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Reverse Osmosis Separation of Amino Acids in 
Aqueous Solutions Using Porous Cellulose 

Acetate Membranes 

TAKESHI MATSUURA and S. SOURIRAJAN, Division of Chemistry, 
National Research Council of Canada, Ottawa, Canada, K1A OR9 

Synopsis 

Polar and steric effects together govern the reverse osmosis separation of amino acids 
in single-solute aqueous solution systems. The solute transport parameter for the com- 
pletely ionized aliphatic amino acids (with no additional polar groups other than one 
-NH2 and one -COOH) in the pKlrange of 4.03 to 1.71 can be represented as a function- 
of pK1 and the steric parameter ZE,. The latter parameter has a relatively greater in- 
fluence with respect to the separation of zwitter ions. The effect of the polar parameter 
pK1 on solute separation increases with increase in the concentration of the ionic species 
Rf  (or decrease in the concentration of the ionic species R-) in the feed solution. The 
effect of the presence of additional polar groups in the amino acid molecule is to increase 
its basicity. Experiments with p-aminobenzoic acid solutions indicate that the undis- 
sociated acid is preferentially sorbed at  the membrane-solution interface. With re- 
spect to  both aliphatic and aromatic amino acid ions, solute separation is in the order 
R- > R* > Rf for the cellulose acetate membrane material studied. 

INTRODUCTION 
The physicochemical criteria for reverse osmosis separations of carboxylic 

acids and amines in single-solute aqueous solution systems using Loeb- 
Sourirajan-type porous cellulose acetate membranes have been discussed. 1-3 

This paper is concerned with the development of criteria for such separa- 
tions appropriate for amino acids. Amino acids are present in many bio- 
chemical systems, and they are essential constituents of protein molecules 
present in natural food substances. In  aqueous solutions, amino acids 
exist (to different extents) as amphoteric dipolar ions (zwitter ions); the 
physicochemical criteria for the reverse osmosis separation of such ions 
may be expected to govern, in part, the applications of the process in food 
processing, biochemistry, and medicine. 

Consequently, this work is of both theoretical and practical interest. 
Kamizawa et al.* studied the reverse osmosis separations of three aliphatic 
and two aromatic amino acids using porous cellulose acetate membranes of 
the general type used in this work. They came to the conclusion, already 
illustrated in reference 1, that solute separation increased with increase in 
the degree of dissociation of the acid. This work is a more extensive study 
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of the subject, involving 30 amino acids. This work illustrates quantitative 
correlations of solute separation data with physicochemical parameters 
characterizing the chemical structure of simple aliphatic amino acids and 
establishes methods of predicting solute separation in reverse osmosis based 
on such correlations. 

EXPERIMENTAL 

The amino acids used are listed in Table I along with some of their 
physicochemical data pertinent to this work. In  reverse osmosis experi- 
ments, solute concentrations in the feed solutions were in the range 0.0005 
to 0.003 g-mole/l. (73 to 243 ppm of solute), and the operating pressure was 
250 or 500 psig. Laboratory-made Batch 316 (10/30)-type cellulose 
acetate membranes5e6 were used. The apparatus and experimental pro- 
cedure used were the same as described before.’ The feed flow rate used 
was about,400 cc/min in all cases, which corresponded to a mass transfer 
coefficient of 57 X lop4 cm/sec for 1500 ppm NaCI-H20 feed solution. 
All reverse osmosis data are for single-solute systems. The specifications 
of the film samples used are given in Table I1 in terms of the pure water 
permeability constant A (in g-mole HzO/cm2 sec atm) and solute transport 
parameter l(DAM/K6) for NaCl a t  the given operating pressure. 

All experiments were of the short-run type, and they were carried out at 
the laboratory temperature (23-25” C). The reported product rates are 
those corrected to 25°C using the relative viscosity and density data for 
pure water. In  all experiments, the terms “product” and “product rate” 
refer to  membrane permeated solutions. 

The fraction solute separation f with respect to  each amino acid was 
obtained from the relation 

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

A Beckman total carbon analyzer, Model 915, was used to  measure the con- 
centrations of the amino acid in the feed and product solutions. In  each 

TABLE I1 
Film Suecifications and Some Performance Data 

Specifications Performance data* 

A X loe, 
Film Operating g-mole/ ( D A M / K ~ )  X Solute sepn., Product 
no. pressure cm* sec atm 105, cm/sec % rate,b g/hr 

2 250 3.79 5.14 93.4 28.9 
5 250 8.32 63.94 70.6 64.8 
6 250 11.11 111.9 58.3 85.9 
7 500 5.98 43.30 82.6 95.2 
8 500 5.09 25.18 86.8 80.8 

* Feed: 1500 ppm NaCI-H20. 
Area of film surface: 7.6 cm2; k = 57 X cm/sec. 
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experiment, the pure water permeation rate (PWP), and product rate 
(PR) ,  in grams per hour per given area of film surface (7.6 cmz in all cases in 
this work), and solute separation f were determined at. the specified operat- 
ing conditions. The solute numbers given in all figures in this paper are the 
same as those given in Table I. In the solute concentration range used in 
this work, the osmotic pressure of the feed solution was negligible in all 
cases. 

RESULTS AND DISCUSSION 

Calculation of Diffusivity of Solutes in Water 
Data on diffusivity of solutes in water ( D A B )  are needed for the calcula- 

tion of mass transfer coefficients (k) on the high-pressure side of the mem- 
brane during reverse osmosis experiments. In the absence of actual 
experimental data, the values of D A B  can be calculated, as before18 from the 
empirical equation of Wilke and Changg : 

where x = "association" parameter of solvent (=2.6 for water); M = 
molecular weight of solvent (= 18.02 for water); and T = temperature, 
O K  ( = 298'K) ; p = viscosity of solution, centipoises ( = 0.8937 centipoise 
for pure water); and V1 = molal volume of solute at normal boiling point, 
cm3/g-mole, obtained by summation of atomic volume data listed in the 
literature. lo 

There is, however, some question whether the values of D A B  so calculated 
are valid for completely dissociated amino acids, because the literature 
values" of D A B  X lo5 (in cm2/sec) for glycine, DL-alanine, and 0-alanine are 
1.064, 0.910, and 0.933, respectively, compared to the values of 1.238, 
1.065, and 1.065 calculated from eq. (1). On the other hand, the literature 
value" of D A B  X lo5 for p-aminobenzoic acid, which is composed largely of 
the uncharged form in aqueous solution, is 0.843 compared to the value of 
0.855 calculated from eq. (1). Consequently, it seems reasonable to use 
eq. (1) for calculating tmhe D A B  values of undissociated amino acids and to 
use an appropriate multiplying factor to obtain the applicable values of 
D A B  from those calculated from eq. ( l ) ,  with respect to completely disso- 
ciated amino acids. Since the ratios of the calculated to actual values of 
D A B  for glycine, DL-alanine, and 0-alanine are 0.859, 0.854, and 0.876, 
respectively, an average of these ratios ( = 0.863) seems to be a reasonable 
multiplying factor for this purpose. Therefore, for obtaining the applic- 
able D A B  values for completely dissociated amino acids in aqueous solu- 
tions, the Wilke-Chang equation was modified as follows : 

