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Polyacrylic acid is one of the simplest poly- 
carboxylic acids possible. This polymer may be char
acterized as having the following repeating unit

f -CH2--CH-™")
COOHj x

The carboxyl protons are easily removed by titration 
with a base. This affords a readily available system 
for studies of polyelectrolyte properties.

Numerous examples exist in the literature of 
studies of the binding of sodium ion to polyacrylic 
acid. The first unambiguous demonstration of this 
phenomenon may be found in the work of Wall, et. al. (1) 
In attempting to determine the transport number of 
polyacrylate ions, Wall found a significant fraction 
of the sodium ions present to be associated with the 
polymer. This fraction increased with increasing 
degree of neutralization.

The question immediately arises of the relation
ship of this binding to titration behavior. It is well 
known (2) that the pK value of polyacrylic acid changes 
as it is titrated. The explanation for this is that 
the electrostatic potential of the polyion changes as
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protons are removed. This change is less in the 
presence of added NaCl. (2) In the absence of added 
salt, the high negative charge on the polyion can exert 
^ strong attraction for the small positive charge on 
the sodium ion. Morawetz (3) gives a very good treat
ment of how these ”bound” ions are distributed near 
the polymer chain. The first model treats the polymer 
as a rigid rod with a uniform surface charge, with the 
sodium ions held in this region of high charge density. 
The second model treats the sodium ions as being bound 
at specific sites on the polymer chain. Morawetz 
points out that these two models but partially describe 
the real situation. Ferry and Gill (4) repeated the 
work of Wall using a steady-state technioue of elec
trolysis. Their data supports the idea that some 
sodium ions are bound more tightly than others.

Measurements of the activity coefficient (5) have 
also been used to calculate the fraction of bound 
sodium. In these experiments it is assumed that the 
bound ions are those that do not contribute to the 
colligative properties. These experiments, however, 
offer no explanation for the kinetics or mechanism of 
the binding process.



Atkinson, et. al., (6) attempted to study this
mechanism by the technique of ultrasonic absorption. 
This method has great potential for such use. The 
present obstacle, however, is the difficulty of being 
able to measure a single relaxation time. (6)

Dialysis equilibrium is one method of studying 
counterion binding to polymeric ions. (7) In this 
method the polymer solution of interest is placed on 
one side of a semi-permeable membrane and allowed to 
come to equilibrium with a solution containing no 
macromolecular species. After attainment of equilib
rium, the counterion concentration on one or both side 
is measured by standard analytical methods. The 
difference in cation concentration between the total 
amount measured and the total amount added originally 
is taken to be a measure of the amount of bound ions.
A particularly succinct application of this method was 
the work of Kotliar and Morawetz. (8) These workers 
studied the binding of the cupric ion to polyacrylic 
acid. A search of the literature revealed no study 
of the binding of sodium ion to polyacrylic acid using
this method.
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Diffusion is most simply described as a flow of 
matter occurring to equalize its concentration every
where in a region of space. Fick (9) proposed a basic 
law for diffusion in one dimension more than a century 
ago. This law states:

In other words, the flow of particles J in the direction 
x of a concentration gradient<)C/^x is proportional to 
this gradient then D is defined as the diffusion 
coefficient. Inspection of this equation reveals its 
similarity to a first order kinetic equation. Wall, 
et. al., (10) applied this equation to the diffusion 
of radioactive sodium ions across a fritted glass disc 

the presence of polyacrylic acid. From the lowering 
of the diffusion coefficient, D , in the presence of the 
polymer, they calculated fractions of bound sodium in 
quantitative agreement with the values reported in 
reference (1).

Donnan (11) made the first rigorous thermodynamic 
treatment of membrane processes early in this century.
The basic treatment considers a solution of polymer
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and added electrolyte. This solution is separated by a 
membrane (permeable to all of species except the polymer) 
from a solution containing only the added electrolyte.
At equilibrium, an unequal distribution of small ions 
is present on each side. This is expressed in the 
relationships

(m f_p 2 =  ( Xt/Vj) 2m+ (mjZmp )
and

(m’__)2=( r±/ V̂ ) 2m_ (m_-Zmp )
where mp, m ^  and m^, are the molal concentrations of 
polymer, small salt anions, and small salt cations, 
respectively and )̂ -is the mean activity coefficient, 
the terms m f__, m ’+ , \^are the same properties for the 
solution on the side of the membrane containing no 
polymer, and Z is the charge on the polyion. Vink (12) 
studied the Donnan equilibria of partially neutralized 
polymethacrylic acid in the presence and absence of 
added salt. However, he did not give any numerical 
data or explain his results fully.

