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Synopsis 
Solutions containing two organic compounds of different concentrations were dialyzed 

through Cuprophan using a modified Muir-Ross cell. The dialysis rate of the solute pres- 
ent in a low concentration (hypoconcentrate) was altered by the presence of a large con- 
centration of a second solute (hyperconcentrate). The effect was unrelated to the molec- 
ular radius of the hyperconcentrate or, for acids and bases, to the dissociation constant. 
It was related, though not proportionately, to the solubility (expressed in mole/l.) of the 
hyperconcentrate. It is postulated that the effect is due to changes in the hydrogen- 
bonded structure of the water induced by the dissolution of solutes in this solvent. 

INTRODUCTION 

Most studies of dialysis rate have been made with solutions of single 
components. However, knowledge of the dialysis rates of the compounds 
in blood is of fundamental importance with the artificial kidney. Dialysis 
rates of components of complex mixtures may differ from those in simple 
aqueous solutions owing to chemical1S2 or physicals-5 interactions between 
the various solutes present. It is difficult to adapt the artificial kidney for 
in vitro work, whereas the Muir-Ross cell has been shown to be a suitable 
apparatus for investigating the dialysis of single-component solutions.6 A 
study of the dialysis rates of mixtures of two organic compounds was there- 
fore carried out using the Muir-Ross cell. 

EXPERIMENTAL 

A modified Muir-Ross dialysis cell’ was employed using the experimental 
arrangement and procedure described elsewhere.6 Dialysis rate was ex- 
pressed as the “half-clearance time” (tl/,) , and its 95% confidence limits 
were estimated.6 

The membrane used, Cuprophan (Bemberg A.G., Wuppertal, West 
Germany), was a regenerated cellulose membrane of dry thickness 10.5- 
11.5 pm. 
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The solutes were used in their purest commercially available form. Urea, 
creatinine, and glucose were determined by standard Technicon Auto- 
Analyzer procedures (Technicon Instruments Co. Ltd., Basingstoke, 
Hants) . Raflinose was determined by the HCl/alcoholic resorcinol re- 
action of K ~ l k a . ~  

RESULTS 

Dialysis of Raffinose in the Presence of Other Organic Solutes 

Mixed solutions of urea and raffinose of varying concentrations were 
dialyzed against water, and their tl/, values were calculated. The results 
are given in Table I. In all the experiments, the half-clearance time of 
urea, (tl /JU, was not altered by the presence of raffinose. However, the 
raffinose half-clearance time (tl/z)Rl was decreased, i.e., the sugar dialyzed 
faster in the presence of urea. The magnitude of the effect, shown by the 
percentage decrease in (tl/z)R in Table I, depended on the urea concentra- 
tion. The same decrease in ( t l / , ) ~  was obtained with solutions of 2 g/l. 
raffinose + 4 g/l. urea and with 1 g/l. raffinose + 2 g/l. urea. Similarly, 
equal decreases in (tl/z)R were obtained in the experiments where ratios of 
the urea-to-raffinose concentration of 8: 2 and 4: 1 were used. Thus, equal 
ratios of the urea-to-raffinose concentration produced the same decrease in 
(tl/z)R. 

TABLE I 
Dialysis of Mixtures of Urea and Raffinose of Varying Concentrations8 

Ratio 
of urea 

Raffinose Urea concn. to 
concn., concn., raffinose ( ~ I / ~ ) u ,  ( f l / z ) R >  A(t1/2)Ri 

