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ABSTRACT

Bath an electrochemical and an isopiestic methods were used to measure the

Mean activity coefficients of amine acids in water-electrolyte-amine acid systems. The

electrochemical method used an electrochemical cell with an anion and a cation ion

selective electrodes, each measured versus a double junction reference electrode. The

activity coefficients of the electrolyte were obtained frOID the e.m.f measurements for

four systems at 298.15K. The amino acids were glycine, DL-serine and DL-valine and

the electrolyte \vere KN03 and NaN03• The isopiestic method was applied to measure the

activity of water for the system water + DL·serine + KNOj at 298.l5K and the results

were compared with those from electrochemical method. The activity coefficients of the

amino acids in the ternary systems were obtained from those of the electrolyte measured

by the electrochemical method or from those of the \vater measured by isopiestic method.

according to the cross differential relation.

Two models were used to correlate the measured data. First the excess Gibbs free

energy model proposed by Khoshkbarchi and Vera (1996a) \vith the NRTL equation was

used to correlate the activity coefficient data. A simple model derived from a

modification of a more complex model based on the penurbation theory (Khoshkbarchi

and Ve~ 1996c) was proposed. The Madel \vas applied to correlate the activity

coefficients and solubilities of amino acids in binary aqueous solutions and the activity

coefficients in temary systems with satisfactory results.
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RÉsUMÉ

Les méthodes électrochimique et isopiestique sont utilisées pour mesurer les

coefficients d!activité des acides aminés dans une solution eau - électrolyte - acide aminé.

La méthode électrochimique consiste en une cellule électrochimique formée d'une anode

et d'une cathode, électrode selective des ions chacun étant mesurée versus d'une

électrode de référence à double jonction. Les coefficients d'activité de l'electrolyte sont

obtenus grâce à la force électromotrice (e.m.t) pour quatre systèmes à 298.15K. Les

acides aminés étudiés étaient: glycine, DL-serine et DL-valine et les electrolytes étaient

KNO j et NaNOj. La méthode isopiestique est employée pour mesurer l'activité de l'eau

dan le système eau - 0 L-serine - KNO j à 298.15K et les valeurs sont comparées avec la

méthode électrochimique. Les coefficients d'activité des acides aminés dans le système

ternaire proviennent de l'électrolyte mesuré par la méthode électrochimique, ou dans le

cas de la méthode isopiestique, de l'eau mesurée, conformément à la relation de

differentiation.

Les données recueillies sont corrélées par detL" modèles. En premier lieu le

modèle, basé sur l'excès d'énergie libre de Gibbs, proposé par Khoshkbarchi et Vera

(1996 a) avec l'équation NRTL, a été employé pour corréler les résultats du coefficient

d'activité. Un modèle simple dérivé d'un modèle plus complexe fondé sur la théorie de

perturbation (Khoshkbarchi et Vera, 1996 c) est développé. Le modèle est utilisé avec

succès pour corréler les coefficients d'activité et les solubilités des acides aminés dans

des solutions aqueuses binaires et les coefficients d'activité dans des solutions ternaires.
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CHAPTER 1: INTRODUCTION

1.1 General Remarks

The industrial scale production of biochemicals is of potential interests for the

chemical, pharmaceutical and food industries. The separation and concentration process

of biomolecules is one of the economically important stages in their production

processes. As amino acids are the simplest biomolecules and the building blacks ofother

biomolecules such as peptides and proteins~ a knowledge of the thermodynamic

properties of amino acids in aqueous electrolyte solutions is a tirst step towards the

rational design of equilibrium-based separation processes. In addition, such information

is useful for the understanding of the molecular interactions in these systems.

The experimental and theoretical research on the equilibrium properties of amino

acid solutions have attracted attention in recent years. The chemical engineering

thermodynamics research group at McGill University has published a series of articles on

separation processes and thermodynamic praperties of amino acid in aqueaus electralyte

solutions. A new electrochemical method was developed for the measurement ofactivity

coefficients of amino acids (Khoshkbarchi and Vera, 1996a,b). Data of activity

coefficients and solubilities were published for various systems and sorne theoretical

models were proposed for these properties (Khoshkbarchi and Ve~ 1996a, b, c~ d, e;

Khoshkbarchi and Vera, 1997; Soto-Campos et al., 1997a,b, 1998; Pradhan and Vera,

1998). This work is a continuation ofresearch work carried out by this research group.

1.2 Chemical Structure ofAmino Acids

The physico-chemical behavior ofamino acids in aqueous electrolyte solutions is

the result of their special molecu1ar structure. As shown in Fig.l (a)~ an a-amino acid

molecule is composed of three parts: a terminal carboxyl group (-COOH), an amino
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group (-NHÛ, and a hydrocarbon backbone (-R) with variable length, connected together

by a central carbon atom (called a. carbo~ Ca). If the amino group is attached ta the

carbon next to the a. carbon of the alkyl chain -~ the amino acid is called ~-amino acid.

Thus depending on the location of the amino group in the hydrocarbon backbone of the

amino aci~ they are cLassified as CL, ~, y, Ô, E, etc. amino acids.

In aqueous solutions in the neutral pH range, amino acids fonn a ZViitterian

(zwitter = t'tva) resulting from the transfer of a protan from the carboxyl group ta the

amino graup. Therefore, an amine acid molecuIe possesses, at the same time, a negative

and a positive charge and this fonn is called a ZWÏtterian. The electric field surrounding

these charged ions gives rise to important interactions. The structure of the Z\vitterion is

shawn in Fig. l.i (b).

o NH,
~ 1·
)C-~

OH H CCL

o NHJ+

~ 1/ C-F-R
0- H

Figure 1.1 Structure of amino acids. (a) molecular structure of a-amina acid (h)

structure of the zwinerion fonn.

The following reactions may take place \vhen an amino acid is dissolved in water at

different pH values:

(a) NH%RCOOH <::> NB]~COO·
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In aqueous solution at neutral pa the amine acid molecules are in their

zwinerionic form and the concentration of anionie and cationic forms are negligible. At

low pH, the amino Molecules are in cationic forro, NH3~OOH, and at high pH they are

in aniomc form, NH2RCOO-.

1.3 Experimental Measurement of Activity Coefficients

There are t'rvo types of methods commonly used for measuring the activity

coefficients of amino acid in aqueous electrolyte solutions. One is the electrochemical

method and the other is the isopiestic method. Both methods are indirect, in the sense

that the activity coefficient of the amino acid is obtained by measuring either the Mean

ionic activity coefficient of the electrolyte or the osmotic coefficient of the solution.

Electrochemical method

The electrochemical method has been \videly used for measuring the activity

coefficients of electrolytes in aqueous solutions. In sorne measurements of activity

coefficients of amino acid-electrolyte-water systems using electrochemical method

(Kelley and Liney, 19i5; Rodriguez-Raposo et al., 1994), only one ion selective

electrode (usually a cation ion selective electrode) versus a reference electrode, \vas used

to measure the Mean ionic activity coefficients of eLectrolyte in the presence of another

solute (Le., amino acid). The drawbacks of this method have been discussed by

Khoshkbarchi and Vera (1996a, b). A new method was proposed by Khoshkbarchi and

Vera (1996a, b), in which two ISEs with the same reference electrode \vere used 50 as to

eliminate the shortcomings of the single ISE method and obtain more reliable results.

This latter method, using two IESs, will he used in this wodc. The major advantage of this

method is that the measurement takes a very shon rime in comparison with the isopiestic

method. Its disadvantage is that the measurements are limited by the range of

applicability of the electrodes.
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Isopiestic Method:

The isopiestic method was proposed more than a century aga and madified by

Sinclair (1933). A detailed example ofwell designed apparatus was given by Scatchard et

aL (1938). In 50's, Many researchers used this methods (Rabinson and Stokes, 1959).

Two vessels \vere used in the measurements and the time needed for reaching equilibrium

\vas very long. Recendy, improved isopiestic methods were developed: Thiessen and

Wilson (1987) used a three vessel apparatus; Ochs et aL (1990) used an apparatus \vith

nine vessels, and a sunHar method was used by Lin et al. (1996) and by Park and

Englezos (1998).

The major advantage ofthis method is that it can be used over the whole range of

concentration. The main disadvantage is that it is time consuming, thaugh an apparatus

with multiple vessels may panially solve the problem.

In this \vork, an apparatus which is similar to the design used by Park and

Englezos (1998) is used ta measure the osmotic coefficients of aqueous electrolyte

soLutions containing amino acids. The results obtained are compared with thase obtained

by the electrachemical methad for the system ofDL-serine- KN03-H20.

