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Activity-coefficient data were measured for NaCl in the system water—NaCl—-DL-
valine at 25°C. The activity coefficients of DL-valine were then calculated through rigor-
ous thermodynamic relations. The activity coefficients of the amino acids in this and
other aqueous systems containing electrolytes were modeled using an expression for the
excess Gibbs free energy of the solution. The model combines a contribution for long-
range interactions, given either by the Bromley equation or the K-V equation, and a
contribution of short-range interactions represented by a ternary NRTL or Wilson ex-
pression. The model accurately correlates the activity coefficients of ten amino acids in
aqueous solutions and of six amino acids in aqueous electrolyte solutions.

Introduction

The cost involved in the separation and concentration of
biomaterials may be as high as 90% of the total cost of their
manufacturing (Eyal and Bressler, 1993). Amino acids are the
simplest biomolecules and are the building blocks of other
biomolecules, such as proteins and peptides. Thus we focus
the attention here on aqueous systems containing electrolytes
and amino acids.

A knowledge of the activity coefficient of amino acids in
aqueous electrolyte solutions is a key element for the design
of equilibrium-based separation processes. Since the pioneer-
ing work of Kirkwood (1934, 1939) for the interaction be-
tween amino acids and ions, few investigations have been
conducted in this area. The Kirkwood’s models describe the
amino acids using various shapes and consider various posi-
tions for the charges on them. They can qualitatively repre-
sent the behavior of the water—electrolyte—amino-acid sys-
tems at low electrolyte and amino-acid concentrations. Chen
et al. (1989) used their own version of the electrolyte NRTL
model (Chen et al., 1982), which contains a long-range inter-
action term represented by a Pitzer—Debye—Hiickel form
(Pitzer, 1980) and an interaction term given by a modified
form of the NRTL equation (Renon and Prausnitz, 1968).
Ferndndez-Mérida et al. (1994) and Rodriguez-Raposo et al.
(1994) used the modified Pitzer model (Pitzer, 1991) for
aqueous solutions of an electrolyte and a nonelectrolyte to
model the activity coefficients of the components in
water—electrolyte—amino-acid systems. The Pitzer's model
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employs a combination of an electrostatic term and a virial
series expansion to account for all other interactions.

Among the studies of amino acids in water—amino-acid
systems without the presence of an electrolyte, Nass (1988)
used the Wilson equation (Wilson, 1964), with Bondi’s vol-
umes (Bondi, 1968) for pure compound liquid volumes and
assumed the activity coefficients of the amino acids to be a
product of two terms due to chemical-reaction equilibria and
physical interactions. The introduction of a reaction equilib-
rium in the model was suggested by the fact that amino acids
undergo equilibrium reactions to lose or gain a proton in
aqueous solutions. Gupta and Heidemann (1990) described
the activity coefficient of amino acids in water using a modi-
fied UNIFAC model (Larsen et al., 1987). Their work has the
advantage of being predictive for the solubility of antibiotics
in water, but suffers from the definition of too large groups.
Pinho et al. (1994) developed a model for the activity coeffi-
cients of amino acids based on a combination of physical and
chemical equilibrium using the original UNIFAC group con-
tribution method (Fredenslund et al., 1975). They defined new
groups that are smaller in size than those suggested by Gupta
and Heidemann (1990). On the other hand, in contrast to the
work of Gupta and Heidemann (1990), Pinho et al. (1994)
introduced a Debye~Hiickel term. This term seems to be un-
necessary for amino-acid—water systems in the absence of an
electrolyte, and in the present work it is omitted.

Two major techniques that have been used for the mea-
surement of the activity coefficients of amino acids in aque-
ous electrolyte solutions are the isopiestic method (Bower and

Vol. 42, No. 8 AICHE Journal



Robinson, 1965; Schrier and Robinson, 1971; Schrier and
Robinson, 1974) and the electrochemical cells (Briggs et al.,
1974; Kelley and Lilley, 1979; Rodriguez-Raposo et al., 1994).
Electrochemical methods that use ion-selective electrodes,
due to recent improvements in their production, are receiv-
ing more attention. Most measurements of the activity coeffi-
cients of amino acids in aqueous electrolyte solutions using
ion-selective electrodes (ISE) (Briggs et al., 1974; Phang and
Steel, 1974; Rodriguez-Raposo et al., 1994) have used a sin-
gle ion-selective electrode, usually a cation-ion-selective elec-
trode, vs. a reference electrode, and calibrated the potential
difference so obtained with the mean ionic activity coefficient
of the electrolyte. Since in this method of measurement the
effect of the counterion of the electrolyte is neglected, it may
lead to erroneous results. We have recently reported the
measurement of activity coefficients of DL-alanine and of
glycine in aqueous sodium chloride solutions using a sodium
and a chloride ion selective electrode, each vs. a double-junc-
tion reference electrode (Khoshkbarchi and Vera, 1996b) and
discussed the advantages of using two ion-selective electrodes
over the methods that use only a single ion-selective elec-
trode.

In this work the mean ionic activity coefficients of sodium
chloride in the system water—NaCl-pL-valine at 25°C were
measured using ion-selective electrodes. From these values,
the activity coefficients of DL-valine were evaluated using rig-
orous thermodynamics. A model for the excess Gibbs free
energy of the systems containing water—electrolyte—amino
acid is proposed. The model has one electrostatic term to
represent long-range interactions, and one term for short-
range interactions. To represent the long-range interactions,
the Bromley model (Bromley, 1973) and the K-V model
(Khoshkbarchi and Vera, 1996) were tested. For the repre-
sentation of the short-range interactions, the NRTL model
(Renon and Prausnitz, 1968) and the Wilson model (Wilson,
1964) were tested. The results of the correlation of the activ-
ity coefficients of amino acids in aqueous electrolyte solu-
tions using these contributions are compared. The parame-
ters for electrolyte—water and for water—amino acid were ob-
tained from experimental data reported in the literature for
binary systems. Only two parameters were regressed from the
experimental data of ternary water—electrolyte—amino-acid
systems.

