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Synopsis 

Reverse osmosis separations of eight polyethylene glycol (PEG) solutes in the average molecular 
weight range of 200 to 6750 in single-solute dilute aqueous solutions have been studied using porous 
cellulose acetate membranes a t  the operating pressures of 50,75, and 100 psig. Diffusivity data for 
the above PEG solutes have also been obtained from experimental data on intrinsic viscosities. From 
an analysis of all experimental data, numerical values for the parameters representing the polar 
( -AAGIRT) ,  steric (6*ZEs), and nonpolar (w*Zs* )  forces governing reverse osmosis separations 
of PEG solutes have been generated. These numerical values are useful for precise characterization 
of cellulose acetate membranes for whose specifications sodium chloride is not the appropriate ref- 
erence solute because of its low or practically negligible separation under reverse osmosis operating 
conditions. This work also illustrates that  solute separation in reverse osmosis can predictably in- 
crease or decrease with increase in operating pressure depending on experimental conditions. 

INTRODUCTION 

The polyethylene glycols are linear polymers of ethylene oxide terminated 
a t  both ends by hydroxyl groups. They have the general formula 

HO(CH2CH20), CH2CH20H 

where n represents the number of oxyethylene repeat units in the polymer 
molecule. A study of the reverse osmosis separations of polyethylene glycol 
solutes in dilute aqueous solutions using porous cellulose acetate membranes 
is of both fundamental and practical interest. Cellulose acetate material has 
already been shown to behave as a net proton acceptor (base) with respect to 
solute-membrane material interactions in reverse osmosis systems involving 
aqueous so1utions.l Since ether linkages have a net basic character, and Taft’s 
polar parameter for ethylene glycol is negative (a* = -0.200), water may be ex- 
pected to be preferentially sorbed at the membrane-solution interface in reverse 
osmosis systems involving aqueous solutions of polyethylene glycol and porous 
cellulose acetate rnembrane~ .~ .~  Further, since reverse osmosis separations in 
such systems are governed by the polar, steric, and nonpolar forces prevailing 
at  the membrane-solution interface, the experimental reverse osmosis data can 
be analyzed on the basis of already established transport equations involving 
parameters representing the effects of the above forces on membrane perfor- 
m a n ~ e . ~ - ~  Such analysis could lead to general methods of analyzing reverse 
osmosis data involving polymer solutes, which is of fundamental interest in re- 
verse osmosis transport. Since reverse osmosis separations of polymer solutes 
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involve membranes with relatively bigger average size of pores on the membrane 
surface (compared to membranes used for separation of ionic solutes), the above 
analysis could also lead to practical methods of specifying such membranes in 
terms of reverse osmosis data for appropriate polymer solutes in sufficiently 
dilute aqueous solutions. The development of such methods is particularly 
useful with respect to cellulose acetate membranes for whose specifications so- 
dium chloride is not the most suitable reference solute because of its low or 
practically negligible separation under reverse osmosis operating conditions. 
Hence, the object of this work is to analyze data on reverse osmosis separations 
of polyethylene glycol solutes in dilute aqueous solutions at  low operating 
pressures (100 psig or less) using porous cellulose acetate membranes of different 
surface porosities and generate the numerical values for the parameters5t6 rep- 
resenting the polar ( -AAG/RT),  steric (6*ZE,), and nonpolar (a*&*) effects 
for reverse osmosis systems involving polyethylene glycol solutes of different 
molecular weights. 

EXPERIMENTAL 
Eight polyethylene glycols (BDH Chemicals) in the average molecular weight 

range of 200 to 6000 (designated as PEG number representing approximate av- 
erage molecular weight), reagent-grade sodium chloride, and flat cellulose acetate 
membranes of different surface porosities made in the laboratory by the method 
described by Kutowy et aL7 were used in this work. All membranes were initially 
subjected to a pure water pressure of 150 psig for 3 hr prior to reverse osmosis 
experiments to stabilize their porous structure. The specifications8 of the 
membranes used are given in Table I in terms of pure water permeability constant 
A (in g-mole of H20/cm2 sec atm), and solute transport parameter D A M / K ~  (in 
cm/sec, treated as a single quantity for purposes of analysis) for sodium chloride 
at  100 psig. An aqueous feed solution containing 5800 ppm of NaCl was used 
for obtaining data on membrane specifications. 