Systems studied

Table l.1 lists the systems of amino acid-electrolyte -\vater for which activity

coefficients have been reported according ta aur knowledge.
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Table 1.1 Systems for which activity coefficients ofamino acids in aqueous electrolyte

solutions have been reported

Amino acid Electrolyte Method a References b

glycine NaCI EC,IP [1], [9], [131

DL-alanine NaCl EC [ l ]

DL-valine NaCI EC [2 ]

DL-serine NaCI EC [ 3 1

glycine KCr EC [4]

DL-alanine KCI EC [ 51

DL-valine KCI EC [ 6 ]

DL-serine Ker EC [ 3 l
glycine NaJ~03 EC [ 7 l
DL-alanine NaNO:; EC [ 5 ]

DL-methionine NaCl EC [ 7]

DL-threonine NaCI EC [ 8 ]

DL-threonine NaNO) EC [8 ]

~-alanine NaCI IF [ID}

y-aminobutyric acid NaCI IP [10]

y-aminocaproic acid NaCI lP [ID]

L-a-alanine NaCl IP [Il]

glycine CaCh EC [12]

~-alanine CaCh EC [12]

y-aminobutyric acid CaClz EC [12]

e-aminocaproic acid CaCh EC [12]

~ EC: electt'Ochemical method; [P: isopiestic method; b, see next page.

5
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[L] Khoshkbarchi and Vera. L996b; [2] Khoshkbarchi and Vera. 1996a; [3] Khoshkbarchi et al.• 1. L997;

[4] Bower and Robinso~ 1965; [5] Soto -Campos et al.. 1998; [6} Khoshkbarchi and Ye~ L996c; [7}

SotcrCampos et al.• 1997a; [8} Soto-Campos et al.. 1997b; [9] Rodrlguez-Raposo et al.y 1994; [10} Schrier

and Robinsony 1971; [11] SchrierandRobinson.1974; [12] Briggs etai.• 1974; [L3] Phang and Stee~ 1974.

Previous results show that the effect of salts on the activity of an amino acid is

considerable. In sorne cases adding salt ioto the solution will increase the activity

coefficient of the amino acid" while in other cases the activity coefficient of the amino

acid will decrease as salt is added.

1.4 Modeling of Activity Coefficients

The modeling of activity coefficients is important since experimental methods

ooly give data at discrete values of concentration and temperature. A reliable model can

provide useful correlation and even prediction of results over a wide range of conditions

based on a few experimental values.

Many theoretical or semi-empirical models have been proposed in literature for

the systems containing electro[ytes and amino acids. For example~ Khoshkbarchi and

Vera (1996a) proposed a Gibbs free energy model which used the Wilson or the NRTL

equation for the short range interaction contributions. The same authors have aIso

proposed a model based on the perturbation theory (Khoshkbarchi and Vera, 1996c~d). In

this wor~ the Gibbs free energy model with the NRTL equation will be used to correlate

the activity coefficient data for the temary systems measured. In addition, a new

simplified model based on the perturbation theory will be used to represent the activity

coefficient ofamino acids in bath binary and temary systems.
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1.S Objectives of the Present Work

The objectives ofthis work are the following:

(la) To measure the activity coefficients of the electrolyte and calculate the activity

coefficients of the amino acid at 298.15 K for the four systems listed in Table 1.2.

Table 1.2 Systems ta be measured

Amino acid Electra1yte Amino acid molality Electrolyte molality Nlethod

glycine KN'0 3 O.05<mA<2.50 O.1<ms<O.7 EC

2 DL-serine KNOJ O.05<mA<0.40 O.1<ms<0.7 EC. IP
~ DL-valine N3.1'\lOJ 0.05<mA<0.50 0.l<ms<1.0 ECJ

4 DL-serine NaNO:; O.05<mA<O.40 O.l<ms<l.O EC

These ranges af molalities were chosen sa ta be within the concentration range in

which the ISE electrades are reliable and aIso ta be belaw the solubility limit of the

electrolyte and the amine acid in the system. The electrochemical methad will be used in

all cases.

(lb) Ta present a comparison of the results for DL-serine + KN03 system abtained fram

the electrochemical and isopiestic methads.

The chemical Structure of the amino acids used in this work are given by Table

1.3.
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Table 1.3 Chemical structure of the amino acids used in this work

Amino acid

Glycine

DL-serine

DL-valine

Chemical structure

(2). To present a surnmary of the salt effects on the activities of amino acids in the

systems measured and expIain the effects based on the interactions between ions and

zwitterions and their structures.

(3) To model the experimental data using the Gibbs free energy model proposed by

Khoshkbarchi and Vera (1996a).

(4) To use a simplified model based on the perturbation theory to correlate activity

coefficients ofamino acids in both binary and temary systems.
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(5) To use the new activity coefficient model for the correlation of solubility of amino

acids in water.

The rest of the thesis is organized as follo\vs: Chapter 2 presents the principle of

the measurement of activity coefficients using the electrochemical method, the

experimental results obtained in this work and discussion. Chapter 3 presents the

principle of the measurement of activity coefficients using the isopiestic method, the

experimental results obtained in this work and discussion. Chapter 4 gives the derivation

of a new model and results of the modeling using two approaches and discussion.

Chapter 5 includes a general discussion of the work, the main contributions and

suggestions for future work.
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CHAPTER 2: ELECTROCHEMICAL MEASUREMENT OF

ACTMTY COEFFICIENTS OF AMINO ACmS IN

AQUEOUSELECTROLYTESOLUTIONS

2.1 Theoretical Rasis of the Measurements

Among the various electrochemical methods, eleetrochemical cells with ion

selective electrodes (ISE) are an efficient tool for the measurements of thermodynamic

properties of eleetrolyte solutions (HaghtaIab and Vera, 1991). The electrochemical

method has proved to give reliable results for the activities of solutes in electrolyte

solutions (Kelley and Lilley, 1978; Rodriguez-Raposo et al., 1994; Khoshkbarchi and

Vera, 1996a, b).

The activity coefficients of the solute (amina acid) are obtained from

measurements of the eleetrochemical potential (e.m.t) in eleetrochemical cells of the

type:

ISE 1electrolyte + amine acid + water (reference eIeetrode

It is aise necessary to measure the e.m.f in an eleetrolyte aqueous solution without amine

acid for calibration purposes. For the eleetrochemical cell:

ISE 1eleetrolyte + water 1reference electrode

the relation between e.m.f of a cation selective eleetrode and activity coefficients of the

cation is given by the Nerst equation:

(2-1)
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(2-2)

where R is the gas constant't T, temperature, z, the charge number, F the Faraday constan4

m the molality of the ion, "( the activity coefficien4 and Ethe e.m.f. The terms E-o and E_o

are combinations of junction potentiaI (E), reference electrode potential(ERef
), and the

ion selective electrode potential (ESE):

(2-3)

(2~)

Combining eqs.(2-1), (2-2) and after rearrangement, we have

(2-5)

where ms is the molality of salt and the mean ionic activity coefficient of the electrolyte is

defined as

(2-6)

In eq.(2-6), v_and v_are the stoichiometric numbers of moles of cation and anion

produced per mole ofelectrolyte. In eq.(2-5) the slope S is a function of temperature and

should be calculated from linear fitting of the values ofLJE versus In(mslzJ from a system

for which activity coefficients of electrolyte are known. Applying eq.(2.5) ta systems

electrolyte + water (superscript 1) and amino acid + electrolyte + water (superscript 2) at

the same molality ofthe e[ectrolyte:

(2-7)

(2-8)
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then

(
r~:!) J= /iE('2) _~(l)

ln r~l) S (2-9)

Eq.(2.9) is used ta calculate the Mean ionic activity coefficient of the eleetrolj1e in

aqueous solutions containing an amino acid. The values of Y: in binary eleetrolyte +

water systems are obtained from the literature.

In this work the differences of e.m.f., &1) and &J} in aqueous solutions have

been measured using the method proposed by Khoshkbarchi and Vera (1996a) due to hs

advantages over the traditional method (see, e.g., Briggs et al., 1974). The

electrochemical cell used is as follows:

Cation ISE! eleetrolyte (ms) + solute (mA) + water 1reference electrode

Anion ISE 1electrolyte (ms) + solute (mA) + water 1reference eleetrode

The measured aetivity coefficients of the eleetrolytes are then used ta evaIuate the

aetivity coefficients of the amino acid, as discussed below.