Theory of Experimental Method

According to the Nernst equation the difference between
the potentials, AE,, of the two cells of type (1),

Cation ISE { electrolyte {m¢)}!reference electrode

Anion ISE | electrolyte (mg) | reference electrode

is related to the mean ionic activity coefficient of the elec-
trolyte at molality mg, y{, by

AE, =AE°+Shn(mgy D), 6))
where AE? is the difference between the standard potentials
of the cells, including the asymmetry potentials of the ion-

selective electrodes, and § is the slope of AE; vs. In (mgy ().
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Equation 1 is only valid when the same reference electrode is
used vs. both the anion- and cation-ion-selective electrodes.
From Eq. 1 it is evident that the value of S can be calculated
from a linear regression of the values of AE, vs. In (mgy{")
with values of vy’ obtained, at each molality mg, from the
literature (Zemaitis et al., 1986). Due to the interactions be-
tween the electrolyte and other solutes, the presence of other
solutes changes the mean ionic activity coefficients of the
electrolyte and consequently the potential of the electro-
chemical celis. Therefore, the difference between the poten-
tials, A E,, of the cells of type (2),

Cation ISE | electrolyte (mg) +solute (m ) | reference electrode

Anion ISE | electrolyte (mg) + solute (m )| reference electrode

is related to the mean ionic activity coefficient of the elec-

trolyte at molality mg in the presence of a solute at molality
@ p

mA’ yi> y

AE,=AE®+ Sin(mgy?). @)

Equation 2 indicates that the mean ionic activity coefficient
of the electrolyte, in the presence of a solute, can be mea-
sured from a series of e.m.f. measurements in the previously
mentioned cells. Subtracting Eq. 2 from Eq. 1 and rearrang-

ing gives
@) —
v AE, -AE
Y A P Bl 3)
Y S

Equation 3 provides a relation between y? and y${ that is
useful for correlational purposes. It is important to note that,
in this method, by using two ion-selective electrodes, the con-
tribution of the nonelectrolyte solute on the activity coeffi-
cients of both anion and cation of the electrolyte is mea-
sured. In contrast to this study, previous works that employed
ion-selective electrodes to measure the mean ionic activity
coefficients of an electrolyte in the presence of a nonelec-
trolyte (Briggs et al, 1974; Phang and Steel, 1974;
Rodriguez-Raposo et al., 1994) identified the mean ionic ac-
tivity coefficient of the electrolyte with the difference in po-
tentials between a cation-ion-selective electrode and a refer-
ence electrode only. According to the Nernst equation the
response of a cation-ion-selective electrode is only related to
the ionic activity coefficient of the cation, y,, whereas the
mean ionic activity coefficient, y ., is a combination of the
anion and cation activity coefficients defined as

‘yi=(‘yr+‘yi,_)l/(v++u-) (4)

In Eq. 4, the plus and minus signs represent cation and an-
ion, respectively and » is the stoichiometric number of the
corresponding ion. From Egs. 2, 3 and 4 it can be inferred
that using only a cation-ion-selective electrode to represent
the mean ionic activity coefficient of the electrolyte can be
correct only when either the anion activity coefficients over
the whole range of electrolyte concentration is equal to the
cation activity coefficient or the anion activity coefficient re-
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mains constant over the whole range of nonelectrolyte con-
centration. Both of these assumptions are not correct
(Khoshkbarchi and Vera, 1996b), and introduce unnecessary
errors in the measurements that can be avoided by using the
method just discussed. The theoretical basis and applicability
of the method used here have been discussed with more de-
tail elsewhere (Khoshkbarchi and Vera, 1996b).

Materials and Methods

Sodium chloride of 99.9% purity and DL-valine 99.9% were
obtained from A&C American Chemicals Ltd. (Montreal,
QO). pL-Valine was used as received. Sodium chloride was
oven-dried for 72 hours prior to use. During the drying pe-
riod, the salt was taken out of the oven after 48 hours and 72
hours, and after cooling it in a vacuum desiccator, it was
weighed. After 48 hours, no change in weight was observed.
A Ross sodium-ion-selective-electrode glass-body model 84-
11, a chloride-ion-selective-electrode polymer-body model
94-17, and a double-junction reference-electrode model 13-
620-46 were obtained from Orion (Boston, MA). An Orion
pH/ISE meter (Boston, MA) model EA 920, with a resolu-
tion of +0.1 mV, was used to monitor the e.m.f measure-
ments with two Bayonet Neil-Concelman connectors for ion-
selective electrodes and two pin-tip connectors for the refer-
ence electrode. During the experiments, the solutions were
stirred continuously with a magnetic stirrer and the tempera-
ture was kept constant at 298.15 +0.02 K with a thermostatic
bath. In all experiments deionized water with the conductiv-
ity of less than 0.8 uS/cm was used. Before using it to pre-
pare samples, the distilled water was passed through ion-ex-
change columns type Easy pure RF, Compact Ultrapure Wa-
ter System, Barnstead Thermoline.