g/l. g/l. concn. min min % 
0 
2 
2 
2 
2 
2 
2 
0 
1 
1 
1 
0 
0.25 
0.25 

- 2 
0 0 
2 1 
4 2 
6 3 
8 4 

10 5 
2 
0 0 
2 2 
4 4 
1.25 - 
0 0 
1.25 5 

- 

76.0 f 5 

75.2 f 5 
78.7 f 6 
74.9 f 5 
77.3 f. 6 
75.9 f. 5 
75.8 f 5 

76.2 * 5 
76.5 f 5 
75.9 f 5 

- 

76.7 f 5 

406 f 24.5 
381.5 f 23 
368 f 22 
351 =I= 21 
350 =k 21 
334.5 f 20 

420 f 25 
383.5 f 23 
357.8 + 21.5 

425 f 25.5 
350.5 f 21 

- 

0 
-6.0 
-9.4 

-13.5 
-13.8 
-17.6 

0 
-8.7 
- 14.8 

0 
-17.5 

- 

a Experimental conditions were as described in ref. 6. The 95% confidence limits of 
( t l / , ) ~  and ( f l / z ) ~ ,  shown as f. values, were 6% and 6.6%, respectively, and were esti- 
mated as outlined in ref. 6. 
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TABLE I1 
Dialysis of Mixtures of Creatinine and Raffinose of Varying Concentrationsa 

Ratio of 
creatinine 

Raffinose Creatinine concn. to 
concn., concn., raffinose (tl/Z)C, (tl/z)R, A(fl/t)R, 

g/l. g/l. concn. min min % 
0 1.76 - 
1 0 0 
1 1.76 1.76 
1 5.28 5.28 
1 9.42 9.42 
2.0 0 0 
2.0 8.84 4.42 
2.0 18.84 9.42 

112.3 f 7 
- 423 f 25.5 0 

114.0 =I= 7 432 f 26 +2.2 
111.8 f 7 430 rt 26 $1.6 
116.5 f 7 453.5 + 27 +7.2 
- 423 f 25.5 0 

117.2 =I= 7 423 rt 25.5 0 
113.4 f 7 461 f 28 +9.0 

a Experimental conditions were as described in ref. 6. The 95% confidence limits of 
(tl/Z)R and (ti/$)c, shown as + values, were both 6% and were estimated &s outlined in 
ref. 6. 

TABLE I11 
Combined Effects of Urea and Creatinine on the Dialysis Rate of Raffinosea 

Raffinose Urea Creatinine 
Solution concn., concn., concn., A(tl/?)R, 

dialyzed g/l. g/l. g/l. % 
Raffinose + urea 2.0 10.0 - -17.6 
Raffinose + creatinine 2.0 - 18.84 +9 .0  
Rsffinose + urea + 

creatinine 2.0 10.0 18.84 -10.0 

a Experimental conditions were as described in ref. 6. 

Similar experiments were carried out with solutions of creatinine and 
raffinose of varying concentrations. The results, given in Table 11, show 
that the half-clearance time of creatinine (tl/J,C was not altered by the pres- 
ence of raffinose, whereas (tl/z)R was significantly increased a t  the highest 
creatinine concentrations used. The same percentage increases in ( t l / J ~  
were obtained with solutions of 1 g/l. raffinose + 9.42 g/l. creatinine and 
with 2 g/l. raffinose + 18.84 g/l. creatinine. 

Thus, opposite effects were produced by urea and creatinine on (tl/t)R. 

When both compounds were mixed with raffinose in the same concentra- 
tions used in mixtures of raffinose + urea and raffinose + creatinine, a de- 
crease of 10% in (tlIZ)R was obtained, as shown in Table 111. Thus, the 
opposing effects of the two compounds tended to cancel each other. When 
mixtures of urea and creatinine of varying concentrations were dialyzed, 
no changes in (tl/,)v or (tl/,)c were observed.* Thus, any chemical inter- 
actions between urea and creatinine in a mixture of the two were excluded. 
It was concluded that the effects of these two solutes on (tl/,)R were due to 
opposite and reversible interactions between each solute and raffinose. 
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TABLE IV 
Effect, of pK, Molecular Radius, and Solubility of 
Hyperconcentrate on Change Produced in ( t ~ / ~ ) p  

