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The distribution of hydrophobic ionogenic organic compounds
(HIOC's) between aqueous and nonaqueous phases has been
investigated.
anilines.

The HIOC's are aniline and methyl substituted

The aqueous phases are methanol-water mixed solvents with

varying pH and ionic strength.

The nonaqueous phases are silica and

alkyl derivatized silica with ethyl- (C-2), octyl- (C-8), and
octadecyl- (C-18) silanes.

A gas-liquid equilibration method has been developed to
determine the Henry's law constants and the activity coefficients of
methyl anilines in methanol-water mixed solvents.

The logarithm of

the Henry's law constants vary quadratically with the volume fraction
of methanol.

The chromatographic study has been performed to investigate the
effect of three mobile phase factors, fraction of methanol, pH, and
ionic strength, on the retention of methyl anilines on different
stationary phases.

The logarithm of mass distribution ratios, log k's, of methyl
anilines vary linearly with the volume fraction of methanol.

The

ratios of H / k' of methyl anilines increase with increase in
methanol in the mobile phase, indicating an increase in the activity
coefficients in the stationary phases.

This observation is found to

be true for different methyl anilines in different stationary phases.
A partition model is presented to describe the effect of pH and
ionic strength on the retention of HIOC's in the mobile phase.

The

variation in log k' among neutral and ionic methyl anilines can be
explained by linear free energy relationships.

Equations are

established to predict retention of neutral or ionized methyl
anilines from their octanol-water partition coefficients at any
methanol content in the mobile phase.

Acid dissociation constants of

methyl anilines determined from the dependence of log k' on pH are in
close agrement with those determined by potentiometric titrations.
The effect of ionic strength on the retention of both neutral and
ionic species of methyl anilines is negligible.

That is, the

contribution from electrostatic energy and salting out effect are not
significant.

The chromatographic study is extended to study the retention of
methyl anilines on silica as a function of pH and methanol at a
constant ionic strength.

The dependence of retention on pH is

qualitatively interpreted from an ion exchange reaction between the
dissociated silanol groups in the surface and the ionized methyl
anilines.

The effect of methanol on the retention of methyl anilines

and of pyridine on silica is described by a quadratic relationship
between the log k' and volume fraction of methanol.
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THE DISTRIBUTION OF ORGANIC BASES IN REVERSE PHASE
IQUID CHROMATOGRAPHY: A STUDY OF MECHANISMS

CHAPTER 1

INTRODUCTION

Overview

One of the most popular branches of high-performance liquid
chromatography (HPLC) is reverse phase liquid chromatography (RPLC).
It is estimated that reverse phase columns are used in 80

90 % of

liquid chromatographic separations (Melander and Horvath, 1980).

The

most common reverse phase system consists of a stationary phase of
alkylated silica (alkyl chain length range from 1

18), and a mobile

phase of a mixed aqueous-organic solvent (e.g., methanol-water,
acetonitrile-water).

In addition to its use in separation science, RPLC has also been

extensively used in determining physicochemical properties, such as
solubility (Hafkenscheid and Tomlinson, 1983a; Chin et al., 1986),

octanol-water partition coefficients (Konemann et al., 1979; Baker et
al., 1979; Tayer et al., 1985a and 1985b), acid dissociation
constants (Unger et al., 1978; Fong et al., 1985; Horvath et al.,

1977), complex formation constants of organic compounds (Horvath et
al., 1979), and in predicting environmentally important parameters,
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such as soil-water partition coefficients (McCall et al., 1980; Chin
et al., 1988; Hodson and Williams, 1988; Maclntyre and Stauffer,
1988), and bioconcentration factors (Jinno, 1983; Wells et al.,
1981).

The great practical significance of RPLC has attracted many
researchers' interest in understanding the physicochemical
interactions involved in the retention process.

There have been

several studies to characterize the process of distribution of a
solute between the mobile and the stationary phase, and to
investigate the possibility of predicting retention in RPLC (Locke,
1974;

Horvath et. al., 1976 and 1977; Lochmuller and

Martier and Bohem, 1983a and 1983b; Dill, 1987).

wilder, 1979;

However, the

retention mechanism in terms of both mobile phase and stationary
phase properties is not yet fully understood.

The retention process becomes more complicated for solutes which
can exist in both neutral and ionic forms in the mobile phase, such
as organic acids and bases.