The values of D A B  used in this work, as obtained from eq. (1) or (2), are 
listed in Table I. 
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Calculation of Solute Transport Parameter (DAM/K6) for Amino Acids 

The values of DA,/K6 for each solute were calculated from the experi- 
mental solute separation (f) and praduct rate PR data. The procedure 
used for this calculation was the same as that used before for alcohols.8 
For each experiment, the mass transfer coefficient k on the high-pressure 
side of the membrane was calculated from the relation 

where kre1 = mass transfer coefficient on the high-pressure side of the mem- 
brane for the reference solution system 1500 ppm NaC1-H20 (= 57 X 
cm/sec), and (DAB)ref and DAB refer to diffusivity of sodium chloride and 
amino acid, respectively, in water. The values of k so obtained for the 
solution systems used in this work are given in Table 1. Using the applic- 
able value of k and the experimental f and PR data, the value of DAM/K6 
for each solute was calculated from the relation: 

where S = effective membrane area (cm2) and d = solution density (g/ 
cm3). 

Calculation of Degree of Dissociation 

The dissociated species of a typical amino acid HOOC-R-NH2 in 
aqueous solution exist in equilibrium as follows12 : 

(R) 
where R represents the undissociated species, and R+, R-, and Rf represent 
the indicated dissociated species; and, KA, KB, Kc, and K ,  are the equi- 
librium constants between R+ and R*, R+ and R, R* and R-, and R and 
R-, respectively. The experimentally determined equilibrium constants 
are K1, K2, and K E l  defined as follows: 
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When the amino acid is completely dissociated, (R) = 0, and eqs. (5) and 
(6) reduce to 

and K1 and K2 represent the dissociation constants for -COOH and -NHZ, 
respectively. The values of K1, Kz, and KE available in the literature12*13 
for the amino acids studied in this work are listed in Table I. 

Let the total concentration of the amino acid in aqueous solution be 
(RA) so that 

(RA) = (R) + (R+) + (R-) + (R*). (10) 

From eqs. 5, 6, 7, and 10, the following relations can be derived: 

(14) 
- -  (R*) Ki - K E / [  Ki I (H+) I KlKz 3, 
@A) KE KE KE KE(H+) 

Equations (11) to (14) represent the fractions of the total concentration of 
the acid present as undissociated, positively charged, negatively charged, 
and dipolar species, respectively, in solution, and each of these fractions can 
be calculated from data on K1, Kz, KE, and the pH of the solution. There 
are six aliphatic amino acids (solute numbers 1, 2, 4, 19, 20, and 21) and 
two aromatic amino acids (solute numbers 24 and 25) in Table I, for which 
data on pK1, pK2, and pK, are available. For these acids, the values of 
(R)/(RA), (R+)/(RA), (R-)/(RA), and (R*)/(RA) have been calculated for 
the pH values of the acid used in this work, and the results obtained are 
given in Table 111. 

- 

Separation of Aliphatic Amino Acids in Aqueous Solutions 

Correlations of Polar Parameters pK1 and pKz with Data on 
Membrane Performance 

Figure 1 gives the correlations of pK1 of acid versus product rate, 
solute separation, and DA,/KS data obtained at  250 psig with films 5 and 
6 (specified in Table 11) for aqueous feed solutions involving amino acids 1 
to 12 and 14 to 22 listed in Table I. Figure 2 gives the correlation of the 
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same solute separation data versus the corresponding pK2 of the acids. 
The 21 amino acids involved in these correlations cover a pK1 range of 1.71 
to 4.43 and a pK2 range of 8.33 to 10.75; the pH range involved in tlhe 
aqueous feed solutions used is 5.75 to 6.48. The data on pH (Table 111) 
were obtained by direct measurement. On the basis of the data given in 
Table 111, one may conclude that, in the aqueous feed solutions used, all 
the above amino acids were essentially completely dissociated (and hence 
pKl and pK2 referred essentially to the acidity of the carboxylate anion and 
amino cation, respectively), and more than 96% of the dissociated species 
was in the form of zwitter ions, R*. 

The sodium chloride separations for films 5 and 6 a t  250 psig were 70.6% 
and 58.3%, respectively. Figure 1 shows that amino acids were better 
separated than sodium chloride in all the cases tested, which means that the 
critical pore diameter for the separation of amino acid ions is generally 
higher than that for the separation of sodium chloride. 

Figure 1 shows that the product rates remained essentially constant with 
respect to  each film in all cases, which indicates that the porous structure of 
the film surface was not affected during these experiments. 

With respect to each film, the solute separation data varied only within 
a narrow range in the entire region of pK1 values involved. However, the 
correlations are significant in some important respects. First, the corre- 
lations are similar for both the films tested, indicating the generality of the 
form of such correlations. Secondly, solute separation passed through a 
minimum a t  pK1 value of -4.0. The same observation was made earlier3 
with respect to the separation of monocarboxylic acids using the same type 
of membranes. This observation confirms the existence of minimum 
separation in reverse osmosis with change in acidity of the carboxylate ion. 
This observation also focuses attention on the general problem of estab- 
lishing physicochemical criteria for the differences in the separation of dif- 
ferent anions and cations (both organic and inorganic) in reverse osmosis. 
Finally, in the narrow range of pK1 values 2.2 to 2.4, the solute separation 
data are highly scattered indicating the simultaneous effect of another 
factor governing reverse osmosis separation. In  the above pK1 range, 
there are ten amino acids involved (solutes 1 to 5, 15 to  18, and 22 in Table 
I). On the basis of the earlier work on polar and steric effects on reverse 

it is reasonable to expect that the scatter in solute separation in 
Figure 1 is probably due to steric effect. This aspect of the subject is ex- 
plored below in detail. 