Molec- 
ular Mass Molar 

radius solubility solubility of 
hyper- of hyper- hyper- 

p K  of concen- concentrate concentrate 
hyper- trate, a t  37.5"C, a t  37.5"C, A ( h l 2 ) ~ ,  

Hyperconcentrate concentrate nm g/l. mole/l. % 
~ 

Thiourea 14.96 (PK,) 0.294 276.0 3.45 -7.8 
Acetamide 14.51 (PKb) 0.274 1333.4 22.6 -16.7 
Urea 13.82 (PKb) 0.258 1575.0 26.25 -17.6 
Phenylacetic acid 4.28 (pK,) 0.352 16.32 (25OC) 0.12 (25OC) $11.1 
Creatinine 4.80 (pK,) 0.303 87.01 (16OC) 0.77 (16'C) +7.0 
Glutaric acid 

' 34} (pK,) 0.340 990.0 7.5 -25.8 (1) 
(2 1 5.41 

* Experimental conditions were as described in ref. 6. RafKnose concentration was 2 
g/l. Moles of hyperconcentrate per mole of rafKnose was 50: 1. Solubility of raffinose at  
37.5"C is 445.5 g/L, or 0.75 mole/l. Molecular radii of the hyperconcentrates were ob- 
tained from ref. 8, pKvalues from ref. 10, and solubilities from ref. 11. 

Since urea and creatinine have different dissociation constants and solu- 
bilities, the effects of these properties on the dialysis rate of raffinose were 
investigated with other acidic and basic solutes. The stronger solution 
(e.g., urea, creatinine) was termed the hyperconcentrate, and the weaker 
one (raffinose), the hypoconcentrate; and in each case, the ratio of their 
molar concentrations was 50 : 1. The results, given in Table IV, show that 
every hyperconcentrate tested either increased or decreased (tl/z)R, but the 
magnitude and direction of the effect were not related to pK. Phenylacetic 
acid, creatinine, and glutaric acid have similar pK, values, but whereas 
the first two solutes produced increases in (tI/*)R, glutaric acid gave a de- 
crease in ( t l lZ)~.  Thiourea, urea, and acetamide have similar pK, values 
and produced decreases in (t&, but of different magnitudes. The changes 
in (tl/2)R produced by different hyperconcentrates did not appear to be 
related to their molecular sizes (expressed as radius r ) .  The effect of the 
hyperconcentrate on (tl l2)R was not related to its mass solubility (expressed 
in g/l.), but was related, though not proportionately, to its molar solubility 
(expressed in mole/l.) . Those hyperconcentrates with molar solubilities 
greater than that of raffinose decreased (tl/2)R, while those with molar solu- 
bilities less than that of the sugar increased (tl/&. 

Dialysis of Glucose in the Presence of Various Hyperconcentrates 
Similar investigations were made of the effect of various hyperconcen- 

trates on the half-clearance time of glucose, (t1/JO, using a concentration 
ratio of 50 moles hyperconcentrate to 1 mole glucose. The results are 
given in Table V. There was no correlation between the molecular radius 
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TABLE V 
Effect of Various Hyperconcentrates on the Half-Clearance Time of Glucose& 

Molecular MaSS Molar 
radius of solubility of solubility of 
hypercon- hyperconcentrate hyperconcentrate 
centrate, at 37.5OC, at 37.5"C, A(tl/z)Gj 

Hyperconcentrate nm g/l. mole/l. 7% 
Urea 0.258 1575.0 26.25 -8.3 
Creatinine 0.303 87.01 (16°C) 0.77 (16°C) +9.8 
Fructose 0.355 549.0 3.05 +9.6 
Sucrose 0.449 2308.5 6.75 +10.6 
Raffinose 0.563 445.5 0.75 +1.7 

8 Experimental conditions were as described in ref. 6. Glucose concentration was 2 
g/l. The 95% confidence 
limit,s of  ti/,)^ were +5.9%. Solubility of glucose at 37.5"C is 1512.0 g/l., or 8.4 mole/l. 
Molecular radii of the hyperconcentrates were obtained from ref. 8 and solubilities, from 
ref. 11. 