2.2 Experimental Set Up, Materials and ~Iethods for ~Ieasuring the

Activity Coefficients of Electrolytes in Aqueous Solutions

The experimental set up used in this work is illustrated in Figure 2. L Basically it

consists of a cation and an anion selective eleetrodes with a double junetion reference

eleetrode. A Ross sodium ion selective electrode, glass body model 84-11, and a double­

junction electrode, model 13-620-46, were obtained from Orion (Boston, MA). A

Potassium ion selective electrode, polymer bodYt model 93-19, was obtained from

Radiometer (Kopenhagen, Denmark). A nitrate ion eleetrode, polymer body, Madel

9300BN was obtained from Orion.. An Omon pHlISE meter (WD-35616-00, Singapore)

with a resolutian of±C.l mV was used ta monitor the e.m.f. measurements.
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1

1205 mV 1

5

..,
J

4

6

o o o

9

Figure 2.1 Schematic view of the set up used for measurement of the mean ionic

activity coefficient of an electrolyte in aqueous solutions. 1: millivoltmeter; 2:

reference electrode; 3: cation ISE; 4: cell; 5: magnetic stirrer; 6: magnet;

7: anion ISE; 8: thermometer; 9:thermostatic bath.
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The chemicals used were obtained ftom A&C American Chemicals LID

(Montreal). The purity of salts used (NaN03, KNOl) was 99.9% and thase of Glycine,

DL- valine, and DL-serine were 98-99%.

The salts were oven-dried at 110°C for 72 hours prior to use. The amina acids

were used as received. The electrodes were stored and conditioned according to the

manufaeturers instructions.

Experimental procedure

The aqueous solutions of eleetrolytes at desired molality were prepared and solid

amine acids were then subsequently added. Deionized water with a conductivity less than

0.8 ilS/cm was used in all experiments. Water, eleetro(yte and amino acid were weighed.

The compositions ofthe initial solutions were accurate ta within ±O.OI wt%. The volume

of the solution was about 200 ml. The eleetrode was carefully prepared according ta the

instruction manual. The temperature was kept at 298.15 ± O.OS K by using a jaeketed

glass beaker with circulating water. Ta minimize the concentration and temperature

gradients, a magnetic stirrer was employed in the beaker. A thermometer with a reading

accuracy to within ±O.OS Oc was placed in the jacket beaker. The e.m.f. ofboth the cation

and anion ion selective eleetrodes were measured against a double junction reference

eleetrode immersed in the solution in the jacketed beaker. The potentiometer readings

were recorded only when the drift of the response was less than 0.1 mV in about 10

minutes. The readings for the cation and the anion eleetrodes were recorded

simultaneously. AlI instruments were grounded prier ta and during the experiments.

2.3 Experimental Results and Discussions

The experimental measurements were carried out at 298.15 ± 0.05 K for feur

systems in an electrochemical eell such as
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Potassium ISE 1electrolyte (ms) + solute (m,0 + water 1reference electrode

Nitrate ISE 1electrolyte (ms) + solute (mtV + water 1reference electrode.

The activity coefficients of the electrolyte measured at various concentrations of amino

acid are listed in Table 2.1 to Table 2.4. Table 2.5 lists the pooled standard deviations

(Skoog and Leary, 1992), which fall within the range from 0.002 to 0.005. At least three

replicates were measured for each point. The results for i1El) and ~) are listed in

Tables A-1 to A-4 in Appendix A.

For the calculation of the activity coefficients of the amino acids in the electrolyte

solutions, the ratio of the activity coefficients of the electrolytes in the solutions with and

without amino acids were correlated with the following equation (Khoshkbarchi and

Ver~ 1996a):

(2-10)

The values of the constants and the root mean square deviation obtained in the correlation

of results are given in Table 2.6. The root mean square deviation is defmed as:

(2-11)

As shown in Table 2.6, the six parameters equation 2.10 gives a very accurate correlation

necessary for further calculatioDS.

According to thermodynamics, the activity coefficient of amino acid is related to

the mean ionic activity coefficient of the electrolyte via the cross differential relation

(Lewis and Randall, 1961):
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Table 2.1 Experimental results for NaN03 + DL-serine system

m NaNO):=> 0.1 0.3 0.5 0.7 l.0
--------_._.. .

mDL-serine r~2) Ir;)
LL

0 1 1 1 1 1
0.05 0.9889 0.9915 0.9935 0.9948 0.9961
0.1 0.9793 0.9844 0.9870 0.9889 0.9922
0.15 0.9703 0.9767 0.9806 0.9851 0.9870
0.2 0.9621 0.9697 0.9754 0.9793 0.9831
0.25 0.9540 0.9634 0.9703 0.9742 0.9774
0.3 0.9459 0.9558 0.9628 0.9691 0.9729
0.35 0.9385 0.9496 0.9577 0.9646 0.9691
0.4 0.9312 0.9428 0.9521 0.9584 0.9659

Table 2.2 Experimental results for Nw.\lOj + DL-valine system

m K1\f03:::::> 0.1 0.3 0.5 0.7 l.0

mDL-valine r:1
)1r:l}

lj

0 1 l l 1 1
0.1 0.9973 0.9980 1.0006 1.0027 1.0040
0.2 0.9921 0.9960 0.9999 1.0053 1.0079
0.3 0.9868 0.9934 0.9993 1.0033 1.0106
0.4 0.9816 0.9889 0.9974 1.0040 1.0126
0.5 0.9751 0.9869 0.9987 1.0040 1.0126

16
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Table 2.3 Experimenta! results for KN03 + DL-serine system

m KN03=:> 0.1 0.3 0.5 0.7
------_..
mDL-serine y;!} /y~)

U

0 1 1 1 1
0.01 0.9962 0.9977 0.9992 1
0.03 0.9940 0.9955 0.9977 1
0.05 0.9910 0.9932 0.9962 0.9970
0.1 0.9814 0.9858 0.9925 0.9940
0.15 0.9703 0.9806 0.9873 0.9917
0.2 0.9594 0.9747 0.9828 0.9888
0.25 0.9501 0.9681 0.9784 0.9851
0.3 0.9415 0.9623 0.9747 0.9836
0.35 0.9330 0.9558 0.9710 0.9806
0.4 0.9240 0.9493 0.9681 0.9762

Table 2.4 Experimental results for KN03 + glycine system

mKN03~ 0.1 0.3 0.5 0.7
---------
m Glycine 1~!) / r~t)

JJ.

0 1 1 1 1
0.1 0.9797 0.9842 0..9887 0.9917
0.3 0.9433 0.9576 0.9657 0.9745
0.7 0.8795 0.9101 0.9325 0.9439
1 0.8384 0.8795 0.9067 0.9219
1.3 0.8010 0.8513 0.8842 0.9060
1.6 0.7706 0.8270 0.8636 0.8917
2 0.7346 0.7974 0.8390 0.8682
? ., 0.7098 0.7813 0.8245 0.8545_ •.J

2.6 0.6897 0.7643 0.8121 0.8422

17
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Table 2.5 Pooled standard deviation of the measured ratio r~2) 1r;1)

18

System Number ofdata points pooled standard deviation

A) NaN03 + DL...serine + H20

B) Nal'103 + DL-valine + H20

C) KN03 + DL-serine + H20

0) KN03 + Glycine + H20

120

75

120

108

0.002

0.002

0.003

0.005

Table 2.6 Coefficients ofeqs.(2-10) and (2-13)

System~ Cl C2 c~ lOOx r.m.s.d

A -0.461178 0.475671 0.186180 -0.183626 -0.054472 -0.194646 0.0058

B -0.084055 0.278430 -0.159087 -0.083077 -0.162574 -0.038425 0.0776

C ...0.490994 0.941036 -0.029429 -0.550696 0.142561 ...0.088478 0.0719

0 -0.457793 0.622482 0.053941 -0.320274 -0.002268 -0.043574 0.1518

r.m.s.d =root mean square deviation defined by eq.(2-11).
+ systems A, B, C, 0 are those listed in Table 2.5
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(
aln

y
A ) _ {Ôlnr~)

ôms m~.T.P - ômA mf.T.P

(2-12)

Combining eqs.(2.l0) and (2.12), the activity coefficient ofamino acid is given by:

In fact, eq.(2.l0) is a viriaI expansion and the tirst term, Cl, represents the

pairwise interaction between amino acid molecules and electrolyte molecules. For ail the

4 systems studied here, this term is negative, which means an attractive interaction

(Khoshkbarchi and Vera 1996a). The presence of electrolytes decreases the activity of

amino acids. Figure 2.2 to 2.5 illustrate the correlation and calculation results obtained

using eqs.(2.IO) and (2.13).

Figure 2.2 depicts the effect of DL-serine and NaNO) concentrations on the ratios

of activity coefficients r;2l1r~) and y~2) / r~t) . As shown in the figure, bath r~:n1y~l}

and r~2) / r~1 decrease as the moialities ofNaN03 and DL-serine increase. The presence

of the amino acid decreases the Mean ionic activity coefficient.

