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Applicability of a solution model for calculating solubility of amino acids in binary aqueous-organic
solvent mixtures at various temperatures was shown. The accuracy of the proposed model was evalu-
ated by computing mean percentage deviation (MPD) employing available solubility data of amino
acids in binary solvents at various temperatures from the literature. The overall MPD (� SD) for corre-
lation of solubility data was 16.5 � 8.8%. In addition, the equations calculating solubility of amino acids
in binary solvent mixtures at a fixed temperature was revisited.

1. Introduction

Amino acids are the monomers of the vital biological
polymers, i.e. proteins, and their physico-chemical proper-
ties are an interesting information for the biological scien-
tists and also pharmaceutical and nutraceutical industries
where amino acids are used in many processes. Amino
acids are characterized by the presence of hydrophilic
groups (i.e. �COO� and �NHþ

3 ) and hydrophobic back-
bone (-R-) with a number of polar groups for some amino
acids. Both hydrophilic and hydrophobic groups compete
for solvent structure organization. When an amino acid
dissolves in an aqueous-organic solvent mixture, the sol-
vent structure is affected by amino acid – water, amino
acid – organic solvent and water – organic solvent inter-
actions. Therefore, the solubility of amino acids and also
peptides could be altered using mixed solvent systems.
Solubility alteration would be needed in design of a suita-
ble solvent media for solid-to-solid peptide synthesis
(Ulijn et al. 2002) or precipitation of proteins and peptides
from biological fluids as part of sample pre-treatments for
analytical methods like liquid chromatography, and also in
solubilization and/or disaggregation process of peptides
and proteins. For example, it was reported that polyglut-
amide peptides could be solubilized by exposing the pep-
tide to 50 : 50 mixture of trifluoroacetic acid and hexa-
fluoroisopropanol, followed by evaporating the solvents
and adding in water to make its aqueous solution by elim-
inating seed aggregates from peptide (Chen and Wetzel
2001). Solubility of amino acids in binary solvents is tem-
perature dependent, and the experimental variables of so-
lubilization and/or desolubilization process could be fine
tuned by the solvent composition and temperature. For
pharmaceutical protein formulations, amino acids such as
glycine have been used as a stabilizer and a bulking agent

for lyophilized human growth hormone (Pikal-Cleland
et al. 2002). For dry powder inhalation products, amino
acids like leucine have been used to enhance both the
physical stability and dispersibility of the powders (Chan
2002). These products are prepared by freeze drying and
spray drying which subject the solution to temperature
changes. Therefore, an understanding of the solubility of
amino acids in mixed solvents at various temperatures is
important to facilitate the formulation development.
The basic solution model, i.e. the Jouyban-Acree model,
was used to correlate different physico-chemical properties
in mixed solvent systems; including the solubility of poly-
cyclic aromatic hydrocarbons in non-aqueous binary (Acree
1995), ternary (Deng et al. 1999a) and higher order multi-
component (Deng et al. 1999b) solvent mixtures, solubility
of drugs in water-cosolvent mixtures (Jouyban-Gh et al.
1999), the electrophoretic mobility of analytes in mixed
solvent electrolyte systems (Jouyban-Gh et al. 2000; Jouy-
ban et al. 2003a, 2003b), the instability rate constants of
solutes in binary solvent systems (Jouyban et al. 2002b),
the acid dissociation constants in water-organic solvent
mixtures (Jouyban et al. 2002a), the viscosity (Oswal and
Desai 2003), the dielectric constant (Jouyban et al. 2004a),
surface tension (Jouyban et al. 2004b), solvatochromic
parameter (Habibi-Yanghjeh 2004) of solvent mixtures
and solubility of solids in binary mixtures of supercritical
fluids (Jouyban et al. 2005a). Theoretical basis of the
model for describing the chemical potential of solutes dis-
solved in mixed solvents (Acree 1992) and acid dissocia-
tion constants in aqueous-organic mixtures (Jouyban et al.
2002a) have been provided earlier. The model constants of
the Jouyban-Acree model represent differences in the var-
ious solute-solvent and solvent-solvent interactions in the
mixture (Acree 1992). Therefore, it should be able to cal-
culate any physico-chemical property (P) in mixed sol-
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vents, which is a function of solute-solvent and/or solvent-
solvent interactions. The general form of the Jouyban-
Acree model for binary solvents is:

