( ,he

contributions of the two types of patches, namely: (a) a polarogrephlc

"wavea (plateau) type end (b) ¯ superimp~ed dnmlc currant. Since

currant (s) Is ¯ polarization phenomenon, It should Increase with

increasing flow rate end concentration, as found, current (b) should 

independent of the flow rate, again as found.

While |f is true that many properties of |on-exchange membranes can

be understood from their heterogeneous nature~u’26),’’’ which seems to

exist even In membranes labeled "homogeneousn from a macroscopic stand-

point, It should be borne In mind that these heferogenelfles are of

colloid dimensions. It Is, therefore~ of considerable |nterest that the

current-voltage curves exhibit the shape expected from the macroscopic

*It should be noted that cooke and Van Der Welt used ~overpotentlel"

rather than straight probe electrode voltage es a parameter. Overpoten-

tlel is the measured probe electrode potential minus the ohmic drop,

end was determined by an interruption method(2’3 }.



heterogeneous model. The relative amount of imperfections necessary to

account for the observed slopes {Figure 6) is emallt less than ~ percent

of the membrane area would have to be non-permselecfive, wifh the

remainder entirely ideal.

The behavior of the po)yelectrolyfe solutions thus focuses attention

on the relationship between membrane heterogeneity and polarization. It

is of interest that Blockl2?)j" ’ who studied a large number of commercial

membranes end found micro heferogeneifres in many of them related their

polarization behavior at high current densities to the (yet unmeasured)

influence of micro heterogeneity on H+ and OH" conductivity in the

membrane. Some aspects of the heterogeneity problem are discussed In

Section IV of this report dealing wlth radio-frequency measurements which

often provide some indication of these heterogenelfles.

It has not been definitely proven, however, that membrane hetero-

geneitles are primarily responsible for the lack of the genuine limiting

currents predicted from the solution of the Nernst-Planck equations. If

should be noted that this theory dons not make ell~snoe for any rate-

controlling influence of reactions near the membrane-solution interface,

e.g. desolvaflon 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 motel-solution interfaces=

and It might prove worthwhile in the future to Investigate their possible

influence on mass transfer at membrane-solution interfaces, rather than

assuming ~ priori that they are so fast as to be negligible as rate-

controlling factors,

Comparison of Results with Different Membrane~

To nnormallzen the curves for different membranes, i.e, to correct

for different membrane resistance terms, Rm, and for different solution

resistsncos, Re, between the probe electrodes (due to slightly dlfferenf

pOsitioning of the electrodes In different experiments), e number of

current-voltage curves at ~00 ml/min were replotted, by deducting or

adding a linear term, i ~ E, such that the Initial slopes of ell curves

coincide (Figure I]). ~or a justification of this procedure, see

equation (~9) of Section II(.A,~, Having thus eliminated the differences

of ohmic resistances In the membrane end In those parts of the solution
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which are outside the b~Jnda ,e shOUld expect all curves to be

alike because presumably th~ .~y layer resistance is the same for

all membranes at ¯ given c~ Jnf density,* Figure 19 "hews, however,

that the normalization does not make ell curves coincide. Therefore if

seems that In addition to the resistances to ion transfer in the bulk

solution end the linear ohmic resistance of the membrane, other resist-

ances which the theory does not take into account, come into play, These

effects tncrease in the series Ionics A III BZL < Asahi CA I < (A/~F A IOl-B,

Ionac MA 9296, Ionac /~A 9~75 ×L). At this stage, one can merely speculate

about the reasons for the differences between these curves. Again,

heterogenelfies within the membrane might give rise to infernal polariza-

tion effects which differ in accordance with the structure of the membrane,

It Is e!so possible that at least some part of the differences is due to

individual differences of ~wafer splitting n at the solution side of the

membrane,

Since the Ionlcs A III BZL membrane seems to conform best wlth the

simplified Nernst layer theory, its current-voltage curve in the presence

of PSS is compared wlfh the theoretical curve in Figure I~, The theo-

retical curve was calculated from equation (62) of Section III.A.9 with

Rm - II ohm cm2, Ill m - 0.00~8 amp cm"2, and Rsp- II ohm cm2, the letter

value having been selected to make the initial slope of the calculated

end experimental curves colncide. (This was necessary because the exact

distance of the probe electrodes from the membrane surfaces was unknown~

the value of II ohm cm2 is entirely reasonable, corresponding to a

dlstance of 1,5 to 2 mm.)

The discrepancies below the theoretical limiting current are not

surprising in view of the change of the dlffusion thickness layer along

the membrane. The conflnuous linear increase of the nlimitlng" 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

currenf (1~owater splitting"), If is of interest, however, that abou~ ~he

=Some differences In The current-voltage curves might be due to surface

roughness differences (tdllch are described in Section Ill.D). If 

not likely, however, that the differences in Figure 19 are merely

surface roughness effects.
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same slope is obtained in PSS solutions which contain only traces of KCl.

Figure 15 shows i vs. V curves in such solutions for two mnmbranes on an
P

expanded scale. If Me membranes were completely ~mpermeable ~ PS~ they should

pass practlcallv -n current. The results show, however, that for both

membranes, a linear current increase occurs where there should be a

limiting current. The slopes are 0.39 end O.9 ma cm’2/volt for Ionlcs

and A~= membranes respectively as c~pared to O.39 and O.6~ (Ionics) and

1.2 (A@F) observed in different experiments with IO to 50 times higher

KCI concentrations. Since the slope of the plateaus is not much depenQent

on the KCI concentration, the excess current might be due primarily to a

parallel Mleak~ conductance of s~e PSS through the larger "pores" of the

membrane. Since the PSS solutions had been carefully dialyzed before the

experlments, it is not at all clear whether PSS molecules sufficiently

small to be able to get through the membrane were present, but note that

e relatively minor percentage of ~leak n area could explain the results

for these two membranes.

Interaction between Membranes and PSS

Polyelectrolyfes of opposite charge generally interact very strongly;

therefore, it is not a priori clear whether the addition of negatively

charged soluble polystyrene sultanate would not npoisonn the positively

charged anion-exchange membrane matrices. While strong npoisonlng" of

anion-exchange membranes by multivalent cations has been observedtB’28),’"

this type of interaction dons not necessarily impede the migration of

small ions to e very large extent, provided the molecular size of the

soluble polyelectrolyte is kept within certain limits. Small(29~ has

shown that certain polyelectrolytes adsorb strongly on the surface of

ion-exchange resin granules, and yet do not materially impede the rate

of exchsnge of small ions; Smallts results encouraged us to use PSS in

our systems° The results (Figures 6-11) show that while the presence 

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), npoiseming" in the customary sense of the

word did not occur in these systems.

This conclusion was borne out by e study of the change of current-

voltage curves with time (Figure 16). Considerable differences 

interaction behavior were observed for the different membranes° For
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mmbrane NAP A-IOI current-voltage curves were repeated after abrasion of

the surface four days after exposure to PSS. It Is seen that this procedure

restored the current densltlea to the same state as for fresh membranes.

111erefore, at least for thlsmmbrane~ the Interaction occurs only at the

surfncej It does not drastically =poisons the Interior of the membrane.

The experiments with PSS described In Figures 6-11 were ell carried

out at e tlme when the Interaction wlth PSS causes only very slow changes

of the current with tlme.*

*Although we have no data for the Ionac membranes corresponding to the

data for the other membranes (shown In Figure 16), several Indirect

observations Indicate that no rapid changes occurred In the loner

membranes either.



III.B. Laser Interferc~netry of ~embrane-Solufion Inferface~

II~.B.I Pr~nciole

Concentratlon polarlzeflon at membrane-solution Interfaces was also

studied by laser tnterferomefry. A small inferferomefer cell was

developed which enabled us to observe the formation of concentration

polarization layers at membrene-difuate interfaces under natural convec-

floe condlf|ons. 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-

soluflon interfaces. Experiments were slso carried out under conditions

of laminar and turbulent flow In the dlluate compartment. Because of the

shrinkage of the dlffus|on layers under these conditions, the optical

requirements are more stringent than those achievable In our original

cells; It ls believed that these requirements can be met In more

sophisticated cells which are now belng deslgned. It Is lmportant~

however, that the principle of the applicability of this method to

elecfrodlalysis systems was confirmed in the flrsf stage of this

research.