All experiments were carried out at the laboratory temperature (23-25°C) in 
the apparatus shown in Figure 2 in reference 3. The operating pressure for the 

TABLE I 
SDecifications and Some Performance Data for the Cellulose Acetate Membranes Useda 

Film no. 
1 2 3 4 5 

g - mole H2 
Pure water permeability constant A ,  

Solute transport parameter (2:) - NaC, (cm/sec) 

x 106b ( cm2secatmo) 4.916 8.523 9.165 10.62 17.29 

x 104 11.11 41.52 42.21 61.07 126.3 

1nG.cl -8.17 -6.85 -6.82 -6.42 -5.74 
Solute separation, % 31.3 16.9 16.4 12.5 8.0 
Product rate, g h r C  25.41 47.51 49.93 58.17 93.18 

a Feed concentration, 5800 ppm NaCl. 
Operating pressure, 100 psig. 
Area of film surface, 13.2 cm2. 
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reverse osmosis experiments was in the range 50 to 100 psig. Unless otherwise 
specified, the concentration of polyethylene glycol in the feed was about 50 ppm, 
and the feed flow rate was 530 f 10 cm3/min, corresponding to a mass transfer 
coefficient k in the range of 16.0 X cm/sec for a 5800-ppm 
NaCI-H20 reference feed solution. In each experiment the pure water perme- 
ation rate PWP and the membrane permeated product rate PR in g/hr per given 
area of membrane surface (= 13.2 cm2 in this work) were determined. Data on 
PWP and PR were essentially the same in all experiments, showing thereby that 
the osmotic pressure effects on reverse osmosis transport could be considered 
negligible under the. experimental conditions used. The fraction solute sepa- 
ration f in each experiment was obtained from the relation 

to 30 X 

solute ppm in feed - solute ppm in product 
solute ppm in feed f =  

The analysis for sodium chloride in aqueous solutions was done using a con- 
ductivity bridge. A Beckman total carbon analyzer Model 915 was used to 
measure the concentrations of polyethylene glycol in feed and product solutions. 
In the latter case, a calibration curve was always prepared just prior to analy- 
sis. 

RESULTS AND DISCUSSION 

Diffusivity Data for Polyethylene Glycols in Dilute Aqueous Solutions 

The diffusivity DAB of a polymer solute at  infinite dilution is related to its 
molecular friction coefficient f o  by the Einstein equationgJO expressed in the 
form 

DAB = k T/f o (1) 

where k is the Boltzmann constant and T is the absolute temperature (in O K ) .  

The value of f o  depends on the size and shape of the solute molecule as well as 
the viscosity 70 of the surrounding solvent (water). For a flexible-chain molecule 
such as polyethylene glycol in dilute solution, fo  is related to the molecular weight 
M of the solute and the intrinsic viscosity [q] of the solution by the relation1’ 

where p and 4 are universal constants applicable for all polymers. Mandelkern 
and Floryll have experimentally determined that p-l4lI3 2.5 X lo6. There- 
fore, combining eqs. (1) and (2), 

DAB = 2.5 X 106kT/(vo(M[v])1’3] (3) 

Using data on 70 and [v] obtained experimentally, the values of DAB for the 
polyethylene glycol solutes used in this work were calculated from eq. (3), and 
the results obtained are given in Table 11. 
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TABLE I1 
Some Physiochemical Data for Polyethylene Glycols 

