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The intramembrane transport properties of corbohydrotes were investigated in  cellophane. 
T h e  experiments performed were the measurement of net volume transfer under a concentro- 
tion ond pressure grodient and the solute transfer due to a concentration difference together 
with the physical properties of the membrane. T h e  matrix of phenomenological Coefficients 
Characteristic to the transport was established after the phase boundary contributions were 
extricated from the experimental transport data. These thermodynamic coeff icients were 
then interpreted through the Spiegler-Kedem-Katchalsky fr ict ional model. 

The onolysis of  the fr ict ional coeff icients clearly indicated the importance of  solute- 
polymer interactions. The magnitude of solute-solvent fr ict ional coeff icients in  the mem- 
brane were compared with the corresponding interactions in free solutions. Their  differences 
were exploined in  terms of the interaction of the salute with the macromolecular network and 
were quantitatively expressed by introducing two reduced fr ict ional Coefficients. T h e  tor- 
tuosity factor wos shown to  be reloted to  these interactions and not o simple geometric prop- 
erty of the membrane. The temperature dependence of the fr ict ional coeff icients was 
established. 

Recognition of the potential applicability of membrane 
processes to the chemical industries,  water demineraliza- 
tion, biological separations,  and to artificial human organs 
has  greatly increased in recent years. However, the basic  
.principles of membrane transport are s t i l l  not well  under- 
stood. The phrase membrane transport, as i t  will be used 
subsequently, actually refers to two different but largely 
inseparable phenomena: the mechanism by which material 
i s  transported across a barrier, which will be designated as 
intramembrane transport, and the resis tance to mass  trans- 
fer always associated with fluids contacting any barrier, 
which will be called the phase boundary resistance,  This  
paper presents a study on intramembrane transport. A 
parallel investigation of phase boundary phenomena i s  de- 
scribed in a separate paper (14) .  

A semipermeable membrane is  one which permits the pas- 
sage of one or more, but not necessarily a l l ,  consti tuents 
of a solution under the influence of the gradients of their 
chemical potentials. At the present time, there are many 
theories ( 1 ,  2, 9 ,  11 ,  22,  25 ,  26, 3 3 ,  each supported by a t  
least  some experimental evidence, which purport to s ta te  
the mechanism by which substances pas s  through a mem- 
brane. However, none of those theories is  capable of a 
general characterization of the transport process.  

The application of irreversible thermodynamics to intra- 
membrane transport (15)  has established a firm theoretical 
groundwork for intramembrane studies.  The theory provides 
an exact description of the physical process by defining the 
necessary number of coefficients required to characterize 
the permeability of a membrane system. Although this i s  a 
very important and imperative first  step,  i t  s t i l l  does  not 
give any clues toward the elucidation of the transport mech- 
anism from a structural viewpoint, due to the inherently ab- 
stract  nature of thermodynamics. The interpretation of the 
thermodynamic coefficients requires a physical model. A 
frictional model proposed by Spiegler, Kedem, and Katchal- 
s k y  (16 ,  17 ,  29) was adopted in this investigation. Their 
treatment is concerned with the balance of thermodynamic 
and “mechanical” forces during a quasistationary s t a t e  of 
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flux in the membrane. The driving forces are represented 
by the local gradients of chemical potentials, whereas the re- 
tarding forces are represented by the frictional interactions 
between three components (in the case  of a binary system): 
solute,  solvent, and the macromolecular network of the 
membrane. These frictional coefficients afford a means of 
studying the relative importance of the various interactions 
inside the membrane, and thus one may hope to gain from 
them a clearer physical picture of‘ the nature of transport 
processes.  

The main objectives of this study were the phenomeno- 
logical characterization of the membrane transport, and the 
determination of the different frictional coefficients for 
three carbohydrate-water systems a t  various temperatures. 
Also, considerable attention was given to the analysis of 
phase boundary phenomena (14). This  was necessary since 
an often unwarranted simplification introduced in analyzing 
membrane transport data is  the assumption that the only re- 
s is tance to mass transfer is  that  offered by the membrane. 
The resistance to transport in the fluids next to the mem- 
brane i s  an inescapable concomitant of the membrane re- 
sistance.  I t  can partially or completely control the rate 
process and thus mask the properties of the membrane it- 
self. Consequently, in conjunction with the intramembrane 
study we have establ ished the mechanism of phase boundary 
mass transfer (14). This enabled us  to extricate all the 
phase boundary contributions from the experimental trans- 
port data,  and the various transport coefficients discussed 
next are characterist ic to the membrane alone. 

L e t  us  now briefly examine the basic  postulates of ir- 
reversible thermodynamics and how i t  is applied to mem- 
brane trans port. 

THEORETICAL BACKGROUND 

B a s i c  C o n c e p t s  of I r r e v e r s i b l e  T h e r m o d y n a m i c s  

Irreversible thermodynamics provides rigorous equations 
relating measurable properties of systems in which trans- 
port processes are taking place-provided they are not far 
removed from equilibrium. In brief, the theory says (7): 

1. The thermodynamic variables for a nonequilibrium sys- 
tem are the same functions of the local s ta te  a s  the corre- 
sponding equilibrium quantit ies.  
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2. The rate of entropy production inside such a system 
can be expressed a s  

T =  C J , X i  ( 2 = 1 , 2  .... 12) (1) 

where X i  are the generalized thermodynamic forces,  and 
J j  are the fluxes or flows caused by the forces. 

3. The flows J j  of Equation (1) are related linearly to 
the forces X i  by phenomenological relations of the general 
type 

i 

J j  = c L j j X j  ( i , j = 1 , 2  .... n) (2) 

The Ljj are called phenomenological coefficients. Trans- 
port processes taking place simultaneously may interfere 
and produce cross  phenomena. 