It may be pointed out here that solute separation is not a constant 
quantity; it varies depending on the mass transfer coefficient k on the high- 
pressure side of the membrane. The data on solute separation given in 
Figure 1 are for the values of k given in Table I. If k changes, solute sepa- 
ration will also change. For example, for the values of k used in these ex- 
periments, the data on solute separation shown in Figure 1 are in the range 
of 80% to 88% for film 5 and 67% to 79% for film 6; when k = m (i.e., 
under conditions of no concentration polarization), solute separation data 
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Fig. 1. Correlations of pK, of amino acids vs. product rate, solute separation, and 
solute transport parameter. Film type, cellulose acetate, Batch 316 (10/30); operating 
pressure, 250 psig; feed concentration, 0.001-0.003 g-mole/]. ; feed flow rate, 400 
cc/min; membrane area, 7.6 cm2; solute numbers, same as in Table I. 

may be calculated from eq. (4) to be in the range of 89% to 94% for film 5 
and 83y0 to 91% for film 6. Consequently, for the values of k between 
those given in Table I and a, solute separations can change in the range 
of 80% to 94% for film 5 and 67% to 91% for film 6; the ranges will be even 
wider if values of k lower than those given in Table I are considered. 
Therefore, even though solute separation data given in Figure 1 seem to 
vary in a narrow range a t  the arbitrary values of k chosen for experi- 
ments, the above data cannot be considered to represent essentially con- 
stant solute separation for all solutes for all values of k.  Similar com- 
ments also apply to solute separation data in Figures 2, 4, 7, and 10. The 
data on solute separation are, however, easy to visualize, and they can help 
in identifying the existence (or otherwise) of possible correlations if only 
the experimental conditions used for the different solution systems are com- 
parable. Since such is the case in this work, correlations of data on solute 
separation given in Figures 1, 2, 4, 7, and 10 are useful. 

On the other hand, solute transport parameter DA,/K6 is independent of 
k.  Therefore, correlations based on data on DA,/K6 have firm significance. 



REVERSE OSMOSIS SEPARATION OF AMINO ACIDS 3603 

100 z 
I- 

a a 

0 

00- 
2 
w 
I- 
3 
-1 

60 

SOLUTE NUMBERS 

- FILM NO. 21 
0.. 1: 19 0 14 L3 9-7 

22O 5 0: :: I?& 8 

*-.. e..m-e @ 

16 

8 
1 

200 O 

- * +  
I I I I I I I I I I I I 

Referring to Figure 1 again, the data show that the DAM/K6-versus-pK1 
correlations are similar for both films, the change in DAM/K6 with change in 
pK1 is more explicit, and there is considerable scatter of DAM/K6 data in 
the narrow pK1 range of 2.2 to 2.4. In view of both the theoretical and 
practical importance of the D,,/K6 data, the above correlations will be 
considered in more detail a little later in this discussion. 

The correlations of solute separation data versus pK2 values shown in 
Figure 2 do not indicate any definite variations. Solute separations were 
relatively insensitive to change in pK2 values for the amino acids used. 
This conclusion was supported by the data on separations of the hydro- 
chlorides of benzylamine (pK, = 9.34), trimethylamine (pK, = 9.76), and 
dimethylamine (pK, = 10.87) ; under the same experimental conditions 
used for amino acid separations, solute separations for the above hydro- 
chlorides were 73.4%, 76.10/,, and 75.3%, respectively, with film 5. The 
latter data show that differences in the separations of completely ionized 
amines are not significant when the basicity of the amines are less than that 
represented by pK, = 10.87. 

On the basis of the foregoing results, one may conclude that the cellulose 
acetate membrane material used in this work is more sensitive to the acidity 
of the carboxyl group than that of amino group, and pKl is a more relevant 
polar parameter than pK2 for purposes of correlation of reverse osmosis 
separation data for the above amino acids. 

Correlation of Data on Amino Acid Separations with Those on 
Steric Parameter 

The earlier work on polar and steric effects in reverse osmosis1* is the 
starting point for this part of the study. In order to investigate the in- 
fluence of steric effect on reverse osmosis separations of amino acids, it is 
first necessary to obtain numerical data on the steric parameter ZEs ap- 
plicable for amino acids. Such data are not directly available in the litera- 
ture. Therefore, an empirical method of generating such data from the ex- 
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Fig. 3. Correlation of E, without methyl substitution in the a-position vs. E, with methyl 
substitution in the a-position. 

perimental data available in the l i t e r a t ~ r e ' ~ ~ ' ~  was developed. The details 
of this method are as follows. 

Figure 3 is a correlation of E ,  values taken from Taft table15 for CH3CHz 
versus CH3CH3CH, CzH&Hz versus C2H6CH3CH, C6H5CH2 versus CaHr 
CHaCH, and I-C4H9CH2 versus t-C4HSCH3CH. This correlation shows the 
change in the numerical value of E, as a result of substitution of CH3 in 
the a-position. Wherever applicable, this correlation can be used for the 
estimation of ZE, values. 

An amino acid containing a single -COOH and a single -NHz group 
is treated as a monocarboxylic acid whose hydrocarbon side chain includes 
a substitution by an amino group. It is assumed that the steric effects due 
to the amino substituent groups -NH2, -NH-, and (CH3)3N+ are the 
same as those due to  the hydrocarbon substituent groups -CH3, -CHZ-, 
and (CH3)3C-, respectively. On this basis, the ZE, value for an amino 
acid is obtained by one of the following means: (i) replace the amino 
group by the equivalent hydrocarbon group and find the ZE, value for the 
resulting hydrocarbon substituent group in the corresponding mono- 
carboxylic acid; or (ii) replace the original NH2- group by H; find the 
ZE, value for the resulting hydrocarbon substituent; then use Figure 3 to 
obtain the final ZE, value resulting from -CH3 substitution in the a- 
position. This procedure is described below in detail with respect to each 
one of the amino acids whose ZE, value was used in this work. The num- 
ber on the left of each compound is the solute number in Table I ;  unless 
otherwise stated, the E, values used are those taken from Taft tabled5: 
1. Glycine 

ZE, of CHZ(NH2) E ZE, of CH2CH3 = -0.07. 

2 .  DL-Alanine 
ZE, of CH,CH(NH2) ZE, of CH3CHCH3 = -0.47. 
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3. DL-Valine 

CH3 
i 

ZEs Of (CH3)zCHCH(NHz) ZE, of (CH3)zCHCH 

ZEs of (CH3)zCHCHz = -0.93. 
Therefore, from Figure 3, 

CH3 
I 

ZE, of (CH3)zCHCH = - 2.19. 
4. m-Leucine 

CHa 
1 

ZES of (CH3)zCHCHzCH(NHz) Z E  ZEs of (CH3)zCHCHzCH 

ZEs of (CH3)zCHCHzCHz = -0.35. 
From Figure 3, 

(3% 
I 

ZEs of (CH8)zCHCHzCH = -1.15. 
5. m-Isoleucine 

CH3 
1 

ZES of CzHsCH(CHa)CH(NH)z EZ ZEs of CzHsCH(CH3)CH 

ZEs of CH3CHzCHzCHz -0.39 
ZE, of CH3CHzCHZ -0.36 

- - - = 1.083. 