Solute 

PEG-200 
PEG-300 

PEG-600 
PEG- 1000 

PEG-400 

PEG-1500 
PEG-4000 
PEG-6000 

m u  

200 
300 
400 
600 

1000 
1500 
3650 
6750 

na 

3.1 
5.4 
7.7 

12.2 
21.3 
32.6 
81.3 

152 

DAB, 
Id (cm2/sec) 
dllg x 106 

0.0300 6.33 
0.0352 5.24 
0.0383 4.63 
0.0430 3.89 
0.0516 3.09 
0.0693 2.45 
0.1040 1.59 
0.2430 0.976 

+ a*ZE, 
6*ZE, w*Zs* +w*Zs* 

7.14 
8.76 

10.42 
13.59 
20.02 
28.07 
62.56 

111.70 

-6.25 
-8.23 

-10.21 
-14.08 
-21.90 
-31.61 
-73.49 

-134.30 

0 0.89 
0 0.53 
0 0.21 
0 -0.49 
0.85 -1.03 
1.92 -1.62 
8.33 -2.60 

18.80 73.80 

average molecular weight - molecular weight of nonrepeating unit 
molecular weight of repeating unit. 

a n  = 

Experimental Determination of Solute Transport Parameter for 
Polyethylene Glycols 

Using experimental data on PR and f ,  the solute transport parameter D A M I K ~  
(in cmhec) for the polyethylene glycol-solute used was calculated in each ex- 
periment from the following relations applicable for dilute feed solutions: 

( D A M / K ~ )  = ~- 
3600Sp f 3600Skp (4) 

and 

k = kNaCl [DAB/ (DAB)NaC1]2’3  (5) 

where S = effective ares of membrane surface (= 13.2 cm2 in this work); p = 
density of solution (= that of pure water); k = mass transfer coefficient for the 
polyethylene glycol solute on the high-pressure side of the membrane; kNaCl  = 
corresponding mass transfer coefficient for the NaCl for a 5800 ppm NaCl-H20 
feed solution, obtained from the application of the basic Kimura-Sourirajan 
transport equations8; and D m  and ( D M ) N ~ C I  refer to diffusivities of solute (Table 
11) and NaCl (= 1.61 X cm2/sec), respectively. Equations (4) and (5) have 
been derived.12 

With respect to cellulose acetate membranes, it has already been shown8J3 
that the values of D A M I K ~  for several inorganic and organic solutes are inde- 
pendent of solute concentration in the feed solution. In order to test whether 
that is the case with respect of PEG solutes also, the values of D A M I K ~  for the 
PEG-6000 solute in the concentration range of 50 to 200 ppm were experimentally 
determined at  the operating pressure of 100 psig using five membranes of dif- 
ferent surface porosities. The results obtaind, shown in Figure 1, confirmed that 
the values of D A M I K ~  were indeed independent of feed concentration for each 
one of the films tested. On the basis of this result, it is reasonable to assume that 
a similar correlation exists for all the other lower molecular weight PEG solutes 
also studied in this work. 
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Fig. 1. Effect of feed concentration on solute transport parameter for PEG-6000 at 100 psig. 

Analysis of Experimental Data on DAM/KB 

The solute transport parameter D A M I K b  for nonionized polar aliphatic and 
alicyclic organic solutes in aqueous solutions, whose reverse osmosis separations 
are governed by polar, steric, and nonpolar effects and preferential sorption of 
water a t  the membrane-solution interface, is given by the general expres- 
sion596 

Referring to the right side of eq. (6), the quantity In Ck,a expresses the porous 
structure of the membrane surface in terms of D A M I K 6  for NaCl and the data 
on free-energy parameters ( -AAGIRT)  for Na+ and C1- ions, which are char- 
acteristic of the chemical nature of the material of the membrane surface but 
independent of its porous structure. The values of -AAG/RT for Na+ and C1- 
ions for the cellulose acetate material used in this work are 5.79 and -4.42, re- 
~pective1y.l~ Using these values and those for D A M I K 8  given by data on mem- 
brane specifications (Table I), the values of In Ck,a can be calculated from the 
relation14 

The values of In Crjacl so calculated for the membranes used in this work were 
in the range of -8.17 to -5.74 (Table I). 