Thin-film dialysis (13) is a new and interesting 
form of dialysis, developed by Craig and co-workers.
The advantage of this method is that the time required
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for attainment of equilibrium is much shorter than in 
classical bulk dialysis. The reasons for this are two
fold. First, a relatively large membrane surface area 
is in contact with a solution of very small depth. 
Secondly, the stirring provided is quite vigorous.
Since its inception, the diffusion of numerous biolo
gically important molecules, many polymeric in nature, 
has been studied. The major thrust of these studies 
(13) has been to develop the process as a separation 
technique.

The system which will be chosen for this investi
gation is polyacrylic acid, which will be studied at 
various degrees of neutralization in the absence of salt. 
A model for the membrane equilibria which is probably 
involved for this particular system is shown in Figure 
One. Starting with only the solvent water on the out
side, sodium ions should move across the membrane but 
should carry with them an equal number of hydroxyl ions 
to preserve electrical neutrality. In conjunction, how
ever, some sodium ions should remain bound to the polymer 
as predicted by previous work. In addition, the trans
port of sodium ions as here depicted should also be
reversible.
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The purpose of this investigation, then will be 
to produce evidence to support the model in Figure One 
along with the ancillary conditions of sodium binding 
to the polymer and reversibility of sodium ion transport.

To this end, solutions of polyacrylic acid at 
various degrees of neutralization will first of all be 
dialyzed in bulk to prove the model in Figure One. 
Implicit in this model is the Donnan Theory that an 
unequal distribution of ionic species results when a 
polyelectrolyte solution is dialyzed.

In addition, thin-film dialysis experiments will 
be done on the system. These experiments will be done 
for three varying time periods, fifteen, thirty, and 
forty five minutes. The objective of these experiments 
will be to provide support for the model in Figure One.
An attempt will also be made to interpret the data in 
terms of sodium binding. The time will be varied as 
just stated in order to see if any reversibility of the 
sodium ion transport can be observed.

In addition, a solution of sodium chloride will 
be dialyzed in order to observe the behavior of sodium 
ion across the same membrane in the absence of any 
polymer.



E X P E R I M E N T A L
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A. Materials
Solvent Preparations All water used in this investi
gation was triply distilled water, stored in a poly
ethylene container and protected from atmospheric 
carbon dioxide by a drying tube filled with ascarite. 
Polyacrylic Acid The polyacrylic acid used in this work 
was obtained from the Borden Monomer-Polymer Laboratory 
in Philadelphia. (Lot #700-137-26) It was in the form 
of a 25-per cent aqueous solution and unfractionated. 
This solution was purified by dialysis for twenty-four 
hours to remove low molecular weight impurities. Then 
solid polymer was isolated by freeze-drying (lyophili- 
zation) for forty-eight hours. This product was then 
dried to constant weight in vacuo. This showed the 
solid polymer to have contained 5 percent moisture 
before drying. Seventy-two hours of such drying was 
necessary to attain this constant weight. The polymer 
was then stored in a vacuum desiccator until used.