Figure 2.3 depicts the effect of DL-serine and KNÛ3 concentration on r~!) / r~l)

and r~2) / r.~). The behavior of the activity coefficients is similar to the systems

illustrated in Fig.2.2. Both r;) /r~1) and r~2) /r~) decrease as the molalities of NaNC3

and DL-serine ïncrease. At high concentration of electrolyte, r;2) /r~1) decreases less

with the increase in concentration of DL-serine for the case of KN03 than for the case of

NaN03. In the figures this effect is somewhat obscured by the need to use different

scales.
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Figure 2.2 Effect ofconcentrations ofNaN03 and DL-serine, in aqueous

solutions at 298.2~ on the ratios r~2) / r~} ; r~2) / r~} • Dots: experimental

points; curves: equations (2-10), (2-13), respectively.
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Figure 2.3 Effeet of concentrations of KNOJ and DL-serine, in aqueous

solutions at 298.2 K, on the ratios r~2} / r~l ; r~2) / r~) • Dots: experimental

points; curves: equations (2-10), (2-13), respectively.
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In both cases~ the effect of the amino acid decreases as concentration of the

eleetrolyte ïncreases. The similarity of these two systems is natural since the only

difference between them is the anion K+lNa+. This effect suggests that higher electrolyte

concentrations screen more the electrostatic ion-dipole interactions between DL-serine

and the ions, and aIso increase the importance of the short range interactions, resulting in

a smaller effect of a change of DL-serine concentration on the mean ionic activity

coefficient. Similarly there is a smaller effect of changes in electrolyte concentration on

the activity coefficient ofthe amine acid.

Figure 2.4 depicts the effect of DL-valine and NaN03 concentrations on the ratio

ofactivity coefficients, y~2) / y~1} and r~2) / r~l) . At high concentration ofNaN03 (1.0 ml,

r~2} / r~1) increases as the molality of DL-valine increases, while at concentration of

NaNOj around 0.7, 1;2) 11~1) decreases as the molality of DL-valine increases. For the

activity coefficients of the amino acid (DL-valine), a minimum value (against the

concentration ofNaN03) occurs at each particular concentration ofamino acid. When the

concentrations of DL-valine are below 0.5, r~2} / y~) decreases as the concentration of

electrolyte increases, while at 0.5 m the values of r~2) / r~l) became less than thase at 0.3

m. A similar behavior was observed for the DL-alanine + KCl + H20 system (Soto­

Campos et al. 1997).

In fact the overlap of lines is due to the presentation ofthree dimensional data in a

two-dimensional plot Additional information is gained by re-plotting the values of

r~2) /r~l) as a function of m.-I for fixed values of ms. Such a plot is presented in Figure

2.5. In this case~ the variation of the trace activity coefficient of the amine acid in salt

solutions is explicitly shown as a function ofsalt molality.

The difference- between the effeet in DL-serine + NaNOj system and that in DL­

valine + NaN03 system may he a result of the difference of the molecuIar structures of

these two amino acids. In DL-serine there is a -OH group in its hydrocarbon backbone.

The presence of this -OH group decreases the hydrophobie interactions between the
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Figure 2.4 Effect of concentrations of NaNO) and DL-valine, in

aqueous solutions at 298.2 K, on the ratios r~2) Ir~) ; r~2) /r~) . Dots:

experimental points; curves: equations (2-10), (2-13), respectively.
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hydrocarbon backbone of DL-serine and the Molecules of water. Besides, at high

concentrations of DL-valine and NaNG], probably as a result of the formation of the ion­

pair complexes, the electrostatic interactions decrease, Ieading to an increase in the

activity coefficient ofDL-valine with an increase ofN8.1'103 molality.

Figure 2.6 depicts the effect of glycine and KNO) concentrations on r~2)1r~l)

and r.~2)1y~l} . The behavior ofactivity coefficients for this system is similar ta DL-serine

+ NaNO) + H20 as discussed above. But the acùvity coefficient decreases more in the

former system than in the latter. This difference May be due to the difference of the

structure of DL-serine and glycine: DL-serine bas a -OH group in its hydrocarbon

backbone and has one -CH:! group more than glycine. The formation of ion-pair

complexes in the gLycine system and the effect of -OH may both contribute to the

difference.

Figure 2.5 Re-plot of r~2)1r~) as a function of m... for fixed values of ms
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Figure 2.6 Effect of concentrations of KNOl and glycine, in aqueous

solutions at 298.2 K on the ratios r;!}1r;l); r~2} /r~). Dots:

experimental points; curves: equations (2-10), (2-13), respectively.



CHAPTER 3: MEASUREMENT OF ACTMTY

COEFFICIENTS USING THE ISOPIESTIC METHOD

3.1 Motivation

For the activity coefficients in KN03 + DL..serine + H20 system! the results

obtained in this work are different from previous measurements obtained by a

Summer Student using the EC method (Silverberg, 1998). The activity coefficients

of DL..serine obtained by Silverberg were greater than 1.0 when KN03 molality was

greater than 0.3.

In the calibration of the sIope (S) for eq.(2-9) using eq.(2-7) and data or the

system K1'I03+water~ it was found that the response of the pair of electrodes was

slightly nanlinear. This is possibly due ta interferences when bath potassium ISE

and nitrate ISE are used in the measurement. The detaiIs of this phenamenon and a

thearetical explanation can found in literature (HaghtaIab, 1990 and references cited

in that work). Sorne error could be introduced by this interference in the

measurement recorded by both electrodes.

With the above motivation, the purpose of this part of work was to use the

isopiestic method to measure the activity coefficients for this system and compare

the results with those obtained from the EC method.

3.2 Theoretical Background

When a temary system, amino acid (m.-t)+ electrol~1e (ms) + water, is in

equilibrium with a reference system (electrolyte + water), then the aetivities of water

in the two systems~ equal:

26

(3-1)

Accarding to the definition ofasmotie coefficient tPs for the eleetrolyte solution:
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eq.(3-1) can he written as:

m ,1. - mie/,l.Rt:[
s 'f's - S 'f's

(3-2)

(3-3)

If the osmatic coefficient of the reference solution is knO\vn as a function of molaIity

of the electrolyte (llls), then eq.(3-3) can he used to calculate the unknown tPs . For a

solution containing one solute (say electrolyte), the mean ionic activity coefficient

can be calculated \vith the following equation:

ms

lny: = (;s - 1)+ f(t/ls -1) dlnms
o

(3-4)

For a solute A in a ternary system, the cross differential relation should he

used (Bower and Robinson, 1965):

(
aln i ) (Ôln r .) il•.f -v - -
ams ml - am... ms - m.~ms

where L\ is defined as:

(3-5)

where tP~ represents the osmotic coefficient of the binary solution (electrolyte +

water) at molality ms' which is not equal to ,i (at molality mi), and ;~, the

osmotic coefficient ofthe binary solution (amino acid + water) at molality m.-t.

At each set of molalities, (ms' mA)' L\ is evaluated, and a polynomial

functional dependence is assumed:
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The coefficients of eq.(3-7) are obtained by fitting the experimencal data with the

equation. Then the activity coefficients are calculated with the follo\ving equations

(Bower and Robinso~ 1965):

3.3 Experimental Set Up and Measurements

Several versions af set up were huilt and tested befare the final one was

accepted.

The tirst set up used was constructed as follaws: four de-cannectable tlasks

with volume lOO ml each were connected (ground glass connection) with a straight

glass tube closed by a vacuum valve. ft took tao a very long time ta reach the

equilibrium.

The second version of the set up was different from the tirst one: four tlasks,

of 100 ml volume, were connected ta a spherical chamber to avoid the diffusion

through the tube. Still it was too difficult ta reach equilibrium and it was decided to

shorten the connecting necks of the flasks and decrease their volume.

In the third version ofthe set up four cells with volume ofaround 10 ml each

were connected permanently with a spherical chamber. This set up worked much

better than previous versions. Unfortunately it was difficult to fill the solutions

through the upper opening ofthe chamber.

Finally the fourth and last version was constructed: four cells with 10 mI

volume were connected with a semi-spherical chamber using screw connections

28
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(CG-3S0, CHEMGLASS), as illustrated in Figure 3.1. While the three previous set­

ups were thermostabilized in a water ba~ the fourth setup was put in a custom­

made air bath which kept the temperature at 298.15±O.OS K. The solutions were

distributed in the four cells as foLlows: two cells contained binary solution (KN03 +

H20), and t\vo cells contained the temary solution (DL..serine + KN03 + H20). The

concentrations of the solutions were measured using the Atontie Absorption (AA)

(Thermo Jarrell Ash, Smith-Hieftije Il) method. Generally, around 4 weeks were

needed for the system to reach equilibrium.