This shows that the substitution of H by CH3 increases the magnitude of 
ZE, by a factor of 1.083. Since 

CH3 
I 

ZES of CHICHCHz = -0.93 

CH3 
I 

Z E s  Of CH3CHzCHCHz = -0.93 X 1.08 = -1.01. 

From Figure 3, 
CH3 CHI 
I I  

ZES Of CHaCHzCH-CH = -2.30. 

6. DL-Phenylalanine 

CH3 
1 

ZES of Ct,HsCHzCH(NHz) ZE, of CsH5CHzCH 

ZEs Of CsHsCHzCHz = -0.38. 
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From Figure 3, 

CH3 
I 

ZE, of CtjHSCH2CH = - 1.19. 
10. L-Proline 

ZE, of CHz-CH2 ZE, of CHz-CH2 
I I  
\ /  
CHz 

CHz CH- = -0.51 
I 1  
\ /  

CH2 CH- Z E  

NH 
15. a-Aminoisobutyric Acid 

ZE, of (CH3)2C(NHZ) EE ZE, of (CH,)zC(CH,) = - 1.54. 
16. DL-Norvaline 

CH3 

ZE, of CH3(CH2)2CHNHz = ZEs of CH,(CH2)ZCH 
ZE, of CH3(CHz)zCHz = -0.39. 

From Figure 3, 
CH3 
I 

ZE, of CH3(CH&CH = - 1.21. 
17. DL-Norleucine 

CH3 
I 

ZE, Of CH3(CHz)&H(NHz) = ZE, of CH3(CHz)&H 
ZE, of CH,(CHz)&Hz = -0.40. 

From Figure 3, 

CH3 
I 

ZE, of CH,(CH2)3CH = - 1.22. 
18. DL-cr-Aminocapryh Acid 

CH3 

ZE, of CH,(CH2)&H(NHz) = ZE, of CH,(CHz)&H. 
From reference 16, 

ZE, of CHs(CHz)&Hz = -0.40. 
From Figure 3, 

CH? 
I 

ZE, of CH,(CHZ),CH = -1.22. 
19. p-Alanine 

ZEs of NHzCH~CH~ ZE, of CH3CHiCH2 = -0.36. 
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Fig. 4. Correlation of ZE, of amino acids vs. solute separation and solute transport 
parameter. Film type, cellulose acetate, Batch 316 (10/30); operating pressure, 250 
psig; feed concentration, 0.001-0.003 g-mole/l.; feed flow rate, 400 cm/min; membrane 
area, 7.6 cm2; solute numbers, same as in Table I. 

20. y-Amino-n-butyric Acid 
ZE, of NHZCHzCHzCH2 ZE ZE, of CH3CHzCHzCH2 = -0.39. 

21. c-Amino-n-caproic Acid 

ZE, of NHz(CH2)B ZE, of CH3(CHz)s = -0.40. 
from reference 16. 

22. Sarcosine 
ZE, of CH3NHCHz BE, of CHzCHzCHz = -0.36. 

23. Betaine 

ZE, of (CH3)3+NCHz 3 ZE, of (CH3)sCCHz -1.74 

Figure 4 illustrates the correlations of ZE, values (estimated by the 
procedure outlined above) and data on solute separation and DA,/K6 for 
the ten solutes referred earlier in the pK1 range of 2.2 to 2.4. While the 
same separation data and DAM/KB data appear scattered in Figure 1, such 
scatter has virtually disappeared in the correlations shown in Figure 4. 
Further, Figure 4 shows that as the ZE, value increases (representing a 
decrease in steric effect), DAM/K6 tends to increase and consequently solute 
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separation tends to decrease, just as observed earlier in the study of ether 
solutes. l4 These results indicate that the reverse osmosis separation of 
amino acids is controlled both by the polar and steric character of the 
solute molecules. 

Results of Regression Analysis and Predictability of 
Membrane Performance 

On the basis of the foregoing conclusion, the possibility of expressing 
solute transport parameter DAM/ K6 as a function of polar and steric param- 
eters representing the solute was next investigated. For this purpose the 
data on pK1 and ZEs as estimated above were taken as the relevant polar 
and steric parameters, respectively. Following previous work, l4 DAM/K6 
could be expressed as 

(15) 
where p* and 6* are the polar and steric coefficients, respectively, and C* 
is a proportionality factor depending on the porous structure of the mem- 
brane surface. Figure 1 shows that DAM/K6 passes through a maximum at  
pK1 While the general form of eq. (15) may be expected to be valid 
for the entire range of pK1 values, the numerical values of C*, p*, and 6* 
may be expected to be unique for the two ranges of pK1 values on either 
side of the maximum DAM/K6. Since, in this work, sufficient experimental 
data are available only for the range of pK1 values less than 4.03, the ap- 
plicability of eq. (15) could be investigated only for the latter set of data. 

In the range of pK1 values of 4.03 or less, the DAM/K6 data for 20 amino 
acids are included in Figure 1; but, values of ZE, have been estimated only 
for 14 of the above acids. The remaining six acids (solutes 7 to 9, 11, 12, 
and 14 in Table I) have additional polar groups or complicated structures, 
and a method of estimating ZE, for such compounds has not yet been 
established. Consequently, the applicability of eq. (15) was investigated 
with DAM/K6 data on solutes 1 to 6,10, 15 to 20, and 22 listed in Table I. 

The DAM/K6 data obtained with film 5 for the 14 solutes referred above 
were subjected to multiple regression analysis for linear correlation” in 
terms of eq. 15. This analysis, represented in Figure 5, gave the following 
results for film 5: The 
values of the coefficients of determination RpK,P and R2E,2 obtained were 
0.102 and 0.637, respectively, indicating that the contribution of pK1 to In 
(DAMIK8) is relatively small compared to that of ZE,. It may be recalled 
that each of the values of RBK: and R,,: represents the fraction of total 
variance of the dependent variable In (DAM/K6) which is related respec- 
tively to the particular factor pK1 or BE, considered. 

The summation of RpK,P and R,,: values given above (= 0.739) is 
rather low compared to 1.0. This indicates that either eq. (15) is an in- 
adequate representation of data, or the relative variation in the dependent 
variable is too much compared to the total variation involved in the range 
of data analyzed. The latter is indeed the case here, because the solute 

DAM/K6 = C* exp (p*pK1 + 6*ZE,) 

4.0. 

p* = 0.071, 6* = 0.216, and In C* = -8.39. 
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separations for the systems considered varied in the narrow range of 80% 
to 88% with a +2y0 experimental error. 