These experiments were carried out jolnfJy with R. N. OtBrlen and

K. Beach of the Lawrence Radiation Leboratory~ Berkeley. The membranes,

electrodes, and solutions were placed Into a wedge lnterferometer. This

type of lnterferometer is discussed in some detoiI In References 30 and 31.

Brlefly~ as shown schematically in Figure 17, e parallel beam of light

impinges on a wedge formed of two glass flats wlfh partially reflecting

surfacesj normal to the bisector plane of the wedge. If the camera

focuses on a plane G-H (Figure 17a) intersecfing the back window of the

cell (the upper wedge plane) at D, then the Interference of the two

coherent rays ABCD and EFatD will be observed. (The path length d~f~rence

BCD between the ~wo interferr~ng rays is almost double the average wedge fhlck-
IJ I

ness, t , because the wedge angle is very small; typical dlmens~ons are f = 3mm

and wedge angle ~=2 m]nutee.) Any aisplacement of the focal plane e.~ to G~Ht

(Figure 17b) leads to the observaflon of the interference of a dffferenf

ray (EtDt) wlth ray ABCDt, In other words, the Interference st Ot
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(Figure 17b) rather than at D (Figure 17e) is now observed. Note,
I!

however, that when rays AB and ED or AB and E D are quite close together

(which ls the case at near-nmrm~l incidence); the average wedge thickness,
I

t , for cases (a) end (b) ls almost th~ same. Since the path length

differences between the Interfer;ng rays ABCD-DE and ABCDt-EID~ are in

both cases twice the average wedge thickness in the regions considered
t

here, the interference at D w;ll be almost the same as at D. In other

words, we can refocus the camera (in a vertical dIrec~nn in Figure 17)

at any plane parallel to G-H within the wedge without changing the fringe

position appreciably. On the other hand, moving substantial distances

to or frcrn the fulcrum o~ the wedge (horizontally in Figure 17), one will

alternately obtain reinforcemenf and extinction In accordance with the

vsrlatlon of the phase difference caused by the more substantial change

of the wedge thickness Tn the observed region.

This discussion presupposes that the interfering rays ABCD and ED

(or ABCD~ and E=DI) are in phase. Lateral coherence of the incident

parallel beam of tight is therefore necessary--at least over a distance
I 1

of the order AE or AE . In addition, axial coherence of st least 2f Is

required (axial coherence is coherence ;n the direction of light prope-

gaHon). These coherence requirements together with the desired high

;ntenslfy for fine-grained motion picture film, ere conveniently met by

lasers. In fact, In fh;s case the good coherence obtains even over much

wider regions.

The magnitude of the wedge angle In Figure 17 was exaggerated for

the purpose of illustration only. In practice this angle is quite smell,

and the incidence is almost normal to either wedge plane. In this case

an approx;mate interference formula max be used(30)= interference occurs

when

t !

t I
where ~ ;s the ;ndex of refrectlon of the flu;d ;n the wedge, t (cm)

the average thickness of the wedge section shown ;n F;gure 17, n the order

of ~nterference, and ~. the wavelength of the I;ghf (cm); n is 

Integer for construct’|ve Interference. It is seen that for a monochromatic

interference fringe (whlch is e line of constant hi, the product of the
I

refractive Index, I~ , end the path-length d;fference, 2t , is e constant.



If a refractive |ndex gradTent arises in the d!.’ect!on normal to the

plane of drawing, the interference spots must move up or down the wedge(31),~

In other words= fringes which were or~glnally straight must curve toward
t

the wedge ~pex when thP Index of refrsctlonj ~ , increases, and away from
=

the apex when ~ decreases. The observed fringe shift makes if possible

to calculate the changes of index of refraction and hence the concentra-

tion changes.

Although conventional monochromatic light sources have been success-

fully used for quantitative wedge-lnterferanetry, the ready co~merclal

availability of uniphase outout co~tlnuoJs gas lasers has greatly

amplified the epplIcatlon of this technique because of the coherence and

high i~renslty of these strictly monochromatic light sources which makes
=

{t pJssfble to work with fairly large cell thicknesses, t ~ and to

obtJin high enough fight intensities for convenient normal-speed mot~on

p~crure photography with f~ne-grained film (ASA speeds 50-80}(32)° The

camera used was a Bolex H-16RX-~ 16 mm wlth Swlt~r I=1.~, f=25 mm lens,
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,IIi.B.2 Interferometer Ceil

An assembly view of the cell used In these experiments is shown in

Figure 18. t Figure 19 is a drawing of the aplexiglas" membrane and

electrode holder whtch fits inside the celt, as designed by K. Beach.

The [nterferometerandmlcroelech-odialysis cell are an integral unlt. The

current is introduced through two small Ag/AgCI electrodes and passes

through the cation and anion-exchange membranes which border the solutlon

channel. The small membrane strips were stretched taut over the

openings between the electrode compartments and the central solution

channel. As shown in Figure I% the membrane strips are tlghtly held

between two ftPlexiglas" sections; the strips protrude into the small

cylindrical openings, f. The two t=Plextglas’ pieces holding the

membrane flt into the inside of a hollow "Teflon" cylinder, and are

pressed together and held in olace by insertion of ~Teflon ~ retainers

(which act as solution ducts) in notches e (Figure 19).
..*

Laser radJatlon was passed perpendicular to the plane of the

drawing through a palr of optlcat fiats wlth mirror surfaces on the

inside (Optical Coating Laboratories, Santa Rosa, California). The

reflection was about 90 percen’.’* The fiats were I/~i-inch thick and

I I/B-inches in diameter. The seal between the flats and the ~tTeflontt

cylinder was effected by cc~npresslon rings (Figure IB). The mirrored

fiats were held in place by axial p’essure exerted by screws in a cyIin-

drlcaI brass frame of expandable thickness into which the whole cell

assembly flts. The wedge was produced by tightening the top or the

bottom screw more than the two other screws. Thls creates enough pressure

on the relatively soft "Teflon" to produce the desired wedge effect.***

tCourtesy of Lawrence Radiation Laborstoryj Berkeley, CaIifornla.

*,’,’,odal 130, Spectra-Physlcs, /.~oantaln View, California. This continuous-
wave gas laser has a rated output power of O.7~ milliwatt (hemispherical).
A telescope expanded the beam from a diameter of 1.2 mm fo any desired
diameter up to 60 mm. ~ - 6)28 A.

**This reflectivlty was specified by the manufacturer f~r the air-glass
interface. It is different for the solutlon-glass interface.

***Note that due to the wedge angle the distance between the optical
flats thus varied in the vertical direction, while Figure I7 shows a
variation ;n the horizontal direction. In other words, the apex of
the wedge was porpendlcular to the membrane surfaces.
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FIGURE 19. MEMBRANE HOLDER FOR CELL

a. Anion-exchange membrane
b. Carton-exchange membrane
C. Ag/AgCI electrode
d. Electrode lead
eo Notch for retainer located on entry

and exit channels (see Figure 18)
f. Membrane tightening hole
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The wedge angle was adjusted until the fringes were about l mm apart;

concentration changes can be calculated frccn the fringe shifts, provided

the relation between refractive Index end concentration ls known(~1)

This relation is almost exactly linear.

III.B.~ Procedure and Results

The laser, cell, and camera were mounted In line with suitable clamps

(an optical bel~cW dlo not prove essential for this purpose, but It is

usefut) end movies taken of the development of the fringe pattern as 

function of flee, current density, nature of the solutionsp end solution

flow rate in the channel between the membranes. The anion and cation-

exchange membranes were A-101 and C-IO3 respectively (American Machine

and Foundry Ccmpany, Sprlngdale, Connecticut). All experiments were

carried out at 27 ± I°C. Originally a simpler cell was used which

provided large recesses from the maln channel near the membrane surfaces.

vlhile thls cell had the advantage of very simple design, the hydraulic

conditions are complex; therefore, we used the cell shown in Figure 18 in

later experiments.