The quantity In A* is a scale factor and is a function of In Crjacl only; the cor- 
relation of In A* with In C&,cI has been experimentally established for cellulose 
acetate membranes as given in Figure 3 in reference 5. According to this cor- 
relation, the value of In A* = -0.92 for all values of In Crj,cl greater than -9.6, 
which is the case for all the membranes used in this work. 

The quantity -AAGIRT represents the free-energy parameter for the PEG 
solute under consideration, which can be computed from the following rela- 
tions? 
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AGB = Z ~ B  (structural group) + y ~ , o  

AGI = Zyl  (structural group) + y ~ , o  
(8) 

(9) 
and 

where AG represents the free energy of hydration of solute; y (structural group) 
represents the structural group contribution to AG; the subscripts I and B rep- 
resent the membrane-solution interface and the bulk solution phase, respectively; 
the quantities YB,O and y ~ , ~  are characteristic constants; R is gas constant; and 
T is absolute temperature. The numerical values of Y B  for the structural groups 
>CH2, -OH, and >O are 0.17,3.99, and -4.03, respectively; the corresponding 
applicable values of y~ are 0.24, 17.04, and -4.59, respectively. Further, ~ B , O  
= -12.04, y1.0 = -41.21, and R T  at 25°C = 0.5925. Using the above data,5 the 
numerical values of -AAG/RT for all the PEG solutes studied in this work were 
computed, and the results obtained are given in Table I; again, these values of 
-AAG/RT are independent of the porous structure of the membrane surface. 

The quantities 6*ZE, and o*Zs* in eq. (6) represent the total effect of steric 
and nonpolar forces prevailing at the membrane-solution interface. The mag- 
nitude of these quantities for different PEG solutes can be determined from their 
experimental DAM/K6 data as follows. 

The modified Small's number Zs* in the term representing the total nonpolar 
effect (w*Zs* )  is related to the solubility of the solute in water15; the value of Zs* 
decreases with increase in solubility. Since the PEG solutes in the molecular 
weight range of 200 to 600 are completely water soluble, their Zs* value may be 
assumed to be zero, so that the quantity w*Zs* = 0 for such solutes. Therefore, 
for the four solutes PEG-200, PEG-300, PEG-400, and PEG-600, the magnitude 
of the quantity 6*ZE, representing the steric effect can be determined from 
experimental D A M / K ~  data and eq. (6) from the relation 

6*ZE, = In ( D A M / K ~ )  - In Crjacl - In A* - ( -AAG/RT) (11) 
The values of 6*ZE, so calculated are plotted in Figure 2 for five membranes of 
different surface porosities at the operating pressures of 50,75, and 100 psig. The 
results showed that for each solute the quantity 6*I;Es was essentially a constant 
independent of operating pressure and the porous structure of the membrane 
surface in the range of In Crjacl values used in this work. The observed effect 
of operating pressure on 6*ZE, (Fig. 2) is consistent with earlier work.5 The 
constancy of 6*ZEs for membranes of different surface porosities (Fig. 2) arises 
from the fact that the change in the values of 6" for alcohols and ethers with 
change in average pore size on the membrane surface is essentially negligible for 
In CEjacl values greater than -9.6, which is the case for all the membranes used 
in this work. 

The average value of the quantity 6*ZE, obtained for each of the four PEG 
solutes PEG-200, PEG-300, PEG-400, and PEG-600 from data given in Figure 
2 can be analyzed further. The total steric effect, represented by the quantity 
6*ZEs, may be considered to be the sum of that contributed by the nonrepeating 
unit, 6*ZEs (OHCHZCH~OH), and n times of that contributed by the repeating 
unit, 6*ZEs(CH&H20), in the molecular structure of the PEG solute HO- 
(CH2CH20), CH~CHPOH, so that 

