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syllopsis 

Partition and permeability coefficients of urea, NaC1, and saccharwe in water-swollen 
polytvinyl alcoholceitaconic acid) membranes with various water contents (0.25 I H I 0.86) 
were measured. Partition coefficients and permeability ratios in freezing and nonfreezing 
water were estimated based on a parallel permeation model. It was suggested that at 25'C 
the permeation of saccham in the nonfreezing water was nearly zero due to its negligible 
partition coefficient, while NaCl and urea were found to be able to permeate even the non- 
freezing water. The activation energiea of diffusion for three solutes were found to increase 
with the decrease of water content of the membranes. Since the fraction of nonfreezing water 
increased with the decrease of water content of the membranes, it  is assumed that the increased 
activation energy of diffusion is due to the fact that the diffusion in nonfreezing water needs 
higher activation energy than in the pure bulk water. 

INTRODUCTION 
Permeation of solutes in water-swollen membranes has been paid atten- 

tion to due to the clinical and industrial importance such as hemodialysis 
and other separation processes. Several investigators 1-17 studied the char- 
acterization of the membranes and solutes (i.e., water content, pore radius, 
and solute radius) to predict the solute permeability. Pore theory originally 
developed by Ferry,4 F a ~ e n , ~  and Renkin? free volume theory," and the 
stochastic approach developed by Mackie and MearesI2 and Ogstoni3 are 
those of pertinent examples. Peppas and Reinharti5J6 developed a theoret- 
ical model describing the spherical and quasispherical solute diffusion 
through highly swollen nonporous polymeric networks. 

Permeation models of solutes considering the states of water in the mem- 
branes were discussed by several investigators. Ratner and Milleri8 
studied the transport of urea, NaC1, glycine, and glucose through poly(2- 
hydroxyethyl methacrylate) hydrogel membranes. The higher permeability 
of urea compared to NaCl and other solutes in the gels was observed. This 
was attributed to the high affinity of urea for the gels. Activation energies 
of diffusion for urea and NaCl in the gel were, however, found to be ap  
proximately the same to those in bulk water. It was concluded that urea 
and NaCl diffuse through the gels in an environment similar to the pure 
solution. 
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Kim et al. l9 studied the permeabilities of water-soluble nonelectrolytes 
and hydrophobic solutes in poly(hydroxyethy1 methacrylate) membranes. 
They suggested that the permeation of hydrophilic solutes occurs mainly 
through free water regions of the membranes. The hydrophobic solutes 
permeation was considered to occur by a partition mechanism in the highly 
crosslinked membranes. 

Scheupleinm presented an analysis of the permeability of water in the 
parallel diffusion pathways. It was suggested that diffusion of water mol- 
ecules occurred through two pathways consisting of free water and bound 
water regions in the membranes. 

In the present investigation, partition and permeability coefficients of 
urea, NaC1, and saccharose in water-swollen poly(viny1 alcohol-co-itaconic 
acid) membranes having various water contents (0.25 I H I 0.86) were 
measured. The aim of the present study is to elucidate the transport phe- 
nomena in freezing and nonfreezing water phases%.% based on a parallel 
permeation model. 20,22 The estimation of the partition coefficients and 
permeability ratios in the two water phases was performed. 

EXPERIMENTAL 

Materials 

Poly(viny1 alcohol-co-itaconic acid) (PVA-IA) used in this investigation 
were kindly provided by Kuraray Co., Ltd. which has 1.3 mol % of itaconic 
acid, its saponification value is 97.7 mol %, and its degree of polymerization 
is 1750, respectively. Distilled deionized water was used throughout exper- 
iment. Membrane preparation and the method of crosslinking by acetali- 
zation of the membranes with glutaraldehyde were described in previous 
 paper^.^^,^^ The water content of the membranes was controlled by the 
degree of the crosslinking. 

Apparatus 
The permeation and partition experiments of NaCl performed in this 

study is similar to that described elsewhere.%-% The cell volume of up- 
stream and downstream side is 245 and 68 mL, respectively. The effective 
membrane area is 7.28 cm2. The downstream concentration C2 was moni- 
tored with electronic conductometer to determine the permeability coeffi- 
cients of NaCl in the membranes. Permeability and partition coefficients 
of NaCl were determined for VI-83,73,67,47,34, and 25 (water content of 
the membranes are 0.83, 0.73, 0.67, 0.47, 0.34, and 0.25 water (g)/swollen 
membrane (g), respectively). A glass diffusion cell consisting of two com- 
partments of equal volume (245 mL) was used in the permeation of urea 
and saccharose. The effective membrane area is 7.28 cm2. The solutions of 
each sides were stirred effectively during the measurements to minimize 
the stagnant boundary layers on the surface of the membrane. The initial 
upstream concentration C, was 0.2 mol/L for all experiments. The down- 
stream concentration C2 was monitored with a differential refractometer 
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to determine the permeability Coefficient P. The permeation measurements 
were carried out within the limit of the concentration range of C2 less than 
1/100 of upstream side. The upstream concentration was, therefore, re- 
garded as constant during the experiments. 