Current was drawn from a galvanoststlcally controlled power s~Jrce

(Model C67A, Electronic Measurements Corporation, Eatonfown, New Jersey);

voltage and current were continuously 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 quasl-sfationary* state respectively (i.e.) about one minute after

the current was switched on) under conditions of natural convection. The

’details of the experimental results are embodied In the movies’and are

briefly summarized as follows=

(I) The time for the establishment of a quasi-stationery state

ls of the order of 20 seconds for the conditions shown in

* The term "quasi-stationary" !s used here to indicate that in the
absence of flow, no stat|onary state can be reached. There is a rapid
change of the concentration profiles when the current is switched ons
followed by a state of slow change. The beginning of thls latter

. state is termed ~tquesJ-statlonary."



(a)

(b)

~IGURE 20. LASER INTERFEROGRAMS OF MICROELECTRODIALYSIS CELL

Interference lines show concentration distribution before (a)
and during passage of current (b). So]ution 0.03 N KCl. Vertica]
shadows are anion exchange membrane (left) and cation exchange membrane
(right). Positive current, 10 milliamp "2 fr o~ le ft to rig ht in (b)
Natural convection. Distance between membranes 0.3 cm.



Figure 20. This is of the same order as calculated for

similar cond~tions(5)o

(2) The thickness of the natural-convection diffusion layer

varies somewhat wi~h pos;fion; for the conditions sfudled

here, values of 0.02 - 0.05 c~l were found.

(3) As expected from the theory, the relaxation f;me after

swltch-off of the current is roughly the same as the time

necessary for the establishment of the diffusion layer.

This is of importance for ~he evaluaHon of pulsing

methods in electrodialysis,

Some experiments were carried out under flow condlticns. The

results are not amenable fo quanfifative in~erpretation because various

sources of error including leakage of solution between membrane and

glass fla~ tend fo obscure the concentration changes in the boundary

layer, It was concluded that the method is po~en~iatly very valuable,

but requires the development of more sophisficated cells. These are

now being developed.



lll°C. .~icroelectrode Develosment

MIcroulectrodes are Important for the Iouel probing of pofentlal

differences across membranes and for the determination of Ion concentra-

tions. In thls research, mlcroulectrodes for the first purpose were

prepared and used. In eddition, development was carried out for micro

pH electrodes sulteble for the mapping of local pH changes. The

electrodes prepared in thls research have diameters of the order of

O.I cm. This is much larger than sc~s of the mlcroelectrodes used in

blologlcal and medical appIIcatlons, hut the purpose of the electrodes and

the condltions of use are quite different. The recent development of

several types of very small mlcroelectrodes for biophys~ccl studies~33)
I ,

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) ~34’35)’ ’ encourages us to bet ieve, however, that

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

Silver-Silver Chloride Electrodes

These electrodes were first prepared by standard electrolytic and

thermal methods~36J." " It was soon found, however, that ’~hybrid" micro-

electrodes of the Cole-Kishimoto type tl~)" " gave stabler potentials than

the conventional electrodes. The "hybrid t’ electrodes contain platlnized

platinum, silver and silver chloride. It is probable that their specific

surface ls larger than that of the more conventional silver-silver

chloride electrodes and that this accounts for their hlgh stability.

The plating circuit consists of the electrolytic cell, a I00,000 ohm

potentlC~eter, milli~mmeter, and three volt battery in serles. Twenty-

two gauge silver wire (anode) is plated with AgCI for about eighty

minutes at 0.04 milliampere. The electrolyte is 0.SM KCI end the cathode

a platinum wlre. The silver wire f= c~piefely sheathed In ptestlc

tubing, except for its tlp. After rinsing both electrodes, polarity is

reversed, and they are Immersed/ ~in Kohlrausch solution (H2PtCI 6 with a

small amount of lead acetate)/37/. PIst|nrzing is carried out at 

current of 0.04 ma for 17 minutes. The electrodes are rinsed, polarity

reversed again, and the electrodes returned to the KCI solution, where en

additional amount of AgCI is deposited for one minute at 0.04me.



These electrodes proved to be stable microprobes for electrical

potential sensing |n chloride solutions. Thelr potentlal depended on the

chloride concentration as predicted by the Nernst equation.

These electrodes were used as potentla! probes in most of the

experiments described in Section III.A and proved stable and reliable.

Because of the relatively small amount of ions migrating through the Ton-

e×¢hange membranes under rapid flushing of the cell compartments with

identical solutions, the potenflaf drop between the electrodes and the

solutions in which they ere Immersed was almost equal for each electrode

oa~r. and constant w|th respect to f|me. Asymmetry potentials were

determined outside of the cell and were found to be smaller than other

errors and fluctuations In the potential differences measured under

current flow.

pH-Electrodes

The development of mlcroelectrodes for the detection of pH changes

near the membrane surfaces presented more difficulties, but some

encouraging progress was made with antimony electrodes. If is posslble

to make and/or obtain c~mercially (38) experimental glass electrodes with

cheracter[sftc tlp dimensions of about I mm, and it may be posslble to

develop smaller ones. The impedance of these electrodes is very high,

however, and further scale-down would Invo{ve special instrumentationI

because of the very high impedance one expects also slow response in that

case. ~=/e therefore concentrated our efforts on antimony electrodes.

Large antimony electrodes were in co, man use in anelytioal laboratories

before the large-scale con~erclal availability of sturdy glass electrodes.

V~ile they are not as stable and reliable as glass electrodes, they give

reasonably accurate results if calibrated properly’~36’39J and are in

principle more amenable to miniaturization because of their much lower

impedance. Small antimony electrodes are being used for dental research.*

Several pairs of micro pH-probes were prepared. They consist of

micro-antlmony electrodes and micro KCI-bridges (Luggln capillaries)

leading to calomel electrodes. The outer diameter of either of these

* The author thanks Dr. I. Klelnberg, University of Manitoba, Winnipeg,
Canada. for hls advice and the glft of a dental research electrode.



probes is about one millimeter. They were inserted into the cell end

their potential measured as a function of the cell current, after their

position had been adjusted properly in an equipotential plane. In other

words, the posltion of the electrodes wee adjusted so that they did not

register an IR drop at Iow current densities, l, 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 tltratlon of a universal buffer solution.

It was found that while the microelectrodes performed very well undor 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 assemblies showed promlslng

results within and outside the cell. These assemblies contain two

antimony electrodes and a Luggln capillary mounted flush in epoxy resin.

The area defined by the t;ps of these electrodes lx placed psrallel to

the membrane. One antimony electrode (the "auxiliary electrode") serves

to pass periodically s polarizing current through the other. After this

current is switched off, the potential difference between the second

antimony electrode and the Luggln capillary is allowed to reach a steady

value which was found ,o ~ndlcate the pH in the vicinity of the (second)

antimony electrode. The periodic polarlzatlon-depolarlzatlon thus seems

very useful.

This method was discovered and tested only toward the end of the

contract perlod~ thus only preliminary (and prcmlslng) results were

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



III.D. Membrane Rouqhness ~easuremenfs

Because of the importance of hydrodynamic conditions at the

membrane-solution interface for polarization phenoalena, the surface

roughness of three membranes used in our polarization studies was meas-

ured. It ;s known from other mass transfer studies that surface

roughness can be a significant factor ;n determining the turbulent flow

pattern near the interface. Therefore we wanted to determine the magni-

tude of the roughness for different membranes used in our previous

measurements. These membranes had exhibited different polarization

behavior.

The roughness was measured with a profile metoE Model V t~ofofrece"

(Physicists Research Company, Ann Arbor, Michigan). The membranes were

measured in a wet state, after having been superficially dried wlth a

paper towel. The results are shown in Figure 21.

It ls seen that the membranes vary appreciably in surface roughness.

The roughness of the American Machine & Foundry Company (A.M.F.) membrane

shows no distinct periodlc;ty whereas the Ion;cs membrane does. This

per;odic;ty reflects the mesh of the fabric backing the membrane whose

threads are on the average about I mm apart. The Ionac membrane ;s also

backed by e fabric, but the weave is much tighter; ;t ;s not clear whether

the appreciable surface roughness of thls membrane ;s enfirely due to the

backing material.