The adequacy of eq. (15) to represent the experimental solute separation 
data in the pK1 range of 4.03 to 1.71 was tested by three sets of calculations 
involving films 2, 5, and 6. It may be noted that the average size of pores 
on the membrane surface (as represented by their D A M / K 6  data for sodium 
chloride given in Table 11) is smaller for film 2 and higher for film 6 com- 
pared to that for film 5. 

In  the first set of calculations, the values of D A M /  K6 for all the 14 amino 
acids referred earlier were calculated for film 5 using eq. (15) and the p*, 
6*, and In C* values obtained above by regression analysis for linear cor- 
relation. Using these values of D,M/K6 and the values of k given in 
Table I, solute separation f for each amino acid was determined using eq. 
(4) in which PWP is approximated as PR. The data on solute separation 
so determined were compared with the corresponding experimental values. 
The results, plotted in Figure 6, showed that the experimental and calculated 
values were in good agreement in all cases. 

The purpose of the calculations with respect to films 2 and 6 was to test 
the adequacy of eq. (15) to predict solute separation for other films. In  
these calculations, the values of p* and 6* used for film 5 were assumed valid 
for films 2 and 6 also. Experimental D,M/K6 values for a reference solute 
were used to obtain In C* values for each film using eq. (5). Choosing for 
illustration DL-isoleucine (solute 5 in Table I) as the reference solute, the 
values of In C* obtained for films 2 and 6 were -10.45 and -7.73, re- 
spectively. Using the respective In C* values for films 2 and 6 ,  and the 
same p* (= 0.071), 6* (= 0.216), and the k values (given in Table I) for 
both the films, the values of D A M / K 6  for each of the other 13 solutes under 
study were calculated, and the corresponding solute separations obtainable 
were predicted using eq. (4) as before. The data on solute separations SO 
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Fig. 6. Effect of (p*Zo* + 6*ZE,) on solute separation of amino acids for films 2, 5,  
and 6: (--) predicted; (0, A, 0) experimental. Film type, cellulose acetate, 
Batch 316 (I 0/30); operating pressure, 250 psig; feed concentration, 0.001-0.003 g- 
mole/l.; flow rate, 400 cc/min; membrane area, 7.6 cm2; solute numbers, same as in 
Table I. 

predicted were then compared with those obtained experimentally. The 
results (also plotted in Fig. 6) showed that the experimental and calculated 
values were again in good agreement, in all cases. 

From the foregoing results, one may draw the following conclusions with 
reference to completely ionized amino acids discussed above in the pK1 
range of 4.03 to 1.71: (i) pK1 expresses the polar character of the solute 
adequately for purposes of correlation of data on membrane performance; 
(ii) the method outlined above for estimating the steric parameter BE, 
is valid for practical purposes of predicting membrane performance; (iii) 
the solute transport parameter is a function of both pK1 and ZE, with the 
latter parameter having a relatively greater influence; (iv) eq. (15) is a 
valid quantitative expression for the solute transport parameter; and (v) 
for purposes of predicting membrane performance, the numerical values of 
the polar coefficient p* and steric coefficient 6* may be taken to be 0.071 
and 0.216, respectively, for the type of cellulose acetate membrane material 
used in this work; the a.bove values of p* and 6* may be assumed inde- 
pendent of the pore structure on the membrane surface. 

Separation of Aliphatic Amino Acid Hydrochlorides in Aqueous Solutions 

Correlation of Data on Membrane Performance with pK1 of Acid 

As pointed out already, the aliphatic amino acids studied above were 
essentially completely dissociated in aqueous solutions, and the dissociated 
species existed mostly in the form of R*. The dissociation equilibrium 
could however be shifted, and the equilibrium concentration of R+ or R- 
could be consequently increased by decreasing or increasing respectively 
the pH of the aqueous solution. The object of this part of the study was to 
investigate the effect of such increase in equilibrium concentration, on 
overall separation of amino acid in reverse osmosis. In  view of the sus- 
ceptibility of the membrane material for alkaline hydrolysis, this study 
was limited to the study of the effect of increasing the equilibrium concen- 
tration of R+ by acidifying the aqueous solution of the amino acid. 



REVERSE OSMOSIS SEPARATION OF AMINO ACIDS 3611 

70 

50 

30 

I FILM NO I 

- 

- 

- 

E 
V 

Y) 
0 

SOLUTE ,- 1 7 s ~ , 6  
NUMBERS 

I "  

4.0 3.0 2.0 

PKI 

Fig. 7. Correlations of pK1 of amino acid hydrochlorides vs. product rate, solute 
separation, and solute transport parameter. Film type, cellulose acetate, Batch 316 
(10/30); operating pressure, 250 psig; feed concentration, 0.001-0.003 g-mole/]. ; flow 
rate, 400 cc/min; membrane area, 7.6 emZ; solute numbers, same as in Table I. 

For the purpose of this study, 11 amino acids (solutes 1, 2, 4, 10, 15, 16, 
17, 19, 20, 21, and 23 listed in Table I, for which BE, values are available 
and which contain no additional polar group other than one -NH2 and 
one -COOH) were chosen for illustration. Equimolal quantities of amino 
acid and hydrochloric acid were used in aqueous feed solution. The effect 
of addition of HCI was to decrease the pH and shift the dissociation equilib- 
rium in the direction of higher concentration of R+. This is quantitatively 
illustrated in Table I11 for the case of glycine, DL-alanine, DL-leucine, p- 
alanine, y-amino-n-butyric acid, and c-amino caproic acid (solutes 1, 2, 4, 
19, 20, and 21, respectively, in Table I) for which data on pK1, pK2, and 
p K E  are available. 

Figure 7 gives the correlations of pK1 of acid versus product rate, solute 
separation, and DAM/K6 data obtained at 250 psig with films 5 and 6 for 
the above aqueous amino acid hydrochloride solutions. These correlations 
are interesting from several points of view. 
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Figure 7 shows that the product rates remained essentially constant with 
respect to  each film in all the cases studied, which indicates that the porous 
structure of the film surface was not affected during the experiments even 
though the pH of the feed solutions used was in the range 2.95 to  3.83. 
This is not surprising since cellulose acetate membranes have been shown 
to exhibit stable reverse osmosis performance even after exposure to  pH = 
3 for one year.'* 

The solute separation-versus-pK1 correlation is comparable to that shown 
in Figure 1. With amino acid hydrochloride feed solutions, Figure 7 shows 
that  solute separation tends to increase with decrease in pK1 in the entire 
range of pK1 values (4.43 to 1.71) studied. In  particular, no minima in 
solute separation was observed in the above pK1 range. This shows that, 
for amino acid hydrochloride feed solutions, the minimum in solute separa- 
tion, if it does exist, is shifted in the direction of higher pK1 value. 