The sodium-ion-selective electrode was immersed in its
conditioning solution number 841101 24 hours prior to the
measurement. The cell was a jacketed glass beaker contain-
ing 200 mL of solution. To avoid the bias potential between
reference electrodes, in each experiment the response of both
chloride- and sodium-ion-selective electrodes were simulta-
neously measured vs. the same reference electrode. All the
instruments were grounded prior to and during the experi-
ments. Each set of experiments was performed at fixed elec-
trolyte concentration and the concentration of amino acid was
increased by addition of solid amino acid. The error on the
molality of the electrolyte caused by the outgoing flow of the
internal solution of the reference electrode was minimized by
choosing KNO; solution as the internal outer-body solution
of the reference electrode. In order to minimize the risk of
the presence of concentration gradients in the beaker, a vig-
orous stirring was maintained during the experiments. All the
solutions were prepared based on molality and the water was
also weighed. The compositions of the initial solutions were
accurate within +0.01 wt. %. The readings of the poten-
tiometer were made only when the drift was less than 0.1
mV. For each set of experiments the electrodes were cali-
brated by measuring the e.m.f. of the electrochemical cell
without the presence of amino acid and the slope, S, was
measured. The typical value obtained for the slope of the
electrodes was 50.28 mV, with a correlation coefficient of
99.99%, while the theoretical value according to the Nernst
equation is 51.38 mV at 298.15 K. All the experiments were
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replicated three times and the data reported here are the
average of the replicas. Sample variances were obtained from
the replicas for each point and a pooled standard deviation
was calculated using these values. The 95% confidence inter-
val in mean ionic activity coefficient of the electrolyte, v,
was calculated to be +0.004.

Results and Discussion

Measurements were performed at 298.15 K over the range
of NaCl molalities from 0.05 to 1 m with 0.1 increments, ex-
cept for the first two concentrations, and DL-valine molalities
ranging from 0.05 to 0.4 m with 0.05 increments. In order to
analyze the experimental data obtained, a procedure based
on a combination of Debye-Hiickel and virial expansion con-
tributions, similar to that suggested by Scatchard (1968), was
adopted:

(2)
+

vin W = ClmA + szSmA + C3mf4 + C4mAm§ +C5mi1
+

+ Cym,m%, (5)

where C; are numerical parameters. From the cross-differen-
tial relation we have

(o"lnyi) (ﬂlnyA)
v = .
Imy |t p Mg |, .1.p

Applying Eq. 6 to Eq. 5, the activity coefficient of amino acid,
v, can be calculated as

(6)

v$? 1
In 0" Clms + E C2m§ +2C3mAmS
Y4

1
+ 3 Cym3 +3Csmimg + Cgmim,, (7)

where v{® and v{" are the unsymmetric activity coefficients
of amino acid in the presence of electrolyte and without elec-
trolyte, respectively. The values of mean ionic activity coeffi-
cients of sodium chloride in water used in Eq. 5 were those
reported by Robinson and Stokes (1959). The values of the
parameters of Eq. 5 were calculated by a least-square analy-
sis of the experimental data. The result of the evaluation of
parameters using Eq. 5 showed a root mean square error of
1.1x107* and the values of parameters obtained were C, =
5.7467x107%, C,=—-12617x1072%, C;=6.6026x1072, C,
=1.0374x 1071, C5=7.6180%x107%, C, = —5.1883x 1072,
The coefficient of the leading term in Eq. 6, C,, represents
pairwise interactions between the sodium chloride (consid-
ered undissociated and as one species) and the amino acid.
The small absolute value of C, indicates that the presence of
DL-valine does not significantly affect the activity coefficient
of the electrolyte. Table 1 presents the numerical value of
the mean ionic activity coefficients of NaCl in the aqueous
solutions of DL-valine. Figure 1 shows the change in the mean
ionic activity coefficient of sodium chloride at different con-
centrations as a function of concentration of pL-valine. As
shown in this figure, at fixed molality of sodium chloride, the
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Table 1. Mean Ionic Activity Coefficient of NaCl in Aqueous Solutions of pL-Valine at Different NaCl and pL-Valine Molalities

m (NaCl) -» 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.9 1.0
m (pL-valine) § v +{NaCl
0.00 0.7780 0.7350 0.7100 0.6930 0.6810 0.6730 0.6670 0.6590 0.6570
0.05 0.7795 0.7360 0.7110 0.6943 0.6830 0.6737 0.6683 0.6612 0.6596
0.10 0.7803 0.7372 0.7121 0.6957 0.6843 0.6758 0.6709 0.6634 0.6609
0.20 0,7834 0.7407 0.7150 0.6984 0.6878 0.6791 0.6748 0.6662 0.6668
0.30 0.7858 0.7444 0.7192 0.7021 0.6912 0.6835 0.6774 0.6733 0.6715
0.40 0.7920 0.7478 0.7241 0.7074 0.6960 0.6876 0.6834 0.6781 0.6780

mean jonic activity coefficient of sodium chloride increases as
the concentration of DL-valine increases. This increase is more
evident at higher sodium chloride concentrations.

Figure 2 shows the activity coefficients of DL-valine at dif-
ferent concentrations of piL-valine as a function of sodium
chloride concentration as calculated by Eq. 7. The values of
the activity coefficients of DL-valine in aqueous solution in
Eq. 7 were obtained from the Handbook of Biochemistry and
Molecular Biology (Fasman, 1976). As can be seen from this
figure, the activity coefficient of DL-valine increases by in-
creasing the sodium chloride concentration. The increase in
the activity coefficient of DiL-valine by increasing the sodium
chloride concentration suggests a salting out effect. This be-
havior is different from the behavior of some other previously
investigated water—electrolyte—amino-acid systems (Schrier
and Robinson, 1971; Briggs et al., 1974; Khoshkbarchi and
Vera, 1996b).