4. If the J i ' s  and the X i ' s  are mutually independent and 
certain other conditions are sat isf ied,  then the matrix of 
phenomenological coefficients is  symmetric, that  is  

The equality expressed in Equation (3) i s  known a s  the 
Onsager reciprocal relation. It was derived by Onsager and 
based on the s ta t is t ical  mechanical concept of microscopic 
reversibility. Recently, the symmetry of the matrix of co- 
efficients appears to have been established by Sliepcevich 
(27) through the application of classical  thermodynamics. 
The validity of this derivation i s  s t i l l  under discussion. 

Application of the Theory to Membranes 

The general theory of solute permeable membranes, from 
the standpoint of irreversible thermodynamics, was first  
given by Staverman (30, 31) and Kirkwood (18). The re- 
sul ts  were further expanded and specifically applied by 
Kedem and Katchalsky (16) .  

Consider a homogeneous membrane of thickness A x  sep- 
arating two compartments, each containing a nonelectrolyte 
and water. Regarding the membrane a s  a surface of dis- 
continuity, assume the forces X ,  = AP and X ,  = Ac,  to be 
operative between the compartments. The conjugate fluxes 
can be defined as the total  volume flow (1.5): . -  

(4) 
. -  

J ,  = n ,  V, + ns V ,  

and the exchange flow 

where i, and i s  are the number of moles of solvent and 
solute,  r e spec tbe ly ,  passing through the membrane per 
unit area,  and V, and Vs are the partial molal volumes. 
The term C, i s  defined a s  

11 

( 6 )  
- C S  c ,  = Acs/ ln  7 

C S  

The rate of entropy production for this system is  

T = J ,  A P  + J D  R T  Ac, (7) 

The fluxes now can be written a s  linear, homogeneous 
functions of the forces 

J ,  = Lo A P  + L ~ D  RT Ac, (8) 
and 

a l so  L P D  = L D ~  

(9) 

(10) 

Equation (10) follows from the Onsager reciprocal relation. 
Equations (8) and (9) show the interdependence of the flows. 
In the absence of a pressure gradient, Ac, st i l l  produces a 
volume flow which is  usually referred to a s  the osmotic 
flow. On the other hand, a pressure difference, besides  a 
total volume flow, a l so  induces a relative difference in the 
flow of solute and solvent. 

Staverman (30) defined the reflection coefficient 0 a s  the 

(11) 

For a nonselective membrane, u = 0 and for an ideally 
semipermeable one, u = 1. 

Frictional Model 

ratio 
L P D  o = - -  
LP 

The general phenomenological description of membrane 
processes yields only very l i t t le information about the 
mechanism of transport on a molecular level. It i s  neces- 
sary to give an interpretation to the thermodynamic coeffi- 
cients in terms of a given model to obtain this information. 
The first  work of this type concerning membranes was  done 
by Spiegler (29). He applied a frictional model to ion ex- 
change membranes. Spiegler's treatment was extended by 
Kedem and Katchalsky (16).  

The system to be considered is a homogeneous phase of 
thickness Ax. The local flows of solute and water are 
designated by J ,  and J,, respectively,  and the driving 
forces are the local gradients of the chemical potentials 
Xs and X , .  I t  is  assumed that during a quasistationary 
flux through the membrane, the thermodynamic driving 
forces X i  are counterbalanced by the frictional forces 
Fjj between various enti t ies.  These frictional forces are 
in turn proportional to the relative velocit ies uji of the spe- 
c i e s  involved. The frictional coefficients f j j  are defined 
by this l a s t  relation: 

By choosing the membrane a s  a frame of reference, 
v, = 0, one can write 

Xs = - F s w  - Fsni  = f sw  (us - v w )  + fs, us (13) 

where F,,, F,,, and F,, represent the frictional forces 
between solute and water, between solute and the mem- 
brane matrix, and between water and the membrane matrix, 
respectively. At this point, one should be more explicit a s  
to what these frictional coefficients mean. For molecules, 
the macroscopic concept of friction is not very meaningful. 
As pointed out by Spiegler, the hindrance of the straight 
line motion of a molecule has  to be envisioned a s  a multi- 
tude of coll isions with other particles and with the mem- 
brane matrix. These coll isions force the molecule into a 
tortuous path and thus increase the time required for it to 
pass through the membrane. In e s sence ,  therefore, one can 
consider the effect  of collision similar to that of friction 
since both result  in reducing the apparent velocity of a 
particle. Expressing now the fluxes across the membranes 
in terms of the local velocit ies,  Equations (13) and (14) 
can now be integrated (16) .  I n  the integration, i t  is as- 
sumed that the chemical potentials of both species  are con- 
tinuous across  the boundaries of the membrane and that the 
frictional coefficients are independent of concentration. 
Then with the use of Equations (8) and (9), the frictional 
coefficients can be related to experimentally measured 
quan ti tie s (1 6 ) :  

(17) Lp = __ 
7 ,  

L "Ui J 

where the term w i s  defined as the solute permeability co- 
efficient at  zero volume flow: 
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(1 8) 

KD is the distribution coefficient of solute between the 
membrane and solution, and yiw is  the volume fraction of 
water in the membrane. The experiments necessary for 
evaluating these coefficients are described next. 

EXPERIMENTAL PHASE A N D  PRELIMINARY 
DATA ANALYSIS 

The experimental phase of this investigation consis ted of de- 
termining three s e t s  of force-flux relationships and evaluating 
various pertinent membrane characteristics. Three solutes- 
glucose, sucrose, and raffinose-were studied at  27', 37', and 
47'C. Actually, the following measurements were made; solute 
transfer under concentration gradient; volume flow due to pres- 
sure gradient; volume flow due to concentration gradient; mem- 
brane thickness; the solute  distribution between the membrane 
and the surrounding solution, and water content and density of 
membrane. 