A major portion of this study focuses on

the investigation of the retention behavior of this class of
hydrophobic ionogenic organic compounds (HIOC's) in different RPLC
columns as a function of different variables in the mobile phase.
Questions addressed.

The primary objectives of this

investigation were to address the following questions:
(i)

the effect of the organic cosolvent on the stationary
phase;

(ii) the participation of counter ion on the retention of HIOC's
in different RPLC stationary phases; and
(iii)the combined effect of pH, ionic strength, and organic

3

cosolvent on the retention of HIOC's in different RPLC
stationary phases.

Another part of this study was to investigate the possibility of
predicting the retention of HIOC's from their physicochemical

properties such as octanol-water partition coefficient and molecular
surface area.

Finally, a few experiments were carried out to understand the
retention behavior of HIOC's on silica as a stationary phase.
Compounds studied.

The compounds examined in this study are

methyl substituted anilines including aniline itself.

These

compounds belong to the group of aromatic primary amines, which are
known to be toxic (Weisburger et al., 1978; Radomski, 1979).

Some

physical properties of these compounds are listed in Table 1.1.

The organic cosolvent employed in this study was methanol.
Methanol is the most commonly used organic solvent in RPLC and
solution properties of methanol-water solvents have been studied and
are readily available.
Organization of the thesis.

Chapter 1 introduces (i) current

understanding of RPLC in relation to the retention of both neutral

and ionized organic compounds, and (ii) the importance of examining
different model materials to predict the behavior of organic
compounds in the natural environment.

Chapter 2 describes a

flow-through gas-liquid equilibration method to determine the Henry's
law constant of organic compounds with low volatility.

This method

was used to determine activity coefficients of methyl aniline in
methanol-water solvents.

These results are included in the

discussion (Chapter 3) on the effect of methanol on the activities of

4

Table 1.1. Properties of methyl anilines.

Compounda

Molar

Melting

Boiling

Density

mass

pointb

pointb

(Temp.)b

pKac

log Kowd

(760mm Hg)

Aniline

93.13

-6.3

184.13

1.022(20)

4.58

0.92e

200-202

1.008(20)

4.42

1.29e

2-mA

107.15

3-mA

107.15

-50

203-204

0.990(25)

4.73

1.40e

4-mA

107.15

44-45

200-201

1.046(20)

5.08

1.39f

2,3 -dmA

121.18

<-15

221-222

0.993(20)

4.70

2,4-dmA

121.18

-14.3

214

0.972(20)

4.89

2,5 -dmA

121.18

15.5

214

0.979(21)

4.53

2,6 -dmA

121.18

3,4-dmA

121.18

51

228

1.076(18)

5.17

3,5-dmA

121.18

9.8

220

0.971(20)

4.91

2,4,5 -tmA

135.21

68

234-235

0.957

5.05g

2,4,6-tmA

135.21

-5

232-233

1.550(20)

4.38

3.95
1.83f

2.25f

a mA = methylaniline, dmA = dimethylaniline, and
tmA = trimethylaniline
b Data from Weast and Astle (1982)

Ka = acid dissociation of the anilines (Perrin et al., 1972)
d Kow = octanol-water partition coefficient

e Data from Leo et al. (1971)
f Data from Johnson and Westall (1989)
g Value at 0.5 M ionic strength from Shotts (1987)
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methyl anilines in different stationary phases.

Chapter 4 presents a general model to include the combined
effect of pH, ionic strength and methanol on the retention of methyl
anilines in different stationary phase.

The correlation results of

retention data with octanol-water partition coefficients of methyl
anilines are also included in Chapter 4.

Chapter 5 addresses the

behavior of methyl aniline on a silica column as a function of pH and
methanol in the mobile phase.

Some of important conclusions from

this research are summarized in Chapter 6.

The Appendix of this

thesis includes: (i) measurement and interpretation of pH in mixed
solvents; and (ii) supplementary data.

Reverse phase liquid chromatography: fundamentals

Preparation and properties of stationary phase.

The most common

method of preparing reverse phase stationary phases employs a surface
reaction between a silica support and an appropriate
organochlorosilane modifier (Locke, 1973; Unger et al., 1976;
Hemetsbeger, 1976; Colin and Guiochon, 1977; Cooke and Olsen, 1980;
Majors, 1980).