Moles of hyperconcentrate per mole of glucose was 50: 1. 

TABLE VI 
Effect of Urea on ( ~ I / ~ ) R ,  at Two Different Temperatures8 

Rat.io of 
Molar Molar solubility 

solubility solubility of urea to 
Temp., of urea, of raffinose, solubility A(t1/2)R, 

"C mole/]. mole/l. of raffinose % 
~~ ~ ~ ~~ ~ 

37.5 26.25 0.75 35.0 -17.6 
50.0 33.43 1.45 23.0 -17.9 

8 Experimental conditions were as described in ref. 6. Raffinose concentration wm 2 
Solubilities of urea and raffinose were obtained g/L, and urea concentration was 10 g/l. 

from ref. 11. 

or the mass solubility of the hyperconcentrate and the change produced in 
(tl/,)G. There was no direct correlation between the molar solubility of the 
hyperconcentrate and the magnitude of the change in (tl/,)G. Urea, with a 
greater molar solubility than glucose, was the only solute which decreased 
(tl/z)G. Raffinose had no significant effect on (tl/*)G, while creatinine, fruc- 
tose, and sucrose produced equal increases in ( t l / * ) G ,  despite a ninefold 
difference in their molar solubilities. 

A mixture of urea and raffinose was dialyzed at 37.5"C and at 50°C, the 
solubilities of each solute being different at these temperatures. The re- 
sults given in Table VI show that the change induced in (t1/JR by the pres- 
ence of urea was the same at both temperatures. This confirmed the lack 
of correlation between the molar solubility of the hyperconcentrate and the 
magnitude of the change induced in the tl/, of the hypoconcentrate. 

DISCUSSION 
Franz, Galey, and Van Bruggen4s5 studied dialysis rates of sugar mix- 

tures. They showed that a hyperconcentrate sugar dialyzing through a 
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membrane caused a hypoconcentrate sugar, placed in equal concentrations 
on both sides of the membrane, to  dialyze in the same direction. This 
effect was achieved a t  zero net osmotic flow of the solvent and was propor- 
tional to the concentration and molecular radius of the hyperconcentrate. 
This phenomenon was ascribed to a physical interaction between the two 
sugars: as the hyperconcentrate diffused down its concentration gradient, 
it collided with, and pushed molecules of, the hypoconcentrate through the 
membrane pores. 

This hypothesis could explain the present results where decreases in 
( t l / z )R  and (tl/,)G were obtained in the presence of a hyperconcentrate. It 
does not explain the increases in (L/,)R and (t1Iz)G produced in some cases 
(Tables 11, IV, and V) or the lack of correlation between the magnitude 
of the effect and the molecular radius of the hyperconcentrate (Tables IV 
and V). Thus, another explanation must be sought. 

In  every experiment it was found that the graphs of log concentration 
against time, expressing dialysis rate, for both the hypoconcentrate and 
hyperconcentrate, were single, straight lines. This indicated that the two 
solutes remained in the same form throughout the experiment and that an 
irreversible chemical reaction between them did not occur. 

It is possible that changes in the structure of the water, both bound and 
unbound to  the hypoconcentrate, are brought about by the presence of the 
hyperconcentrate. From studies of the changes in the thermodynamic 
properties of water which occur on the dissolution of solutes in the solvent, 
a model for water has been proposed.12 Water is said to  consist of at least 
two forms, one of which is hydrogen-bonded (bulky) water and the other, 
monomeric (dense) water. The two forms exist in an equilibrium which can 
be changed by dissolving a second component in the water, the changes 
being characterized by excess enthalpies and entropies of mixing. l3 