Cellophane, a 
regenerated cellulose, i s  regarded as a linear chain of anhydrous 
betaglucoside units which are linked together by the fourth oxy- 
gen atom (10). The films have a low degree of crystallinity and 
mainly consist of amorphous regions where the chains have no 
definite pattern of orientation. Swelling may occur when another 
substance enters the macromolecular network of the film. The 
swelling phenomenon is primarily attributed to the hydrogen 
bonding of water molecules to the available hydroxyl groups in 
the membrane matrix. A preliminary study showed that membranes 
taken even from the same roll varied in their permeability char- 
acteristics. Since i t  was absolutely essent ia l  that in a l l  experi- 
ments they should exhibit the same behavior, the following pro- 
cedure was adopted. The sucrose permeability of a membrane at  
37'C. and 200 rev./min. was s e t  up a s  a standard. A new mem- 
brane was accepted or rejected according to this standard. 

The apparatus used in the transport s tudies  was a batch dia- 
lyzer designed special ly  to withstand a few atmospheres. I t  con- 
s is ted of two almost identical chambers 2.94 in. in diameter and 
about 2.44 in. in length. Eas t  chamber was equipped with a 
heater, thermistor probe, calibrated pipette, plunger, and stirrer. 
The volume of the left s ide compartment was 236 ml., that of the 
right 244.5 ml. The chambers were made of Lexan and s ta in less  
s teel .  Each contained an internally mounted four-blade paddle 
type of stirrer which was driven from the outside by a magnetic 
coupling. In this way leakage was eliminated a s  no shaf t  passed  
through the wall of the compartments. The driving magnet was 
joined to a motor which could be moved along rails to interlock 
with the magnetic housing in the chamber, Two x0 hp. variable- 
speed Bodine motors equipped with Heller Thyratron Motor con- 
trollers were used. The temperature sensing element was a 
thermistor probe and the solutions were controlled to O.0loC. 
with a Thermistemp temperature controller. The compartments 
a l so  contained plungers which were used to compensate for vol- 
umes removed in sampling. This  was necessary in  order to pre- 
vent the partial masking of the membrane by entrained air. A de- 
tailed drawing of the right compartment i s  shown in Figure 1. 

The two chambers were brought together by a large knurled 
lock nut. They had mating flanges, one of them having an O-ring 
in  i t s  face. In order to make the system pressure tight, a l l  par ts  
penetrating the ce l l s  were sealed with O-rings. The sampling 
was done through calibrated pipettes which were attached to the 
chambers by Swagelock fittings. The stirrer speed was measured 
with a Number 1531-A, General Radio Company Strobotac. 

The membrane used was a DuPont cellophane. 

I I a R  MLLf 
11017 nrr 

Fig. 1. Right side of 
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Measurement of Solute Permeation Rates  

Neither the direct measurement of the phenomenological coef- 
ficient L D  nor that of the solute  permeability coefficient a t  zero 
volume flow w is convenient. Therefore the so-called dialysis  
coefficient K ,  was determined and then related mathematically to 
III and L D ;  K ,  is defined by the equation 

dt 

where c i s  the solute concentration, A is the membrane area, and 
the superscripts refer to the compartments. One s ide of the dia- 
lyzer was charged with an approximately 0.1 molar solution and 
the other one with 0.005 molar. The runs were made at  various 
stirrer speeds ranging from 40 to 500 rev./min. Their duration 
varied between 5 to 7 hr. depending on the solute used. Three 
1-ml. samples were withdrawn after the midpoint and at the termi- 
nation of the run. The plungers were pushed into the body of the 
chambers to compensate for volume changes due to sampling and 
transport. In these  experiments the membrane was unsupported. 
The analysis  of solutions was performed by an Industrial Instru- 
ment Cryoscope (Model CY-1). 

In calculating the dialysis  coefficient from solute permeation 
rates ,  it i s  necessary to  take into account the simultaneous move- 
ment of the solvent across  the membrane. The analysis  presented 
below will consider all fluxes across  the membrane. 

The defining equation for the dialysis  coefficient K, is 

dt d t  

where the time derivatives refer to the net rate of solute  transfer. 
The total volume transport i s  given a s  

A material balance yields 

dN' d ( V 1 c l )  ~ g, c~ 
dt  dt  dt  dt 
_ -  

(21) 

(22) 

Combining (20), (211, (22), and (23), we find 

dt 
RT L p D A  (,I1 - c ' )  (ell/vll + 21 v') (24) 

The integration of Equation (24) i s  easily carried out i f  it can be 
shown that the terms (l/V1l + 1/V1') and (c"/V" + cl/V*) are 
approximately constant for the duration of a run. The maximum 
change in  both was about 1% in this  work. Their average values 
was substituted in Equation (24). Integrating between t = 0 and 
t = T yields  

R T  L p ~ A ( c l / V '  + c"/V") T (25) 

Equation(25) was used to calculate  K ,  from the experimental 
quantities. Two determinations were made at  each stirrer speed. 
The resul ts  indicated that K ,  i s  strongly dependent on  the agita- 
tion rate. 

Meosurement of  the F i l t ra t ion  Coef f ic ient  L, 
At zero concentration difference across  the membrane, the vol- 

ume flow i s  related to  the pressure gradient by the filtration co- 
efficient L p :  

(26) 
Since the membrane i s  very weak, i t  had to be supported under 
pressure: otherwise i t  would have ruptured. This  support was 
provided by a %-in. thick porous s ta in less  s teel  disk obtained 
from the Pa l l  Corporation, Glenn Cove, New York. The disk was 
covered by Whatman No. 541 filter paper in  order to avoid scratch- 
ing of the membrane. 