Figure 3 shows the comparison between the logarithm of
the ratio of the activity coefficients of five amino acids with
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Figure 1. Mean ionic activity coefficients of NaCl in wa-
ter-NaCl-pL-valine system at different NaCl
and pL-valine molalities.

@: Experimental data; —: correlation of the experimental
data using Eq. 15.

AIChE Journal August 1996

0.5 molality sodium chloride and without the presence of
sodium chloride, as a function of amino-acid concentration.
The amino acids compared are glycine, B-alanine, y-
aminobutyric acid, e-aminocaproic acid, and br-valine and the
references for the source of data are those listed in Table 3.
These amino acids have in common a carboxilic and an amino
group, and the structures of their hydrocarbon backbones dif-
fer from each other by one —CH, group. Figure 3 suggests
that the interactions of the hydrocarbon part of amino acid
play an important role in its behavior in solutions. It can also
be observed from Figure 3 that at a fixed electrolyte concen-
tration, the change in the ratio of the activity coefficients of
an amino acid in the presence of an electrolyte to that, with-
out the presence of an electrolyte, at the same amino-acid
molality, can be approximately considered to be a linear
function of amino-acid concentration.

An Excess Gibhs Free Energy Model

In this study we propose a new excess Gibbs free energy
model for aqueous solutions containing amino acids and elec-
trolytes. The model proposed here consists of contributions

1.25

} M \aline

04
03

0.2
0.1

0.05
Valine

0.95 -——~——
0

M \aci

Activity coefficients of prL-valine in water-
NaCl-pr-valine system at different NaCl and
pL-valine molalities.

Figure 2.
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Figure 3. Comparison of the logarithm of the ratio of the
activity coefficients of five amino acids with
0.5-molality NaCl and without the presence of
NaCl at different amino-acid concentrations.

(1) pL-valine; (2) e-aminocaproic acid; (3) y-aminobutyric
acid; (4) B-alanine; (5) glycine.

of two main terms: a long-range interaction term and a
short-range interaction term:

G® =Gfg + Gsx, ®

where subscripts LR and SR stand for the long-range and
short-range interaction terms, respectively. The long-range
interaction term takes into account all interactions in a bi-
nary water—electrolyte system, whereas the short-range inter-
action term accounts for all interactions between water—
amino acid, amino acid-electrolyte, and also the change in
the interaction between electrolyte—water due to the pres-
ence of the amino acid. The long-range interaction excess
Gibbs free energy term, GE,, considers all interactions in a
water—electrolyte system. Thus, the short-range interaction
excess Gibbs free energy term, GSER, shouid be such that the
total excess Gibbs free energy of the system reduces to the
excess Gibbs free energy of the binary water—electrolyte sys-
tem in the absence of amino acid and to the excess Gibbs
free energy of the binary amino-acid—~water system in the ab-
sence of electrolyte. To achieve this behavior, we propose the
following form for the short-range interaction contribution to
the excess Gibbs free energy of the system as

GSER=G§5R(”W’”s’”,4)—GfR(”W»”Ss”A=O)v (9

where n,, ng, and ny are number of moles of the amino
acid, electrolyte, and water present in the system, respec-
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tively. The symbols within the parentheses show the depen-
dency of each term with respect to the number of moles of
species present in the solution. The total excess free energy
of the system can be obtained by combining Eqs. 8 and 9 as

GE=GEy(ny,ng,n =0+ GE(ny ng,n )

- GE(ny,ngn,=0). (10)

In this study we have tested two electrostatic models, the
Bromley model (Bromley, 1973) and the K-V model
(Khoshkbarchi and Vera, 1995), to represent Gfg, and two
local composition models, the NRTL model (Renon and
Prausnitz, 1968) and the Wilson model (Wilson, 1964), to
represent GLg. Since both the Bromley and the K-V models
provide expressions for the mean ionic activity coefficients of
electrolytes based on a molality scale, whereas the local com-
position models such as NRTL and Wilson provide activity
coefficients based on a mole fraction scale, to combine these
models the activity coefficients should be based on the same
scale. The derivation of the required conversion factor be-
tween both forms of activity coefficients, which is not avail-
able in the literature, is presented in the Appendix. This con-
version factor was not required by previous models that com-
bine electrolytes and nonelectrolytes (Cheluget et al., 1994;
Zerres and Prausnitz, 1994) since no contribution to the ac-
tivity coefficient of the electrolyte was generated by the
short-range interaction part of the model. In those models a
mean spherical approximation model or a term of Born type
were used to introduce the correction to the activity coeffi-
cient of the electrolyte due to the presence of other solutes
(or solvents). In this work, the short-range interactions are
directly considered in the respective contribution to the ex-
cess Gibbs free energy. Thus, with the proper conversion for
the composition base, the expression for the long-range inter-
actions is written as

(x) (m)

(GER =(GLER)
+ ngRT In ([VI*VL’- ]mfg"(l +0.001 MWij)). )
i

Similarly, the expression for the short-range interactions with
the proper conversion is written as

(x) (m)

(GED" ' =(GE) +nART1n(1+O.OOIMWij), (12)

]

where superscripts (m) and (x) indicate the excess Gibbs free
energy normalized based on molality and mole fraction scale,
respectively, M, is the molecular weight of water, and the
sum runs over all solutes.