The cellulose acetate membrane material has already been shown to ex- 
hibit a net proton acceptor character.2 This means that, a t  the mem- 
brane-solution interface, solute repulsion is more for an anion than for a 
cation. Consequently, with increase in the concentration of R+, and the 
corresponding decrease in that of R*, one should expect the overall solute 
separation to decrease. Since the above concentration change is also as- 
sociated with increase in pK1 (see Tables I and 111)) overall solute separa- 
tions must be lower for amino acid hydrochloride solutions than for amino 
acid solutions especially in the higher range of pK1 values. This is ex- 
plicitly illustrated by the experimental data for @-alanine, y-amino-n- 
butyric acid, and e-amino-n-caproic acid (solutes 19, 20, and 21) shown in 
Figures 1 and 7. 

As in Figure 1, solute separation data in Figure 7 are scattered in the pK1 
range of 2.2 to 2.4; this scatter is again understandable on the basis of 
steric effects. 

As stated earlier with reference to Figure 1, the correlations of data on 
DAM/K6 with pKl are even more important. Figure 7 shows that DA,/K6 
decreases significantly with decrease in pK1, and there is again considerable 
scatter of D,M/K6 data in the pK1 range of 2.2 to 2.4. These correlations 
are discussed below in detail. 

Results of Regression Analysis and Predictability of 
Membrane Performance 

The D,M/K6 data obtained with film 5 for the 11 amino acid hydrochlo- 
ride feed solutions referred above were subjected to multiple regression 
analysis for linear correlation in terms of eq. (15) as before. This analysis, 
also represented in Figure 5, gave the following results for film 5:  p* = 
0.25, 6* = 0.25, and In C* = -8.78. The values for the coefficient of 
determination RpK: and RZEs2 obtained were 0.499 and 0.382, respectively, 
so that this sum RpKI2 + RZEs2 = 0.881. 

The adequacy of eq. (15) to represent the experimental solute separation 
data for the amino acid hydrochlorides in the pK1 range of 4.43 to 1.71 was 
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Fig. 8. Effect of (p*Za* + 6*ZE,) on solute separation of amino acid hydrochlorides 
for films 2, 5 ,  and 6. (- )predicted; (0, A, 0) experimental. Film type, cellulose 
acetate, Batch 316 (10/30); operating pressure, 250 psig; feed concentration, 0.001-0.003 
g-mole/l.; flow rate, 400 cc/min; membrane area, 7.6 cmZ; solute numbers, same as in 
Table I. 

tested by back calculating solute separations for films 2, 5 ,  and 6 .  The 
procedure used for these calculations was exactly the same as that used 
before for unacidified amino acid feed solutions (Fig. 6). The same values 
of p* (= 0.25) and 6* (= 0.25)  were used for all the three films. The In C* 
values for films 2 and 6 were obtained from the experimental DA,/K6 
data for the hydrochloride of a-aminoisobutyric acid (reference solute) ; 
the values of In C* so obtained were -10.77 and -8.21 for films 2 and 6, 
respectively. The values of k listed in Table I were used for all the three 
films. Both the experimental and calculated solute separation data are 
plotted in Figure 8 which shows excellent agreement between the two sets 
of data for each of the films tested. 

The foregoing results show that eq. (15) adequately represents the DAM/ 
K6 data for aqueous feed solutions of equimolal quantities of amino acid 
and hydrochloric acid, in the pK1 range of 4.43 to 1.71. For such feed 
solutions, a p* value of 0.25 and a 6* value of 0.25 can be used for purposes 
of predicting membrane performance with the type of cellulose acetate 
membranes used in this work. Further, the above values of p* and 6* 
may be considered independent of the porous structure of the membrane 
surface. 

Comparing the numerical values of p*, 6*, and the sum RpK: + R , E B 2  

obtained with film 5 for the amino acid hydrochloride systems discussed 
above and the amino acid systems discussed earlier, the following observa- 
tions are significant. The value of p* is about 395 times higher for the 
former systems, and the values of 6* are about the same for both the sys- 
tems. This means that the effect of increasing the concentration of R+ in 
the feed solution is to increase the value of p* and decrease overall solute 
separation with increase in p*pK1 + 6*ZE,. The latter effect-is illustrated 
by the data in Figure 8. The reason for this effect is understandable on the 
basis of the net basic (proton acceptor) character of the cellulose acetate 
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membrane material. The absence of any significant difference in the values 
of 6* for the two types of feed solutions indicates the absence of any signifi- 
cant difference in the steric effects of Rf and R*. The sum of the values 
of the coefficients of determination is close to one for the amino acid hydro- 
chloride systems than for the amino acid systems. This is understandable 
on the basis of the wider range of solute separation data involved in the 
former case with the same range of experimental error in both cases. 

Effect of pH on Separation of p-Alanine 

A set of experiments were carried out with aqueous solutions of p-alanine 
to study the effect of pH of feed solution on overall solute separation in 
reverse osmosis. Two new film samples (films 7 and 8) were used for this 
study. The aqueous solution of p-alanine had a pH of 6.15; different 
quantities of HC1 or NaOH were added to this solution to decrease or in- 
crease the pH of the feed solution. Five feed solutions of pH 3.60, 4.10, 
6.15, 9.99, and 10.24 were tested. The overall solute separation data ob- 
tained with the above feed solutions for films 7 and 8 a t  500 psig are given 
in Table IV which shows that, with respect to each film, solute separation 
increased with increase in pH of the feed solution. These results are con- 
sistent with those discussed earlier for amino acid and amino acid hydro- 
chloride feed solutions, and they are explicable on the basis that the net ef- 
fect of increase in pH of the feed solution is to decrease the equilibrium con- 
centration of R+ or increase the equilibrium concentration of R-in the feed 
solution. Further, since 0-alanine is completely dissociated in the entire 
pH range studied, the increase in solute separation with increase in pH 
shows that solute repulsion at the membrane-solution interface, and hence 
solute separation in reverse osmosis, with respect to each ionic species, is in 
the order R- > R* > R+ for the cellulose acetate membrane material used. 