Determination of the molecular weight was done 
using the empirical intrinsic viscosity-molecular weight 
relationship of Mark-Houwink
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a value for [VQ was experimentally determined in 
0.IN NaBr at 25°C using the values K=2.07•10"^ and 
a=0.679. (14) The results were [f1̂ J=0.49 and 7^=92,800. 
For the dialysis, a solution of 0.1N (residue) was 
prepared.
Sodium Hydroxide Solution The NaOH solution, used both 
as titrant, secondary standard, and to neutralize the 
polyacid as desired, was prepared by withdrawing the 
middle portion of a saturated solution of Fisher 
A.C.S. NaOH pellets. Subsequent to dilution, it was 
standardized against Fisher Primary Standard grade 
potassium hydrogen phthalate and found to be 0.93N. 
Sodium Chloride Solution The sodium chloride solution 
used in the dialysis was prepared by weighing out 
58.4480 g of previously dried Fisher A.C.S. NaCl, 
followed by dilution to one liter in a volumetric 
flask.
Hydrochloric Acid Solution The HC1 solution used in 
the dialysis was prepared by diluting Fisher A.C.S.
HC1 (sp. gr. 1.18-1.19) to an approximate 0.1N solution. 
Standardization against an NaOH secondary standard 
(0.93N) showed the concentration to be 0.10N.
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Sodium Bromide Solution The 0.IN NaBr used in the 
viscosity measurements was prepared by weighing out 
10.2894 g of previously dried Fisher A.C.S. NaBr, 
followed by dilution to one liter in a volumetric 
flask.
Ammonia Buffer The system NH4CI-NH4OH was chosen as 
solvent for the standard sodium solutions used to 
calibrate the specific ion electrode described in a 
following paragraph. These solutions give ammonia to 
the air, as noted from the odor. For this reason, they 
had to be used immediately after their preparation.
This necessitated the use of several solutions. These 
were prepared by addition of approximately five grams 
of Fisher U.S.P. grade NH4CI, with addition of NH4OH 
(sp. gr. 0.90, 28-30 wt. per cent) until the pH of this 
solution was between 9.2-9.3. This stock solution was 
of maximum buffering capacity in this pH range.
Sodium Chloride The sodium chloride used to calibrate 
the specific ion electrode was Fisher A.C.S. grade. It 
was dried at 110°C for two to three hours before use.
A 0.5844 g sample was weighed out to make a solution 
0.1 N in sodium (with the ammonia buffer as solvent). 
Further dilutions (with buffer) were performed to 
obtain lower concentrations.
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Standard Buffer Solutions Two Beckman Packaged Buffer 
Standards, pH 4.01 (25°C) and pH 9.18 (25°C) were used 
to standardize the pH meter. These two were selected 
because their pH values (15) bracketed most of the pH 
values normally measured. The pH meter was standardized 
daily against both of these standards, and also before 
each titration.
B. Apparatus
Dialysis Cell A thin-film dialysis cell, similar to 
the one described in reference (13) above, was custom 
built by the Creighton University Glass Fabrication Shop. 
The inside tube, of the cold finger type, was constructed 
from 25 mm O.D. tubing. This readily accommodated a 
moist membrane without slipping. The rest of the cell 
consisted of a cuvette, 70 cm in length. This cuvette 
was water-jacketed for temperature control.
The apparatus was stirred with a piston-like motion 
by a cam wheel connected to a Revco camshaft. Power 
was provided by a Teletype Corporation electric motor, 
regulated by a variable transformer. This entire 
apparatus, along with the supports for the cell, was 
fabricated by the Machine Shop of the Creighton 
University Department of Physics.
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Dialysis Tubing The tubing used in all of the dialysis 
experiments was Fisher one and one-eighth inch diameter. 
Cellophane Dialyzer Tubing (Cat. #8-667) . All
tubing was prepared for use by soaking in distilled 
water for at least twenty-four hours before each 
experiment.
pH Meter All pH measurements were performed using a 
Beckman Model G pH Meter. For measurements of sodium 
ion concentration, a Beckman Laboratory Sodium Ion 
Electrode, Serial #39278, referenced to a Beckman 
Fiber Junction Calomel Electrode, Serial #39170, was 
used. The millivolt scale of the pH meter was used 
in conjunction with this pair of electrodes.
Micro Buret Delivery of titrant was made with a 
Manostat Digi-Pet micro buret. A 1.0 ml stem was 
used, which was of sufficient capacity to deliver the 
amount necessary for a complete titration without 
refilling. The volume of titrant added could be 
controlled to within 0.0002 ml.
Viscometer The viscometric measurements were performed 
in a modified Ubbelohde viscometer. It consisted of 
two glass bulbs, having a total volume of 39.2 ml at 
25°C. The bulbs were connected to a capillary having a
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radius of 0.6 mm and length of 16.5 cm. The viscometer 
was filled by suction and emptied by gravity when the 
clamp on the sidearm was released. The viscometer is 
equipped with graduations such that flow times may be 
measured from different heights. The flow time for the 
NaBr solvent at 25°C was 66.0 seconds (to empty both 
bulbs). This viscometer, water-jacketed for temperature 
control, was custom built by the Creighton University 
Glass Fabrication Shop.
Water Bath Temperature control was provided by a 
Fisher Iso-Temp Bath. This unit was equipped with a 
built-in heating unit and stirring mechanism. An 
accessory coil was used for cooling by line water. 
External circulation was provided by a small pump. 
Temperature control within this unit was within 0.1°C.
C. Procedures
Viscosities The solution viscosities were performed 
as follows. The calculated amount of solid polymer 
was weighed into a 50 ml portion of 0.1 N NaBr. Then 
the calculated amount of 0.93 N NaOH was added to 
bring about the desired degree of neutralization. The 
degree of neutralization was selected to be 0.103 (14) 
in all cases. The polymer concentrations ranged from
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£=1.0 to 0.1 g/dl. The solution was then drawn up into 
the viscometer, and allowed to come to thermal equili
brium of 25°C. Finally, the flow time was measured. 
After each measurement, the viscometer was thoroughly 
rinsed and dried.

