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Synopsis

Mixtures of methyl glycol chitosan and glycol chitosan were reacted with poly(vinyl sulfate) to
form many different water-insoluble polyelectrolyte complexes (PEC) in aqueous solution at
various hydrogen ion concentrations. It was revealed from elemental analyses, infraved (IR)
spectroscopy, and solubilities of PEC that molecular structures of each PEC are dependent on
[H*]. PEC membranes were made from casting solutions of all kinds of PEC, and transport
phenomena through the membrane of PEC prepared in a pH 13.0 solution were investigated
under various conditions. The transport ratio of Na* and the electric potential difference
between the left- and right-hand sides of the membrane were measured, and it is suggested that
the driving force for active transport depends on the membrane potential, Donnan potential and
diffusion potential. Moreover, permeability of K* was higher than that of Na* in selective
transport.

INTRODUCTION

Polyelectrolyte complexes (PEC) are expected to offer many different appli-
cations because of the diversity of their structures and properties.!"® For
example, PEC may be prepared in the cationic or anionic form as well as
neutral polymer complexes according to the choice of components, mixing
ratios, and solvent pH, and may be cast into membranes with various ion
exchange capacities (0-2 mEq/g dry membrane).* Consequently, when such
PEC membranes with high permeability® are used, it is possible to control the
active and selective transport of alkali metal and halide ions, of which a great
number of studies have been made recently.’~!! Investigations on the PEC
membrane, however, are almost limited to that of synthetic polymers, and
there have been only a few papers on PEC membranes of naturally occurring
polysaccharides. We have already reported that the PEC membranes of glycol
chitosan-poly(vinyl sulfate),'’> methyl glycol chitosan-(carboxymethyl)dex-
tran-poly(vinyl sulfate),’®* and [2-(diethylamino)ethyl]dextran-(carboxy-
methyl)dextran-poly(vinyl sulfate)'*'® systems are capable of the active and
selective transport of alkali metal ions.

This paper deals with chemical reactions of mixtures of methyl glycol
chitosan and glycol chitosan with poly(vinyl sulfate) and general characteris-
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tics of the resulting PEC. Furthermore, the active transport of Na* through
the membrane of PEC prepared in pH 13.0 solution is discussed, focusing on
the relationship between the transport ratio and the membrane potential. A
description is also made on the selective transport of Na* and K™,

EXPERIMENTAL

Materials

Methyl glycol chitosan (MGC) (nitrogen content, 3.33%; intrinsic viscosity,
0.29 dL./g in 1 M NaCl solution at 25°C) and glycol chitosan (GC) (nitrogen
content, 5.51%; intrinsic viscosity, 1.79 dL./gin 1 M NaCl solution at 25°C) as
polycations and poly(vinyl sulfate) (PVSK) (sulfur content, 19.09%; intrinsic
viscosity, 0.59 dL./g in 1 M NaCl solution at 25°C) as a polyanion were used
to prepare the PEC. Sodium poly( p-styrenesulfonate) (NaSS) and poly( p-
styrenesulfonic acid) (HSS) with molecular weights 1.0 X 10* and 5.0 X 10°,
respectively, were adopted in the active transport experiment.

Preparation of PEC

Reactions were run in 7%, 4%, 1% HC], pH 2.0, 6.5, 11.0, 13.0, and 5% NaOH
solutions, considering that the degree of dissociation of polyelectrolytes and
their conformation are influenced by the hydrogen ion concentration. The
molar ratio of the reactive group of MGC to that of GC in the mixture was
1: 1. Mixture solution (2 g/L) was added dropwise to PVSK solution (2 g/L)
and vice versa, both solutions were adjusted to the same [H*], at a rate of 50
mL /30 min with stirring at 22°C. Water-insoluble PECs were thus obtained.
After being left for 30 min, the precipitate was separated by centrifugation.
Then, it was washed with methanol, and dried in vacuo at room temperature
until no further decrease in weight occurred. Estimations of nitrogen in the
PEC were carried out by the Kjeldahl method, and quantitative analyses of
sulfur were performed at the Institute of Physical and Chemical Research,
Japan. Infrared (IR) spectra of the PEC in a KBr pellet were taken with a
Hitachi 285 spectrophotometer. The miscibilities of MGC, GC, PVSK, and
PEC with a ternary solvent system (NaBr/acetone/H,0) were examined as
described previously.¢