ESi-OH

+

Equation 1 represents such a reaction.

Cl-Si(CH3)2R

ESi-O-Si(CH3)2R

+

HC1

(1)

where ESiOH is the silanol group and R represents an alkyl group.

The most common R groups are methyl (C-1), ethyl (C-2), octyl (C-8),
and octadecyl (C-18).

The structure and composition of the stationary phase have been
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found to be dependent on the experimental variables associated with
the preparation of the phases (Melander and Horvath, 1980; Majors,
1980).

Some of these experimental variables are: (i) size and shape

of the silica particle; (ii) porosity, specific surface area, and
pore size distribution of silica; and (iii) chemical nature of the
hydrocarbon group (e.g., the alkyl chain length).

Differences in

these variables can lead to (i) heterogeneous coating of the surface
silanol groups; (ii) different configurations of the alkyl groups at
the surface; and (iii) differences in the surface concentration of
accessible silanol and siloxane groups (Roumeliotis and Unger, 1978;
Majors, 1980).

For example, it has been observed that the surface

concentration of bonded alkyl chains of commercially available RPLC
column materials varied from 20-60% (Majors, 1980).

In summary, the most important experimental variables associated
with stationary phases are alkyl chain length, carbon load, particle
size, and surface coverage, which is an indication of the amount of
underivatized silanol groups.
Mobile phase variables.

The experimental variables associated

with the mobile phase are, pH, ionic strength, fraction of organic
cosolvent and presence of other organics.

An understanding of the

effects of both stationary and mobile phase variables on the
retention of HIOC's is necessary if one needs to extend the use of
RPLC to predict the behavior of HIOC's in the natural environment.
Quantitative determination of retention.

In chromatography, the

quantity measured is the ratio of the number of moles of solute in
the stationary phase to the number of moles of the solute in the
mobile phase.

This mass distribution ratio, k', is generally known
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as the retention factor or capacity factor, and it can be expressed
as the product of the distribution coefficient, K, which is the ratio
of concentration of solute in the stationary and mobile phases, and
the phase ratio, 0, the ratio of volume of the stationary phase to
the mobile phase (Snyder and Kirkland, 1979):

k'

=

K 0

(2)

The mass distribution ratio, k', of a solute can be determined
by the retention time of the solute, tr, and the retention time of
a compound that is not retained, t0:

to
k'

=

tr

(3)

to

The retention time, t0 is related to the hold-up (or dead or
void) volume between the sample injector and the detector of a
chromatographic system.

The accurate determination of t0 is

important in comparing the chromatographic data, studying the
mechanisms of retention, determining the physicochemical parameters of
organic compounds, and predicting the retention behavior (Smith et
al., 1986).

Determination of t0.

A comprehensive review on the

determination of hold-up volume has been reported in a recent article
by Smith et al. (1986).

They have suggested that each solute may

experience its own unique void volume depending on the stationary
phase and the mobile phase.

There is no universally accepted method
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for the accurate determination of this parameter.

Some of the

methods reported are based on the injection of (i) a solution of an
inorganic salt, (ii) mobile phase components, including the
radioactive labeled eluant or modified mobile phase, (iii) a solution
of polar organic compounds, e.g., uracil (Smith et al., 1986).

The

other methods employed in the determination of hold-up volume are
static weighing procedure and the mathematical determination based on
the retention characteristics of the members of homologous series.
In general, the use of all of these methods have been subject to
various criticisms due to the conflicting data reported in the
literature.

Berendson et al. (1980)

have reported that the use of

inorganic salts for the determination of hold-up volume provide an

approximate value for hold-up volume for the mobile phases composed
of nearly equal volumes of methanol and water.

According to Wells

and Clerk (1981), an injection of a solution of sodium nitrate
produces a good estimate of column void volume.

This is reported to

be true for the mobile phases containing methanol and aqueous
buffers.

Scott and Kucera (1976) have reported that the void volume
obtained by injecting a pure organic solvent or pure water has
approximately the same value as that obtained by injecting a solution
of an inorganic salt.