A procedure for predicting quantitatively the effect of pH of feed solution 
on overall separation of p-alanine in the systems studied above was then in- 

TABLE IV 
Effect of pH on Separation of 0-Alanine" 

Solute separation, yo 
PH P* 6* In C* In D A M I K ~ )  Calculated Experimental 

3.36 0.253 
4.10 0.205 
6.15 0.071 
9.99 -0.179 

10.24 -0.196 

3.36 0.253 
4.10 0.205 
6 .15  0.071 
9.99 -0.179 

10.24 -0.196 

Operating pressure: 

0.233 
0.233 
0.233 
0.233 
0.233 

0.233 
0.233 
0.233 
0.233 
0.233 

500 psig. 
~- 

Film 7 
-9.283 
-9.179 
-8.891 
-8.351 
-8.316 

Film 8 
-9.761 
-9.657 
-9.369 
-8.829 
-8.794 

-8.456 
-8.525 
-8.719 
-9.079 
-9.106 

-8.934 
-9.003 
-9.197 
-9.557 
-9.584 

87.1 
87.9 
89 .8  
92.7 
92 .8  

91.5 
92.0 
93.3 
95 .2  
95 .4  

87.3 
86.5 
89 .8  
92.7 
92 .1  

90.7 
90.7 
93.3 
94.0 
94.1 
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Fig. 9. Effect of pH on p* and In C*. Film type, cellulose acetate, Batch 316 (10/30); 
operating pressure, 250 psig for films 5 and 6 and 500 psig for films 7 and 8; feed con- 
centration, 0.001 g-mole/l.; flow rate, 400 cc/min; membrane area, 7.6 emZ; solute, 
j3-alanine. 

vestigated. This prediction procedure is based on three assumptions: 
(i) the numerical values of p* and 6* a t  500 psig are the same as those at 250 
psiglg; (ii) the value of p* decreases linearly with increase in pH of the feed 
solution; and (iii) In C* is a linear function of pH of feed solution, and the 
difference in the values of In C* per given change in pH is the same for all 
membranes irrespective of their surface porosities. The latter two as- 
sumptions are illustrated in Figure 9 using the data obtained earlier with 
films 5 and 6 used in conjunction with /3-alanine solutions a t  250 psig. The 
experimental values of In C* plotted in Figure 9 for films 5 and 6 a t  pH 
values of 6.15 and 3.36 partially support assumption (iii) above. 

Using the above assumptions, the procedure used for predicting solute 
separations was as follows. Since 6* values of 0.216 and 0.25 were obtained 
for 0-alanine solutions studied earlier, an average value of 0.233 was as- 
sumed for all pH values; the value of p* a t  the desired pH of feed was ob- 
tained by linear interpolation in Figure 9. The same values of 6* and p* 
were used for films 7 and 8. Using the experimental data on In C* for 
films 7 and 8 for pH 6.15, the applicable value of In C* a t  the desired pH 
was estimated on the basis of assumption (iii) above as indicated in Figure 
9. Using the above values of p*, 6*, and In C*, together with the data on 
pK1 and ZEs for /3-alanine given in Table I, the values of DAM/K6 a t  dif- 
ferent pH values were calculated using eq. (15). The corresponding solute 
separation was then calculated, as before, using eq. (4), and the value of k 
for p-alanine given in Table I. Data on solute separation thus obtained 
are also given in Table IV, which shows excellent agreement between 
calculated and experimental results, suggesting the possible validity of the 
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assumptions involvcd and thc generality of the prediction procedure out- 
lined above. 

Effect of Additional Polar Substitutions on the Separation of 
AliphaticIAmino2Acids 

Among the amino acids 1 to 23 listed in Table I, thcre are several (solutes 
7 ,8 ,9 ,  12, 13, and 14) which contain an additional polar group substitution 
such as -OH, -S, or -SH in their structures. The effect of such sub- 
stitution on overall solutr separation in reverse osmosis can be seen by 
comparing the relative magnitude of DA,/K6 data for the substituted and 
the corresponding unsubstituted amino acids. For example, the values of 
(DAMIK8) X lo5 (cm/scc, given below in brackets) obtained with film 5 at 
250 psig, for somr comparable solutes show the following order: 

solute 7 (17.52) < solute 6 (23.29) 

solute 9 (20.29) < solute 14 (20.82) < solute 2 (21.08) 

solute 13 (0.10) < solute 14 (20.82). 

The above orders show that the effect of substitution of additional polar 
group in the amino acid is to decreasc DA,/K6 and hence increase solute 
separation in reverse osmosis. This result is understandable on the basis 
of previous work on polyhydric alcohols.8 Substitution of an additional 
polar group results in more negative Taft number (u*) for the substituent 
group, which represents increased basicity (proton accepting power) for the 
molecule. The latter is responsible for increased solute repulsion a t  the 
membrane-solution interface and hence higher solute separation in reverse 
osmosis. 

Comparing the pK1 values of solutes 7, 9, and 13 with those of solutes 6, 
2, and 14, no definite order is observed in their relative magnitudes. This 
means that the values of pK1 represent the polar character of carboxylate 
ion only with respect to solutes 7, 9, and 13. Hence, the values of p* 
given earlier for aliphatic amino acids are not applicable for compounds 
containing additional polar substituents. 

Table V gives the DA,/K6 data for films 5 and 6 a t  250 psig with respect 
to  the basic and acidic amino acids listed in Table I (solutes 26 to  30). 
The reverse osmosis experiments involving the basic amino acid solutes 
werc conducted with equimolal quantities of HC1 in their respective aqueous 
solutions to avoid pH values in the alkaline range. L-lysine exists in solu- 
tion12 predominantly as NH3+(CH2)&HNH,COO-, so that i t  may be re- 
garded as €-amino-n-caproic acid (solute 21) with an amino group sub- 
stituted a t  the a-carbon atom. L-aspartic acid exists in solution12 pre- 
dominantly as COOHCH2CHNH3+COO-, so that it may be regarded as 
m-alanine (solute 2) with a -COOH group substituted at the @-carbon 
atom. Table V shows that the D A M / K 6  values for all the three basic amino 
acids tested werc less than thc corresponding values for solute 21; simi- 
larly, the DAM/K6 values for the two acid amino acids tested were less 
than the corresponding values for solute 2. These results support the 
general conclusion that the cffect of additional polar substitutions in the 
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TABLE V 
Separation of Some Basic and Acidic Amino Acids 

D A M / K ~  of 
D A M / K ~  of amino acid Solute 
amino acid hydrochloride, separation, 

(cm/sec) X lo6 (cm/sec) x lo6 % Solute 
no. Amino acid Film 5 Film 6 Film 5 Film 6 Film 5 Film 6 

2 DbAlanine 21.08 39.66 
21 e-Amino-n-caproic 45.85 

26 LLysine 21.45 

28 LHistidine 28.85 
29 LAspartic acid 13.17 24.23 
30 LGlutamic acid 7.17 19.82 

a Solute separation for amino acid. 

Operating pressure: 250 psig. 

acid 

27 L-Arginine 20.95 

Solute separation for amino acid hydrochloride. 