Nagasawa and his co-workers (14) found negligible 
rate of shear dependence at the salt concentration used 
in this experiment. Therefore, shear corrections were 
deemed to be unnecessary and were not carried out. 
Electrode Calibration The specific ion electrode was 
calibrated using the standard sodium solutions described 
above. These solutions were buffered in order to 
eliminate appreciable interference from the hydrogen 
ion. (16)

The procedure was as follows. A 25.0 ml portion 
of the standard solution was measured out into the 
beaker for each measurement using the same volumetric 
pipet to assure constant submersion of the electrodes. 
The solution was then stirred for three minutes and 
allowed to stand for two minutes (17) before the reading 
was taken.
Dialysis The dialysis of the polymer solutions was
performed as follows. First of all, 20.0 ml of the
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polymer solution was placed in the beaker and brought 
to the desired degree of neutralization with base.
A length of dialysis tubing, one end of which had been 
tied off with Nylon thread and dipped into Collodion 
to prevent leakage, was tested for any leaks or pin
holes with distilled water. Then a 1.0 ml portion of 
the solution to be dialyzed was placed in the bag.
This bag was then stretched over the inside tube of 
the dialysis cell. The open end of the tubing was held 
out of water at all times during the actual experiment.
As a result of being held out of water, thi s open end 
contracted. This served to hold the membrane in place.
A 100 ml portion of water was then placed in the cuvette 
(after insertion of the inside tube) and stirring was 
commenced. The pH of this water was measured immediately 
before being placed in the cell. After the arbitrary 
period of time had elapsed, stirring was stopped, the 
inside tube was lifted out, and the dialyzate was 
removed from the cuvette.

A 25 ml portion of the dialyzate was placed in 
the beaker, using the same volumetric pipet in every case. 
The pH of this dialyzate was carefully measured.
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The sodium concentration was then determined as 
follows. A minute quantity of solid NH4CI was added to 
the solution, bringing the pH down to between 5.5 and 
6.0. Then NH4OH (28-30 wt. per cent) was added until 
the pH reached a value between 9.20 and 9.30. This 
base was sufficiently concentrated that only a minute 
quantity needed to be added. The purpose of this latter 
procedure was to buffer the solution at the same pH value 
as that of the standards. This eliminated any inter
fering electrode response to the proton. The same system, 
namely ammonia and its chloride salt, was used to buffer 
the solution as was used in the standard solutions.
The resulting emf was then measured using the sodium ion 
electrode pair described above.
Titrations The desired volume of solution to be titrated 
was measured out into the beaker. The initial pH and 
buret reading were then recorded. Then the rest of the 
titration was performed by adjusting the pH meter 0.10 
pH units higher (base as titrant) and adding titrant 
until balance of the null meter was attained. Partic
ular difficulty in over-shooting the desired pH was 
encountered in regions of the titration which were 
poorly buffered.



R E S U L T S  A N D D I S C U S S I  ON
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In doing any type of investigation, it is implicit 
that one be familiar with the tools of his research. To 
this end, experiments with the specific ion electrode 
were performed in order to explain its properties and 
limitation.

In Figure Two are shown the results of calibrating 
this electrode in ammonia buffer with NaCl as the source 
of sodium ion. The data are plotted as pNa vs. E, where 
E is the observed emf in millivolts and pNa=-log (Na+), 
where (Na+) is the sodium concentration in equivalents 
per liter. It can be seen that the curve is linear over 
the pNa range of 1 to 4. Deviation from linearity occurs 
below pNa=4 with the curve nearly leveling off to a hori
zontal line. Several explanations for this can be 
offered. Since, as mentioned in the experimental section, 
several ammonia buffers had to be used, experimental 
error may certainly be part of the explanation. An 
alternate explanation is that according to the Nernst 
equation, the curve should be linear only if E is plotted 
against the activity rather than against concentration. 
Stock (18) calibrated the same electrode (Beckman 
#39278) in both ammonia buffer and acetate buffer solu
tions. Although he did make correction for activity and
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obtained a linear plot for the alkaline buffer, the plot 
resulting from this work is quite linear at low pNa 
despite the fact that activity corrections were not made.

Stock also reported the "selectivity coefficient" 
of this electrode with respect to hydrogen ion to be only 
0.028. In view of this fact and the results shown here, 
this author proposes that the deviation from linearity 
at high pNa values is due to interference from the 
hydrogen ion. It must be noted that at a pNa of say 8, 
with the pH of the ammonia solution being of the order 
of 9, the concentration of hydrogen ion would be approxi
mately one tenth that of sodium ion. This is quite a 
good portion and one should thus expect considerable 
interference.

In Figure Three, a calibration of the electrode 
is presented in a buffer solution of 0.1N tris (hydroxy
methyl) aminomethane (also called "TRIS") and 0.ION 
HC1 prepared according to Kolthoff (19) and having a 
pH of 8.45. Sodium chloride was used as the source of 
sodium ion. The HC1 solution used was the same 0.10N 
HC1 used in the dialysis and the 0.1N TRIS solution was 
prepared volumetrically from the N.B.S. Primary Standard 
grade compound. In this experiment only the pNa range
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1 to 4 was measured. Linearity was observed over the 
range pNa=l to pNa=3, with deviation at pNa=4.