Membrane Application

The PEC membrane was obtained from the PEC prepared in pH 13.0
solution by casting. The method of casting into a membrane and the experi-
mental conditions were described in a previous paper.!® A diaphragm-type cell,
made of poly(methyl methacrylate) and consisting of two chambers, was used
in the transport experiment. After washing well with water, the PEC mem-
brane was fixed tightly with silicone rubber between both chambers of the cell
having an effective area of 4.0 cm?. For the active transport, 25 mL of 0.1 M
NaOH solution was placed in the right side chamber of the cell, and 25 mL of
HCI (or HSS) solution of one of various concentrations including 0.1 M NacCl
(or 0.1 M in repeating unit NaSS) in the left side chamber simultaneously.
The cell was then put in a thermostat controlled at 30°C. At proper intervals,
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0.1 mL samples from both side chambers of the cell were withdrawn and
measured for the Na™ concentration by means of an atomic absorption
spectrophotometer (Shimadzu AA-640). At the same time, the concentration
of C1~ was determined by the volumetric titration with Hg(NO,),, and the
concentration of SS™ from the absorbance at 260 nm (Hitachi 100-10 spectro-
photometer). The electric potential difference between the left and right sides
of the membrane was obtained by measurement with a Horiba F-7 potentiom-
eter and Ag-AgCl electrodes.

For the selective transport, 25 mL of 0.05 M NaOH and KOH solution was
placed in the right side chamber of the cell, and 25 mL of HCI solution of one
of various concentrations in the left side chamber. Other procedures were the
same as for the active transport experiment.

RESULTS AND DISCUSSION

Polyelectrolyte Complex

Figure 1 shows the dependence of the molar ratio of the reacting groups in
PVSK and MGC + GC in the reaction mixture solution at the starting and
end points of coagulation of the PEC upon the hydrogen ion concentration.
The molar ratio, S(PVSK)/N(MGC + GC), increased with increasing [H*],
that is, larger amounts of PVSK solution were necessary to coagulate MGC +
GC solution as the hydrogen ion concentration was high. The reason for the
above is that the degree of dissociation of MGC and GC decreases with
decreasing [H*], whereas that of PVSK remains unchanged. In alkaline

Molar ratio S(PVSKINGC+MGC)

Fig. 1. Starting and end points of coagulation: (O, a) Starting points of coagulation; (@, a) end
points of coagulation; (0, ®) PVSK solution was added dropwise to MGC + GC solution; (a,4a)
MGC + GC solution was added dropwise to PVSK solution.
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Fig. 2. IR spectra of the PEC. Sample codes correspond to those in Table 1.

solution, the following strange phenomenon was observed. The coagulation
occurred in pH 13.0 solution, while none in pH 11.0 solution. Further investi-
gation of this point should be made. Experimental conditions, yields of
products, and results of elemental analyses for each PEC prepared after
coagulation are given in Table 1. The sulfur and nitrogen contents in the PEC
which reflect the molar ratio of PVSK to MGC + GC are roughly equal. As
the coagulation did not occur according to the pK of GC in the solution of
lower [H*] than pH 6.5 in glycol chitosan-poly(vinyl sulfate) system,'? only
MGC seems to react with PVSK in the solution of [H*} < pH 6.5. Thus, the
hydrogen ion concentration in this system plays an important role in de-
termining the ratio of PVSK/(MGC + GC) in the PEC.

Since IR spectra of the PEC prepared in the cases where PVSK solution
was added to MGC + GC solution are identical with those for the cases where
MGC + GC solution was added to PVSK solution, only the former are shown
in Figure 2. IR spectra of the PEC are almost the same as that of a mixture of
MGC, GC, and PVSK, differing from one another only in detail. The absorp-
tion band at 1540 cm ™! assigned to —NH] in GC is present in all PEC except
for the PEC prepared in pH 13.0 solution, and that assigned to —NH, which
should appear at 1590 cm™! is absent. The absorption bands at 1230 and
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NaBr

Acetone H;0

Fig. 3. Phase diagrams of PEC in the ternary solvent system at 30°C: (0) 7% HCI; (a) 4%
HCL (v) 1% HCJ; (@) pH 2.0; (O) pH 6.5; (@) pH 13.0.

800-600 cm ™!, which are also present in each PEC, are assigned to —O0SO;
in PVSK. The intensity of these absorptions is nearly equal in all PEC.
Furthermore, the absorption bands around 3500 cm™! assigned to —OH
groups are found in every PEC, and this proves that the inter- and intramo-
lecular hydrogen bonds between —OH groups are formed. These results imply
that the PEC were produced in the same way except for in pH 13.0 solution,
when PEC was prepared after coagulation.

PEC are insoluble in common organic solvents (e.g., N, N-dimethylform-
amide, N, N-dimethylacetamide, and dimethyl sulfoxide), but soluble in the
specific ternary solvent mixtures (e.g., NaBr/acetone/H,0 and CaCl,/1,4-
dioxane/H,0), and also in 36% HCI solution without heating. The phase
diagrams were obtained for all kinds of PEC in the system of NaBr/
acetone/H,0O and are indicated in Figure 3. There is a small region in the
solvent composition field where the PEC remains in the solution to form a
homogeneous, viscous syrup. The miscibility limit of the PEC prepared in
acidic solution is different from that of the PEC prepared in alkaline solution.