Operation procedure

(1) Two reference solutions (KN03 + water) wim the different concentrations of the

electrolyte were filled in t'ovo cells. The other tV/o cells were filled with solutions of

the unknown system (Ki"iOJ + DL-serine + \vater) with the same salt and amino acid

concentration ratio, but different amaunt af water.

(2) The chamber was evacuated and the air bath was set at 298.15 K.

(3) The concentrations in eaeh cell were measured periodically. When the

concentrations of the {Wo retèrence systems were found ta be equal and the

concentrations of the two unknown systems were aIsa equal, the system was

considered to be in equilibrium.

29
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Figure 3.1 View ofisopiestic set up
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3.4 Results and Discussions

The values for osmotie coefficients in the binary system (KN03 + water; DL­

serine + water) at various solute concentrations were obtained as follows. First the

activity coefficients of amine acid and electrolyte in aqueous solutions at 298.15 K

were obtained from literature (Fasman, 1976; Zaytsev and Aseyev, 1992),

respectively. For the mean ionie aetivity coefficient of the electroLyte, the extended

Debye-Huckel equation for L: 1electrolyte is given by (Butler.. 1998):

AI;; ,
[ny: = r +B! m+B3 m- + ...

1+8t vm

Theoretical value A is 1.174 at 298.15 K (Butler, 1998). In the Davies model

(Davies. 1962).~ only the tirst two tenns are used \vith BI = 1 and Bl = -0.2. rn this

case the correlation error was considered high with AAD (average absolute

deviation) 1.23%. For a bener correlation, three terms \vere used.. and treated both BI

and BJ were treated as adjustable parameters. The values of the parameters and the

correlation results are listed in Table 3.1.

For the asymmetrically normalized activity coefficient of the amino acid. we

used the following pol~nornial function:

3l

InYA =bm... +cm~ +dm~ (3-11)

The values of the parameters and the correlation results are listed in Table 3.2.

Table 3.1 Correlation results byeq.(3-10)

System

KN03+ water 0.8927 ..0.2 0.009807

AAD%

0.55
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Table 3.2 Correlation results byeq.(3-11)

System b c

DL-serine + water -0.263674 0.052884

d AAD%

..0.004677 0.12

The osmotic coefficient is given by (Robinson and Stokes, 1959):

1 m

,=1+- jm dlny
ma

For electrolyte in water. from eqs.(3-10) and (3-12). we have

(3-12)

(3-13)

and for DL-serine in water, from eqs.(3-11) and (3-12):

l 2., 3 j

t/J =l+-b m.. +-cmi +-dm ..2 . 3 . 4 . (3-14)

Eqs.(3-13) and (3-[4) were used to calculate the osmotic coefficients in eq.(3-6) for

the two aqueous systems at various concentrations ofsolutes, respectively.

Finally, after obtaining the coefficients by fitting eq.(3-7), eqs.(3..8) and (3-9)

can be used to calcuIate the activity coefficients for the temary systems. The

measured data are listed in Table 3.2, and the regressed values for the coefficient (Co

to Cs) are given in Table 3.3.
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3.5 Comparison with the Electrochemical Method

Figure 3.2 depicts a comparison of the mean ionic activity coefficients

obtained by the EC method and isopiestic method at the salt molality of 0.3. Figure

3.3 depicts the activity coefficients of DL-serine in the temary system measured by

t'NO methods at amino acid melality of O.3.Both methods give comparable trends in

the sense that the activity coefficients are less than 1.0, though sorne differences are

observed.

The deviation of the results of the IP method from those of the EC method

cornes from t'tva major sources: (1) the time was still not long enough to reach the

equilibrium: (2) errors from the concentration analysis. Since for the systems

considered the activity coefficients do not differ significantly from 1.0 any small

deviation can not be ignored fur an accurate measurement.

In addition, the concentration range for both the salt and the amine acid were

not wide enough: at around 0.3 in molaIity of the amine acid. the extrapolation ofthe

results ta lo\\"er and higher concentrations should be taken with care. In arder to

obtain better results over wide concentration range~ more experiments would be

necessary.

Time constraints of the program forced us to stop these measurements. In any

case! the main objective of this section was attained since the trend of change was

confmned.

33
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Table 3.2 Measured data from isopiestic Inethod

nI,. nls
111 ne: 1 t/J: t/J.~

t/J l(\l f Ô/ln,."'.o;

0.2889 0.2777 0.4389 0.9710 0.8584 0.8303 -0.3545
0.2123 0.3323 0.4517 0.9787 0.8480 0.8283 -0.3270
0.1882 0.4312 0.5376 0.9812 0.8315 0.8158 -0.3031
0.2008 0.4213 0.5345 0.9799 0.8330 0.8163 -0.3076
0.2203 0.2923 0.4156 0.9779 0.8555 0.8340 -0.3469
0.2755 0.2846 0.4384 0.9724 0.8570 0.8304 -0.3521
0.2140 0.2170 0.3366 0.9785 0.8714 0.8472 -0.3715
0.2086 0.2156 0.3323 0.9791 0.8717 0.8480 -0.3677
0.2999 0.2245 0.3911 0.9700 0.8697 0.8379 -0.3861
0.3288 0.2010 0.3834 0.9671 0.8752 0.8392 -0.3982
0.2407 0.2614 0.3956 0.9759 0.8617 0.8372 -0.3656
0.2632 0.2655 0.4122 0.9736 0.8608 0.8345 -0.3631
0.3455 0.2345 0.4259 0.9654 0.8674 0.8323 -0.3876
0.1340 0.3870 0.4635 0.9866 0.8386 0.8265 ..0.2915

1'ablc 3.3 Correlation results

Co CI C2 C] C" Cs r.m.s.d
~__~_~__~_.~~___~_~____________ M _________ R _______________~___________ ~___________________ • __________________________

-0.34559 -1.02022 0.62344 1.24695 -0.74989 0.75688 0.00327

*
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The advantages and disadvantages of the t\vo methods are listed belo\v:

36

Electrochemical

Isopiestic

Advantages

Accurate at low
concentrations,
less expensive~

fast

Useful for medium
and high concentrations

Disadvantages

System and concentration
are limited by electrode

Slow to reach to
equilibrium
lnaccurate at low
concentrations
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In this chapter we discuss two models. The firs4 presented in section 4.1, is a

direct application of the model proposed previously by Kohshibarchi and Vera (1996a).

The second, presented in section 4.2, is a modification of a more complex model

proposed by Khoshkbarchi and Vera (1996c).

4.1 Gibbs Free Energy Model with the NRTL Equation

For the modeLing of aqueous solutions containing electrolytes and non­

electrolytes, the equation for the excess Gibbs free energy is normaIly \VI'Îtten as:

(4-1)

where the superscripts 'LR'. 'SR' refer ta long and short range interactions, respectively.

A model was proposed by Kohshibarchi and Vera (1 996a) in which either the

Wilson or the NRTL equations were used ta represent the shon range contributions. ln

this model, the activity coefficient ofan electrolyte in an electrolyte + amino acid + water

system is given by:

ln (m) ln (m) LR 1{ln (.r).5R [. (ln (.r).SR ) (( 1+0.00 lAt/IVms )}y.. = y.. ' +- Ys - lm Ys + n----~~-
- - V r •....a l+O.OOI1\1w(ms +m.-t)

(4-2)

where the subscripts 'S', 'A' and 'W' refer ta electrolyte, amino acid, and water; the

superscripts (m) and (x) rerer to molality and molar fraction based activity coefficient,

respectively; J/w is the molecular weight of \vater~ ms and mA refer to the molalities of

electrolyte and amina acid in the solution. Clearly, at zero amino acid concentration, the

Mean ionic activity coefficient of the electrolyte reduces to the long range (LR)

contribution. The last term of eq.(4-2) arises from the conversion of the molality based

activity coefficient in!O the molar fraction based one. ln the case of the binary system

electrolyte + water, the folloViing equation holds:
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(4-3)

When values of the mean ionic activity coefficient are needed. a model for the long range

interaction term~ namely activity coefficient of electrolyte in water, is required. There are

many different models for this purpose, such as Bromley model (Bromley, 1973), K-V

model (Kohshkbarchi and Ve~ 1996b). In this wor~ we only need the ratio of the

activity coefficients of the electrolyte in a aqueous soLution in the presence and absence

ofthe amine aci~ then eq.(4-2) is written as:

where ï~ml.LR. is the mean ionic activity coefficient of the electrolyte in the binary

aqueous solution at the same electrolyte molality as in the temary systems, which is

identical to r~l). Similarly, the ratios of the activity coefficients of amino acid in a

aqueous solution with and withoU! electroLyte is given by:

'

(ml 712) • ( • ( .) ( 1.a001 ,\rI m )Ln-A- =ln!-:L =lny(·t)..'lR -Hm lnr(·t)~R)-lim lnr(·tl.~R + ln ... IV .04

r(m~8 ylt) .04 .ts-O A .ts-O..l 1+ 0.00 Lvi (m +m )
,0{ 1 A .t 1-0 IV S ..f

(4-5)

where superscript B retèrs ta binary system. The third term in the right hand side of

eq.(4-5) is introduced to meet the limit at infinite dilution (Kohshkbarchi and Vera

1996a).