Pressure was applied to one s ide of the dialyzer while the 
other s ide  was open to the atmosphere and equipped with a cali- 
brated pipette. By noting the rate of  advancement of the menis- 
cus  in the pipette, the volume flow was determined. In these 
runs, the initial solute concentration was the same on both s ides  
of the membrane. Care was  taken to remove all entrained air. 
After the chambers were filled, one of them was slowly pressur- 

J ,  = L $ A P  
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Fig. 2. Dependence of filtration coefficient on solute concentration. 

ized. Following this, sufficient time was allowed to obtain a 
steady state. Usually no more than three or  four measurements 
were taken in order to avoid the buildup of any significant con- 
centration gradient which would invalidate Equation (26). Leak- 
age under pressure presented the greatest problem and i t  took a 
considerable effort to make the system leaktight. 

In measuring the filtration coefficient L p ,  various points had 
to be clarified before the required data were obtained. The mem- 
brane and i ts  support form a resistance in series. Preliminary 
tes t s  showed that the membrane support has  a negligible resis- 
tance to volume flow in comparison to the membrane itself. There- 
fore it was assumed that the measured L p  i s  not influenced by 
the presence of the porous plate and filter paper. The effect of 
pressure on filtration coefficient was investigated for pressure 
differences ranging from 10 to 180 cm. Hg. The results indicated 
that in this range Lp. i s  independent of the applied pressure dif- 
ference. Another point which caused some concern was the in- 
fluence of solute concentration on volume flow. This effect has  
received very little attention in the past. For dilute solutions, 
up to 0.1 M, L p  was thought to be independent of concentration. 
A careful study for the three systems revealed significant con- 
centration effects even under 0.1 M. The family of curves for the 
various solutes shown in Figure 2 indicates that L p  i s  influenced 
by not only the concentration but by the nature of solute also. 
Therefore, in calculating the frictional coefficients, one must 
evaluate L p  at the exact concentration of interest. The filtration 
coefficient was found to be independent of the stirring rate. This 
implied that there i s  no significant boundary-layer resistance to 
volume flow and the measured L p  refers to the membrane only. 
During the course of these measurements the membranes were 
systematically checked to make sure that there was no change in 
their permeability characteristics due to pressure. The final runs 
were made under a pressure differential of about 80 cm. Hg at 
0.05 M concentration. At any given conditions four replicate r u n s  
were made. 

The Measurement of  the Cross Coeff ic ient  L,o 

lated to volume flow by the phenomenological coefficient L p ~ :  
At zero pressure difference the concentration gradient i s  re- 

J ,  = L p ~  KT AcS (27) 

The experimental determination of this  coefficient caused the 
greatest difficulties s ince the magnitudes of volume changes in- 
volved are extremely small. One of the main problems was to 
keep the membrane stationary. The slightest hydrostatic pres- 
sure difference caused by unequal liquid levels in the compart- 
ments makes the membrane bulge (elastically deform), which in 
turn masks the volume flow. 

First, an attempt was made to calibrate this e las t ic  deforma- 
tion a s  a function of pressure difference due to the level changes. 
Vink (34) has  derived an equation which related the volume in- 
volved in bulging to the difference in levels in the pipettes. The 
constant which relates these quantities was evaluated by chang- 
ing abruptly the liquid level on one side of the dialyzer. I t  was 
found that the results were reproducible only to about 10%. Sup- 
porting the membrane with thin wires improved the reproducibility 
but still  quite often there were large random deviations. Conse- 
quently, this approach was rejected. Next, two perforated alumi- 
num plates were tried a s  membrane supports. The plates were 
0.033 in. thick and the membrane was clamped between them. 
The surfaces of the plates were ground and then lapped together. 
Approximately one-quarter of the total area was made available 
for transport by drilling 391 holes of 0.07 in. diameter in a tri- 
angular pattern. The drawback of this approach was that the 
holes created cylindrical channels of 0.033 in. length in which 
there was less  turbulence than in the main fluid body. Hence, 

besides the membrane and boundary-layer resistance one had to 
take into account this resistance also. Furthermore, there were 
frequent leakage problems with this setup, and the total volume 
transport was reduced because of the smaller area. For the above 
reasons this approach was also rejected. 

The method finally adopted was to support the membrane with 
the porous plate used in the determination of Lo.  A very low 
“standard” pressure was applied from one side to keep the mem- 
brane in the same position whenever a volume measurement was 
made. This pressure was put on only for very short durations in 
order to avoid any additional volume flow. The runs lasted from 
10 to 20 min. At the end a sample was withdrawn and i ts  con- 
centration determined. From the solute permeability coefficient 
and this concentration the driving force was determined. Stirring 
was found to be a very important factor in measuring the cross- 
coefficient L P p  The transfer ra tes  were strongly dependent on 
the rate of agitation which indicated phase boundary effects. 
Hence, the measured value of L p ~  i s  not a characteristic of the 
membrane and will be called L p ~ .  The correct values were ex- 
tricated from L ~ D ’ s  in a similar manner to that of the dialysis 
coefficient (14). The average solute concentration in these runs 
was the same a s  in the solute transfer measurements. At each 
stirrer speed four determinations were made. 