(12) 6*ZE, = n[6*ZEs(CH2CH20)] + 6*ZEs(OHCH2CH20H) 
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Hence, the values of 6*ZE, obtained experimentally for the four PEG solutes 
(Figure 2) were subjected to regression analysis to determine the component 
contributions F*ZE, (CH2CH20) and 6*ZE, (OHCH2CH20H), which gave the 
following data: 

(13) 6* ZE, (CH2CH2O) = -0.860 

6* ZE, (OHCH2CH20H) = -3.585 (14) 
Using the above data, the values of 6* ZE, representing the total steric effect were 
computed for all the eight PEG solutes studied in this work, and the results ob- 
tained are given in Table 11. 

Referring again to the terms on the right side of eq. (6), all the quantities are 
now known except w*Zs* ,  representing the nonpolar effect of D A M I K ~  for the 
solute. The magnitude of w*Zs* has already been set equal to zero with respect 
to solutes PEG-200, PEG-300, PEG-400, and PEG-600. Using experimental 
D A M I K ~  data, the values of w*Zs* for the solutes PEG-1000, PEG-1500, PEG- 
4000, and PEG-6000 can then be calculated from eq. (6), which can be rewritten 
as follows: 

and 

w*Zs* = In ( D A M I K ~ )  - In Ckcl -  In A* - ( - - ",",") -6*ZE, (15) 

The values of w*Zs* so calculated from data on DAM/K6 obtained with five 
membranes of different surface porosities at  different operating pressures are 
plotted in Figure 3, which shows that the above values are essentially constants 
characteristic of the solutes but independent of operating pressures and porous 
structure of the membrane surface. Such correlation of w*Zs* is consistent with 
its nature and confirms the observations made earlier with respect to higher al- 
cohol solutes.6 The average value of w*Zs* for each PEG solute obtained from 
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PEG-6000 

0 50 psig 

15 A 75 psig 

0 100 psig c 

PEG- 1500 

0 5l - 8  -7 Ln CINaCl - 6  PEG- -5 1000 

Fig. 3. Effect of surface porosity of membrane on total nonpolar effect of various polyethylene 
glycol solutes: (0) 50 psig; (A) 75 psig; (0) 100 psig. 

the experimental data given in Figure 3 is listed in Table 11. This table shows 
that the values of the parameters representing the polar ( -AAGIRT) and non- 
polar (w*Es*) effects increase and that the values of 6*ZE, representing the steric 
effect decrease with increase in the molecular weight of the PEG solute. 

The change in w*Zs* is understandable on the basis of the effect of molecular 
structure on the molar solubility of the s01ute.l~ The change in the polar 
(-AAGIRT) and steric (6*EE,) effects represents the cumulative effect of the 
numerical values assigned to the structural components in the molecule. While 
increases in the values of -AAG/RT and w*Zs* tend to increase the attraction 
of the solute toward the membrane surface, decrease in the values of 6*ZE, tends 
to increase solute repulsions at the membrane-solution interface; the net effect 
is governed by the resultant of the sum of the quantities representing the polar, 
steric, and nonpolar effects (-AAGIRT + 6*ZE, + w*Zs*).  Since this sum 
(Table 11) decreases with increase in molecular weight of PEG, one may conclude 
that solute repulsion and hence preferential sorption of water at the mem- 
brane-solution interface increase with increase in molecular weight of PEG solute 
in the molecular weight range studied in this work. 