Comparison of the maximum column porosity with

the hold-up volume obtained from the injection of pure methanol or
water led Berendson et al. (1980) to suggest that the elution volume
of pure methanol or water at the mobile phase composition between
60-70% (v/v) approaches the hold-up volume of the column.
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In our experiments, the most commonly used methods, injection of
a solution of an inorganic salt, and injection of pure mobile phase
components, were employed for the determination of to.

Comparison

of the results of these two methods was also made.

Mechanisms of retention in RPLC

At constant temperature, the physicochemical properties of the
stationary phase, of the mobile phase, and of the solute determine
the distribution of a solute between the mobile phase and the
stationary phase.

The structure, properties and retention mechanism

of reverse phase stationary phase are still not clearly understood.
Effect of chain length.

It is known that the retention of a

given solute at a constant mobile phase composition increases with
the length of the alkyl chain chemically bonded to the silica
support.

However, different observations on the relationship between

the selectivity and carbon chain length have been reported.

The

chromatographic selectivity, a, is defined as the relative retention
of one compound to another:

a

=

kyk'2

(4)

From this definition, the group selectivity is defined as the
relative retention of a solute with a group of interest (e.g.,
methylene) to a homologous parent compound without that group.
Unger et al. (1976) have claimed that the selectivity does not
vary as a function of carbon chain length, whereas Hennion et al.
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(1978) have found a strong dependence of selectivity on the chain
length of the bonded alkyl group.

Recently, Sentell and Dorsey

(1989) have investigated the methylene group selectivity and phenyl

or shape selectivity as a function of stationary phase bonding
density.

They found that the methylene group selectivity was

constant for the bonding phase density range 1.74

4.07 umol/m2,

whereas the phenyl or shape selectivity increases with bonding
density.

Based on these results, they have proposed that

partitioning and not adsorption dominates the retention of
hydrophobic organic compounds.
Effect of unreacted silanol groups.

Some researchers have

suggested that the unreacted and accessible silanol groups on the
silica surface could also participate in the retention.

The surface

concentration of silanol on the surface of a typical silica gel is 8
However, the maximum surface

9 umol/m2 (Unger, 1979).

concentration of organosilyl groups on the surface does not exceed 4
4.5 umol/m2 (Unger, 1979).

Therefore, approximately 50% of

hydroxyl groups can be removed by silylation.

The accessibility of

the free silanol groups depends on the carbon chain length, size of
the solute molecule and the nature of the solute.

The asymmetric and

badly tailing peaks produced by basic compounds, and cationic solutes
(e.g., quaternary ammonium compounds) are claimed to be due to
interaction with residual silanol groups (e.g., Van Der Maeden

et al., 1977; Sokolowski and Wahlund, 1980; Knox and Pryde; 1975
Bayer and Paulus, 1987).

They described that the major interaction

which is likely to occur with the silanol groups is an ion exchange
with positively charged species.

Broadening and tailing of peak
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shape results from nonlinear adsorption isotherm or slow kinetics
associated with this ion exchange mechanism.

The use of a buffer in

the mobile phase seemed to mask the silanophilic interaction, and may
be due to the participation of the cationic species in the buffer
component in an ion-exchange mechanism.

A dual retention mechanism has been proposed for the retention
of crown ethers in RPLC with C-8 and C-18 bonded phases (Nahum and
Horvath, 1981; Bij et al., 1981).

They postulate that solute

retention is a result of both solvophobic (hydrophobic) and
silanophilic interactions between the solute and the stationary
They also showed that the silanophilic contribution could be

phase.

suppressed by the addition of long-chain quaternary amine.

The mass

distribution ratio, k', is the sum of retention factors for
solvophobic, k'1, and silanophilic, k'2:

k'

=

01 K1 +

02 K2

=

k'1 + k'2

(5)

where K1 is the equilibrium constant associated in the solvophobic
interaction, K2 is the equilibrium constant associated in the
silanophilic interaction, and 01 and 02 are the phase ratios of
the column appropriate for hydrocarbon and silanol groups.
Effect of organic cosolvent.

There have been many studies on

the effect of the organic cosolvent on retention in RPLC.

It is

generally believed that the mobile phase interactions predominate in
the RPLC retention mechanism.

The importance of the mobile phase

interaction is discussed in the most widely accepted mechanism for

solute retention in RPLC, which is the solvophobic model developed by
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Horvath and co-workers (Horvath and Melander, 1977; Melander and
Horvath, 1980; Horvath et al., 1976 and 1977; Bij et al., 1981; Nahum
and Horvath, 1981).