In Eq. 10 it is important to note that the excess Gibbs free
energy models used must be internally consistent in terms of
conventions used for standard and reference states. In Eq.
10, the models used to represent the long-range interactions
excess Gibbs free energy term, the Bromley model, and the
K-V model are inherently unsymmetric. To convert the local
composition models employed to represent the short-range
interaction excess Gibbs free energy terms, NRTL, and Wil-
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son, to unsymmetric normalization, the following general re-
lation can be used:

GE

=ﬁ—§xilnyi,

G*E
RT

13)

where ;" is the symmetric activity coefficient of component i
at infinite dilution and the sum runs over all solutes. The
superscript * indicates the unsymmetric convention for the
excess Gibbs free energy. This relation renders the total ex-
cess Gibbs free energy of the system to be in the unsymmet-
ric convention, that is, with y, > 1 as x; — 0 for ali solutes.
The reference state for water is its pure state, while that
of the electrolyte and amino acid are their states at infinite
dilution in water. Further, the difference between the McMil-
lan—Mayer standard state, arising from the Debye—Hiickel
term in the Bromley and the K-V models, and the
Lewis—Randall standard state, arising from the local compo-
sition models, is ignored. The relation between the McMil-
lan—-Mayer and Lewis—Randall standard states has been dis-
cussed in detail by Cardoso and O’Connell (1987) and Har-
tounian et al. (1994), who proved it was a good approach to
ignore this difference. As discussed by Cheluget et al. (1992),
the mean ionic activity coefficient of electrolyte can be ob-
tained from the following relation:

1

dGE/RT
Iny, =—|—+—
- v

1

T,P.ng,ny

Combining Egs. 10 to 14, the mean ionic activity coefficient
of the electrolyte can be calculated as

1
Iny(P = Iny (LR 4 ~ {In YK — lim (iny{PS)
- 14

x,—0

1+0.001 My, m;
+1n . (15)
1+0.001 My (mg + mp)

From Eq. 15 it can be seen that as the amino-acid mole frac-
tion approaches zero, the mean ionic activity coefficient of
the electrolyte reduces to a binary long-range interaction ac-
tivity-coefficient model. In fact, the structure of this model is
such that it allows the use of any kind of binary electrolyte
model without introducing new adjustable parameters. Simi-
larly, by combining Eq. 12 and the following relation:

dGE/RT

ny (16)

+1-(xg+xp)

T,P,ng,ny

ln7A=(

the activity coefficient of the amino acid can be derived as

(x),SR _

In ‘y/g’") =Iny; lim In 'yj")'SR

x4 0,xs—> 0

—In[1+0.001 My, (m,+mg)]. (17)

From Eq. 17 it is evident that as the mole fraction of elec-
trolyte approaches zero, Eq. 17 reduces to a binary short-
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range interaction model. As discussed below, the same binary
parameters obtained from binary water—amino-acid short-
range interaction models can be used for the ternary
water—electrolyte—amino-acid system. From Eq. 17 the mole
fraction scale, an unsymmetric activity-coefficient expression,
for a binary water—amino-acid system can be obtained by set-
ting the electrolyte mole fraction in the model to zero.

As was stated earlier, the long-range interaction term in
this study is represented either by the Bromley model (Brom-
ley, 1973) or by the K-V model (Khoshkbarchi and Vera,
1996), whose expressions for the molality-scale mean ionic
activity coefficient of an electrolyte in a binary mixture of
water and electrolyte are given by Egs. 18 and 20.

The Bromley model
Alz,z_IWT (0.138+0.6B) 1z, z_ |1
lnyi'= - 7 )
1+v1 A+051z, 21D

(18)

where A is the Debye-Hiickel parameter, which at 25°C is
equal to 1.1761 kg¥? mole¥?; B is an adjustable parameter;
and I is the ionic strength of the solution, defined by

(19)

1
1=E[V+zi+v_23]ms,

where the molality of electrolyte in undissociated form is rep-
resented by mg.

The K-V model
- Az, 2z I, 17
ln'yg"/= + B,
1+ pyI, 1+ pyI,

+C,In(1+ pI??), (0)

where A, is the usual Debye-Hiickel constant, which in mole
fraction basis, at 298.2 K, is equal to 8.766 kg"?-mol"?; p=9;
B and C are two adjustable parameters; and [/, is defined as

1
I.= 3 Txiz? 21)

[ad 384

where x| is the mole fraction of ion i in the mixture defined
as

v;n
x=—t5 (22)

vng +ny

The short-range interaction terms are represented by one
of the following two local composition models, the NRTL
(Renon and Prausnitz, 1968) or the Wilson (Wilson, 1964).
The expressions for the NRTL and the Wilson models for the
mole fraction scale activity coefficient of a component in a
multicomponent mixture are given by Eqs. 23 and 25.
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The NRTL model

Z 7Gx, Z X TGy
ln'y4= j=1 + 2 ijij T, — k=1
! Z Gjx; j=1 Z x, Gy Y Z x,Gy;
j=1 k=1 k=1
(23)
GU‘—‘CXp(— OtTij). (24)

where « is the nonrandomness factor, which is an adjustable
parameter; 7;; is the binary energy parameter with 7; =0;
and G; is the binary energy parameter function.

The Wilson model

XAy
1ny,.=1—1n( ¥y x,A,i)— Y =—+— (25)

3’
j=1 Lo
k=1

j=1

where A; is the binary energy parameter with A; = 0.