Predictability of Reverse Osmosis Separations of PEG Solutes in Dilute 
Aqueous Solutions at Low Operating Pressures 

The data on -AAGIRT, PEE, ,  and w*Es* for PEG solutes generated above 
(Table 11) offer a means of predicting reverse osmosis separations of these solutes 
from data on membrane specifications given in terms of A and ( D A M I K 6 ) N a C I  
(Table I )  for all cellulose acetate membranes for which In Crjaclvalues are greater 
than -9.6. For such membranes, a constant value of In A* (= -0.92) can be 
assigned, and D A M / K 8  for the PEG solute can be calculated from eq. (6). Cal- 
culations based on eq. (6) showed that the value of In Crjacl for each film used 
remained essentially constant at the operating pressures of 50,75, and 100 psig. 
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Further, for dilute feed solutions, eqs. (4) and (5) are applicable, and PR = PWP. 
Assuming that PWP is proportional to the operating gauge pressure up to 100 
psig, the values off were calculated using eqs. (4) to (6) for different PEG solutes 
with membranes of different surface porosities at the operating pressures of 50, 
75, and 100 psig. The results obtained were in good agreement with the exper- 
imental data as shown in Table 111, which illustrates the practical utility of the 
data given in Table I1 for the polar, steric, and nonpolar parameters and the 
predictability of reverse osmosis separations of PEG solutes in dilute aqueous 
solutions at low operating pressures. 

Effect of Mass Transfer Coefficient and Operating Pressure on Solute 
Separation 

The combined effect of operating pressure and mass transfer coefficient k on 
solute separation is particularly interesting in this work. Let us represent the 
permeation velocity (cmlsec) of product solution expression by 

PR 
us = ~ 

3600Sp 
Equation (4) can be written as 

or 

(18) 
1 ( D A M I K ~ )  exp(u,/k 1 - = 1 +  
f U S  

At low operating pressures (P) ,  us is proportional to P. Further, with reference 
to a given PEG solute, the value of DAMIK8 for a given membrane may be as- 
sumed to be constant in the small operating pressure range of 25 to 100 psig on 
the basis of results given in Table 111. At a given feed flow rate, the value of k 
for the PEG solute is given by eq. (5), which is independent of operating pressure. 
Consequently, at low operating pressures, both DAMIK6 and k are independent 
of us. Differentiating eq. (18) with respect to us, 

which becomes zero when us/k = 1. This means that a plot of llf versus us should 
pass through a minimum at u,lk = 1. Since us a P, one would expect that with 
increase in operating pressure solute separation will tend to increase when u,lk 
is less than 1 and decrease when u,lk is greater than 1. This possibility, which 
has already been anticipated in the literature,16 is explicitly illustrated by the 
experimental data obtained in this work as given in Figure 4. 

Ultrafiltration and Reverse Osmosis 

The practical distinction between ultrafiltration and reverse osmosis remains 
arbitrary.17 The same mass transport and fluid mechanical factors have been 
shown to be relevant to both the processes.ls Such relevance, however, does not 
differentiate between possible alternate mechanisms applicable for each of the 
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TABLE 111 
Comparison of Experimental and Calculated Solute Separationsa 

Solute separation, % 
Film 50 psig 75 psig 100 psig 

Solute no. Exptl. Calcd. Exptl. Calcd. Exptl. Calcd. 