These experimental results support the concept that the PEC prepared in
acidic solutions have common constituents and similar compositions, but the
PEC prepared in alkaline solutions are different from them. This concept is
attributed to the degree of dissociation of MGC, GC, and PVSK which
changes according to [H*].

Polyelectrolyte Complex Membrane

The membrane obtained by casting the PEC prepared in pH 13.0 solution
was adopted for the study on the transport of alkali metal ions, because this
membrane was stable in acidic and alkaline solutions as shown in Table II.
The concentrations of Na* in the left- and right-hand side chambers of the



ION TRANSPORT MEMBRANE COMPLEXES 265

TABLE II
Stabilities of Polyelectrolyte Complex Membranes® in Acidic and Alkaline Solution
for 1 Day Duration

Sample code® pH1 pH 13 Sample code® pH1 pH 13
1-A le) a 2-A [e) [¢)
1-B e} A 2-B e} A
1-C e} A 2-C e} A
1-D N N 2-D e} A
1-E X X 2-E X X
1-F [e) a 2-F e} e}

#Cast condition: 30°C, 50% relative humidity.
PSample codes correspond to those in Table 1.
Key: (0) Very stable; (a) stable; (X) soluble.
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Fig. 4. Changes in concentrations of Na*, C17, and H" at active transport.

cell were set the same initially. The left side chamber contained HCl as well,
while the right side chamber NaOH. Figure 4 shows the concentration changes
in Na*, C17, and H* with the passage of time in both side chambers, when
the left chamber is containing 0.1 M HCI. Despite the fact that both sides of
the membrane were originally equal in the concentration of Na*, an increase
of Na™ in the left side was observed and the change in the right side was the
reverse. This suggests that active transport of Na™* took place from the right
side, alkaline solution, to the left side, acidic solution, through the membrane.
The concentration of Na* in the left side increased up to a maximum, and
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Fig. 5. Effect of the hydrogen ion concentration on the transport ratio of Na* in the case
where HCl was used.

then decreased with time. This back transport of the concentrated Na™ is due
to the decrease in the hydrogen ion concentration difference between both
sides of the membrane and to the permeation of Cl~. The ratios of the
transported ions were calculated from the following equation:

[Na* ] — [Na™],

Transport ratio (%) = [Na*]
0

100 (1)

where [Na*],.., is the mole number of Na* in the left side chamber at the
maximum, and [Na*], is the mean of the initial mole numbers of Na™ in both
side chambers. The dependence of the transport ratio of Na* on the con-
centration of H* in the left side chamber is shown in Figure 5. The transport
ratio corresponds to [H*}], and it is thought that the driving force for the
transport of Na™ is the hydrogen ion concentration difference between both
side chambers which causes the electric potential gradient. Accordingly, the
membrane potential difference needs to be measured. Figure 6 indicates that
the membrane potential difference is greater as the concentration of HCl in
the left side is increased, and this effect is consistent with the result in Figure
5. The membrane potential difference, however, decreases with time. This
decrease in the potential difference is due not only to the transport of Na*
from the right to left side, but also to the permeation of Cl1~ from the left to
right side. As shown in Figure 4, this C1~ permeation is large, therefore, an
investigation of the transport for the cases where all negative charges are fixed
in the left side of the membrance was attempted, and results obtained were
compared with the above conclusion.

The results for the case where HSS and NaSS were adopted instead of HCl
and NaCl, respectively, are displayed in Figures 7 and 8. The transport ratios
were evaluated by Eq. (1) considering the transfer of water based on Donnan
osmosis. The concentration of Na* in the left side chamber increased and that
in the right side decreased with time in a similar manner as in the case of HCI.



ION TRANSPORT MEMBRANE COMPLEXES 267

m .

Electric potential difference / mV

3
12 %
Time/h

Fig. 6. Changes in the electric potential difference with time: (a) 1 M HCI; (@) 0.5 M HCL;
(©) 0.2 M HCJ; (0) 0.1 M HCL, (@) 0.05 M HCl; (a) 0.01 M HCL

On the other hand, the concentration of SS~ was unchanged, in contrast with
Cl™ in the case of HCL. Moreover, the transport ratios of Na* were rather
larger than those in the case of HCl, as shown in Figure 8. This seems to be
because the membrane potential difference was maintained for a long time
since SS is fixed thoroughly on the left side of the membrane. This assump-
tion is supported by the result in Figure 9. The membrane potential difference
was maintained even 24 h later.