With regard to the hydrodynamic aspects of this research, the

surface roughness shown ;n Figure 21 might prove fo be quite significant.

The larger protrusions are of the order of 0.1 mm, which ;s larger than

the boundary layer thickness. Therefore we might expect the membrane

itself to disrupt foa certain extent the development of the boundary

layer and fo promote turbulence.
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FIGURE 21. SURFACE ROUGHNESS HEASUREHENTS OF THREE ION-EXCHANGE HEHB,Z~ANES



Ill.E, Pilo~-Slzo Cel!

"The findings of the laboratory experiments were utilized ;n the

design of a large cell for the study of polarization at single anion-

exchange membranes of size 1,5 foot x 1,5 foot, V~lle this cell was

designed and built during the period of grant I~-01-0001-652, there was

not enough tlme to perform experiments with It during the grant period,

Therefore no more than a brief description ls given here, The experiments

are being continued under s new grant 1~-01-0001-12~o

The large cell was designed for the measurement of current-voltage

curves at different locations of efecfrodlalysis membranes, and in the

presence of different spacers, Current can be measured in eight

sections ~eparetely; provision is also made for the insertion of micro--

electrodes, Redox solutions can be used in the electrode compartments

in order to reduce the voltage drop in them; laboratory experiments in a

small cell ~ndlcated that a sufficiently hi9 h voltage drop reduction ;s

indeed possible,
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!II.F. Radlo-Frequency Measurements

III.F.I Infroductlon

In experiments described In Section III.A.~ we found that for some

ion-exchange membranes the current-voltage curves are almost independent

of the solution flow rate. This Indicates that under the conditions of

these experiments the solution-boundary layer at the membrane-solutlon

interface Is not controlling the rate of mass transfer, and raises the

question of internal polarization phenomena within the membrane, brought

about by heterogeneitles. Moreover, the appearance of linear "slanted

plateau ~t regions observed with some membranes also suggests heterogeneity.

In fact, e similar phenomenon has recently been claimed to exist in mem-

branes into wh!ch macroscopic heterogenelfies were incorporated on

purpose (21).

Therefore we are Interested in quantitative me~hods characterizing

membrane heterogeneity. Electron mlcrographs have been used for a con-

siderable time to study heterogenelfies in ion-exchanger granules042,~3)

and membranes(27’~j’~) and have indeed demonstrated the existence of

heterogeneitles on membrane surfaces, as well as very considerable

d~fferences between different ion-exchange membranes with respect to the

type ~nd characteristic slze of the heferogeneities. The interpretation

of Donnan uptake data in ion-exchange materials also leeds to the con-

clusion that submicroscopic heterogeneities exist in them(25j26,1;5) and

similar conclusions were reached from the detailed evaluation of

diffusion data(j~6).

Vh thought that the measurement of the radio-frequency properties

of ion-exchange membranes should provide a quantitative indication of

membrane heterogenelty~ because it is welE known that e heterogeneous

mixture of conductors shows a dispersion of the dielectric constant and

conductivity (~,%~axwell-~teoner effect tl) which for materiels of the type
(27)of our membranes should be located In the radlo-frequency range ,

and has indeed been found in columns containing ion-exchanger-soluflon

systems which are macroscopically heterogeneous in that range(~8) end

*For the purpose af this discussion, the "radlo-frequency range" is
taken as about I-I00 megacycle sec"I.



quentltetlvely interpreted as e consequence of their heterogeneity. If

this interpretetion ls correot~ one should oxDoct o similar dlspers~on

in the radio-frequency range due to microscopic and, perh~ps~ submicro-

scopic heterogeneities, V~iie it is not always possib~e to determine the

characteristic dimension of the hetorogeneities from such measurements,*

the detection of such dispersions is of relevance to membrane performance,

since the dispersion in this range attests to the deviation of the mem-

brane frcm the single-phase (Itchemlcally homogeneous") model(~9) on which

the most common membrane concepts and oquatlons are based.

~ have indeed found such dispersions with six membranes end will

describe our results in the following. Since the technique of measurement

is not a simple ome~ however, much of the work during fhis grant period

consisted of the development of the methods of measurement. The results

should be considered preliminary, and no quantltative 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, hoeever, that the appearance of the d[eperslon in the

radlo-frequency range in all six cases is noteworthy; and iP is for this

reason that the present stage of the method development and the prelimin-

ary results are reported here. If these are borne out by future work,

these findings would open the way to a non-destructlve method for

characterizing membrane heterogeneltles by the frequency dispersion

characteristics of the membranes.

lll.P.2 Principle

The use of radlO-frequency measurements for the determination of

membrane heterogeneity will be illustrated by the simple example of a

"helf-sandwich ~ membrane~ consisting of two different layers, I and 2,

respectlvely in series, each of which her different transport coefficients.

If the resistances and capacitances of these layers are designated by

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

*For instance, the evaluation of the dispersion observed for ion-exchange
resln-solution systems [described in reference (~8)] ls independent 
the particle slze of the rssln. Even submlaroscopic heterogeneltlesj
such as double layers of colloids, can indeed give rlse to dispersions
in this frequency range.
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resistances, Re, and capacitances, Ca, as measured with a Schering bridge

(or any similar instrument) are strongly dependent on the frequency.

Elementary network theory leeds to the following expressions=

(D + F)21
Ra - (c’ . E) *=~ (c’.E>2J (63)

(o + F)2]cs - (D+F)/ +~(C’*E)2J (6/~)

where (u - 2.f (65)

", R2

I +u)2F( +w ~2c2
(66)

R~C~ Rp2C2
b -: ’ 22 2 ~ F ’=- - 2_2_2 (67)

1+¢.~ RICI I~u H2L:2

Even without going into e detailed discussion of these formulae,*

one can easily calculate in what approximate frequency range the disper-

sion may be expected= It is readily seen froth the formulae that maximum

changes of Ca and Ra occur when =2C2R2 (,~’2C2/K2, where K is the layer

conductance) becc~,es unity. Now the raflo C/K is equr=i to

C/K - 0,0885 x IO"12 ~/K (68)

where ¢ is the dielectric constant and ~ the conductivity (ohm"1 cm-I)

Of the respective layer. Taking values of ¢=38, K-2 x’lO "3 mho cm"I as

Some discussion msy be found in references LL? and 50.
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’ 2C2R2rough estimates, we obtain for the frequency, f ~ at which becomes

un;ty..

’

(

1 "I ~xlO~ "If’ . =_ . / (C/K)-I . I O.0885xlO-12x . cycle sac
2~ 2~ 6.2~ 2xlO-3J

Depending on the exact values of the capacitances and conductances of the

different layer rog;ons of the membrane, the frequency characterisHc of

the dispersion can vary accordingly. If element 1 is prlmar;ly a capaci-

tance (very large RI) and element 2 primarily a conductance (very small 

and ;f the thickness of layer i is one order of magnitude less than that

of layer 2, one would expect the dispersion to r<:cur roughly at 10 mega-
-I

cycle sec At any rate this rough calculation shows that dlspersions

in the radlo-frequency range should be quantitative indicators of

membrane heterogeneity. This conclusion is in r;ne with previous radio-

frequency work on systems oontaining electrolyte solutions and granular

ion-exchange resins L~8),’ 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 complex impedance of a

stack of IO membranes separated by thin solution layers of well-deflned

thickness (O.0625"), followed by the measurement of a stack of 5 membranes.*

The solution layers were introduced because it ;s possible to obtain well

reproducible membrane-sofution contact, while irreproduc|ble contact

resistances are liable to develup ;f one just places one wet membrane on

fop of the other between a ~air of electrodes. It is necessary to have

a number of membrane thicknesses in series, because the conductance of a

single membrane of reasonably representative area is generally too high

for the range of available instrumental|on. By measuring the impedance

at two different sample ~hlcknesses ;n this manner, one can correct for

the impedance of the transmission llne which is considerable (especially

*In the first stack there are 9 solution layers between the membranes,
ane between the bottom membrane and bofto~ electrode, and a double solu-

electrodetlon layer between top membrane and top . (altogether 12 solution
spaces, i.e. 0.750" = 1.905 cm solution th=ckness)o In the second stack
there sre ~ solution layers between the 5 membranes, and one each
between the electrodes and adjacent membrane. Hence both membrane and
solution total thickness are halved In the second stack.
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at the higher frequencies) and is I~ft wlth the impedance of a series

combination of membrane and solution.