PEG-200 

PEG-300 

PEG-400 

PEG-600 

PEG-1000 

PEG-1500 

PEG-4000 

PEG-6000 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

40.1 
25.4 
22.8 
18.3 
11.7 

53.5 
34.8 
33.7 
26.7 
16.0 

66.3 
43.4 
41.3 
33.7 
19.9 

75.0 
52.5 
51.0 
41.0 
27.0 

85.1 
67.2 
63.1 
53.9 
35.4 

90.7 
76.5 
72.1 
63.7 
45.1 

93.7 
86.4 
82.5 
76.2 
57.3 

97.1 
94.1 
90.2 
86.3 
70.6 

42.7 
24.8 
23.8 
18.4 
13.5 

55.5 
35.3 
34.0 
27.0 
20.0 

63.6 
43.3 
41.7 
33.9 
25.5 

72.3 
53.0 
51.1 
42.8 
32.7 

81.8 
65.7 
63.7 
55.5 
40.9 

88.0 
75.3 
73.3 
66.0 
50.7 

94.0 
85.8 
83.9 
78.4 
62.4 

97.1 
92.8 
91.2 
87.6 
73.7 

43.9 
27.2 
25.4 
20.2 
13.2 

58.2 
38.3 
36.7 
29.6 
17.4 

67.0 
45.4 
43.3 
35.1 
20.6 

75.8 
54.6 
52.5 
42.4 
26.3 

84.7 
66.3 
63.3 
53.1 
33.7 

90.0 
75.0 
72.0 
62.0 
41.0 

93.8 
83.7 
79.4 
71.6 
50.0 

95.8 
91.2 
87.5 
79.8 
59.6 

47.0 
27.8 
26.1 
20.3 
14.1 

59.3 
38.4 
36.1 
28.8 
20.2 

66.8 
46.0 
43.5 
35.4 
25.1 

74.5 
55.0 
52.2 
43.4 
31.3 

82.9 
66.5 
63.5 
54.7 
37.6 

88.2 
74.9 
72.0 
63.7 
45.4 

93.3 
83.9 
81.1 
73.9 
52.8 

96.4 
90.0 
87.5 
81.2 
62.1 

46.9 
31.3 
29.2 
24.0 
14.6 

62.1 
42.1 
40.0 
31.6 
20.0 

70.4 
48.0 
45.9 
37.8 
23.5 

77.7 
56.3 
54.4 
42.7 
27.2 

85.0 
66.3 
63.2 
52.7 
32.3 

89.7 
74.0 
70.2 
58.8 
37.5 

93.8 
82.7 
78.9 
69.2 
43.3 

95.2 
86.3 
81.7 
71.2 
42.3 

49.6 
29.1 
26.9 
20.6 
13.4 

61.0 
39.2 
36.2 
28.5 
18.5 

67.9 
46.3 
42.9 
34.4 
22.5 

74.9 
54.4 
50.5 
41.4 
27.2 

82.5 
64.9 
60.5 
51.1 
34.0 

87.3 
72.4 
67.7 
58.5 
39.0 

91.8 
79.9 
74.6 
65.7 
41.7 

94.6 
84.8 
78.5 
69.3 
38.4 

a Solute concentration in feed, 50 ppm. 
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above separation processes. Membrane separations of macromolecular solutes 
in aqueous solutions are conventionally treated as ultrafiltration, and the 
mechanism of such separation is implicitly or explicitly assumed to be just a 
mechanical sieving process. Such treatment of ultrafiltration experimental data 
generally involves the pregel- and gel-polarization phenomena, which may be 
reviewed briefly as follows.18 

Because of the very low diffusivities of macromolecular solutes in aqueous 
solutions, especially at  high concentrations, and the rheological properties of 
such solutions, the concentration polarization on the high-pressure side of the 
membrane during ultrafiltration results in the formation of a highly viscous 
non-Newtonian pregel fluid layer on the membrane surface. This layer, behaving 
like an additional membrane in series with the original membrane, offers sig- 
nificantly more resistance to hydraulic permeation than what can be accounted 
for on the basis of the osmotic pressure of the concentrated macromolecular 
solution constituting the pregel layer. A t  a certain limiting concentration, the 
above pregel layer transforms itself into a solid-like gel layer which is often vis- 
ually identifiable as a slime or a cake on the membrane surface. This transfor- 
mation occurs when the rate of convective transport of solute toward the mem- 
brane surface during ultrafiltration exceeds the diffusive back transport of solute 
from the membrane surface into the bulk solution. Once the above limiting 
concentration in the gel layer is reached, it remains constant, so that further 
buildup of solute due to concentration polarization during ultrafiltration occurs 
only by an increase in gel thickness. 