As it can be seen from eq.(44) and (4-5), for the purposes of this work, a model

for the short range interaction activity coefficient suffices to give a complete formulation.

Here the NRTL equati~n is used:
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with

3

LX,tt"qG,q
t" _~t._l _

IJ 3

LXkGq
t-l

(4-6)

C
o • - 1 ., .,)IJ - ,-,.> (4-7)

where 'JI 's are the binary parameters, with 'Il =o. Here we use the convention: 1 = S

(electrolyte). 2 = A (amino acid), 3 = W (water). The binary parameters for the amino

acid + water system (f.-rJV' TIf.A) were eSÙInated using literature data (Fasman, 1976).

TS.A and TS.if were estimated from temary experimental data with the assurnptions

TAS =!'S.A and Tw.s =!'~'.w . The parameter a was set constant at 0.3.

Follo\~ing Kohshkbarchi and Vera (1996a) for the calculation of the short range

contribution~ the electrolyte was considered ta be a molecular component and its molar

fraction in a ternary system is calculated by:

ns
xs=--~-

nA +ns +nw

4.2 A New Model Based on a Simplified Perturbation Theory

(4-8)

4.2.1 Theoretical Background

Khoshkbarchi and Vera (1996c) proposed a theoretical model based on the

perturbation theory. For the chemical potential, using the primitive approximation, this

theory gives

(4-9)
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where superscripts 'Ref and 'Per' refer to the reference and perturbation contributions to

the chemical potential, respectively. Using the hard sphere expression as reference model

and model potentials for perturbation, the activity coefficient is expressed as

where u and & are the molecular diameter and the depth of the molecular potential weil

according to the Leonard-Jones (U) potential model, respectively, &0 the permitivity of

vacuum~ &r~ the relative dielectric constant of the medium (water), D is the dipole

moment of the amine acid~ p =N,IV, the number density of the component (c) in the

solution with total volume V, k is the Boltzmann constant. T is the absolute temperature.

and fmaIly~ '1 is given by:

1 j
'1 = -trpU

6
(4-11)

The first term in the right hand side of eq.(4-10) represents the contribution of the

reference system, which is taken as a hard sphere system~ the second term is the

perturbation contribution obtained by considering the dispersion forces (L1) and dipole­

dipole interaction contributions via the expression:

2)

.u:~r =4;rp fll{r) ghs (r) rI dr
Q

(4-12)

where u(r) is the interaction energy as a function of inter-molecular distances, ghs (r), the

radial distribution function ofthe bard sphere reference system. A rigorous expression for

glu (r) can be employed ta obtain an analytical equation for the perturbation contribution

(Khoshkbarchi and Ve~ 1998). For practical applications~ however, this treatment did

not improve the results. In this work, a simple step function radial distribution function

was used for glu (r) :
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r<(T

r~(j

(4-13)

The advantages of eq.(4-10) are obvious: it is simple but bas a strong theoretical

background, and the modeling of results for bath activity coefficients and solubility data

are satisfaetory. Unfortunately, dipole moments for amine acids are scarce and a quantum

mechanical approach is needed to caIculate this quantity, which is not convenient for

engineering applications.

Khoshkbarchi and Vera (1996c) have extended the model ta temary systems.

Their expression is lengthy and it is omitted here. In this worle, for the temary system we

use a simpler version ofthe model.

4.2.2 A New ~[odel

Binary water • amino acid system

The key quantity ta derive this model is the perturbation potential. In a solution,

in addition ta the dispersion and the dipole-dipole interactions mentioned above, there are

molecular interactions such as dipole induced interaction characterlzed by the

polarizability, a t etc. A potential function, which considers all the three contributions in

the primitive approximation, cao be written as (Maitland et al., 1981):

(4-14)

where the tirst term is the Lennard-Jones potentiaI for the dispersion interaction.

From eqs.(4-12) ta (4-14), an expression for pi" can be obtained, in which three

terms are temperature~independent. For simplicity, the temperature..<fependent terms can

be neglected and combining the temperature-independent terms as shawn in Appendix Bt

the perturbation contribution can be simply expressed as:
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(4-15)

where constant B includes D, Ci and other constants. It \vas found that for an amino acid

in aqueous solutions, the constant B can be assigned the universal value B =0.2.

Therefore, for a binary amino acid + water system, the simplified model used in

this work gives the following expression for the activity coefficient:

(4-16)

rn this equation~ molecules are characterized only by t\vo parameters: & and (J and no

additional property is needecl.

Ternary amino acid - electrolyte - water system

The extension of this modeI to temary systems is straightforward (Kahshkbarchi

and Vera 1996c). Far the amino acid, the acùvity coefficient in the system is written as:

(4-17)

and for electrolyte:

lny. =Inr~ +~[lnrHS + lnyPtr - Hm (lnr HS + lnr~l!r)~ (4-18)_ _ s S _... \ S :s
V PJ~

where the contribution ta the Mean LOniC activity coefficient arising from the long range

is exaetly the value of the mean ionic activity coefficient in the binary electrolyte + water

system at the same electrolyte moiality as in the temary system. Thus, Inr~ is equal ta

Iny;1), and with the notation used here, eq.(4-18) can he rewritten as:
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ln
y;!) -.!-[ln~ HS ln PeT -lim(,ln HS ln peT) m( l+O.OOlAtlwmS )]
-- Ys + Ys ~ Ys + Ys + ()y;1) V P.-+O 1+0.001l\;lw mS +m.-t

(4-19)

where, as discussed previously, the last term is introduced to convert the activity

coefficient from a molar fraction scale into a molality scale. Similarly, for the amino acid,

eq.(4-17) is written as:

Y(2) l{ 1+0 OOlkl m )
ln_,-t_ = Inr HS + lny'':T _ lim (lnr HS + lnyPtT) + . W ,-t

li) A .~ 0 A A 1 0 00 l '-{ ( )
rA p$-+ +. lV, IV ms +m.-t

(4-20)

Various expressions for the activity coefficients of mixture of hard spheres are available

in literature. For instance, Taghikhani et al. (1999) recentIy proposed an expression

which leads to improved results for the radial distribution function. For simplicity. in this

work the expression proposed by Mansoori et al. (1971) was employed:

(4-21)

with

where

(4-22)

(4-23)

(4-24)

(n =0, 1,2, 3) (4-25)
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For the case of an amino acid + electrolyte + water system, in the primitive approach~

only the amino acid and the electrolyte contribute ta the sumo

Now we need an expression for the perturbation term. For this purpose, eq.(4-15)

is extended ta temary systems. The chemical potential based on the first arder Barker­

Henderson perturbation theary is given by (Tiepel and Gubbins, 1973):

(4-26)

\vhere c is the total number of camponents. The fallowing mixing ruIes are used for the

molecuIar size and energy parameters:

(4-27)

(4-28)

The two constants (g(O\ and g(l)) are adjustable parameters to be obtained from the

measured activity coefficients data for the ternary system. As sho\vn in appendLx C, the

penurbed activity coefficients for amino acid and electrolyte are given by eq.(4-29) and

(4-30), respectively.

where:

Ô(j 1( ~~=_ (j +0" (l)p

O ?of s S
PA -

00" 1( )8--::!:L = _ (]" +(j (1) po 2·.f S IlPs

(4-31)

(4-32)
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As shown in Appendi"< D, the activity coefficients given by eqs.(4-29) and (4-30) satisfy

the foUowing cross differential relation:

(4-33)

The molecular parameters for electrolyte are calculated from thase of the ions by

the following mixiog rules (Kohshkbarchi and Vera. 1997):

(4-34)

(4-35)

The values ofparameters of ions and electrolytes used in this work are listed in Table 4.1.

For N03, the energy parameter was calculated with the foLlowing equation (Khoshkbarchi

and Ve~ 1997):

(4-36)

where the polarizability (li ) and total number of electrons (171) equal 4.37x 10-jO (m3)

(Zaytev and Aseyev. 1992) and 32, respectively.