The impedance of the solution alone is then computed from measure-

ments of the solution impedance at two electrode dlstaoces, and

subtracted from the impedance of the whole stack, thus leaving only the

complex membrane impedance from which the dielectric constant end

conductivity can be calculated.

IIl.F.~ Apparatus

The impedances were measured with an ~RX Meter" Type 250 (Boonton

Radio Carp., Boontons New Jersey) the cell being mo~mted directly on top

of tho chass(s. The cell is shown in Figure ~2 and the principle of

measurement at two different electrode distances in Figure 23. Note

that the-length of the transmission line )s the same in both positlons

and the geometry of the line is similar. The two electrode distances

are I inch and 0. 5 inch respectively.

The Gall material was "Plexiglas" in our first experiments, but when

unduly hlgh dlsslpatlon was found above 50 megacycle sec "1, it was

replaced by "Teflon tl which indeed has lower dlsslpatlon in fhis range.

The experlments were performed In a constant-temperature room (18"C).

The liquids used were O.OOIN and O.OIN aqueous NaCI solutlons and did-

tilled water, and the membranes Ionlcs III BZL 183 (anlon-exchange) and

CR-61 (catlon-exchange). Only the measurements with Ionics III BZL 183

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

Following.

.III.F.~ Evaluation and Results

a° Calculation of sample impedance. To calculate the impedance of

the stack containing t0 membranes (total thickness 0.25 inch) and

associated solution layers (total thickness 0.75 inch), it was f~rsf

necessary to eliminate the transmission line impedance by calcutation.

The impedances were interpreted in terms of clrcufts of the type shown

in Figure 2~ (at and (c). These networks consist simply of 

impedances in series, shunted by a parallel capacitor, Cf (~ farad).

One of the series impedances, Ztr (ohm), represents the transmission

line, the other, composed of a resistance and a capacitance in parallel

rRs, C and R /~, 2C in ~igure 2L= (at and (c), ’respectively, represonts
a s
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(a) (b)

F~ Rp

[1 ,,
ct
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Rp~(Cp - CO g.’:((.~" - C,) ]* 
+ R~,~,(c, - c,), t +-~;-’-’~’~-’: ~o’J "" + ~,,~,(c, - c,):)(l + R;:,~,(c; - c,),)p,o’

[Rp(t + R~3"~’~(Cp’ -- C,)2) -- Rp’(l + IfpT~t(Cp -- C,)=)](I -- +

[Rp(l + Rp’=(~(Cp’ -- C~)=) -- Rp’(l + Rp=~*’(C= - C,)=)]l

[(I + R~:,~(C’~ - Cd’-)(l Ro’:,~(C~’ -- C0=)I(/-- I) - (

F
(1 + R~,~(Cp -- C,):)(I R,,’~(CD" --COq(I -- 1) 1 "

(;’° = Le,~’~.O T-~’~,:;-:-- C-,I;) --/~;(] + ~’,~’(C. -- C,)’)II -- k-~,’~] (70)

FIGURE 2~. EQUIVALENT CIRCUITS FOR CELL AND TRANStMSSION LINE(148)

Networks (a)and (c)describe l ine impedance, , str ay cap acitance, Ct,

and |mpedsnce oF material in cell, represented by e resistor, Rs, and

capac|tor, Cs, in parallel. Electrode distances in measurements
represented by networks (a) and (c), respectively, are in ratio .~. np, 

meter pressnts results in farms of (b) and (d), respectlvely.



the sample, Ct represents the stray capacitance of the transmlsslon line

and the electrodes, I.e., the capacitance measured when there Is no sample

between the electrodes, if was found to be 9.00 and 2.75 ~f for the

eplexiglsss" and "Teflon" cells respectively, almost independent of the

frequency, In our experiments t=2.

Equating the expressions for the impedances of circuits (a) and (c)

obtained from elementary network analysls (50) to those of (b) end (d),

respectlvely, one obtains two equations cf complex variables from which

the line impedance, Ztr , can be eliminated. The real end lmaglnery parts

of the resulting single equation then lead to Equations 69 and 70 for the

true resistance (~nms) and capacftance (~f) of the semple of I 

length, respectively, st frequency f (sec’l)(~8,51).
f I

Equaf~ons(~md 70 contain Rp, Cp, Rp, end Cp which ere read directly

from the "RX Meter, n the stray capacitance, Ct, determined previously

when the sample is not ~n the clrculf, and the angular frequency = ¯ 2wf

at which the measurement is carried out.

A computer program was written and used for rapid evaluation of the

stack resistance, Re, and capacitance, Cs, by Equations (69) and (70)

respectively. The same equations were used to determine resistance, Rw,

and capacitance, Cw, respectively of e I Inch deep layer o~ Iiquld alone,

The resistance, Rm, and capacitance, Cm, of the membranes alone was then

calculated by subtractin 9 vectorlally the impedance of the liquid column

of height 0.75 ~nch from the total impedance of the stack.* This is an

elementary operation (50) which yields the following result:

2l
Rm "

ss " 2 2 2 I+ "~ 9.

" 2 2 2

(72)

*The exact height was 0,752 inch. The lector 0.752 is designated Dv in
Equations (71) and (72),
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The specific conductance, Km (ohm"1 om-l~ and the dielectric

constant, Sm, of the me~brene ere then celculafed from Equations (73)

and (7~):

!
L¯ -- (73)Km AR

!

Cm
11,3 L C

= A (74)

I
where L is the combined thickness of I0 membranes, 0.635 am, and A the

cross-sectlonal area of the membranes (1.78 cm2). R is in ohm and C 

pp farad. The results are shown in Figures 25 to 27. The apparent

dielectric constants and conducfivities were computed from equations

71-7~ with further correction for edge effects, measured }n blank experi-

ments wlth spacers and membrane rings enly. These corrections (which

were not done in the first experlmen~s)are sufficiently large to affect

the results appreciably,

If is seen that the computed dielectric constants and conducti~Itles
-I

show dispersions in the range I - 20 megacycle sec It should be

noted, that at these relativety low radio-frequenc}es the series Impedance

of the water layers separating the membranes is still relatively large.

Therefore the results represent relatively small differences between large

numbers. Thls explains the scatter of the points. In spite of thls

scatter, these preliminary results focus attention on the range I - 20
-I

megacycle see for dispersions charac~erisflc of the membrane, Thls

range is roughly the same as found for aqueous polyelectrolyte

solutions 152;~ it would therefore be of considerable interest to examine
J ,

the possible application to the membranes of some of the concepts developed

for these solutions.

If Is of interest that in all cases the conductivifies of the

membranes at low frequencies were found to be extremely low. It is hard

to Bssess the reliability of these figures at this stage, because

literature values of membrane eonductivities usually refer to membranes

equilibrated wlth soluflons. It remains to be seen whether a steep

decrease of conductivity in membranes wlth decreasing solution concen-

tretlons occurs in very dilute solutions, or if thls feature of the
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curves is due to the relatively high imeedence of the water layers

separating the membranes and consequent in~ccuracy of the results ~n the

range as ment~or~ed above. LA large decrease of the countermen self-

diffusion coefflclent in this concenfratlon range has been reported(5~).]

At any rate the results point to the desirability of cont[nulng these

measurements with a redesigned eel[ incorporating considerably thinner

water layers between the membranes.
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IV. REVERSE OSl~OSIS

IV.I Introduction

The purpose of this study is the observation of electrical potential

differences across membranes during the process of reverse osmosis, and

In particular, their correlation with the mechanism of the reverse

osmosis process, the operat}ng variables, and, eventually, the nature of

the membrane and the change of its performance with time.