It should be emphasized that in this work, in both the
NRTL and the Wilson models, the electrolyte is treated as a
molecular species and is regarded as undissociated. There-

fore, the mole fraction of electrolyte is defined as

s
Xg = ——————— (26)
ny t+ngtn,

At this point it is necessary to mention that amino acids
form different ionic species when dissolved in aqueous me-
dia. Amino acids in water can loose a proton and form a
negatively charged molecule, or gain a proton and become a
positively charged molecule. They can also possess in the same
molecule a positively charged amino group (NH;") and a
negatively charged carboxilic group (COO™); in such a case
they are called zwitterion. In the absence of a strong proton
donor (an acid) or proton acceptor (a base), more than 99%
of amino-acid molecules stay in the zwitterionic form (Cohn
and Edsall, 1965). Because of this fact, we assume that the
activity coefficients of all ionic forms of an amino acid are
equal or, in other words, the amino-acid molecules are as-
sumed to be in the solution in their zwitterionic forms.

Evaluation of the Parameters of the Model

To correlate the experimental data of activity coefficients
for systems containing water—electrolyte—amino acid, the
proposed model requires the evaluation of some parameters.
The nature and number of the required parameters depend
on the choice of expressions for the long-range and short-
range interaction terms. In what follows, the method of eval-
nation of parameters for the different long- and short-range
interaction terms are discussed.

The Bromley equation contains one adjustable parameter
that depends on the nature of the electrolyte. The Bromley
equation parameter for a large number of water—electrolyte
systems has been compiled by Zemaitis et al. (1986). The K-V
equation contains two adjustable parameters that depend on
the nature of the electrolyte. The K-V equation parameters
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for few water—electrolyte systems have been reported by
Khoshkbarchi and Vera (1996), and for other aqueous sys-
tems they can be evaluated by regressing mean ionic activity-
coefficient data reported in literature. The NRTL and the
Wilson models each contain six binary interaction energy pa-
rameters, that is, two binary parameters for each of the con-
stituent binary systems. Two of these energy parameters,
which correspond to water—amino acid, were evaluated in this
work by correlating the available experimental data for wa-
ter—amino-acid systems (Fasman, 1976). The same energy pa-
rameters obtained from the binary water—amino-acid system
were used for the ternary system. As a simplifying assump-
tion, the binary amino-acid—electrolyte and electrolyte—water
parameters were assumed to be symmetric for both models,
that is, it was assumed that 7 _g=7¢_p and 7,_g=71¢_, in
the case of the NRTL model, and that A, _¢=Ag_, and
A, _s=Ag_, in the case of the Wilson model. The value of
the short-range amino-acid—electrolyte and water—electrolyte
interaction parameters were evaluated by regressing the
ternary experimental data. The NRTL model also contains a
nonrandomness factor, which in this work was set in all cases
equal to 0.3.

Thus, the model proposed here contains two parameters
that should be regressed from ternary experimental data, and
is flexibile enough that two more ternary parameters can be
added. The rest of the parameters can be evaluated from bi-
nary water—amino-acid and binary water—electrolyte data. In
all cases, to estimate the values of the parameters, the follow-
ing objective function was minimized:

O.F.=X[iny?® —InyseT. @7

Results and Discussion

The binary NRTL and Wilson models were employed to
correlate the experimental data of water—amino-acid sys-
tems. For aqueous solutions of glycine, alanine, a-amino #-
butyric acid, proline, serine, threonine, and valine the data
reported in Handbook of Biochemistry and Molecular Biology
(Fasman, 1976) were used, and for aqueous solutions of S-
alanine, y-aminobutyric acid, and e-aminocaproic acid the
experimental data reported by Scherier and Robinson (1971)
were used. The data reported in the literature are all in mo-
lality scale and in the unsymmetric normalization basis. To
make the experimental data compatible with our model, they
were converted to mole fraction unsymmetric convention us-
ing the relation derived in the Appendix as follows:

Y = y;'">(1 +0.001 My, Y, m) (28)

where the sum runs over all solute species. The results for
the correlation of the data for eight amino acids with the
NRTL model are shown in Figures 4 and 5. As is evident
from Figure 4, the NRTL model correlates well the activity
coefficient of water—amino-acid systems over all the concen-
tration range. Table 2 presents the binary interaction param-
eters and root-mean-square deviations of the correlation for
several water—amino-acid systems using the NRTL and the
Wilson models, respectively. The comparison of the root-
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Figure 4. Activity coefficients of five amino acids in
water-amino-acid systems at different
amino-acid molalities.

@: Valine; ¢: a-aminobutyric acid; =: alanine; W: a-
aminovaleric acid; # : glycine; —: correlation of the experi-
mental data using NRTL model.

mean-square errors presented in Table 2 shows that both the
NRTL and Wilson models can correlate the activity coeffi-
cient of amino acids in water—amino-acid systems with good
accuracy.

As discussed before, in view of the fact that the dissocia-
tion of amino acids in pure water is insignificant and the
zZwitterionic species are predominant, no term has been intro-
duced in the binary water—amino-acid model to take into ac-
count the presence of ionic species in solution. This is similar
to the procedure followed by Chen et al. (1989), and it con-
trasts with the procedure followed by Pinho et al. (1994) and
Peres and Macedo (1994). In fact, the consideration of the

22

Figure 5. Activity coefficlents of three amino acids in
water-amino-acid systems at different
amino-acid moialities.

@: Proline: M: e-aminocaproic acid; *: serine; —: correla-
tion of the experimental data using NRTL model.

terms that take into account the effect of ionic forms of
amino-acid molecules other than their zwitterionic form, only
makes the modeling more complex. Since the available exper-
imental data for the activity coefficient of amino acids do not
include the ionization of amino acids in water, consideration
of the ionization term seems unnecessary at this point.