Beckman (16) states that solid barium hydroxide is 
a convenient reagent to use to adjust the pH of samples 
to a value between 7 and 10 so that sodium ion concen
tration may be measured without interference from the 
proton. In Figure Four is the plot resulting from cali
bration of the electrode in 0.02 N Ba(OH) 2 solution. 
Sodium chloride was used as the source of sodium. The 
barium hydroxide solution was prepared and standardized 
according to the procedure described in the experimental 
section for sodium hydroxide. Only the range pNa 1 to 
4 was measured. Again it can be seen that the resulting 
plot is linear over the pNa range 1 to 3, with deviation 
at pNa=4.

In Figure Five the three calibration curves are 
plotted together on the same coordinate system. From 
comparison of these curves, it can be said that the 
electrode yields a linear response to sodium ion at low 
pNa values, making corrections for activity unnecessary 
in this region. The three lines also have nearly the 
same slope, corresponding nearly to the same change in 
emf per unit concentration at low pNa. However, they
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would have different intercepts at pNa=0. corresponding 
to different E0 or standard potential values. Each E0 
would correspond to a different cell system, which would 
necessarily include the solution in which the electrodes 
are immersed. It can then be siad that if the same ionic 
species were used to buffer unknown samples that were 
used in the preparation of a given calibration curve, 
then the observed emf could with certainty be said to 
correspond to a point on that curve at low pNa values.

In Figure Six is shown the results of the titra
tion of 0.1 N polyacrylic acid in no salt. The data is 
plotted in the form of vs. pH, where ionized car
boxyls/ total carboxyls. The values were arrived at as 
follows. First, a solution of water and Hcl (initial 
pH=2.48) was titrated with 0.93 N NaOH to various 
successive pH values. Then the solution of polymer, 
brought to the same initial pH with HC1, was titrated 
in the same manner. At each pH value, the milliequiva- 
lents of base required to neutralize water and HC1 alone 
was subtracted from the number of milliequivalents of 
base needed to titrate the polymer solution. This gives 
the number of milliequivalents required to neutralize the 
polymer alone. For each pH value, this answer was divided
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by the total number of mi11iequivalents of polymer to 
give values for cA* .

Preliminary to the thin-film dialysis experiments, 
some bulk dialysis experiments were performed in order 
to observe the equilibria proposed in Figure One.
These were done in bulk because the volume of inside 
solution used in thin-film dialysis is so small as to 
preclude its isolation and study after the dialysis.
In Table One is presented some typical data for bulk 
dialysis. The polymer concentration used was 0.02 N 
(residue). The degrees of neutralization used are taken 
from Wall (1). The volume of solution in the bag was 
50 ml before dialysis in each case. The volume of triply 
distilled water on the outside in each case was 500 ml 
before dialysis. Each day the pH of the solution out
side the bag and inside the bag was measured. These 
values are given in the second and third columns, 
respectively. Each day a fresh 500 ml volume of water 
was placed outside the bag, the pH values of which are 
given in the fourth column. Thec^value and initial pH 
value of the partially neutralized polyacrylic acid is 
given in the upper left hand corner of the table. The 
sodium concentrations were not measured. For the
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^L=0.24 polyacrylic acid solution comparison of column 
two with column four indicates an increase in pH of the 
external solvent after twenty-four hours of dialysis.
This observation is consistent with the model that 
as sodium ions move across the membrane to the outside, 
an equal number of hydroxyl ions must also be transported 
to preserve electrical neutrality. This gain in hydroxyl 
ions on the outside should result in an increase in pH. 
The same phenomenon is observed for the dv=0.98 poly
acrylic acid solution. For theta^O.98 polymer solution, 
inspection of the third column reveals an increase in pH 
after the first twenty-four hour period from the original 
value of 8.96. Since some osmosis of solvent occurs, 
a dilution effect is probably the explanation. However, 
after each of the subsequent twenty-four hour periods, 
the pH continues to decrease, consistent with the model 
proposed in Figure One. Consistent with the model, the 
sodium ions and their attendant hydroxyl ions should 
eventually be extracted to the point where only polymer 
molecules and solvent would be remaining inside, as shown 
by the slow but steady decrease in pH. For the polymer 
of lower degree of neutralization, column three reveals 
the opposite trend for the first five days. The only
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explanation for this is that with less sodium ion 
present originally than in the polymer solution having 
a higher value, the dilution effect upon pH arising from 
osmosis of solvent predominates over the effect due to 
outward migration of sodium and hydroxyl ions. After 
several extractions, the decrease in sodium ion concen
tration inside can begin to be the predominant effect 
upon the pH. On the basis of this evidence, the author 
proposes that the Donnan model of an unequal distribution 
of ions on each side of a membrane after equilibrium 
is correct and that the model proposed in Figure One is 
plausible.