Electrical potential differences had been observed previously in

reverse osmosis exper=ments" with ton-exchange membranes(5~) where the

mechanism can be readily explained by the flxed-charge nature of these

materials. It was found, however, that potential differences develop

even across seemingly neutral mod;fird cellulose acetate membranes~ and

that these potential differences depend on the eppl;ed pressure and the

brine circulation rata. The ufllizatlon of th;s phen~enon for quantita-

tive monitoring of concentrat;on polarization seems therefore reasonable.

Work during this grant period const;tutes the beginning of th;s

kind of investigafion. In the first preliminary stage, we constructed a

simple reverse osmosis test rig, utilizing a tubular modified cellulose

acetate membrane, through which dilute sodium chloride solut;ons were re-

circulated from s tank at atmospheric pressure. The circulating solutions

were pressur;zed up to 800 psi end the potential differences measured

between a central, rod-shaped silver-silver chloride electrode (electr;cally

insulated from the rest of the rig) and the membrane support tube on the

low-pressure side whose inner surface was effectively converted into a

silver-silver chief;de electrode. After potential changes with pressure

and c~rculaflon rate were measured, ~he second stage of this research was

begun, namely the design and construction of a test rig for higher

pressures (up to 1200 ps;) and continuous circulation under high pressure

(rather than from atmospher;c to h;gh pressure) at considerably higher

rates (up to I~ gel/hr), enabling us to work beyond the lam;nar flow

regime, All experiments during the grant period were performed with the

first rigj the second rig was designed and built, and experimen*: ~!th it

are being carried out under a new grant (1~-01-0001-12~).
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IV.2 Layout of Apparatus

Cyllndrlcal membrane% developed by Loeb and co-workers, similar to

those used at the hyperfil~ratlon pllof plant at Coallnga, Cellfornla,

were used(~5"57). This ge~t,etry was chosen not only for practical reasons,

but also because in this case one con be reasonably sure whet the high

pressure saline water velocity profiles I o ok llke in both laminar and

turbulent flow in the test cell. The dlfficulty with this geometry is

the design of suitable electrodes. Membrane sealing presents no

formidable problems.

As a first step, it was decided to use a concentric tubular assembly

with e central red electrode (Figures 28-29). The outer tube, which has

the membrane mounted in it, served as the low-pressure electrode. The

hlgh-pressure saline water flowed I ongltudlnally through the annulus,

and the desalinized product water flowed through the membrane and then

through porous nylon backlng material between the membrane and tube.

Water left the test se~tlon through a 1/16-1n~h dlemeter hole drilled

through the tube wall. A copper ~Ipple (I/b-lnch OD) fitted around this

hole conducted the hyperfiltrafe into a graduate cylinder. Both

electrodes were electroly~ically coated with fine sliver and then

partially c(~verted to silver chloride. The membrane was then mounted in

the outer tube offer cctnpletlon of the chlorldizlng step. The result is

a system In whlch two identical (sliver-sliver chloride) electrodes are

placed ~ ,;ther side of the membrane. A short copper nipple soldered to

the copper tube serves as electrical connection to the low-pressure

electrode.

The electrodes were Isolated from each other by replaclng certain of

the customary metal construction materiels by plastic. A 316 stainless

steel end manifold was built to support both electrodes. One end of the

outer tube was connected to thls manifold by a plastlc copy of e Farker

Triple Lok FSBX 37° flare tube adapter fitting (Parker-Hannlfln Corp.,

Cleveland, Ohio), made from gloss-filled aOelrlna (E. I. du Pont Company,

Wilmington, Delaware). Sal|ne feedwater entered the end manifold

through this fltting. The high-pressure sellno feedwater exited the

manifold from the bottom while the inner electrode was mounted on the



FIGURE 28, TEST SECTION FOR HEASURING ELECTRIC POTENTIALS DUKING REVERSE OSHOSIS.



COPPER

POROUS SILVER,

SILVER CHLORIDE

SILVER ROD

CO
~O

NYLON PARCH~

CELLULOSE
MEMBRANE

=ER TUBING

ACETATE

FIGURE L~. PROFILE OF REVERSE OSHOSIS TEST SECTION



manifold on the s~de 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 electrod~ was epoxled into a I/8-1nch NPT

plastic plug which flfs into the plastic end cap that bolts onto the end

manifold. 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-Hannlfin CorP. , Cleveland, Ohio) fitted to the other

end of the tube, The electrodes were therefore isolated not only frc~

each other but from the rest of the system as well, since they contscf

no other metallic parts.

The voltage across the membrane was measured by connecting a high

impedance voltmeter (Keithley 610B Elect~oneter, Keithley Instruments, Inc.,

Cleveland, Ohio) across the electrodes and observing how this voltage

increases with pressure.

The fl~ scheme is shown in Figure 30. An entrance ~ecflon preceded

the test sectiOn. Made of 316 stainless steel tubing, this section

served to reduce the effects of a sudden fluid flow transition frOa

~/8-1nch ID to the O.93=inch ID of the test section and to eltmlnate

entrance effects for later mess transfer studies.

To minimize saline solution contact with metal, plastic fittings

were used in the pressure section of the apparatus. A ~5-gallon poly-

ethylene tank was used to store saline feed solution, end most of the

low-pressure flow lines were flexible "Tygon" tubing. Where threaded

pipe end greater strength was required, I/2-[nch schedule 80 UPVC pipe

(polyvlnylchloride) was used. The "Tygon" tubing permitted observation

of the condition of both sallne feedwater flowing to the pump ;nlet end

the saline eff[uent returning to the feed tank after going through the

pressure-reducing valve.

The hlgh-pressure lines, not Including the entrance end test sections,

were of either 3/~.inch schedule 80 pipe or I/2-1nch OO, O.03~-[nch wall

thickness tubing. The inner diameters were O.].123-lnch and 0.~30-1nch

respectively, and both can be used for pressures below2000 pslg. Lines

and fittings were msde of316 stainless steel. The pipe was used where

there ere relatively few modlflcstlons expected for the future. The

tubing was used where modifications, such’as length changes In the test
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section, will be f.requent, and also where maintenance operations mlght

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

There were two lengths of flexible hose, one 3 feet long and the

other 2 feet long. This hose (Synflex 102 No. 3000-O8~ Samuel Moore Co.,

Mantas, Ohio) has an inner diameter of 0.375 inch and is lined 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 entrance and test sections.

The high-pressure fittings were all of 31~ stainless steel, except

for the plastic tube fittings. The pipe fittings were of the schedule 80

type or ¢f the schedule 20 type specially ~ested to 3000 psig internal

pressure. Parker Triple Lok 37° flare tube fittings were used in making

varicus types of tubing connections. The flare tube fittings were

readily available and can be used at high liquid pressures. As w~th the

3/a-inch pipe, the plpe fittings are used where there is relatlvely little

possibility of future piping changes or where structural strength is

needed.

Two methods of sealing plpe threads were tried. It was found that

te~lon tape gave better sealing results ~han the Bakers eel Product

No. 899"-21 Sealing and Lubricating Compound (Baker Oil Tools~ Inc.,

Los Angeles, Cellforn’a). This Is particularly so when large diameterpipe . fhreads~ as found in the accumulator, had to be sealed against hlgh~.

pressure liquid leaks. So far, tests up to I000 psig have created no

leakage problems.

All the valves are made of either plastic or 316 stalnless:steel.

The high pressure valves are globe pattern needle-type valves [PY 271K

(I/~-inch) and PY 273K (~/2-1nch), Hake, Inc., Cressk;ll, New Jersey].

They are used for pressure reducing, system filling, and flushing service.

These valves use KeI-F stems to prevent galling of the valve seat. The

low-pressure valves are of four types= (a) needle angle pattern [~070, /

I/2-1nch needle-type splgotj Cole-Parmer Instrument & Equipment Company, ’
!

Chicago, Iflinols]~ (b) diaphragm [Model 500A diaphragm-type valve,

Hi lis-McCanna Company, Chicago, I llln.ois]~ (c) gate [I/2-inch threaded ~"

UPVC gate va/ve, Tube Turns Plastics, Inc., Louisville, KentucEy]l an’d

(d) three-way elliptic [Cole-Parmer #Cq472~ three-way elliptic valve]..’