Distr ibut ion Coef f ic ient  

The distribution coefficient relates the concentration of the 
solute in the sorbent to the concentration of the solute in the 
external solution. It can be defined as  

Csorbent K = -  
Csolurion 

(28) 

where Csorbent refers to moles of solute per unit volume of swollen 
sorbent and csolute to moles of solute per unit volume of external 
solution. This definition i s  in accordance with the one assumed 
in the thermodynamic analysis, that is, it  regards the membrane 
a s  a homogeneous phase. 

The sorption experiments were carried out in 25-ml. ground 
glass  stoppered flasks. Eight to ten membranes, each having an 
area of 47 sq. cm., were placed into a flask with 20 ml. solution 
of 0.05 M initial concentration (C,,). The membranes had been 
washed repeatedly in distilled water to remove all soluble sub 
stances  from them. The equilibration lasted for 150 hr. during 
which the flask was kept at constant temperature and shaken 
slightly. Actually, equilibrium appears to have been reached 
considerably sooner. For each s e t  of measurements a blank was 
carried out simultaneously. This  was prepared by equilibrating 
the membranes with distilled water. U s e  of a blank eliminated 
any error due to incomplete leaching. After equilibrium had been 
attained, about 3 ml. of solution was withdrawn from the flasks 
and analyzed. 

Because concentrations had to be known with high accuracy, 
an automatic differential refractometer was used for the analyses. 
For greater details, refer to reference 13. The error in A C  was 
estimated to be less  than 0.54,. The distribution coefficient was 
then calculated in the following manner. By knowing the initial 
and eluent concentrations from the sorption experiments, one can 
determine the amount of solute absorbed in the membrane from 
the material balances: 

V S C S  + V * ’ p  = V i S C i S  (29) 

v i m  = v m  (30) 

vis = vs (31) 

The subscript i indicates initial values. The quantity V i m  was 
obtained by measuring the wet thickness and area of the mem- 
branes. Equations (30) and (31) were good approximations i f  the 
membranes were carefully surface dried. The other possible error, 
the volume changes caused by solute absorption, i s  well within 
the experimental error. From the solute content of the membrane 
the distribution coefficient was then obtained. The results are 
given in Table 1. 

Membrane Th ickness  and Water Content 

The wet thickness of the membranes was measured with a 
Light Wave Micrometer (Van Keuren Co., Watertown, Mass.). 
This type of micrometer utilizes an optical indication of pressure 
and can be read to one hundred thousandths of an inch. The 
compression of wet membranes. while measuring their thickness, 
caused some concern. For this reason, after the measurements 
were performed under 0.75 lb./sq. in. abs., further determinations 
were made under sequentially higher pressures up to 1.5 lb./sq. 
in. abs. No pressure effect was indicated by the results. It i s  
possible, however, that a plateau has been reached at  0.75 lb./ 
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TABLE 1. DISTRIBUTION COEFFICIENT AND VOLUME FRACTION 
OF WATER I N  MEMBRANE 

Initial 
Solute conc. Temp., ' 

Glucose 0.05 M 27 
37 
47 

Sucrose 0.05 M 27 
37 
47 

Dist. 
'C. coeff. 

0.704 
0.695 
0.690 
0.734 
0.721 
0.705 

Volume fraction 
of water 

0.694 
0.689 
0.685 
0.694 
0.689 
0.68 5 

Raffinose 0.05 M 27 0.781 0.694 
37 0.760 0.685 
47 0.752 0.684 

Membrane thickness: 0.00754 k 0.00005 cm. 

sq. in. abs. on a thickness-pressure diagram. To clarify this 
point, another s e t  of thickness measurements was obtained by a 
Model PDR Carson-Dice Electronic Micrometer. The applied 
pressure of this instrument was  only 1.9 g. The resul ts  agreed, 
within the experimental error, with that obtained by the Light 
Wave Micrometer. 

The main problem in the determination of the water content of 
the membrane was to account for the droplets adhering to the sur- 
face of the membrane. Several methods were tried. F i r s t ,  an at- 
tempt was made to measure the rate of drying of the membrane. 
The next approach was to suspend the swollen membrane in a 
saturated water atmosphere and determine the water content from 
the dry and wet weights. However, none of these  methods were 
successfui. The technique finally adopted was to surface dry the 
membrane between filter papers after i t  was equilibrated in water. 
Then the membrane was weighed between two watch g lasses  and 
dried in  an oven at 107OC. The water content was determined 
from the dry and wet weights and expressed a s  the fractional vol- 
ume of cellophane made up of water. The density of the wet 
membrane was measured by a pycnometer. The  procedure adopted 
is described in detail by Daniels e t  al. ( 3 ) .  The resul ts  are 
given in Table 1. 
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$ 
3 10,000 

9,000 
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N-0.71 . , m i d r e v  

Fig. 3. Determination of overall diolysis coefficient. 

termination of the mechanism of the phase boundary mass 
transport is described by the authors in a separate paper (14). 
Briefly, it was assumed that the phase boundary resistance,  
but not the membrane resis tance,  is a function of the fluid 
turbulence (and therefore also the stirrer speed) a t  the 
membrane-solution interface. When this function is known, 
i t  I S  possible to extend the solute transport results to a 
hypothetical infinite degree of turbulence, where the phase 
boundary resis tances  are entirely dissipated to obtain the 
resis tance offered by the membrane alone. A typical plot 
of overall dialysis  coefficient vs. stirrer speed i s  shown in 
Figure 3 .  From Equation (36) i t  follows, therefore, that  
when the turbulence 4 m 

RESULTS 

The thermodynami c description of intramembrane trans- 
port (in this investigation), assuming thz Onsager recipro- 
cal  relation, has  required three independent coefficients. 
The quantities directly measured were not always the phe- 
nomenological coefficients. From the experimental data 
the solute permeability coefficient a t  zero volume flow OJ 
and the reflection coefficient n were first  calculated.  The 
overall dialysis coefficient was defined by the equation 

dN,' 

d t  
- -  - K,A Ac, (32) 