In Table Two are the results of thin-film dialysis 
of polyacrylic acid. The polymer concentration used was 
0.1 N (residue). The values (from Figure Six) are 
given in the first column, and the time of dialysis in 
minutes in the second column.

Column Three is the concentration of sodium before 
dialysis for the partially neutralized polymer solution. 
Column Four is the observed emf, E., in millivolts. The 
fifth column gives the pNa values obtained by taking 
the value for emf in Column Four and reading the 
corresponding value for pNa off the calibration curve in
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Figure Two. The experimental values for sodium ion 
concentration after dialysis are given in the sixth 
column. These were calculated using the relationship

pNa= --log (Na**-)

In the seventh column is given a theoretical value for 
sodium ion concentration after dialysis calculated on 
the basis of dilution. The values in Column Six were 
each divided by the corresponding value in Column Seven 
to give the numbers in Column Eight. The latter repre
sent fractions of sodium which escaped after each time 
period of dialysis. These values were each subtracted 
from one to generate the values in Column Nine, which 
represent the fraction remaining inside the bag. The 
last column gives the pH of each dialysate, taken before 
buffering with NH4CI-NH4OH.

At first glance, Column Five raises the question 
of validity of the pNa values shown. Since they are all 
of the order of magnitude pNa=3, it could reasonably be 
argued whether or not they are constant within experi
mental error. Analysis of the emf data clarifies this. 
While it could be argued that an emf difference of 1 mv 
(cf*C^=0.09) may be within limits of error, it could hardly
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be said that an emf difference of 10 mv (cf.oL=0 .30) 
is within limits. Furthermore, closer inspection of the 
region between pNa=3 and pNa=4 of the curve in Figure 
Two should confirm that even a difference of about 1 mv 
should not be taken as a negligible difference.
With this question resolved, it is in order to proceed 
to a more detailed analysis of the data. For the two 
lowest and two highest degrees of neutralization, the 
sodium concentration (Column Six) is a maximum after 
thirty minutes of dialysis, followed by a decrease 
somewhere between thirty and forty-five minutes. This 
indicates a transport of sodium ions to the outside 
consistent with the model in Figure One followed by a 
reversal of this transport. For the two <<values 0.55 
and 0.77, the reversal appears to come earlier, sometime 
between fifteen and thirty minutes. As a comparison, the 
pH values were included because, as proposed in the 
model, an equal portion of hydroxyl ions should be 
transported along with the sodium ions. Following from 
this, the pH of the dialysate should be raised concur
rently with its sodium ion concentration, and vice versa. 
For oU=0.93 this trend was observed. However, this pH 
data should be considered more as sometimes helpful than
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completely reliable. This is because the pH is affected 
by other ubiquitous factors such as temperature, ionic 
strength, accidental contaminants of the atmosphere or 
glassware, etc. They are included in Table Two for the 
sake of completeness. In view of the trends observed 
in column six, this author proposes that transport of 
sodium ions across semi-permeable membranes in the 
presence of polyacrylic acid does follow the model in 
Figure One, but is also reversible.

The fraction of sodium left inside the bag for 
each measurement done is tabulated in column nine of 
Table Two. The first thing that must be noticed is 
that for the lowest value (0.09) this fraction is 
greater than one. This is quite anomalous, and an 
explanation will be offered in a subsequent paragraph.
For the other values of ok, in no case did the amount 
of sodium ions transported approach the theoretical 
value. This fraction remaining must be, at least in 
part, the fraction of sodium bound to the polyion.
Figure Seven shows a plot of the fraction remaining 
after fifteen minutes (column nine) vs. tk.. It can be 
seen from this plot that the general trend is for the 
fraction remaining to increase with No data for this
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polymer concentration is available for comparison. 
Howeverj the trend observed here is in agreement with 
that predicted by theory, that as ok.increases, the 
increasing charge density on the polyion should result 
in a greater fraction of bound sodium. Figure Eight is 
a plot of the fraction remaining after thirty minutes 
vs. ok,. Here, the opposite trend is observed in that 
the fraction bound decreases with ok_. This is consis
tent with the model proposed in that sodium ion trans
port across the membrane is reversible. (Compare 
Figure Seven)