ln Pm ¼ f1 ln P1 þ f2 ln P2 þ f1f2
Pq
i¼ 0

Kiðf1 � f2Þi ð1Þ

where Pm, P1 and P2 are the numerical values of the physi-
co-chemical property of the mixture and solvents 1 and 2,
respectively, f1 and f2 are the volume (weight or mole)
fractions of solvents 1 and 2 in the mixture and Ki repre-
sent the model constants calculated using a no intercept
least square method (Jouyban-Gh and Hanaee 1997). The
adopted model for representing the solubility of amino
acids in binary solvent mixtures at a fixed temperature is:

ln Sm ¼ f1 ln S1 þ f2 ln S2 þ f1f2
Pq
i¼ 0

Wiðf1 � f2Þi ð2Þ

where S denotes the solubility of amino acid, subscripts
m, 1 and 2 are the mixed solvent and neat solvents 1 and
2, respectively, and Wi is the model constant. The numer-
ical values of ln S1 and ln S2 represent solute-solvent 1
and solute-solvent 2 interactions whereas Wi represents
solute-mixed solvent interactions.
Solubility of amino acids in aqueous-alcoholic solutions at
25 �C was correlated using the three-suffix Margules, the
Wilson and the NRTL equations by Orella and Kirwan
(1991). The authors examined the accuracy of the equa-
tions employing solubility of five amino acids in aqueous
mixtures of methanol, ethanol, 1-propanol and 2-propanol
and found that the Wilson model was the best with an
average deviation of 15% (Orella and Kirwan 1991). A
combination of the Margules residual expression with a
combinatorial term based on the Flory-Huggins theory
was presented by Gude et al. (1996). The latter expression
described the solubility of amino acids in water þ meth-
anol to within an average deviation of 28% (Gude et al.
1996). A polynomial function of f1 derived from Eq. (2)
has been recently used to represent the solubility of dl-p-
hydroxyphenylglycine sulfate in water þ acetone mixtures
(Ren et al. 2004). The aforementioned models calculate
the solubility at a fixed temperature; however, solubility of
amino acids in mixed solvents at various temperatures is
required since heating/cooling is one of the most common
variables in process design. A single and simple model
calculating the solubility with respect to both solvent com-
position and temperature could provide valuable informa-
tion for researchers. To the best of our knowledge, there is
no such a model in the literature. In the original derivation
of the Jouyban-Acree model, the term RT in which R is
the molar gas constant and T is the absolute temperature
of the solution, is incorporated in Wi terms. In other
words, it is possible to write Eq. (2) as:

RT ln Sm ¼ f1RT ln S1 þ f2RT ln S2

þ f1f2
Pq
i¼0

Aiðf1 � f2Þi
ð3Þ

in which Ai ¼ RT Wi. By dividing both sides to the con-
stant value of R, considering solubility variations in neat
solvents 1 and 2 at T in S1,T and S2,T and defining Ki as
Ai

R
, the solubility in binary solvent mixtures at different

temperatures could be presented by:

ln Sm;T ¼ f1 ln S1;T þ f2 ln S2;T þ f1f2
Pq
i¼0

Ki
ðf1 � f2Þi

T
ð4Þ

where Sm,T is the solubility in mixed solvent at T, Ki terms
could be computed via regressing ln Sm;T � f1 ln S1;T

�f2ln S2;T against
f1f2
T

,
f1f2ðf1 � f2Þ

T
,
f1f2ðf1 � f2Þ2

T
etc.

using a no intercept least squares analysis. By calculating
Ki terms for a given amino acid dissolved in a binary
solvent mixture and known values of the experimental so-
lubility of amino acid in neat solvents at the temperature
of interest, one can predict the solubility at all solvent
compositions and temperatures using an interpolation tech-
nique. Other versions of Eq. (4) were used to represent the
solubility of non-electrolytes (Jouyban and Acree 1998)
and acid dissociation constants of analytes (Jouyban et al.
2005b) in binary solvent mixtures at various temperatures,
the electrophoretic mobility of analytes in mixed solvent
running buffers at various temperatures (Jouyban-Gh
2001), dielectric constant (Jouyban et al. 2004a), also sur-
face tension (Jouyban et al. 2004b) and absolute viscosity
(Jouyban et al. 2005c) of liquid mixtures at various tem-
peratures. The aim of the present work is to show the
applicability of the Jouyban-Acree model for calculating
the solubility of amino acids in mixed solvents at a fixed
and also various temperatures.