The ternary excess Gibbs free energy model proposed in
this study by Eqgs. 15 and 17, with the NRTL or the Wilson
models for the short-range interaction term, and the Bromley
or the K-V models for the long-range interactions term, were
applied to correlate the experimental activity coefficient data
of water—electrolyte—amino-acid systems. The results of the

Table 2. Parameters of the NRTL and Wilson Models for Water—Amino-Acid Systems

Taw Tw.A rmsdX100 Ay y Ay 4 r.m.s.d x 100
Amino Acid NRTL Model Wilson Model Reference
Gilycine —-1.961 4.580 0.60 0.086 - 3.564 0.56 Fasman (1976)
a-Alanine 1.000 -0.289 0.26 0.172 3.581 0.02 Fasman (1976)
Valine -0.823 —2.540 0.04 0.064 4.490 0.06 Fasman (1976)
Serine —1.957 4.823 0.23 0.076 3.335 0.03 Fasman (1976)
Threonine —-1.962 4124 0.10 0.104 3.978 0.07 Fasman (1976)
Proline -2.179 3.789 1.50 0.064 3.564 1.40 Fasman (1976)
a-Amino n-butyric acid —2.512 4581 0.29 0.047 5.915 0.39 Fasman (1976)
B-Alanine ~2.633 5.204 0.15 0.057 5.272 0.03 Schrier and Robinson (1971)
y-Amino n-butyric acid —2.904 5.578 0.24 0.047 5.915 0.28 Schrier and Robinson (1971)
e-Aminocaproic acid -3.078 5.888 112 0.037 5272 0.11 Schrier and Robinson (1971)
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Figure 6.

correlation of the experimental data, using Eq. 15 with the
NRTL model as the short-range interaction term and the
Bromley equation as the long-range interaction term, for the
system water—NaCl-DL-valine measured in this study, are
shown as solid lines in Figure 1. Equation 17 with the NRTL
model is used to correlate the activity coefficient of glycine,
which is the simplest amino acid, for the system water—

NaCl-glycine, and the results are shown in Figure 6 as a
function of glycine molality with NaCl concentration as a pa-
rameter. The NRTL and the Wilson models coupled with the
Bromley model were also used to correlate the experimental
data for some other water—electrolyte—amino-acid systems
reported in the literature. The results of modeling in the form
of root-mean-square deviation together with the regressed
parameters are presented in Table 3. As can be seen from
Figures 1 and 6, and also from the results presented in Table
3, the model proposed in this study can accurately correlate
the activity coefficients of components in water—electrolyte
systems over a wide range of concentrations. The comparison
of the root-mean-square deviation presented in Table 3 indi-
cates that the both the NRTL and Wilson models can corre-
late well the activity coefficient experimental data, and that
the NRTL model, coupled with the Bromley model, provides
a better correlation than the Wilson model. The combina-
tions of the K-V model with NRTL and Wilson models were
also used to correlate the experimental data for the
water—electrolyte—amino-acid systems. The results, not pre-
sented in detail here, showed that both the K-V and the
Bromley models can be used along with both the NRTL and
the Wilson models, and no significant difference was found
in the root-mean-square deviation due to the use of one or
the other model. This can be explained by the fact that the
short-range interaction term in Eq. 15 contains a water-elec-
trolyte interaction parameter that can absorb part of the er-
ror arising from the long-range interactions terms. The result
of the correlation of mean ionic activity coefficients of the
electrolyte for some water—electrolyte—amino-acid systems
using the NRTL model for the short-range interaction term
and the K-V or the Bromley models for the long-range inter-
action term are compared in Table 4.

Conclusions

Activity coefficient data for the system water—NaCl-Dt-
valine were measured using an electrochemical cell and are
reported in this work. The cell consisted of a cation- and an

Table 3. Parameters of the NRTL and Wilson Models Combined with the Bromley Model for Water—-Electrolyte—Amino-Acid

Systems
T4s Tw.s rmsd Ay Aps rm.s.d
Amino Acid + Electrolyte NRTL Model Wilson Model Reference

Glycine + NaCl 0.2077 —-0.3762 0.0046  1.1394 0.8813 0.0042  Schrier and Robinson (1971)
Glycine + KCl 1.7700 1.0886 0.0035 0.4074 0.4573 0.0041 Bower and Robinson (1965)
pL-Valine + NaCl 2.7099 —0.6969 0.0044  0.5789 3.1478 0.0100 This work

B-Alanine + NaCl -1.1621 —5.3564 0.0077 1.1817 0.8813 0.0152 Schrier and Robinson (1971}
y-Amino n-butyric acid+NaCl -1.4072 —-3.0336 0.0080 10.5198 5.2522 0.0370  Schrier and Robinson (1971)
e-Aminocaproic acid + NaCl —1.1791 —~2.9912 0.0093 11.7930 27.0283 0.0177  Schrier and Robinson (1971)

Table 4. Comparison of the Root-Mean-Square Deviations of Results Obtained from the NRTL Model Combined with Bromley
Model or K-V Model for Water—Electrolyte~Amino-Acid Systems

r.m.s.d. r.am.s.d.
Amino Acid + Electrolyte Bromley K-V Reference

Glycine + NaCl 0.0046 0.0039 Schrier and Robinson (1971)
Glycine + KCl 0.0035 0.0032 Bower and Robinson (1965)
DL-Valine +NaCl 0.0044 0.0052 This work