The gate valve served as a feed shutoff to the entire system, while ~he
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diaphragm valves served as system end feed tank drain valves. The needle

valves (one on either side of the ion-exchange column) and the three-way

elliptic valve served as sampling valves for ~he feed end effluent streams

of the test section respectively.

The Ion-exchange column in the tow-pressure feed line to the pump

suction Inlet served to remove traces of corrosion products and other

ionic impurities. If was constructed from clear nPfexlgless" end used

Amberlite MB-~ (Rohm & Haas Company, Philadelphia, Pennsylvania) mixed-

bed resin equilibrated with sodium chloride and washed prior to the

reverse osmosis experiments. The column used d~strlbutor plates which

were sealed by I/8-1nch thick soft rubber gaskets to prevent liquid

leakage. One of the plastic needle-type sampling vslws was also used as

an air purge valve when the Ion--xchange column was being filled with

liqu!d. The resin rested on e mat of glass wool, and the woo~ was

supported on e I-inch bed of 5 mm glass beads. An expanded plastic mesh

screen prevented the glass beads from flowing cut of the column and

being sucked Into the pump inlet.

As added protecfic~ against particulate matter flowing into the pump

inlet, ¯ smaTI IM-I filter unit (Cuno Engineering Corporation, Merlden,

Corlnectlcut) with ¯ clear plastic housing was used, A cellulose cartridge

filtered particles of greater than 5 microns in diameter,

To smooth out pressure surges due to the piston action of the pump,

a heavy 2-1/2 gallon bladder-type accumulator (Greet Hydraulics, Inc,,

Los Angeles, CalifoPnl8), specially modified for seawater, was used,

The accumulator uses a cushion of nitrogen, supplied from an external

source, to absorb the energy of thepressure fluctuations, High-pressure

saline solution flowed directly into the accumulator, which was mounted

vertically, and a tee, mounted directly 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 internal pressure~ s B,So&B. (81ackj Slvelfs, & Bryson,

Inc., Kansas City, MiSsouri) union-type safety head was employed as shOWn

In Figure 30° in case the disc should rupture, thehlgh pressure saline

wafer is discharged, by means of a copper tube, to an area outside the

laboratory and away from operating personnel end instruments.



An air-operated pump (Model $216CS-3~SS Sprague Engineering Corp.,

Gardens, California) was used to pressurize the saline solution. The

maximum pump pressure was ~00 pelg at I00 pslg operating air pressure.

Operating air was supplied by a compressor in the laboratory. The

$pregue pump is capable of providing liquid flowrstes suitable for laminar-

flow mess-transfer studies at high pressures. This pump Is small and can

be moved aroiJnd if necessary. When the high pressure circulation pump was

installed in the second stage of the lnvestigat!on, the $prague pump

served as a make-up pump in order to maintain s constant saline fsedwafer

concentration to the membrane test section.

The test and entrance sections were attached to s rack mounted on a

12-foot long table, constructed from slotted steel members (Acme Steel

Company, Chicago, Illinois)~

A tower assembly, whlchwesnot directly connected to the table

which mounts the test end entrance sections, was built in order to

elevate the feed tank and also to mount the pump, mixed-bed ion-exchange

column, filter, and the accumulator. The feed tank had to be mounted

about ten feet above the pump inlet in order to provide enough intake

pressure for satisfactory performance of the pump piston pack|ngs. In

addition to elevating the feed tank, the observation deck of the tower

. was built to accommodate two or three observers. 1’he Sprague pump was

bolted to the lower table in the tower, and ¯ hole was cut In the upper

table in the tower to accommodate mounting the accumulator. The obser-

vetlom deck was 8 feet and the feed tank deck 9 feet above the floor,

During the operet;onof the system, care was taken to purge sir from

the liquid flow lines, To accomplish this, ¯ I/8-1nch NPT hole was

drilled into the top ~ection of the end manifold. The I/8-;nch NPT plug

fitting into this hole was tightened only when water began to leak out

when the system was being filled with saline solution. In addition, the

pressure-roduclng valve was brought to the wide open position, end the

Spregue pump was operated to expel any air left in the lines. The

expelled air was vented from the system effluent return line to the feed

tank vie the wide open pressure-reducing valve.



ly.~ Membranes

The membrenes were cellulose acefe,e of the type developed by

Or. $. Loeb and co-workers at the Unlvers;ty of California, Los Angeles.

These membranes are cylindrical and are becked by a ,hln layer of porous

nylon parchmen, inser,ed in a I-inch OD support tube which has hyperfil-

,ra,e sampling outlet tubes soldered ,o It. CIn our experiments, the

Inside of the tube was treated to be effectively a Ag/AgCI electrode.

See sectlos "Electrodes. n] We wish to thank Dr. Loeb and his collabora-

tors for ,be supply of the membranes and for ,he helpful advice end

guidance he has given us on their preparation, use, and propertles. The

cellulose acetate membrane was used es ¯ specific example of particular

in,er’esf, but I, is kn~n that other types of reverse osmosis membranes

also exhibit streaming potentials~54).
I /,

The method for membrane preparation is described In considerable

detail in ,he literature(55-57). Briefly, the membrane tube is cast from

a mixture of cellulose acetate, formamlde, and acetone in the proportions

25=301~5 weight percent respectively. The casting operation takes place

at room temperature, and the membrane tube ls subsequently Immersed In

ice water for approximately one hour. The membranes, in the has cast"

form have an average thickness of 0.0197 cm and an outer diameter of

2.29 cm, while the inner diameter of the I-inch OD herd-drawn copper tube

Is 2.36 om. The silver coating on the Inside diameter of the copper tube

is epproxims,ely 0.005 cm thick. The membrane Is wrapped up ,o the flared

ends of the tube with three layers of porous nylon parchment (French

Fabrics No. 627T) to provide s low resistance path for the product water

coming through the membrane. The wrapped membrane is then fitted Into

the treated copper tube. A rubber ring gasket is used to provide end

seals between the flared tube ends end the flared tube fittings. The

entire assembly is then heated to ~I’C by passing 13 liters of hot water

through the tube during I0 minutes e, ¯ gauge pressure of 0.~0 ,o 0.~5

aim. After the heating ls completed, water at ambient temperature is

passed through the tubular assembly at 0.6 to 0.8 aim unftl the assembly

is cool. The tubular membrane assembly is then ready for use.

The tubes with the membranes were always kept filled wl,h delonlzed

water and closed to prevent membrane deterioration by drying.



JV.~ Electrodes

In the experiments reported here, the potential difference was

measured between a cylindrical electrode placed at the axis of the hyper-

f|ltrafion tube (nhigh-pressure electrode e) end the outside pipe which

held the membrane (nlow-pressure electroden), it was deemed important

that both electrodes be reversible to chloride ion. Hence both were

suitably treated, so as to convert their surfaces Into large sllver-s~’lvsr

chloride electrodes,

The potential measurements were carried ~Jt with a short reverse

osmosis tube (length 6 inches) which had only one hyperflltra~e outlet

tube, The plating methods described in this section are suitable for

longer tubes also,

The sIIver-platlng solution used in preparing the electrodes was

potassium silver cyanide solution [;00 grams of KAg(CN)2 crystals dis-

solved in one liter of d~stliled water~. The anodes were of fine silver

(99.9+ percent) ;n the form of I/L-inch diameter rods for plating the

inside of the copper tubes, and four I/8-1nch diameter rods spaced at

the corners of a rectangle for plating the exterior of the inner electrode

of the membrane test sectionwhlch was also e I/8-inch diameter silver rod,

The current was kept constant by using a Modal ~100 Research Pbtentlal

Controller (Magma Corporation, Santa Fe Springs, California) operating 

galvanostet.