For the nonpolar solute, the solvophobic effect increases with
increasing surface area of the solute.

The free energy associated in

the distribution of a solute between the mobile phase and the
stationary phase is determined by the energy that is needed to create
a suitable sized cavity within the water-organic solvent network and
by the solute-solvent interactions.

The energy of the cavity

formation decreases with decreasing surface tension of the eluent.
The addition of an organic cosolvent with low dielectric constant
(e.g., methanol, acetonitrile) usually decreases the surface tension
of the resulting solvent mixture.

The linear dependence of the

log capacity factor on the volume fraction of organic cosolvent has
been attributed to the effect of surface tension of the eluent on
retention (Horvath et al., 1976).

From the theory of solubility parameters (Hildebrand and Scott,
1964), quadratic equations have been derived for the description of
the dependence of the logarithm of capacity factors on the volume
fraction of organic solvent in RPLC (Tijssen et al., 1976; Karger et
al., 1976; Billiet et al., 1981; Shoenmakers et al., 1982;
Hafkenscheid and Tomlinson, 1983b).

By assuming that the stationary

phase in a RPLC system behaves as a liquid, these workers have
obtained an expression for the capacity factor in terms of solubility
parameters of both stationary and mobile phases:
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Vi

log k'i =

(Si

Sm)

2

(Si

Ss)

2

+ log [- ns

Ln
_

2.3 RT

-1

m

(6)

_J

where Si, Sm, and Ss are the Hildebrand solubility parameters
of the solute, the mobile phase and the stationary phase
respectively, Vi

is the molar volume of the solute i, ns/nm is

the mole ratio of the stationary phase and the mobile phase.
The assumptions that lead Equation 6 to a quadratic equation are
that the effect of the mobile phase (type and composition) on the
stationary phase are negligible, i.e., Ss and ns are constants,

and the solubility parameter of the mobile phase is a linear function
of the volume fraction of organic modifier, Tm, in the mobile
phase, i.e.,

Sm

/m So + (1

Tm) Sw

(7)

where, So is the solubility parameter of organic cosolvent, and
Sw is the solubility parameter of pure water.

Substitution of Sm from Equation 7 into Equation 6 and the
assumption that Ss and ns do not depend on the mobile phase
composition, simplify Equation 6, i.e.,

log k'i

=

A Tm2 + B Tm + C

where A, B, and C are constants.

(8)
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Quadratic dependence of log capacity factor on volume fraction
of methanol in the mobile phase has been reported by Tayer et al.
(1985a and 1985b).

They studied the retention behavior of protonated

basic compounds in RPLC.

They postulated that the minimum found in

the relationship between the logarithm of capacity factor and the
volume fraction of methanol to be caused by two different mechanisms
of retention which occur at two different ranges of methanol

compositions: polar interaction between the solute and the solvent
molecules in the water-poor region, and hydrophobic expulsion in the
water-rich region.

Recently, Jaroniec and Jaroniec (1986) have obtained a quadratic
relationship between the logarithm of capacity factor and the volume
fraction of organic cosolvent assuming that the chemical potential of
a solute in the stationary phase is a constant and does not depend on
the organic cosolvent in the mobile phase.

Snyder et al. (1979) have pointed out that for the most
practical situations, the dependence of the logarithm of capacity
factor on the fraction of organic cosolvent can be described by a
linear relationship.

There are number of experimental data to

support this simplified linear relationship (e.g., Dolan et al.,
1979; Jandera and Churacek, 1974; Dufek, 1983).

A rigorous theoretical treatment based on molecular statistical
theory of a RPLC system containing a hydrocarbonaceous stationary
phase, a mixed eluent, and a solute has been reported by Martire and
Boehm (1983a and 1983b).

They suggested that the structure of the

stationary phase is dependent on the nature of the mobile phase and
the surface of the stationary phase is considered as a "breathing"
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surface due to the possibility of swelling and collapsing of alkyl

chains depending on the nature of the solvent (Martire and Boehm,
1983a and 1983b).

They have also pointed out that under the

condition of totally collapsed state of the stationary phase, the
relationship between the logarithm of capacity factor and the volume
fraction of organic cosolvent in the mobile phase could be simplified
to a quadratic function of the form as in Equation 8.
Effect of pH in the mobile phase.