Table 4.1 Values ofpure component parameters of ions and electrolytes

Na+ K+ NO]- KNO] NaN03

. .
(j (x 10-10 m) 1.90(1) 2.66(1) 4.28(2) 3.47 3.09

el1c(K) 96.00) 214.0(1) 191.6 202.5 135.6

(1): Khoshkbarchi and Vera (1997); (2) Zaytev and Aseyev, (1992).
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4.3 Caleulation Resolts

4.3.1 BiDary systems

For testing the new mode), eq.(4-16) was used ta correlate the activity coefficient

of amino acid in aqueous solution. The two parameters: a and E, were regressed from

experimental data (Fastnan, 1976). According ta the definition ofmolality of amino acid,

mA' the number density used in the equation is calculated by the following equation:

(4-37)

The activity coefficient based on molality is cbanged into the one based on molar fraction

by the following equation:

r(~) -ycm)(l+O OOlM m )... - ..........

The objective function used is given by:

OF.=L~~ -r:'t

(4-38)

(4-39)

Table 4-2 lists the results for 7 systems. Figure 4.1 depiets the results for 4

systems.

Table 4.2 Calculation results for activity coefficients ofamino acids

System EIk(K) (j'xl0-10 (m) s.e.e

Alanine 365.9 3.94 0.0024
a-amino n-butyrïc acid 341.8 4.14 0.0046
Glycine 1020.0 4.25 0.0094
Praline 231.8 3.84 0.0285
DL-serine 1205.0 4.28 0.0099
Valine 321.5 5.32 0.0066
L-hydroxyprolïne 441.8 3.57 0.0021

The standard error ofestimate is defined as (Draper andS~ 1981):

s.e.e=~~(,: - r'?Xj<nD - 2) .
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Figure 4.1 Correlation results for activity coefficients ofamino acids

in binary aqueous solutions
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4.3.2 Temary systems

Bath the Gibbs free energy model (Kohshibarchi and Ve~ 1996a) and the new

simplified perturbation model were used ta carrelate the 4 ternary systems measured in

this work. The objective function used ta regress the parameters is defmed as:

(4-40)

Table 4.3 lists the parameters and the results obtained using the Gibbs free energy

madeI.

Table 4.3 Results for temary systems by Gibbs free energy Madel

System r.-uv 'w...( s.e.e

glycine-KJ.'\f03-H!O -0.0472 0.0726 -1.9610 4.5801 0.0341

oL-serine-N&\fO)-H2O ..0.5607 0.3311 -2.0771 3.8481 0.0067

DL-serine-Kl'\fO j -H20 ..0.5166 0.3042 -2.0771 3.8481 0.0106

DL-valine-NaN03-H2O -0.8756 0.5346 -0.8496 1.4371 0.0092

NRTL parameters: ' ..uv and 'W.A from amino acid + water systems (Fasman~ 1976);

'AS and 'sJV from temary systems (this work).

s.e.e =
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Table 4.4 lists the results obtained using the simplified perturbation model. The

parameters used for the amino acids are those from Table 4.2, and for the electrolytes

those from Table 4.1. Figure 4.2 depicts the results for Glycine+KN03+water system

obtained \vith the new simplified perturbation model using two adjustable parameters.

The results obtained with keeping one or !wo parameters constant, and also those

obtained with the Gibbs free energy model, are aImost not distinguishable from those

presented when plotted in the figure.

For testing the predictive features of the model, the two parameters were taken as

fixed values for ail systems: 5(0) =l.6 and 5(1) =-0.1 x LV; X 106
• The root Mean square

deviations are aIso listed in Table 4.4. As is seen from the table, the prediction results are

acceptable and comparable with the results obtained from the Gibbs free energy model.

Table 4.4 Results for temary systems by perturbation model

System

glycine-KN03-H20

oL-serine-NaNOJ-H20

DL-serine-KN03-H20

DL-valine-NaN03...H20

1.4984

1.6572

1.5363

1.5680

-0.0673

-0.3615

-0.6855

-0.2363

0.0115

0.0036

0.0053

0.0076

0.0334

0.0066

0.0228

0.0106

a: prediction results with 5(0) = 1.6 and 5(1) =-0.1 x LV; x 106
•

Calculations adjusting one of the parameters and keeping the other constant

produced results that only slightly better than those obtained fixing the vaIues of bath

parameters. As seen from Tables 4.3 and 4.4, bath methods give satisfactory correlation

results for the four temary systems. Therefore, a two parameter model suffices for

practical applications. The perturbation model gives somewhat better results and can be

used as prediction model with acceptable accuracy.
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Figure 4.2 Correlation results by the simplified perturbation model for

the mean activity coefficient OfKN03 in temary system

(KN03 + glycine + H20).
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4.4 Modeling the Solubility of Amino Acid in Water

The solubility of amino acids in water is an important information for separation

purposes. For an accurate correlation of this property, a reliable activity model is

required. As a further application of the model proposed for binary amino acid + water

system, eq.(4-16). The solubility of amino acid in water was carrelated for sorne systems

where both activity coefficient and solubility data are available (Fasman, 1976).

Theoretical background

The above madeling for the activity coefficient was performed at a constant

temperature (298.15 K). But for the solubility correlation. \vide temperature ranges

(273.15 to 373.15 K) have ta be considered. For a better representation of the temperature

dependence of the activity coefficients, the effective hard sphere diameter (EH5D)

approach was employed. ln this approach, the molecular diameter is considered to be a

function of temperature and density. For simplidty, in this wark we take ooly the

temperature effect into account. Various expressions for the EHSD are available in

literature (Ben-Amotz and Herschbach, 1990). Here the following expression obtained by

Ben-Amotz and Herschbach (1990) based on the melecular simulation results was

adopted:

(4-41)

\vhere the subscript 'et refers effective hard sphere diameter. The reduced temperarure is

defined as:

r- =.!.­
E.... k

New the reference term of the activity coefficient is expressed as:

(442)
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where

1 3
n =-tr.p(j
'le 6 1:

(4-43)

(4-44)

The perturbation tenn ig the same as eq.(4-15). The molecular size and energy parameters

are taken from Table 4.2.

For the system considered here't when it is in equilibrium with a solid phase of

pure amino acid:

[fthe standard state of the liquid fugacity is f:L
• then eq.(4-45) can be written as:

r r fOL -fs
• ..I.of .4 - ,-1

From the definition of fugacity (Koshkbarchi and Vera, 1996d):

(4-45)

(4-46)

(4-47)

(4-48)

where ~ and llh are the change in the molar entropy and enthalpy of the amino acid,

respectively, from the standard liquid state to the solid stare.. and R is the gas constant.

Finally, the solubility of amino acid in water is estimated from the following equation:

M M
:CIl, =exp(R- RT)

The two quantities ôs1R and Ml 1R are regressed from the solubility data (Fasmann,

1976).
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CalealatioD results

Eqs.(4-48) and (4-43) with (4-15) (8 =-0.2) were used to correlate the solubility

data. In eq.(4-48) at each solubility S (g/kg-solvent), the number density is calculated

with:

(4-49)

(4-50)

where MAis the molecular weight of the amino acid. The relation between mol fraction

and S is given by:

SIM...
x =---------

... SIM... +10001Mw

Table 4.5 lists the results for six systems, and Figure 4.3 shows the resuLts for four

systems. Since the values of the solubility are big, absolute average deviation (AAD) is

used as the criterion of the correlation accuracy. As seen from the Table 4-5 and Figure

4.3, the results are satisfactory.

Table 4-5 Calculation results for solubility ofamino acids

System

Alanine
Glycine
Proline
DL-serine
Valine
L-hydroxyproline

0.8077
2.0888
0.9102
4.4880
-0.6674
-0.1117

âh/R(K)

1254.9
1485.0
744.9

2707.6
1138.0
833.7

AAD

2.81
4.26
1.48
0.44
7.14
2.37

100 N IS~ -S~I
AAD =-I: 1 " S=solubility in glkg (solvent)

N;al s~
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800 ..-,------------------------

1

•

alanine

•• ---•••• • valine. • •
Z80 300 320 3.co 360 380 4QO

T (K)
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1 ...
1o ~I _

260

hydroxyproline

70Q

200 ;

Figure 4.3 Correlation results for solubility ofamino acids in H20
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CHAPTER 5: CONCLUSIONS, CONTRIBUTIONS TO

KNOWLEDGE AND SUGGESTIONS FOR FUTURE WORK

5.1 Conclusions

The mean ionic activity coefficients of the electrolyte and activity coefficients of

the amino acids were measured at 298.15 K using the electrochemical method for the

following four systems: DL-serine + NaN03 + Water; DL-valine + NaN03 + Water; DL­

serine + K1"\fO j + Water; glycine + KN03 + Water.