is the ratio of the 
solute concentration in the membrane to the solution at equilibrium. Perme- 
ability and partition coefficients were measured for urea in VI-85, 72, 63, 
51, and 44, and for saccharose in VI-86,70,66,59, and 26 membranes. Since 
the permeability of saccharose decreases more significantly than that of 
NaCl or urea with the decreasing water content and the detective sensitivity 
of the solute concentration by the refractometer is more than 10 times 
worse than that by the conductometer, the permeability of saccharose was 
measured in the membranes of H 2 0.59 from the point of experimental 
accuracy. Standard deviations of the permeability and partition coefficients 
were found to be 5% of P and 2.5% of K, respectively. 

NaCl were purchased from Kanto Chemicals, Ltd. as a 1.OM standard 
aqueous solution. Urea and saccharose were obtained as extra pure reagent 
from Nakarai Chemicals Ltd. Measurements were performed at 25,30,35, 
40, and 45 kO.OFC in a thermostated water bath. 

The partition coefficient K determined by desorption 

RESULTS AND DISCUSSION 
Figure 1 shows log D against l/H-1 for NaC1, urea, and saccharose at 

2FC, where D is the diffusion coefficient calculated by P / K .  It is known 
that Yasuda's free volume theory" predicts linear dependence of log D on 
l/H-1. The values of log D at H = 1 in the figure are those in pure bulk 
water taken from the literature. 31-33 The diffusion coefficients of NaCl, urea, 
and saccharose in the bulk water are 1.61 x 1.39 x lop6 ,  and 5.24 
X 10 -6 cm2 /s at 25"C, respectively. The diffusion coefficients of NaC1, urea, 
and saccharose were found to decrease with decreasing water content of 
the membranes. Urea, which has a larger molecular size and a smaller 
diffusion coefficient than NaCl in the bulk water,18 was found to have a 
larger diffusion Coefficient than NaCl in the membranes at 0.51 I H I 
0.85. This suggests that the hydration radii of NaCl and urea in the mem- 
branes are different from those in the bulk water and/or that the diffusion 
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Fig. 1. log D against 1/H at 2SC (0) NaCl; (0) urea; (0) saccharose. 
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coefficient of urea is higher than that of NaCl in the nonfreezing water. 
The diffusion coefficient of urea in VI-44 is, however, found to be lower 
than that of NaCl at H = 0.44. This may be due to the sieving e f f e ~ t , ~ - ~  
as the mesh size of the membranes will be reduced with decreasing water 
content 1 5 9 1 6  and urea has a larger molecular size than NaC1. It is found that 
the diffusion coefficients of saccharose decrease more noticeably than those 
of urea and NaCl at H 2 0.59. 

The fact that no linear correlation between log D and l / H - 1  was observed 
(Fig. 1) is explained with considering the states of water in the membranes. 
As was discussed in several investigations,18-27 the water in membrane is 
frequently in multistates while the free volume theory assumes that the 
state of water is only one.ll 

The partition coefficient K of NaC1, urea, and saccharose as a function 
of water content of the membranes at 25°C is shown in Figure 2. In the 
case of saccharose, K decreases monotonously with the decrease of water 
content of the membranes. In the membranes of H < 0.26, K is found to 
be practically zero. This indicates that saccharose does not dissolve in the 
nonfreezing water phase, since the state of water in the membranes at H 
< 0.375 is solely nonfreezing in nature.22 The partition coefficients of NaCl 
also decrease with the decrease of water content of the membranes. In the 
case of the membrane of H = 0.25, K was observed to be 0.42 where all of 
the water is in the nonfreezing state. In our previous DSC investigation,22 
partition coefficients of NaCl and urea in the freezing water of PVA-IA 
were estimated as being equal to unity from melting point depression of 
the water. The above consideration, therefore, suggests that NaCl can dis- 
solve in the nonfreezing water but less than in the freezing water. The 
partition coefficient of urea shows different behavior as a function of water 
content from those of NaCl and saccharose. The partition coefficient of urea 
is estimated to be approximately 1.1 and to be almost independent of water 
content. Kim et a1.19 reported partition coefficients of thiourea and Na 
methotrexate greater than unity. This phenomenon was explained by spe- 
cific interactions of the solutes with the macromolecular chains. Further 
possibility of specific interactions between the solutes and the nonfreezing 
water is proposed. 