From experiments with carbohydrates, it has been suggested that these 
solutes can be accommodated in water without much modification of the 
hydrogen-bonded solvent structureI4 and may even extend the hydrogen- 
bonded &stem. However, urea is known to cause a breakdown of hydro- 
gen bonds, possibily by a dilution effect, changing the bulky/dense equilib- 
rium, rather than by direct action on the hydrogen  bond^.'^,'^ 

Thus, it is possible that the addition of urea to solutions of raffinose or 
glucose will cause a breakdown of the structure of the water, both bound 
and unbound to  the sugar. Since the sugar and urea will probably be 
closest together for a longer time while in the pores of the membrane, the 
effect of urea on the water bound to the sugar is likely to be greater within 
the membrane pores than in bulk solution. Thus, this enhanced inter- 
action between the urea and raffinose molecules appears to be caused by the 
greater resistance to solute diffusion offered by the water in the membrane 
pores than by that in bulk solution. This postulate is supported by the 
finding of Galey and Van Bruggen5 that the effect of a hyperconcentrate on 
the dialysis rate of a hypoconcentrate is greater with a smaller membrane 
pore size. Other effects which may enhance the interaction between the 
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two solutes while in the membrane pores, such as absorption of either solute 
onto the membrane, appear to be unlikely. As stated previously, in all the 
experiments the dialysis plot of each solute in the mixture was a single, 
straight line, indicating that the solutes did not absorb onto the membrane. 
Since friction between solute and solvent molecules is greater in the mem- 
brane pores than in bulk solution, l6 the effect of urea on the structure of the 
water not bound to the sugar is also likely to be greatest within the mem- 
brane pores. Hence, the hydrated sizes of raffinose and glucose will be 
smaller in the presence of urea, and the water system in the membrane 
pores through which the sugars must diffuse will become less “rigid.” This 
will result in an increase in the dialysis rates of the sugars, i.e., a decrease in 
(tI/*)R and (tllZ)a. The effectiveness of urea as a disrupter of water structure 
increases with concentration12 and may account for its greater effect on 
(tl/l)R at higher concentrations. The constancy of (tl/,)v in the presence of 
rafinose may be due to urea having a greater influence on water structure 
than raffinose has. 

The decreases in (tl/,)R produced by thiourea, acetamide, and glutaric acid 
can be explained in a similar way to that for urea. These solutes are among 
the class of compounds listed by Franks12 as effective breakers of the hydro- 
gen-bonded system present in water. 

The effect of adding fructose, sucrose, or raffinose to a glucose solution 
may be to extend the water structure already enhanced by the presence of 
glucose. Thus, the water barrier to glucose diffusion in the membrane 
pores will become more “rigid,” and the hydrated size of glucose will in- 
crease. Consequently, the dialysis rate of glucose will decrease, i.e. ( t1/Ja 
will increase. 

The decrease in the dialysis rate of raffinose brought about by creatinine 
and phenylacetic acid may be related to their low solubilities in water and 
their nonpolar character. Dissolution of such substances in water is ac- 
companied by a large decrease in entropy,12 implying structure formation in 
the water system. 

This hypothesis explains the effects observed in the present experiments. 
A relationship between the molar solubility of the hyperconcentrate and its 
effect on the tl/, of the hypoconcentrate was found. This may imply that 
the forces exerted by a solute on the structure of water may be a factor in 
determining the solubility of that solute in water. 

These results show that the physical interactions between two solutes 
when dialyzed together, i.e., diffusion of the hypoconcentrate down the 
concentration gradient of the hyperconcentratels may not be the only effect 
taking place. Reversible chemical interactions between the solutes and the 
solvent may also have to be taken into account. The importance of the 
interactions proposed here can be further determined by altering the capac- 
ity for hydrogen bond formation in the dialysis system. This could be 
achieved by using substituted derivatives of the solutes already employed, 
by pH changes, or by varying the composition of the solution with other 
solvents of different hydrogen-bonding abilities. 
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