In terms of thermodynamic quantit ies,  the rate of solute 
flow is  (16) 

1 dN,T _ _ _ -  - IF,  L ,  (1 - u)] AP i 
A d l  

At AP=O 

1 diV,' 

A dt  
_ _ _ =  - C, Lp (1 - a) 01 RT Ac, (34) 

Comparing (32) and (34) 

K 
RT 

w = 2 + F s L p ( l  - u ) u  (35) 

In Equation (35), K, is the overall  dialysis coefficient and 
w is the overall solute permeability coefficient a t  zero vol- 
ume flow. These  coefficients are characterist ic of not 
only the membrane resis tance R ,  but a l so  of the phase 
boundary resis tances  R , ' s :  

The study of the phase boundary phenomena and the de- 

K m  
- + c, L ,  (1 - n) u 0, RT 

This  expression was used to calculate mVl. 
The reflection coefficient is defined a s  the ratio 

PD o=-- 
LP 

(37) 

(38) 

I t  has  been earlier indicated that in measuring the cross- 
coefficient L,I, the phase boundary effects  were found to 
be significant. No such observation was previously made 
in the literature. Actually, this effect is not surprising 
s ince the existing conditions a t  the phase boundary in 
these experiments are the same a s  in the solute permea- 
bility ones. The cross-coefficient which is  only charac- 
terist ic for the membrane alone was obtained through a 
similar analysis than the one used for K , .  The values of 
w, and cr are tabulated in Table 2 .  The phenomenological 
coefficient L D  was calculated from the relation 

(3 9) 

The elements of the matrix of phenomenological coefficients 

wn 
CS 

L o  = t Lpn2 

(40) 

for the solutes glucose,  sucrose,  and raffinose are shown 
in Table 3. The second law of thermodynamics requires 
that the entropy production in an irreversible process must 

TABLE 2. TABULATED VALUES OF w, AND 0 

Solute Temp., 'C. 

Glucose 27 
37 
47 

Sucrose 27 
37 
47 

Raffinose 37 

a,, moies/(atm.) 
(sq. cm.)(sec.) 0,  dimensionless 

4.56 x l W 9  0.0885 
6.00 0.0791 
6.80 0.0711 
2.85 x 10-9 0.105 
3.64 0.0970 
4.24 0.0898 
2.50 x 0.126 
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TABLE 3. PHENOMENOLOGICAL COEFFICIENTS 
Solute Temp., OC. L D .  crn./(atm.)(sec.) L D ~ ,  cm./(atm.)(sec.) L p ,  cm./(atm.)(c8ec.) L p ~ ,  crn./(atm.)(sec.) 

Glucose 27 
37 
47 

1.19 x 104 
1.53 
1.73 

Sucrose 27 7.49 1 0 - ~  
37 9.54 
47 10.96 

Raffinose 37 6.56 10-~ 

1.77 x 2.00 x 10-~ 

2.00 x 1.90 x 10-5 

2.89 x 2.30 x 10-~ 

1.93 2.44 
2.17 3.05 

2.28 2.35 
2.72 3.03 

always be positive. I t  can be shown (32)  that  this condi- 
tion is satisfied if 

(41) 4 L o L D  - ( L p D  + L D p ) '  2 0 

With Equation (9) this yields 

LPLD-L ,ZD?O (42) 
I t  is clear from Table 3 that this thermodynamic criterion 
is satisfied in a l l  cases .  These phenomenological coeffi- 
cients give an unequivocal description of the transport 
process which takes place through the membrane. 

FRICTIONAL COEFFICIENTS 

In this investigation three se t s  of frictional coefficients 
were necessary to give a complete description of the mem- 
brane transport. These coefficients represent the different 
interactions between three enti t ies:  solute,  solvent, and 
membrane, The magnitudes of the frictional coefficients 
were evaluated from Equations (15), (16), and (17) and pre- 
sented in Table 4. Prior to calculating their values from 
the experimental data,  the phase boundary contributions were 
eliminated from the rate constants.  The values presented 
in Table 4 must be considered averages over the concentra- 
tion differences that existed across the membrane in the 
experiments. Since these differences were relatively 
small, the frictional coefficients could be considered 
nearly constants in this range. As an approximation, the 
concentration gradients are assumed to be linear, and there- 
fore the coefficients refer to a 0.05 molar solute concentra- 
tion. The fij's represent the frictional interaction between 
i and j per mole of i. 

THE FRICTIONAL COEFFICIENTS f,, AND f,, 

The frictional coefficient fs, represents the interaction 
between one mole of solute and the water molecules in i ts  
vicinity inside the membrane. The magnitude of this term 
is indicative of the coincidence of solute and solvent path 
through the membrane. I t  is clear that when a solute is 
transported, for instance,  by alignment of chemical bonds 
with the membrane matrix the value of fSw should be close 
to zero. On the other hand, in a case  of utmost idealiza- 
tion, where the membrane is compared to a bundle of 
straight capillary tubes acting mechanically, the magnitude 
of f,, should be the same a s  in aqueous solution. There- 
fore, it should be interesting to evaluate this corresponding 
quantity in free solution and compare the two. In a dilute 
binary liquid system, the frictional coefficient between the 
two components is given by the relationship 