Figure Nine is a plot of the fraction remaining 
after forty-five minutes vs. csC, . This, again, shows a 
general trend of increase in fraction remaining with 

> consistent with that of Figure Seven. In general, 
a comparison of Figure Seven, Eight, and Nine reveals 
that while it most assuredly cannot be said a priori 
from this work that the fraction remaining is a function 

the almost linear trend of Figure Seven reflects 
a proportionality to tA. Also, a second inspection of 
Figure Nine reveals the shape of the latter plot to be 
most interesting. After forty-five minutes, the 
fraction remaining seems to be nearly constant with
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in the region cA=0.3 to 0.75, with a sudden sharp in
crease occurring in the region oC.=0.75 to 1.0. It was 
said earlier in this paragraph that the numbers in 
column nine of Table Two are perhaps only in part the 
fraction of sodium ion bound to the polymer. This 
statement will be clarified in a later paragraph.

As mentioned above, the concentration of sodium 
after dialysis for polyacrylic acid for very low degree 
of neutralization (<c£=0.09) was greater than that expected 
on the basis of dilution. This can be explained on the 
basis that perhaps acidic media react chemically with 
the membrane material, possibly ’’releasing" into solu
tion impregnated sodium which would otherwise be inert.
To resolve this dilemma, a solution of partially neutral
ized hydrochloric acid was dialyzed for two various 
time periods, fifteen and thirty minutes. The data is 
presented in Table Three. Column One gives the pH of 
the original HC1 solution. Column Two is the time in 
minutes. Column Three gives the observed emf in milli
volts. Column Four in the corresponding value for pNa 
read off Figure Two. From this, the observed concen
tration of sodium (fifth column) was calculated. The 
sixth column is the concentration which was expected on
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the basis of dilution alone. It may be seen that the 
observed concentration of sodium exceeds the amount 
expected in both cases. Also, it was observed that a 
piece of membrane that had been soaked in water and then 
placed in a beaker of concentrated HCl (sp. gr. 1.18-1.19) 
had "dissolved" in the acid upon standing overnight.
These pieces of evidence bear out the hypothesis that 
acidic media have a deletrious effect upon the membrane 
material, releasing impregnated sodium into solution.
This could account for the anomalous results observed 
in the dialysis of the polyacid at very low degree of 
neutral!zation.

To observe the transport of sodium ion in the 
absence of polymer, a solution of 1.0 N NaCl was dialyzed 
for fifteen and for thirty minutes. These results are 
shown in Table Four. Column Two is the observed emf, 
Column Three the corresponding pNa value (from Figure 
Two), Column Four the concentration of sodium after 
dialysis, calculated from the pNa values in Column 
Three. The last column gives the expected dilution 
value for sodium ion concentration. In neither case 
is the expected value approached. At first sight, 
this is anomalous because for a simple electrolyte one 
should simply expect diffusion to occur, thus making
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the observed concentration equal to the one predicted.
The explanation is that transport of sodium across 
the membrane is reversible even in the absence of poly
mer. This confirms that the values in Column Nine of 
Table Two represent only in part the fraction of sodium 
bound to the polymer.

In view of the above results, any attempt to 
quantitatively compare data obtained in this work with 
published data on sodium binding to polyacrylic acid 
should be exercised with great caution. However, Figures 
Seven and Nine do show a qualitative agreement with 
theoretically expected trends.

This investigation does show that the model 
predicted for transport in Figure One is correct. The 
bulk dialysis experiments do prove the Donnan hypothesis 
that an unequal distribution of ionic species results 
when a polymer solution is dialyzed in the absence of 
added salt. Furthermore, the reversibility of transport 
of sodium ion across a semi-permeable membrane has been 
demonstrated using the technique of thin-film dialysis.
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The purpose of this investigation was to prove a 
model proposed for the membrane equilibria of partially 
neutralized polyacrylic acid by means of dialysis. The 
bulk dialysis experiments provided a proof of the model 
proposed and also confirmed the Donnan model of an 
unequal distribution of ionic species.

Thin-film dialysis data showed that transport of 
sodium ion is reversible across the membrane in question, 
but still does follow the proposed model. Plots were 
made of fractions of bound sodium versus degree of 
neutralization. While the data does not show the 
fraction bound to be a function of qualitative agree
ment with previous observations and theories that 
fraction bound increases with oU.s obtained.

It was also shown that acidic media perhaps have 
a deleterious effect upon the membrane material.

A study of the diffusion of sodium chloride was 
also done to confirm if there would be, in absence of 
polymer, simple diffusion. This was not observed, 
raising the possibility that transport of sodium is 
reversible even in the absence of polymer.