To plate the inside of the copper tube~ its lower end was closed

wlfh e plastic Flug that resembles one end of e I-inch 26= flare tube

union, This plug had a I/2-1nch diameter hole dr}lied 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~smade by a stiff copper wire, one end of which bore

against the rotating metal shaft, In this operation, the copper tube was

the cathode end a voltmeter was connected parallel with the plating cell,

Cell voltages werekepf below one volt, Plating solution completely filled

the cell, including the flared ends, The current density was about

0.8 me/cm2 (based on tube IO) at about 0,1 to 0°~ volts across the

plating cell, part of which*as 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 thlck a silver coat as dons the rest of the



tube wall; therefore, a second plating step was added= We immersed the

inner electrode oaly I/L-Inch to I/2-1nch in the plating cell solution,

making sure that the soluflo~ cumpletely filled the cell end covered the

flared onds~ and continued silver plating at about 30 ma with the inner

electrode rotating. The plating operation was periodlcally stopped and

the plastic end flft;ng inserted Into the opposite end of the tube so

that the other flared end could be plated. For the 6-1rich tubes, 5 to 6

grams of silver were plated on the inside diameter in order to insure a

thick coating fh~twould not permit the exposure of copper to the chlorl-

dlzlng solution. After the plating was completed, the inside diameter of

the tube was soaked in concentrated ammonium hydroxide from 6 to 12 hours.

If copper was exposed through the sliver coating, this was detected by

the blue color appearing in the ammonia solution. (In that case the

electrode was cleaned and replated.) The silver-plated surface was then

soaked for 6 fo 12 hours in delonized water which was frequently changed.

Before silver plating, the surface was sanded wlfh #120-J emery

paper, followed by Croccus cloth. The surface was then rinsed with dilute

nitric acid followed by distilled wafer. The anode was washed with con-

centrated nitric acid, rinsed in distilled waterj sanded with ~120-J

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 chloride,

by making the electrode the anode. IN hydrochloric acid soluflon was

used and a different fine silver rod served as the rotating cathode.

Currents of about 30 ma were used at from 0.6 to 0.9 volts across the

cell. Hydrogen bubbles formed on the cathode and only a few, if any,

bubbles formed on the surface being chloridized. About twenty to thirty

percent of the silver layer was converted to silver chloride and the

flared ends of the tubes were also Included in the chiorldizln 9 operation.

After the chlorldizing operation was completed, the electrode was soaked

in distilled water for about one hour. Both electrodes were stored in

distilled water until they were ready to be used.
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IVt~ Results and Discussion

Sy=te~eflc measurements of the potenfZal difference between the

electrodes as s function of pressure end circulation rate were performed.

Hyporfiltration rates end product concentration were determined at the

same time.

The experiments were performed In two tlme-sequences; vlz. (e) four

series In which the cirouletlon rate was kept constant and the pressure

varied In steps after the observed voltage reached a constant value and

(b) fc~Jr series in whrch the pressure was kept constant and the crrcula-

tlon rate varled systematically after attainment of steady state.

C~parlson of the results showed fairly good reproduclblllty of the

change of streaming potential with both parameter3; the i-eproduclblllty

of the absolute values of the potentials was only felt; this is due to

asymmetry potentials which are not of major significance for the

evaluation of the results.

Figure 31 shows the measured potentials In the constant-circulation

series as s function of the pressure~ these are raw data, as recorded.

The low pressure side was always positive. Figures 32 and ~3 sho~ the

data for both the constsnt-clrculetlon and constant-pressure series

respectively after correction for the influence of chloride concentra-

tion on the potentials of the sliver-silver chloride electrodesl*

" <o’/o")

This correction was done using the data for product concentration,
a !

c, shown In Figures ~ and 35. The feed concentration s c , was always

O.OOalN. The hyperfilfrstion rates are shown in Figure ~6. They were

i=

I n ¯ ¯(E -E ), volt, is the potential difference due to the difference 
the concentrations cI end on (mole ¢m-3) on the hlgh and low pressure
side respectively. R Is:the gas constant [8.~17 watt sec mole"1

(’K)’I~, T the temperature (°K)~ Faradey~s co nstant (~ ,5OO coul eq =)
end ~ the valency of the Ion to which the electrode is responsive
(-I for the chloride-responsive Ag-AgCI electrodes).
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practically identical in the constant-pressure end constant-flow rate
-I*

serles. The results are shown in terms of ¢m eec

if is seen that the streaming potentials increase with the pressure,

at a rate of 8-10 milllvolt/lO0 psi. It will be of cons/derable interest

to observe the variation of the streaming potentials in the exfenslon of

these experiments to gradually increasing salt concentratlons. Such

experiments might shed some light on the exclusion mechanism in the

nnoresn: modified celtul~e acetate is generally assumed to have but few,

if any, fixed charges, For fixed-charge membranes, on the Other hand~ ¯

large reduction of streaming potential (which also implies an eque{

reduction in electroosmotic water transfer) is indicative of media having

,s very low concentration of fixed charges~58’59;. ’’

The streaming potentials also Increase with the circulation rate,

this variation being most pronounced at the lowest Flow rates. It is

planned to investigate the relation of this variation to concentration

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

osmosis and reverse osmosis (56s5%60’61) and the application oi the

theoretical concepts to the calculation of the intrinsic water/salt

permeabillty requirements of any membrane capable of reverse osmosis(~)o

Theoretical work under this grant was performed ~olntly with

Professor O. Kede% Welzmann Instltute of Sclence~ Rehovoth~ Israel.

Since th;s work has already been published ["Thermodynamics of

Hypsrfiltret|on (Reverse Osmosls)~ Criteria for Efficient ~embrsnes~"

Desalination ~, )11 (l~::~)], only the abstract is repeated In Section 

of this report,

*1 -I I 86,~00 2,12 x 10~9al ft "2 day"1’ cm eec ’" 3780 x~9x
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t lgT OF SYMBOLS

This llst contains the symbols for Section III.A.3 only ~Eq. (I)-(69.)].

The few eddlfionsl symbols in other sections ere defined where used,

Subscripts +,., and = refer to K+, Cl" and PSS" respectively. A|}

properties of PSS are calculated per equivalent. Note that the concentra-

t{ons are ]n mole or equivalent per c.~m3, not per liter, Primes end double

primes stand for left and right boundary respectively (Figure 2).

Units are identical or consistent with those suDgested on page ]409

of Trans. Farad. Soc. ~L~ (1958),

Expressiomdefined in equations (24) and (60) resp., amp 2 mo]e

I
C

S m

D~, D , D=

Concentration, mole cm"3 or equivalent cm"3

Concentration of KCl in bulk electrolyte (outside boundary

layer), and at membrane surface, respectivety, mole cm"3

Concentration of Cl" at }eft membrane surface when

supporting electrolyte is present, equiv cm"3

Expression defined in equation (38), volt

Expression defined in equation (34), volt

Diffusion coefficient of low-molecular weight electrolyte

(KCl) in solution, 2 sec"I

Ionic diffusion coefficients of K+, CI" and PSS,

respectivel~ cm2 sec-1

Electric potentfal, volt

Faraday’s constant, 0.96 x 105 coul mole"1

-2 -I
Flux, mole cm sec

2 -1 -IIon mobility, cm ,,,oIt sec



Concentration of K , Cl and PSS respectively in bulk

solution, ~hen supporting electrolyte |s present, equiv cm"3

Gas constant~ 8,32 watt sec mole"1 (°K)’l

2
Membrane resistance (calculated for unit crossection), ohm 

Resistance of solution between probe electFode and boundary

2
layer, In absence of supporting electro]yte, ohm cm

Resistance of solution between probe electrode and membrane

2surface, in presence of supporting eIectro]yte, ohm cm

Resistance of boundary |ayer (calcu]ated for unit cross

2
section, and In absence of supporting electrolyte), ohm cm

Transport number of K+ and CI" respectively In solutlon

Transport number of K+ and CI" respectively in membrane

Absolute temperature, OK

Length coordinate, cm

ionic valency; positive for cations, negative for anions

Boundary layer thickness, cm

Ohmic potential drop across boundary, volt

Junction pOtentia] (~,~oncentration potentla]’) in boundary, volt

Membrane potentlal, volt

EqulvaIent conductance, ohm"I em"2 equlv"I

Chemical potentiaI, watt sec mole"I

Specific resistance, ohm cm
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