1.77 x 
1.93 
2.17 
2.00 x 
2.28 
2.72 
2.89 x 

R T  
D 

f,", = - 

where D is the binary diffusion coefficient. 
Spiegler (29) suggested that the ratio f:,/,fsw should be 

close to unity when allowance is  made for the fact  the 
volume concentration of free water in the solution is higher 
than in the resin. However, for the resin that he was 
studying the experimental ratio was found to be only 0.63. 
Mackay and Meares (201, also investigating ion exchange 
resins ,  speculated that these two terms should be different. 
The basic  point of their argument was that when molecules 
pas s  through a membrane they have to follow a longer path 
than they would in traveling the same distance (that is, the 
membrane thickness) in free solution. Assuming a capil- 
lary model, the authors point out that this increased path 
length is due to the presence of water-filled channels 
which are not running perpendicular to the membrane sur- 
face. The ratio of membrane thickness to the actual dis- 
tance i s  called the tortuosity factor. Finally, they con- 
clude that the increased path length produces a proportion- 
ate increase in the frictional interaction between the two 
types of molecules when i t  is  resolved in the direction of 
net flux. The authors showed that the tortuosity factor 
derived by the random walk treatment of diffusion through 
the aqueous phase of the rnembrane was in agreement with 
the ratio f:,/fsw. Th i s  term is given by 

h = z'/(2 - z)' (44) 

Equation (45d implies that  h i s  independent of the nature 
of solute and for a given solvent i t  only depends on the 
membrane characterist ics.  

I t  can be seen from Table  5 that for eacy system the 
magnitude of fsw is considerably larger than that of f&,. 
What is more important, this ratio increases  with solute 
s i ze ,  showing that Equation (44) does not apply to the 
present situation. The magnitudes of solute-membrane 
fricitonal coefficients f S m  indicate that for the carbohy- 
drates used in this experiment the larger the solute s ize  
the stronger their interaction with the membrane matrix. 
These  frictional coefficients refer to the interaction be- 
tween one mole of solute and the macromolecular network 
in i ts  vicinity. Due to these interactions the random mo- 
tion of molecules is further increased which in turn 
lengthens the effective path. Th i s  is why the ratio 
f&,/fsw i s  the largest  for glucose and smallest  for raffi- 
nose. Th i s  related behavior can be expressed on a more 
quantitative bas i s .  The definition of two reduced fric- 

TABLE 4. FRICTIONAL COEFFICIENTS AS FUNCTION OF TEMPERATURE 

Solute Temp., OC. fsw, (atm.)(cm.)(sec.)/moles fsm, (atm)(cm.)(sec.)/moles fm,  (atm.)(cm.)(sec.)/moles 

Glucose 27 
37 
47 

Sucrose 27 
37 
47 

Raffinose 37 

1.79 x 
1.36 x lot1' 

2.78 x 
2.18 x lot'' 
1.89 x lot'' 
3.06 x lot'' 

1.21 x 1 0 t ' O  

(43) 

2.47 x lot9 
1.65 x l o t 9  
1.38 lot9 
6.08 l o t 9  
4.40 l o t 9  
3.03 l o t 9  
9.82 l o t 9  

8.18 x l o t 7  
6.69 lot7 
5.34 lot7 
8.43 lot7 
6.79 x lot7 
5.27 x lot7 
6.63 l o t 7  
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TABLE 5 .  THE RATIOS /sOW/’/sw, AND f s w / / s m  

Solute Temp.,  ‘C. f &I/f sw 

Glucose 27 0.194 
37 0.210 
41 0.194 

Sucrose 27 0.164 
37 0.174 
47 0.171 

Raffinos e 37 0.156 

rsw/r,m 
7.24 
8.24 
8.75 
4.60 
4.95 
6.22 
3.11 

will facil i tate the understanding of the basic  relationships. 
Figure 4 shows a plot of f$w V S .  f:,. An examination of 
this figure underlines the validity of the hypothesis that  
the ratio fzw/fsw is  related to intermolecular interaction 
between solute and membrane. Furthermore, a relation of 
this type can be used to estimate frictional coefficients 
with only a limited amount of date,  that i s ,  by using Equa- 
tion (17) to calculate f s m ,  and using Figure 4 to es tabl ish 
j s w .  This  way only L,D and Lp have to be determined for 
a given system. The only restriction is that the same sol- 
vent be used for each systems (constant f,,). 

COMPARISON OF FRICTIONAL COEFFICIENTS WITH 
DlSTR I BUTlON COEF FIC I ENTS 

It i s  of particular interest  to compare the characterist ics 
of f ~ ,  with those of the distribution coefficient K D .  It can 
be observed from Table 1 that K D  increases with the in- 
creasing molecular s i ze  of solute.  Th i s  behavior can be 
explained by noting that hydrogen bonding and London 
forces are probably most responsible for the intermolecular 
attractions i n  the case  of cellophane. Both of these forces 
favor local adsorption of the carbohydrates on the mem- 
brane matrix. The similarity of solute molecules to the 
polymer structure a l so  enhances the interactions (9). 
These forces are stronger the larger the solute molecules 
(10) (for a homologous series),  which explains the experi- 
mental findings that raffinose has  a higher distribution co- 
efficient than sucrose and in turn the value for sucrose i s  
higher than for glucose.  Similar interactions of a posit ive 
kind ( a s  opposed to salt ing out effects) have been ob- 
served for ion exchange resins  (23).  The effect of temper- 
ature on distribution coefficient is a very complex phe- 
nomenon and l i t t le is  known about it. The negative t e rn  

f*sm 

Fig. 4. The interdependence of the reduced frictional coefficients, 

perature coefficient of hydrogen bonding might account for 
the decrease of K D  with increasing temperature noticed in 
this investigation. 

The frictional da t a  may now be examined in view of the 
above observations. The following points are apparent: 

1. J u s t  as the distribution coefficient, fs, a lso in- 
creases  with solute dimension. Th i s  relation i s  depicted 
in Figure 5. 