An extension of this work would be to determine 
the rate of diffusion of sodium as a function of 
This would yield interesting information.
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The above data does show that thin-film dialysis 
of polyacrylic acid solutions is feasible. With improve
ments in the apparatus, for instance some means of 
continuously monitoring the transport such as a conduct
ance cell, this method has great potential.

The results of this investigation are important 
in that investigation of transport processes of electro
lytes across biological membranes is currently an active 
area of research, but is still poorly understood. Also, 
biological systems invariably involve polymeric species. 
Work on a single system such as polyacrylic acid permits 
obtention of theoretical models which could be extended 
to such more complex systems.
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TABLE I: BULK DIALYSIS 
DATA FOR POLYACRYLIC ACID

e^=0.24
Time (days) pH outside pH inside pH of freshwater

1 6.78 5.63 6.48
2 7.05 5.57 6.89
3 7.05 5.53 6.84
4 7.13 5.51 6.84
5 6.87 5.55 6.76
6 6.90 5.30 6.33
7 6.52 5.26 6.38

pH of polymer solution = 5.51
©<w=0.98 pH of polymer =8.96
Time (days) pH outside pH inside pH of freshwater

1 9.12 9.00 6.48
2 7.58 8.51 6.89
3 7.76 8.30 6.84
4 7.61 8.09 6.84
5 7.10 7.57 6.76
6 7.31 7.30 6.33
7 7.02 7.00 6.38



TABLE II: RESULTS OF THIN-FILM DIALYSIS 
OF POLY ACRYLIC ACID

o C Time (Na+)before E(mv) pNa
(Na+) 

after 
(exptl.) 
(x 10+4)

(Na+) 
(theor.) 
after

fraction
escaped

fraction
remaining pH

.09 15 8.40 x 10"3 -131 3.60 2.51 8.32 x 10~5 3.0 5.71
30 -130 3.57 2.69 5.2 7.07
45 -132 3.60 2.51 3.0 5.80

.30 15 2.83 x 10"2 -142 3.77 1.70

<roi—iXo00CN .607 .393 7.00
30 -132 3.60 2.51 .896 .104 6.89
45 -148 3.87 1.35 .482 .518 7.43

.55 15 5.04 x 10 '2 -135 3.65 2.24 4.99 x 10"4 .449 .551 7.19
30 -150 3.80 1.58 .317 .683 7.48
45 -132 3.60 2.51 .503 .497 6.89

-P-



TABLE II (Con’t.)

oC Time (Na+)bef ore E(mv) pNa
(Na+) 
after 
(exptl.) 
(x 10^ )

(Na+) fraction 
(theor.) escaped 
after

fraction 
remaining pH

. 7 7 15 7 . 3 2 X 1 0 " 2 - 1 0 8 3 . 2 2 6 . 0 330 - 1 3 1 3 . 6 0 2 . 5 145 - 1 2 3 3 . 4 5 3 . 5 5

. 9 3 15 8 . 6 6 X

Cslo
 

1—1 - 1 3 5 3 . 6 5 2 . 2 430 - 1 2 2 3 . 4 2 3 . 8 045 - 1 2 9 3 . 5 5 2 . 8 2
. 9 8 15 9 . 0 5 X 1 0 " 2 - 1 4 0 3 . 7 5 1 . 7 830 - 1 2 2 3 . 4 2 3 . 8 045 - 1 3 8 3 . 7 0 2 . 0 0

7 . 2 5 X

<
roi—

i . 8 3 2 . 1 6 8 6 . 9 1. 3 4 6 . 6 5 4 7 . 6 9. 4 9 0 . 5 1 0 7 . 3 7
8 . 5 7 X

<
rioi—

i . 2 6 1 . 7 3 9 7 . 4 0. 4 4 3 . 5 5 7 7 . 4 8. 3 2 9 . 6 7 1 7 . 4 0
8 . 9 6 X 1 0 " 4 . 1 9 9 . 8 0 1 7 . 8 9. 4 2 4 . 5 7 6 7 . 7 2. 2 2 3 . 7 7 7 8 . 0 5

InO
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TABLE III: DIALYSIS DATA 
FOR 0.10 N HCL SOLUTION 
(PARTIALLY NEUTRALIZED)

pH time E(mv) pNa (Na+) (obsd.) (Na+) (calct Td.)

2.01 15 -96 3.05 8.91 x 10~4 7.64 x 10"4
2.01 30 -100 3.10 7.94 x 10~4 7.64 x 10"4
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TABLE IV: DIALYSIS DATA FOR 
1.0 NaCl SOLUTION

time E (mv) pNa (Na+)exptl. (Na+) (calctTd)

15 -32 2.02 9.55 x 10"3 9.9 x 10"3
30 -33 2.05 8.91 x 10"3 9.9 x 10"3
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