Therefore, on the basis of the results mentioned above we speculate that the
transport of Na* is achieved in the following manner. The PEC membrane is
considered to be a sort of charged membrane for which the functional groups
of —OSO; in PVSK are responsible. The transport phenomena in the case
where a charged membrane is used or a certain ion is fixed in one side of the
membrane is explained in terms of the Donnan membrane equilibrium. It is
difficult to analyze a system such as used in this study comprising many kinds
of ions. However, on the assumption that the membrane potential is the
concentration membrane potential raised by HCl or HSS, the membrane
potential A¢ can be regarded as the sum of the Donnan potentials A¢p,, 1
and A¢p,, r at the two solution-membrane interfaces and the diffusion
potential A¢py in the membrane.!” This is represented, for example, by the
following equation:

A¢p = Adppg,, 1 + Apis + Adpo, g = Adpe, + Adpys

RTI EaV1 + (2£,)° +1 RTWln Y1+ (28)° + W
_ M n -
Foog 1+ (25‘,5‘,)2 +1 F J1+ (26, + W

§.= LELEI T \/k+k‘ .
v.vy- X Yoy X w, +w_
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Fig. 7. Changes in concentrations of Na*, SS~, and H* at active transport.
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Fig. 8. Effect of the hydrogen ion concentration on the transport ratio of Na* in the case
where HSS was used: (a) M = 1.0 X 10%; (0) M = 5.0 X 10°.
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Fig. 9. Changes in the electric potential difference with time: (0) 0.1 M in repeating unit HSS
(M = 1.0 X 10%); (a) 0.01 M in repeating unit HSS (M = 1.0 X 10%); (0) 0.001 M in repeating
unit HSS (M = 1.0 X 10*); (O) 0.0001 M in repeating unit HSS (M = 1.0 X 10%).

where C; and Cj are the concentrations of electrolytes on the left side and the
right side of the membrane, respectively, X is the concentration of the fixed
charge in the membrane, and &, k_, v,, y_, and «,, w_ are the distribution
coefficient, the activity coefficient, and the mole mobility of cations and
anions, respectively. When C, is larger than Cg, Ay, and Adpy; are positive
and A¢ is also positive as a result. A tentative membrane potential and
transfer of Na* deduced from the conclusions described are illustrated in
Figure 10. In this system, the membrane surface potential is low because PEC

B- H* 0S03™ 4

Fig. 10. Schematic representation of the membrane potential.
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Fig. 11. Changes in concentrations of Na™ and K* at selective transport: (®) Na*; (o) K™.

membrane is anionic owing to the ratio of S(PVSK)/N(MGC + GC) (Table I),
and the potential in the membrane increases in the direction toward the right
because of the large mobility of H*. Thus, the right side is higher than the left
side in the electric potential. As a result, Na™ was transported from the right
to left side, that is, from the alkaline to acidic side, through the membrane in
accord with the gradient of the electric potential. It is probable that —0SO;
groups in the membrane serve as carriers for Na*. However, there are —N*
groups in the membrane capable of attracting C1~ and the Donnan exclusion
for Cl- was small, so that the membrane potential difference is not main-
tained so long due to C1~ permeation. Then, it seems that the transport ratio
of Na* was low in the case of HCL In the case of HSS, on the contrary,
A¢ g, 1 and A¢py are larger than those in the case of HCI for the fixed SS7,
although A¢p, . p is equal. Therefore, the retention time of the membrane
potential difference is long, and the transport of Na™ in accord with the
membrane potential gradient is appreciable.

The selective transport of alkali metal ions through the membrane was
observed under 0.05 M NaOH and KOH solution in the right side chamber.
Figure 11 shows the concentration changes in alkali metal ions in both side
chambers with the passage of time, when the left side chamber was containing
0.1 M HCI solution. It is found that K* permeated faster than Na*, and it is
thought that this permeability depends on the affinity of the carrier in the
membrane for alkali metal ions or the diameter of those hydrated ions.® Then,
the ratios of transported ions were calculated by

[K*]1/[K" ],
[Na*]/[Na*],

where [K*] and [Na™] are the concentrations of K* and Na™ in the left side
chamber, respectively, and [K*], and [Na™], are the initial concentrations of
K* and Na™ in the right side chamber, respectively. The selectivity of the
alkali metal ion transport through the membrane after 2 h at different

(3)

Selectivity =
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Fig. 12. Effect of the hydrogen ion concentration on the selectivity in the Na® and K*
transport after 2 h.

hydrogen ion concentrations on the right side of the membrane is shown in
Figure 12. The ratios of the transported K* to Na* are larger than 1.0, and
nearly equal over the hydrogen ion concentration range 102 to 10° M. PEC
membrane in this system is regarded as a hydrogel membrane, and alkali
metal ions appear to diffuse in this membrane. Therefore, it seems that the
selectivity is not dependent upon [H*] in the left side of the membrane, and
the functional group in the membrane little affects the selective transport of
alkali metal ions.
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