2 .  The behavior of f,”,/f,, previously mentioned, that 
i s ,  strong dependence on the nature of solute,  agrees with 
the trends indicated by K D .  

It is  clear that the transport of carbohydrates through 
the membrane i s  affected by the solute-membrane interac- 
t ions.  The solute permeability coefficient, when expressed 
in terms of frictional quantit ies,  is  given by the relation- 
ship 

(47) 

For the case  of raffinose f,, consti tutes 25% of the total 
res is tance.  It is  equally important, however, that  the mag- 
nitude of f s w  i s  a l so  indirectly influenced by the inter- 
molecular forces between solute and membrane. The dis- 
tribution coefficient which can be regarded a s  some, al- 
though by no means total, measure of these interactions 
exhibits a parallel behavior to f,,. 

WATER-MEMBRANE INTERACTION 

The term fW, i s  indicative of the frictional interaction 
between one mole of water molecules and the membrane 
matrix in i t s  vicinity. As can be seen from Table  4 this 
qauntity i s  smaller by two orders of magnitude than fsm. 
Th i s  is  not surprising in view of the high water content of 
cellophane. A considerable number of water molecules can 
remain quite distant from the macromolecular network of 
membrane and, therefore, there is l i t t le interaction between 
them and the polymer. The  excellent agreement among the 
values of f w ,  obtained in the three different systems (at  
the same temperature) gives some indication about the ac- 
curacy of the experiments. At 37’C., for instance, fsw is  
(6.70 f0 .06 )  x lo’ (atm.)(cm.)(sec.)/moles. 

If 
Fig. 5. Distribution coefficient vs. solute- 

membrane interaction. 
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SUMMARY 

1. An equation which takes into account the movement of 
solvent across the membrane has  been derived for the 
analysis of solute transport data. Errors up to 10% could 
have been introduced in this study by using the conven- 
tional equations but were avoided with the proposed one. 

2.  The phenomenological coefficients L D ,  L,, and L,D 
which characterize the transport of glucose,  sucrose,  and 
raffinose through a cellophane membrane have been deter- 
mined. The resul ts  were found to be thermodynamically 
consistent.  

Phase  boundary effects were significant in the deter- 
mination of the cross-phenomenological coefficient L,D. 
This investigation appears to be the first  to study such 
effects.  

The term L p  was found to be independent of the magni- 
tude of applied pressure but strongly dependent on solute 
concentration. 

The temperature dependence of the phenomenological 
coefficients was established. 

3. The distribution coefficient was found to be different 
from the volume fraction of water in the membrane and a 
function of solute size.  

4. The intramembrane transport mechanism has  been inves- 
tigated in terms of the frictional model. It was found that 
solute-polymer interactions were rather significant in deter- 
mining solute permeation rates.  

The solute-water interactions in the membrane were con- 
siderably larger than the corresponding quantit ies in 
aqueous solution. The difference between the two was re- 
lated to the solute-membrane interactions and was ex- 
pressed by the correlation between the reduced quantit ies 
f.?, and f&,. 

The concept of tortuosity factor was shown not to be a 
simple geometric characterist ic of the membrane, but a 
quantity related to the coll ision frequency between solute 
and membrane matrix. 

The distribution coefficient exhibited a parallel behavior 
to the solute-polymer interaction. 

As expected, in view of the high water content of the 
membrane, water-membrane interactions were very small. 

T = temperature, O C .  

vi = velocity of spec ie s  i in the membrane, cm./sec. 
V i  = partial molal volume of species  i ,  cc./moles 
V = volume, cc .  
Xi = generalized thermodynamic force, (atm.)(sq. 

cm.)/moles 
z =volume fraction of solution in membrane, dimen- 

s ionles s 

- 

= water content of membrane, dimensionless 
Ax = membrane thickness,  cm. 

p = density,  moles/cc. 
(T = reflection coefficient, dimensionless 
w = solute permeability coefficient, moles/(atm.) 

(sq. cm.)(sec.) 

NOTATION 

A = membrane area,  sq. cm. 
ci = concentration of species  i, moles/cc. 

caU = concentration in bulk stream, moles/cc. 
CSorben t  = average concentration in membrane phase,  

C j  = concentration of spec ie s  i in the membrane, 
moles/ cc. 

moles/cc.  
0 = molecular diffusion coefficient, sq. cm./sec. 

f i j  = frictional coefficient, (atm.)(cm.)(sec.)/moles 
f:W = frictional coefficient in free solution, (atm.)(cm.) 

Fi j  = frictional force, (atm.)(sq. cm.)/moles 

J D  = exchange flow, cm./sec. 
J ,  = volume flow, cm./sec. 

K D  = distribution coefficient, dimensionless 
K , ,  = overall permeability coefficient, cm./sec. 
I<, = membrane permeability coefficient, cm./sec. 
L D  = phenomelological coefficient, cm./(atm.)(sec.) 

L D ,  = phenomenological coefficient, cm./(atm.)(sec.) 
= phenomenological coefficient, cm./(atm.)(sec.) 

Lp = phenomenological coefficient, cm./(atm.)(sec.) 
f i i  = transfer rate,  moles/(sec.)(sq. cm.) 
P = pressure,  atm. 
Ri = phase boundary resis tance,  sec./cm. 

R ,  = membrane resis tance,  sec./cm. 
R,  = overall res is tance,  sec./cm. 

(sec.)/moles 

h = tortuousity factor, dimensionless 

Subscripts 

m = membrane 
s = solute 
w = water 

Superscripts 

I = compartment 1 
I1 = compartment 2 
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