The effects of pregel- and gel-polarization phenomena on solute separation 
and product rate are particularly evident in studies on the effects of increase in 
operating pressure on membrane performance during ultrafiltration. In the 
pregel-polarization region, with an increase in operating pressure, solute sepa- 
ration is decreased because of membrane permeation of the concentrated pregel 
fluid, and product rate is increased because of the increased driving force for fluid 
flow. The latter increase, however, is significantly less than proportional to the 
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increase in driving force based on concentration polarization alone because of 
the additional hydraulic resistance offered by the pregel layer. In the gel-po- 
larization region, the product rate remains unchanged by an increase in operating 
pressure because the increaseed driving force is balanced by the increased re- 
sistance to fluid flow arising from the increased thickness of the gel layer. The 
effect of increase in operating pressure on solute separation in the gel-polarization 
region depends on the mechanical properties of the gel layer; if the solute con- 
centration in the gel layer remains constant, an invariance in product rate should 
also result in an invariance in solute separation. All the above consequences 
of the pregel- and gel-polarization phenomena are consistent with the reported 
experimental ultrafiltration data. 

The object of the foregoing review is to point out that none of the consequences 
of the pregel- and gel-polarization phenomena described above was evident in 
this work, and hence the treatment of experimental data on the basis of the above 
phenomena is neither admissible nor relevant to the data obtained in this work. 
The solute concentrations used in this work were extremely low; no slime or cake 
formation on the membrane surface could be identified at any time; the product 
rate was essentially the same as pure water permeation rate in all the experiments 
for all the membranes used; and, in each case, the product rate increased pro- 
portionately with increase in operating pressure. Consequently, there was ab- 
solutely no basis for assuming the occurrence of pregel or gel polarization on the 
high-pressure side of the membrane during the experiments. 

On the other hand, both the product rate and solute separation data obtained 
in this work were characteristic of those normally obtained in reverse osmosis 
experiments involving nonionized organic solutes in aqueous solutions and 
preferential sorption of water a t  the membrane-solution in te r fa~e .~  This is 
reason enough to treat the data accordingly. Since reverse osmosis is a physi- 
cochemical process (and not a mechanical sieving process), the same physico- 
chemical criteria applicable to the separation of monomeric nonionic organic 
solutes are also applicable for the separation of PEG solutes, which is the reason 
for the generation of the applicable polar, steric, and nonpolar parameters for 
the PEG solutes studied. This approach to the subject is further justified on 
the basis of the predictability of both solute separation and product rate data 
as illustrated in Table I11 and Figure 4. 

Pregel- and gel-polarization phenomena can also occur in reverse osmosis 
systems involving macromolecular solutes in aqueous solutions and preferential 
sorption of water at the membrane-solution interface. In such cases, membrane 
performance (solute separation and product rate) would be controlled by the 
combined effects of the above phenomena and the polar, steric, and nonpolar 
forces prevailing at the membrane-solution interface. From a quantitative 
knowledge about the latter forces and the experimental reverse osmosis data for 
the above systems, it might be possible to characterize separately the resistances 
offered by the pregel and gel layers involved. This possibility offers an alter- 
native approach to the conventional treatment of such membrane-separation 
data. 
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CONCLUSIONS 

The concept of polar free-energy parameters governing reverse osmosis sep- 
arations has been extended to polymer solutes. Methods have been developed 
for estimating both the steric and nonpolar parameters for polymer solutes. 
Using the data on polar ( -AAGIRT),  steric (6*ZEs), and nonpolar ( w * Z s * )  pa- 
rameters generated in this work for PEG solutes, values of In Crjacl representing 
surface pore structure can be obtained for cellulose acetate membranes using 
an appropriate PEG solute as the reference solute. Thus this work offers a means 
of characterizing cellulose acetate membranes whose surface pores are too big 
for significant separation of NaCl under reverse osmosis experimental condi- 
tions. 

This paper also demonstrates that solute separation in reverse osmosis does 
not always have to increase with increase in operating pressure even when water 
is preferentially sorbed at  the membrane-solution interface; depending on op- 
erating conditions, solute separation can increase or decrease with increase in 
operating pressure as predicted by the basic transport equations governing re- 
verse osmosis.12 

One of the authors (F.H.) thanks the National Research Council of Canada for the award of a 
postdoctoral associateship, issued as N.R.C. No. 17021. 
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