86.3' 78. 2a 
79.78 71.3b 59.6b 

31.10 83.gb 78.5b 
28.82 83.6b 78.gb 
43.12 81.8b 76.1b 

90.3- 84. la 
94.28 85.ga 

amino acid molecule is to reduce D,,/K6 values in reverse osmosis using 
cellulose acetate membranes. 

Separation of Aminobenzoic Acids in Aqueous Solutions 
A few reverse osmosis experiments were carried out with aqueous solu- 

tions of m- and p-aminobenzoic acids (pH 4.15 and 4.05, respectively) and 
their hydrochlorides (pH 3.34 and 3.10, respectively) using films 5 and 6. 
An operating pressure of 250 psig was used for these experiments. The 
separations obtained for m-aminobenzoic acid were 18.3% and 11.1% with 
films 5 and 6, respectively, compared to practically no separation obtained 
for p-aminobenzoic acid. The separations obtained for m-aminobenzoic 
acid hydrochloride were 28.6% and 21.9% with films 5 and 6, respectively, 
compared to separations of 4.5% and 3.7y0 obtained respectively with 
films 5 and 6 for p-aminobenzoic acid hydrochloride. The higher separa- 
tions for m-aminobenzoic acid and its hydrochloride are primarily due to 
the higher fraction of the dissociated species in the feed solution as shown by 
the dissociation data included in Table I11 for both the aminobenzoic acids 
studied. 

Figure 10 illustrates the effect of pH of feed solution on degree of dis- 
sociation, and data on membrane performance with 0.001M p-aminobenzoic 
acid feed solutions a t  500 psig using films 7 and 8. Table VI gives the 
data on the fraction of undissociated and dissociated species in the feed 
solutions used. Referring to Figure 10, there is a steep increase in solute 
separation in parallel with a steep increase in degree of dissociation in the 
pH range of 4.55 to 6.81. Solute sepa.ration passed through a minimum at 
thc isoelectric pH a t  which solute separation was actually negative. 
Negligible or negative overall solute separations even when the degree of 
dissociation was 20% to 40% indicates that the undissociated species was 
preferentially sorbed a t  the membrane-solution interface during the ex- 
periment. Such solute preferential sorption may be expected to cause 
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TABLE VI 
Effect of pH on Dissociation of p-Aminobenzoic Acid 

PH PH PH PH PH 
3.358 3.57 4.55 5.15 6.81 

@)/@A) 0.777 0.791 0.608 0.323 0.011 
(R+)/(RA) 0.083 0.051 0.004 -0 N O  

(Rlt)/(RA) 0.115 0.117 0.090 0.048 0.002 
(R--)/(RA) 0.024 0.041 0.298 0.629 0.987 

a pH of feed solution. 
Feed solution: 0.001 g-mole/l. of p-aminobenzoic acid. 

FILM NO. 
3 
0 
0 
[L 
a 80 

pH OF SOLUTION 

Fig. 10. Effect of pH on degree of dissociation, product rate, and solute separation for 
p-aminobenzoic acid. Film type, cellulose acetate, Batch 316 (10/30), operating pres- 
sure, 250 psig; feed concentration, 0.001 g-mole/l.; flow rate, 400 cc/min; membrane 
aare, 7.6 cm2, 

partial blocking of pores on t8he membrane surface, which would explain the 
increase in product rate with further increase in the degree of dissociation of 
the acid as seen in Figure 10. 

CONCLUSIONS 
The reverse osmosis separation of amino acid ions in aqueous solution is 

governed by the combined effect of their polar (pK,) and steric (ZE,) 
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parameters. The solute transport parameter ( D A M I K S )  passes through a 
maximum (and hence solute separation passes through a minimum) a t  a 
pK1 value of 4.03 for completely ionized aliphatic amino acids containing 
no additional polar groups other than one -COOH and one -NH2 group. 
When the ions exist mostly as R*, the steric parameter has a greater effect 
on solute separation; the effect of the polar parameter on solute separation 
increases with decrease in pH, and the consequent increase in the concentra- 
tion of the ionic species R+, in the feed solution. The data reported il- 
lustrate that the above effects can be predicted quantitatively. The effect 
of the presence of additional polar groups in the amino acid molecule is to 
increase its basicity and hence decrease its D A M / K 6  value in reverse osmosis. 
The results of experiments with m- and p-aminobenzoic acids confirm that 
solute separation increases with increase in the overall degree of dissocia- 
tion and further indicate that the undissociated p-aminobenzoic acid is 
preferentially sorbed a t  the membrane-solution interface. The reverse 
osmosis data with all the amino acids studied indicate that with respect to 
each ionic species, solute separation is in the order R- > R* > R+ for the 
cellulose acetate membrane material used. 

Nomenclature 
pure water permeability constant, g-mole HzO/cm2 sec atm 
proportionality factor depending on the porous structure of the 

solution density, g/cm3 
diffusivity of amino acid, cm2/sec 
diffusivity of sodium chloride, cm2/sec 
solute transport parameter, cm/sec 
fraction solute separation 
proton concentration, g-mole/l. 
mass transfer coefficient on the high-pressure side of the mem- 

brane, cm/sec 
mass transfer coefficient on the high-pressure side of the mem- 

brane for the reference solution system 1500 ppm NaCl-H20, 
cm/sec 

membrane surface, cm/sec 

equilibrium constant defined by eq. (5), g-mole/l. 
equilibrium constant defined by eq. (6)) g-mole/l. 
dissociation constant of amine, g-mole/l. 
equilibrium constant between R+ and R* 
equilibrium constant between R+ and R 
equilibrium constant between R* and R- 
equilibrium constant between R and R- 
equilibrium constant defined by eq. (7) 
molecular weight of solvent (=18.02 for water) 
-log K1 used as polar parameter 
product rate, grams per hour per given area of film surface 
pure water permeability, grams per hour per given area of film 

surface 
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(R) 
(R +) 
(R-) 
(R*) 
(RA) 
RPK12 

RZEz2 

concentration of the undissociated species, g-mole/l. 
concentration of the positively charged species, g-mole/l. 
concentration of the negatively charged species, g-mole/l. 
concentration of the zwitter ion, g-mole/l. 
total concentration of the amino acid, g-mole/l. 
fraction of total variance of In (DAMIK6) related to pK1 
fraction of total variance of In (DAM/K6) related to 2Es 

s 
T 
V1 

6* 

P* 
U* 

BE, 

P 

X 

1 

effective membrane area, cm2 
temperature, OK 
molal volume of solute at normal boiling point, cm3/g-mole 

Greek Letters 
steric coefficient 
viscosity of solution, centipoise (= 0.8937 for pure water) 
polar coefficient 
Taft’s polar parameter 
Taft’s steric parameter 
“association’’ parameter of solvent (= 2.6 for water) 
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