H 

Fig. 2. Dependence of partition coefficients on water content at 250C (0) NaC1; (0) urea; 
(0) saccharose. 
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The partition coefficients of solutes in freezing water and nonfreezing 
water phases in the membranes, K 1  and K2,  can be estimated, assuming 
that the solutes dissolve in two distinct phases in the membranes21*22: 

where u1 and u2 are the volume fraction of freezing and nonfreezing water 
and u 1  = 1 - u 2 .  KY and Ki  are the partition coefficients in purely freezing 
and nonfreezing water. KY was estimated to be unity from the previous 
study. 22 As the weight ratio of nonfreezing water to dry polymer for PVA- 
IA membranes is approximately 0.6,” u1 could be calculated from 1.6-0.6/ 
H at H 2 0.375, and u 1  was zero at H < 0.375 with the assumption that 
the density of nonfreezing water was the same to that of freezing water. 

K i  was estimated by eq. (1) and plotted as a function of water content 
in Figure 3. Ki  of urea is found to be more than unity at 0.44 I H I 0.85. 
This is due to the contribution of the solute’s interactions with the 
macromolecules la and nonfreezing water. It is also observed that K i  of urea 
decreases with the decrease of water content of the membranes. The contact 
area of a polymer chain with solutes will decrease with decreasing water 
content, as the polymer chains are much exposed to the water in high water 
content and some part of the polymer chains is probably embedded in the 
polymer matrix in low water content. The decreasing tendency of K i  of 
urea may be, therefore, explained by the less contact area of the polymer 
chains surrounded by the nonfreezing water with the decrease of water 
content. 

K: of NaCl and saccharose was found to be less than unity, as was already 
discussed qualitatively. It is known that ions and sugars are excluded from 
“polarized” or bound water (nonfreezing water). 24,34 K :  of saccharose is 
found to be approximately zero, while K i  of NaCl is found to be 0.42 for 
VI-25. Taniguchi and H ~ r i g o m e ~ ~  investigated the states of water in cel- 
lulose acetate membranes and suggested that there are two kinds of non- 
freezing water (bound water in Ref. 351, one of which can dissolve salts and 
the other of which does not. Their argument is consistent with the results 
in the present work. 
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Fig. 3. Dependence of Ki on water content at 25°C: (0) NaC1; (0) urea; (0) saccharose. 
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Fig. 4. 7 against water content (0) estimated from eq. (3) for saccharose; (A) Mackie and 
Meares equation; (B) Fricke's equation. 

The permeability coefficients in freezing and nonfreezing water, Py and 
Pi, can be expressed as follows by the parallel permeation modelz1.? 

where T is the tortuosity factor and Df and Di are the diffusion coefficients 
in freezing and nonfreezing wakr  phase, respectively. T is assumed to be 
the same as both in the nonfreezing and the freezing water.21,22 00 1 is as- 
sumed to be equal to the diffusion coefficient in the bulk water. As is 
suggested from Figure 3 that saccharose does not dissolve in nonfreezing 
water at 25"C, permeation of saccharose mainly occurs in the freezing water. 
T is, therefore, estimated from eq. (3) using P values for saccharose: 

Dependence of r on H thus obtained is shown in Figure 4. H is the 
volume fraction of water in the swollen membrane and is estimated from 
H' = H d ,  where d is the density of the swollen membrane. T which is 
calculated by Mackie and Meares equation,12 [(l + +)/(1 - +)I2, and by 
Fricke's equation,36 (1 + +/2)/(1 - $1, is also shown in the same figure. + 
is the volume fraction of polymer in the swollen membrane and is estimated 
from 1 - H .  The values of r estimated from eq. (3) are found to be higher 
than those obtained from the two theoretical calculations. This suggests 
that significant amounts of dead void which cannot contribute to the per- 
meation of solutes exist in the PVA-IA membranes. 

TABLE I 
P:lPy of Urea and Nacl in Water-Swollen PVA-IA Membranes 

Membranes Urea Nacl 

VI-85 9.4 
VI-83 2.1 
VI-72 17 
VI-67 6.6 
VI-63 19 
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Fig. 5. Arrhenius plot of log D against 1/T for urea. 