2. Investigations, results and discussion

The solubilities of amino acids in binary aqueous-organic
solvent mixtures at each temperature were fitted to Eq. (2
with q ¼ 2) and the back calculated solubilities were used
to compute the MPD values. The best fit result was shown
for dl-alanine in water þ ethanol mixture at 60 �C with
MPD of 0.1%. The worst MPD was 41.5% for l-valine in
water þ methanol mixture at 25 �C. The overall MPD
(� SD) for 42 data sets at a fixed temperature (for the
references of data sets see Table) was 11.4 � 11.4%. Ren
et al. (2004) correlated the solubility data dl-p-hydroxy-
phenylglycine in water + acetone at five various tempera-
tures using a previously reported general single model
(GSM) derived by Barzegar-Jalali and Jouyban-Gh (1997).
The overall MPD (� SD) of the GSM for the above men-
tioned 42 data sets was 14.1 � 11.2%. The overall MPD
difference between GSM and the Jouyban-Acree model
was statistically significant (paired t-test, p < 0.0005). One
should keep in mind that the model constants of Eq. (2)
can be calculated by two procedures:
1. regressing (ln Sm � f1 ln S1 � f2 ln S2)/f1f2 against

f1 � f2 and (f1 � f2)2 by a classical least squares analy-
sis (Acree et al. 1991)

2. regressing (ln Sm � f1 ln S1 � f2 ln S2) against f1f2,
f1f2(f1 � f2) and f1f2(f1 � f2)2 by a no intercept least
squares analysis (Jouyban-Gh and Hanaee 1997).

The latter produced more accurate correlations than the
first one for the solubility of non-electrolytes in aqueous
binary solvent mixtures (Jouyban-Gh and Hanaee 1997).
This is also the case for the solubility of amino acids in
binary solvent mixtures in which the overall MPD (� SD)
of the Jouyban-Acree model (with q ¼ 2) using classical
least squares analysis was 13.7 � 10.4%. The mean differ-
ences of overall MPD for two numerical methods, i.e. no
intercept and classical least squares analyses, was statisti-
cally significant (paired t-test, p < 0.004).
The solubilities of amino acids in binary aqueous solvent
mixtures at various temperatures were fitted to Eq. (4) and
the back calculated solubilities were used to compute the
MPD values. The best fit result was shown for l-aspara-
gine in water þ methanol mixture with MPD of 6.8%.
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The worst MPD was 29.5% for l-valine in water þ
methanol mixture. The overall MPD (� SD) was
15.0 � 6.4%. The accuracy of Eq. (4) could be altered
using different q values as it has been shown in the Fig-
ure. However, it reaches to the plateau when q ¼ 3.
In conclusion, the proposed model produced accurate cal-
culations and could be used to represent the solubility of
amino acids in binary solvent mixtures at various tempera-
tures using a single equation.

3. Experimental

To assess the accuracy of the model, available experimental solubility of
amino acids in aqueous organic solvent mixtures at various temperatures
were collected from the literature. Because of the existence of curve-fitting
parameters of the model, it correlates the solubility in mole fraction (mass/
volume fractions), gram and/or mol per liter of solutes to the solute free
mole fractions (volume or mass fractions) of the solvents in the mixture.
To assess the accuracy of the proposed equation, the experimental Xm va-
lues were fitted into the equations and the mean percentage deviation
(MPD) between experimental and calculated Xm values is considered as an
accuracy criterion. The MPD is defined as:

MPD ¼ 100

N

� �X Xcalculated
m � Xobserved

m

xobservedm

����
���� ð5Þ

where N is the number of experimental data points in each set.
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Table: Details of solubility data, the references, number of data points in each set (N), and the mean percentage deviation (MPD)
of calculated solubilities using Eq. (4 with q ¼ 2) and experimental values

No. Solute Organic solvent Reference N MPD

1 dl-Alanine Ethanol Ferreira et al. 2004 18 12.9
2 dl-Alanine Propanol Ferreira et al. 2004 18 8.4
3 dl-Alanine Isopropanol Ferreira et al. 2004 18 13.2
4 Glycine Ethanol Ferreira et al. 2004 32 17.9
5 dl-p-Hydroxyophenylglycine Acetone Ren et al. 2004 65 10.2
6 Glycine Methanol Dey and Lahiri 1998 33 23.8
7 a-Alanine Methanol Dey and Lahiri 1998 33 18.2
8 l-Valine Methanol Dey and Lahiri 1998 33 41.3
9 l-Leucine Methanol Dey and Lahiri 1998 33 15.7
10 l-Asparagine Methanol Dey and Lahiri 1998 33 9.0
11 l-Phenylalanine Methanol Dey and Lahiri 1998 33 17.6
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13 l-Histidine Methanol Dey and Lahiri 1998 33 18.6

Overall 16.5
SD 8.8
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Fig.: The overall mean percentage deviation (MPD) of Eq. (4) vs. different
number of curve-fitting parameters (q values)
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