The retention of ionogenic

compounds is greatly affected by the pH in the mobile phase. The
operating range of pH in a RPLC is limited to 2-8.

Ionization of

solute in the mobile phase is one of the secondary chemical

equilibria that could be used in the optimization of the separation
of ionizable compounds with RPLC (Foley and May, 1987a and 1987b).

Horvath et al. (1977) have described a mechanistic model to
include the effect of pH in the mobile phase on the retention of
ionogenic compounds.

Both neutral and ionized species of the solute

are associated with the hydrocarbon groups in the stationary phase
(Horvath et al. 1977).

Equations similar to those of Horvath et al.

(1977), but derived from a different approach, have been obtained by
other workers to describe the retention of ionogenic compounds as a
function of pH and at a constant fraction of organic cosolvent in the
mobile phase (Van de Venna et al., 1978; Pashankov et al., 1981;
Borowko et al., 1986 and 1987).
Effect of ionic strength.

The changes in ionic strength of a

RPLC mobile phase could lead to several effects with regard to
retention of organic compounds, particularly ionogenic compounds:
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(i)

changes in the activity coefficients of the species in the
mobile phase;

(ii) formation of ion-pairs in the mobile phase and in the
stationary phase;

(iii)salting out effects (which is a specific case of effect (i)
above);

(iv) changes in the physical properties in the mobile phase,

e.g., surface tension, viscosity, dielectric constant etc.;
(v)

interaction of different species in the mobile phase with
the surface silanol groups, if silanol groups are
accessible; and

(vi) electric double layer effects.

Krummen and Frei (1977) have reported an influence of phosphate
concentration in the mobile phase at pH 7 on the separation of a
series of nonapeptides with a C-18 stationary phase and different
mixtures of acetonitrile-water.

The influence of phosphate

concentration in the mobile phase on the capacity factors and
selectivities was explained as being due to the salting-in effect at
low ionic strength and salting-out effect at higher ionic strength.

Horvath et al. (1977) have also observed increase in capacity factors
of neutral solutes with increasing salt concentration in the mobile
phase.

The effect is attributed to the increase in surface tension

of the eluent and the concomitant increase in the energy required for
cavity formation.

The effect of ionic strength on the retention of

ionized species has been interpreted with the extension of the
Debye-Huckel equation (Horvath et al., 1977).
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Papp and Vigh (1983a and 1983b) have observed a decrease in
retention of ionized protonated amines in a C-18 stationary phase
with increase in cation concentration in both methanol-lean and
methanol-rich eluents.

They have explained this phenomenon as the

result of ion exchange between protonated amines and the dissociated
silanol groups in the stationary phase.
Electric double laver effect.

Cantwell and Puon (1979) have

derived a model based on the Gouy-Chapman-Stern theory of electric
double layer to describe the adsorption of aromatic ammonium
compounds on Amberlite XAD-2.

They have assumed that the small

inorganic counter ions are situated in the diffuse part of the
electric double layer.

These type of electrostatic models have also

been applied in ion-pair chromatography with alkyl-modified silica as
the stationary phase.

For example, Deelder and Van Den Berg (1981)

and recently Stahlberg and coworkers (1986 and 1988) have discussed
in their electrostatic models the effect of surface potential created
by the adsorbed amphiphilic ion onto the RPLC stationary phases used
in ion-pair chromatography.

Correlation of retention data with properties of the solute

The assumption that the free energy of one process (as measured
by the logarithm of its equilibrium constant) is proportional to the
free energy of another process is the basis of correlation studies.

Locke (1974) has shown a correlation between logarithm of retention
time and logarithm of solubility of different organic compounds.

He

has discussed the possibility of estimating solubilities of organic
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compounds from this type of correlation.

Use of isocratic

chromatographic retention data to estimate the aqueous solubilities
of acidic, basic, and neutral drugs has also been discussed by
Hafkenscheid and Tomlinson (1983a).

There have been many studies on the use of RPLC to estimate the
octanol-water partition coefficients of organic compounds (e.g.,
McDuffie, 1981; Harnish et al., 1983; Rapaport and Eisenreich, 1984;
Minick et al., 1989).