B-Alanine + NaCl 0.0077 0.0074 Schrier and Robinson (1971)
y-Amino n-butyric acid + NaCl 0.0080 0.0084 Schrier and Robinson (1971)
e-Aminocaproic acid +NaCl 0.0093 0.0112 Schrier and Robinson (1971)
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anion-ion-selective electrode, each measured vs. a double-
junction reference electrode. Activity coefficients of amino
acids in aqueous electrolyte solutions were modeled using an
expression for G® based on the contribution of a long-range
interaction term represented by the Bromley or the K-V
models and short-range interaction term represented by the
NRTL or the Wilson models. All versions of the model re-
quire two parameters that should be regressed from ternary
data. All other parameters were evaluated from binary exper-
imental data of water—amino-acid and water—electrolyte sys-
tems. The model accurately correlated ten binary water—
amino-acid systems and six water—electrolyte—amino-acid
systems.
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Notation

F =Faraday number

R =universal gas constant
T =absolute temperature
x =mole fraction

Superscript

°=reference state
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Appendix

The mean ionic activity coefficient model developed in this
study combines the contributions of a long-range interaction
term, represented by a Bromley or a K-V model, and a
short-range interaction term represented by a local composi-
tion model such as NRTL or Wilson. The interactions of the
electrolyte with other components of the system are consid-
ered in both long-range and short-range interaction terms.
Since the long-range interaction term expressions used in this
study give the mean ionic activity coefficient based on a mo-
lality scale, while the short-range interaction term expression
gives the activity coefficient based on a mole fraction scale,
they can be added only through the use of a suitable conver-
sion factor. In what follows, we discuss the conversion of a
moie-fraction-based activity coefficient, v®  to a molality-
based activity coefficient, v, and to molality-based normal-
ized mean ionic activity coefficient, v ,, of an electrolyte in
multicomponent solution containing an indeterminate num-
ber of electrolytes and nonelectrolytes. For our purposes here,
we consider the unsymmetrical normalization of the activity
coefficient for the solute. The fugacity of an electrolyte S in
a solution is related to its mole-fraction-based and molality-
based activity coefficient through the following relations:

fs = x5¥§ D = mgyzIfm, (AD

where f¢ is the fugacity of electrolyte in its cotresponding (x
or m) standard state. Applying the limits of y*®* —1 and
v$t™ 1 as ng— 0 to Eq. Al, and substituting the result
back into Eq. Al, yields

Inyi® =Iny; +In [1 +0.000 My, Y om; |, (A2)
J

where the sum runs over all solutes in the solution and My,

is the molecular weight of water. The mean ionic activity co-

efficient of an electrolyte is related to the molality-based ac-

tivity coefficient of the electrolyte by (Lewis and Randall,

1961)

Lol Imyy’ = mgy{™.

(A3)

Substituting Eq. A2 into Eq. A3 provides

Iny®=vlny, +n {[V:* v ]m's’_l(l-’r0.00l My Y mj)}.
j

(A4)

Equation A4 provides the conversion to a mole-fraction-based
activity coefficient from a molality-based mean ionic activity
coefficient of an electrolyte. This conversion is not available
in the literature. It should be noted that y}*) is normalized
in the symmetrical convention. If the symmetrically normal-
ized activity coefficient based on mole fraction is desired, an
additional conversion factor is required. This additional con-
version factor is available in standard texts (Prausnitz, 1969).
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It is interesting to observe that Egs. Al and A3 are the
basis for applying the Gibbs—Duhem equation to electrolyte
solutions. Considering, for example, a system formed by an
electrolyte (S), water (W), and an amino acid (A4), from Eq.
Al for the amino acid we have

dIn(x,v;®) =dn(m v;™). (AS)

Combining Egs. Al and A3 for the electrolyte, we can write

dIn(xgy:™) = vd In(mgy (™). (A6)
On the other hand, at constant temperature, when the stan-
dard states are all defined at the pressure of the system, the
Gibbs-Duhem equation can be written as

x,d1In (e yi ) + xpd In(xyyy)

E

14
+ xgd 1) = —_dP, (A
Xg ln(xsys ) RTdP, ( 7)

where v is the excess molar volume of the system. Combin-

ing Egs. A5 to A7 gives

X d In(m v + xpdin(xpyy)
JE
+ vxsdln(msyi )= E dP, (A8)

which is the form that the Gibbs—Duhem equation takes for
the water—electrolyte—amino-acid system. In fact, the avail-

ability of the conversion factors for activity coefficients pre-

sented here, opens the possibility of working with models for

GE in a different way. In order to combine molality-based

with mole-fraction-based excess Gibbs free energy models,

one can proceed as follows. First, express the activity coeffi-

cients of the molality-based model in terms of the mole-frac- -
tion-based form, and obtain the long-range interaction excess

Gibbs free energy with respect to the mole-fraction-based

standard states as:

(x) (m)

(GER)" =(GER)™ + ngRT In{[v2+v?- 1m}~!

X (1+0.001 My mj)}. (A9)
j

Then the excess Gibbs free energies for long-range and
short-range interactions can be directly added and the activ-
ity coefficients evaluated as

&G(")E/RT)
T,P,n/-*,-.

o (A12)

Iny® = (

i

Finally it is necessary to back-convert the activity coefficients
to molality-based scale using Eq. A4. This procedure requires
a double conversion of activity coefficients, but keeps the
conventional form of the relation between activity coeffi-
cients and excess Gibbs free energy, Eq. Al0.
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