Py and Pi of urea and NaCl in the membranes of H 2 0.59 were calculated 
using T estimated from eq. (3). The ratios, Pi/P!, of urea and NaCl are 
summarized in Table I. It is found that Pi/P! is much larger than unity 
for both NaCl and urea. Toprak et al. 37 studied the state of water in cellulose 
acetate membranes by infrared spectroscopy and concluded that water 
sorbed in the membranes has weaker bonds between water and cellulose 
acetate than the hydrogen bonds in the bulk water. I t  was suggested that 
the weak hydrogen bonds in the membranes lead to high molecular mobility. 
The high ratios of Pi/Py of NaCl and urea in PVA-IA membranes are 
propably due to the high molecular mobilities of the solutes in the non- 
freezing water. 

Permeability coefficients of NaCl in the membranes at low water content 
are significantly lower than the value in the bulk water, although Pi of 
NaCl is higher than Py. For example, the permeability coefficient of NaCl 
in VI-25 is 4.02 x cm2/s, which is about 4000 times lower than that 
in the bulk water. This is caused by the increase of the tortuosity factor 
with the decrease of water content. Reverse osmosis membranes such as 
cellulose acetate membranes developed by Loeb and Sourirajan= are known 
to possess high salt rejection ratio. The high salt rejection is usually ex- 
plained by poor partition of the salts in nonfreezing water.% However, NaCl 
can dissolve in nonfreezing water as found in Figure 3. Table I suggests 
that permeability of NaCl in the nonfreezing water is higher than that in 
the freezing water in PVA-IA membranes. It may be possible to consider 
that the high salt rejection in the reverse osmosis membranes is due to the 

0 0 2  OL 0 6  08 10 
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Fig. 6. Dependence of the apparent activation energies of diffusion on water content (0) 
NaCl; (0) urea; (0) sacchar-. 
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TABLE 11 
Water Content of PVA-IA Membranes at 25-45 'C 

Membranes 25°C 30°C 35oc m 45% 

VI-86 0.86 0.86 0.86 0.86 0.84 
VI-70 0.71 0.71 0.70 0.71 0.70 
VI-66 0.67 0.67 0.67 0.66 0.66 
VI-59 0.59 0.60 0.60 0.59 0.59 
VI-26 0.26 0.26 0.26 0.26 0.26 

high mobility of water in the nonfreezing phase; a high molecular mobility 
is expected in the nonfreezing water as Toprak et al." suggested. There is 
another possibility that the water in the nonfreezing phase may diffuse by 
a proton jump process, which may extremely reduce the tortuosity in the 
membranes for water compared with other solutes such as NaCl. 

Apparent activation energies of diffusion for NaC1, urea and saccharose 
in the membranes are calculated by" 

D = Doexp(-ED/RT) (4) 

where E D  is the activation energy of diffusion, Do is preexponential term, 
and R and T have conventional meanings. An example of the Arrhenius 
plots for urea are shown in Figure 5. It is found that the slope becomes 
steeper with the decrease of water content of the membranes. The depen- 
dence of the activation energies of diffusion on water content of the mem- 
branes is shown in Figure 6. E D  at H = 1.0 are the values in the bulk 
water taken from the literature3l-= and are 4.9, 3.9, and 4.5 kcal/mol for 
NaCl, urea, and saccharose, respectively. The activation energies of diffu- 
sion for three solutes are found to increase with the decrease of water 
content of the membranes. Care must be taken to discuss the activation 
energies of diffusion as there is a possibility that water content and/or 
membrane thickness changes with elevated temperature. This may con- 
tribute to the high activation energy of diffusion in the membrane of low 
water content. Water content and thickness of VI-86, 70, 66, 59, and 26 at 
25-45°C are summarized in Tables I1 and 111. In these tables it is found 
that there is no dependence of the water content or the thickness on tem- 
perature in the range from 25 to 45°C. Ebra-Lima and Paulm studied hy- 
draulic permeation of water swollen poly(viny1 alcohol) membranes. They 
found that activation energy of diffusion for water was 6.5 kcal/mol and 
this was higher than the value of 4.3 kcal/mol for viscous flow of water. 
They argued that polymer -liquid interaction influenced the activation en- 

TABLE I11 
Membrane Thickness (pm) at 2545°C 

Membranes 25°C 30°C 35°C 40°C 45T 

VI-86 101 104 105 101 97 
VI-70 73 70 72 70 71 
VI-66 100 99 100 100 97 
VI-59 79 76 75 76 73 
VI-26 82 80 81 80 80 
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ergy of the diffusion process in those systems. It is, therefore, concluded 
from the above arguments that the high activation energies observed in 
Figure 6 are due to the fact that diffusion in nonfreezing water ne'eds a 
higher activation energy than in the bulk water, as the fraction of non- 
freezing water increases with decreasing water content of the membranes. 
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