The activity coefficients of DL-serine in DL-serine + KN03 + Water system were

also measured at 298.15 K using isopiestic method. The results were compared \'Iith

those obtained by electrochemical method. The trends of the concentration effect on the

activity coefficients from the two methods are the same. The possible error sources and

advantages and disadvantages ofthe two methods were discussed.

The data measured for the temary systems were correlated using the Gibbs free

energy model proposed by Khoshbarchi and Vera (l996a) with the NRTL equation.

Among the six binary parameters~ two binary parameters were obtained from the amino

acid + water system~ t\vo parameters were obtained from temary dat'L and symmetrical

relations were assumed for other two parameters.

A new model based on simplified perturbation theory was proposed. This model

was used ta correlate the measured data for the four systems. Two adjustable parameters

were regressed from the temary system, while the other parameters were obtained from

binary amino acid + water systems and from the data of ions. The major advantage of the

new model is the simplicity of the formulation. In addition~ the amino acid molecules are

characterized ooly by a size and an energy parameter, and no other property is required

for the correlation. The results of the correlation are slightly better than those obtained

from the Gibbs free energy modeL



56

Chapter j. CONCLUSIONS, CONTRIBUTIONS TO KNOWLEDGE AlVD
SUGGESTI01VS FOR FUTRUE WORK

The new model was aIso used ta correlate the activity coefficients and solubilities

of amino acids for sorne binary aqueous solution reported in literature (Fasnm~ 1976).

Satisfactory results were obtained.

S.2 Contributions to Knowledge

New data for mean ionic activity coefficients of electroLytes and for activity

coefficients of amino acids in four temary systems at 298.15 K were measured. The

effects of the concentration of the electrolyte and the amino acid were determined.

A new model based on a simplified penurbation theory was proposed and tested

with the experimental measured in this work and from literature. The model is easy to

use, and no additional malecular data is needed for the calculations. The new model was

applied ta correlate the activity coefficients for binary (amino acid + water) and ternary

(amino acid + electrolyte + water) systems and solubilities of amino acid in binary

aqueous solutions.

S.3 Suggestions for Future Work

It would be of interest ta measure the temperature effect on the activity

coefficients! using the electrochemical and the isopiestic methods, over the temperature

range from 298.15 ta 323.15 K.

For camparisan with the results from the electrochemical method, activity

coefficients far more systems should be measured by the isopiestic method. The set up

for this method can be further improved.

Based on sorne theoretical considerations, it could he desirable to develop a new

model which can predict, with sorne accuracy, the activity coefficients for temary

systems using only parameters obtained from binary systems. For example, in the model

based on perturbation theory, generalized mixing rules May be obtained after empLoying

the model for many systems. New mixing mIes MaY be necessary.
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APPENDICES

A M: Data by Electrochemical Metbod

Table A.l~ data for NaN03 + DL-serine + H20 system

mNaN03~ 0.1 0.3 0.5 0.7 1.0
..

mDL-serine tlE
U

0 171.3 221.6 243.6 258.1 273.5
0.05 170.7 221.1 243.2 257.9 273.3
0.1 170.2 220.8 242.9 257.6 273.1
0.15 169.7 220.4 242.6 257.4 272.8
0.2 169.3 220.0 242.3 257.1 272.6
0.25 168.9 219.7 242.0 256.8 272.3
0.3 168.4 219.3 241.6 256.5 272.1
0.35 168.0 218.9 241.4 256.3 271.9
0.4 167.6 218.6 241.1 256.0 271.7

Table A.2 dE data for NaNCj + DL-valine + H10 system

ID KN03=:> 0.1 0.3 0.5 0.7 1.0

mDL-valine ôE
U

0 174.4 225.4 248.2 262.6 278.0
0.1 174.3 225.3 248.3 262.8 278.2
0.2 174.0 225.2 248.2 262.9 278.4
0.3 173.8 225.1 248.2 262.8 278.5
0.4 173.5 224.8 248.1 262.8 278.6
0.5 173.2 224.7 248.2 262.8 278.6
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Table A.3 âE data for KN03 + DL-serine + H20 system

m KN03=> 0.1 0.3 0.5 0.7

mDL-serine M:
U

0 -32.6 10.0 26.3 35.0
0.01 -32.8 9.9 26.3 35.0
0.03 -32.9 9.8 26.2 35.0
0.05 -33.0 9.7 26.2 34.9
0.1 -33.5 9.4 26.0 34.7
0.15 -33.9 9.2 25.8 34.6
0.2 -34.5 8.9 25.6 34.5
0.25 -34.9 8.6 25.4 34.3
0.3 -35.3 8.3 .,-., 34.3_::>.-
0.35 -35.7 8.0 25.0 34.1
0.4 -36.1 7.7 24.9 33.9

Table A.4 dE data for KN03 + glycine + H20 system

mKN0 3=> 0.1 0.3 0.5 0.7
. .......

m glycine !lE
U

0 ..32.7 9.6 25.1 34.2
0.1 -33.6 8.9 24.6 33.9
0.3 ..35.3 7.7 23.6 33.1
0.7 -38.4 5.S 22.1 31.7
1.0 -40.5 4.0 20.8 30.7
1.3 -42.5 2.5 19.7 29.9
1.6 -44.2 1.3 18.7 29.2
2.0 -46.3 ~O.3 17.4 28.0
? ., -47.8 -12 16.7 27.3_ •.J

2.6 -49.0 -2.2 16.0 26.7
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B. Derivation of Eq.(4-15)

The intermolecular force is composed of severa! parts: dispersion force, dipole­

dipole interaction force, and induction force, etc. The dispersion can be expressed by the

Lennard-Jones potential. The dipole-dipole interaction potential and induction potential

for a pure substance (here in a binary amino acid + water syste~ the amine acid aets like

a 'pure' substance in a background of continuum) are given by eqs.(B-l) and (B-2),

respeetively (Maitland et al., 1981).

2a D 2

u (r)-----
md.DD - (4 )2 6

1C&oer r

(B-I)

(B-2)

where a is the polarizability. Combining the all interaction potentials and inserting the

potential and eq.(4-13) into eq.(4-12), the perturbed chemical potential is given by:

{ [( )12 ()6] ., (D~ D"-J}=4;rp[ 4e ~ _:!. - -., +~ r1cfr
arr (4 )- 3kTr6

,61ŒQe,.

(B-3)

After integration and rearrangement, and using the relation,

(B-4)

we have

(8-5)
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where B is defined as

B=!+ 2 (D~ +D!aJ_l-
9 3(41Œ'oe"Y 3kT (j°e

Strietly, B is a function ofDt Ci and T. In this wode, we found it suffices to assume B =
0.2 in our correlation. This significantly simplified the Model.

c. Derivation of the Perturbation Term for ~[i~tures

The perturbed chemical potential is given by eq.(4-26). As in the 'pure' amino acid

case, a step funetion is used for the radial distribution funetion. For illustration purpose,

ooly Lennard-Iones potentia! is considered here (since a constant (0.2) will be finally

adopted as the case discussed in Appendix B):

(
12 6JLI (j1J (j'l

lI'i (r) = 4e'i ,l'! - r6
(C-i)

In our application, the solution is considered as 'binary', after integration the double

summation term is given by:

(C-2)

Assuming (1) symmetrical relations: eIls =GSt{ and (jAS =(j$l' (2) the mo[ecu[ar energy

parameters are independent of density, while the size parameters are the funetions of

density given by eq.(4-27), after rearrangement, the activity coefficients of amino acid

and electrolyte are given by following equations:
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where the constant Bis taken as 0.2 to he consistent with the 'pure' amino acid case.

o. The Cross Differentiai Relation for the Perturbation Theory

..:\ccording to thermodynamics, for the activity coefficients of the amino acid +

electrolyte + water systeml' the following cross differential relation should be satisfied

(
ôln

y
A ) = v(a~r:)

8ms T om-4. r
,MI • .ms

or using the definition of number density,

( a~nr,) ={a~ni':)
Ps T.111 P.4 T.p",

Combining eqs.(4-4) and (4-5) wim eq.(O..2), we have

and

(D-1)

(D-2)

(D-3)

(D-4)

Eq.(D-3) is automatically satisfied according to the derivation of the activity coefficients

of hard sphere mLxture. Eq.(D-4) is satisfied according ta the derivation of the

perturbation activity coefficient and the mixing mIes eqs.(4-27) and (4-28). In fac!, it is

easy ta show that
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Therefore~ the equations used in this work satisfy the cross differential relation.

(0-5)