In these studies, the logarithm of the mass

distribution ratios of different compounds obtained for a given RPLC
system have been correlated with the logarithms of octanol-water
partition coefficients.

The molecular surface areas of solute molecules have also been
shown to correlate with the retention.

A discussion on this type of

correlation has been reported by Mockel et al. (1987).

Experimental

data to suggest a perfect correlation between log k' and molecular
surface areas for homologous series are reported by Smith (1981), and
Mockel and Freyholdt (1981).

The availability of accurate methods

(Pearlman, 1980) to calculate molecular surface areas provides an
easy and direct approach to predict the retention in RPLC.

Application of RPLC for environmental science

Octanol has been the standard material used as a model for
natural sorbents in estimating the soil-water partition coefficients
of nonpolar organic compounds ( Karickhoff et al., 1979;
Schwarzenbach and Westall, 1985; Karickhoff, 1984).

As noted

earlier, reverse phase liquid chromatographic stationary phases,
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particularly alkylated silica, have also been used extensively to
predict soil- or sediment-water partition coefficients of nonpolar
These studies show that the retention time of

organic compounds.

nonpolar organic compounds is correlated with their soil- or
sediment-water partition coefficients, suggesting that reverse phase
liquid chromatographic stationary phases can be used to predict soilor sediment-water partition coefficients of nonpolar hydrophobic
The use of reverse phase liquid chromatography

organic compounds.

(RPLC) to estimate K

values of organic compounds has a few

advantages over the use of octanol.

The reasons include: (i) ease of

use and speed of analysis; (ii) the ability to handle more than one
compound at a time; (iii) the minimum mutual solubility among the
aqueous and nonaqueous phases; and (iv) the lack of Kow data for
the most hydrophobic compounds.

However, hardly any literature is

available on the use of RPLC to predict the behavior of HIOC's in
natural systems.

A reference system based on RPLC to characterize

the behavior of HIOC's in natural materials could be of great value.
One of the applications of this thesis research is establishing
a reference system to understand the factors that control the
distribution of HIOC's between mobile aqueous phase and nonaqueous
stationary phase of subsurface environment.

An approach to achieve

this goal is based on well controlled experiments with a selected
group of HIOC's and well characterized materials with properties
representative of those of natural sorbents.

In this study, the

commonly used RPLC stationary phases, alkylsilanes (C-8, C-18, etc.)
were examined.

The use of RPLC system would allow us to study the

influence of organic cosolvent on the distribution of HIOC's between
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aqueous and nonaqueous phases.

The study on the influence of organic

cosolvent on the sorption of organic chemicals is very important in
general, because leakage from waste disposal sites is likely to
consist of a mixture of water and various water miscible organic
solvents (Rao et al., 1985).
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ABSTRACT

A flow-through gas-liquid equilibration method is described for
the determination of the Henry's law constants of organic compounds
of low volatility.

The procedure is based on three steps: (i) an

inert gas is passed through a solution containing a solute of
interest; the solute is transferred from the liquid to the gas

bubble; (ii) the gas is then passed through another solvent to
extract the solute back from the gas phase; and (iii) the
concentration of the solute in the extract is determined by a
suitable analytical technique.

This method was applied to the

determination of the Henry's law constants of aniline,

4-methylaniline, 3,4-dimethylaniline, and 214,5-trimethylaniline as a
function of composition of the methanol-water mixed solvent.

The

logarithm of the Henry's law constants of methyl anilines vary
quadratically with the volume fraction of methanol.

The solvation of

methyl anilines in methanol-water solvents is discussed.
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INTRODUCTION

Knowledge of the physical properties of an organic compound is
necessary for understanding many aspects of its behavior in the
The equilibrium distribution of the compound between

environment.

air and water, as described by Henry's law, is one such fundamental
property.

Henry's law relates the concentration of a dilute solute

in a liquid solution to its concentration in the gas phase, when the
system is at equilibrium:

C (eq)

H

=

Cg(eq)

(1)

1

here C1(eq) is the liquid-phase concentration, H is the
dimensionless Henry's law constant, and Cg(eq) is the gas-phase
concentration.

Henry's law constants have been used in the estimation of
volatilization rates of organic compounds and gases from water bodies
to the atmosphere (e.g., Dilling et al., 1975).

Standard free

energies of solvation have also been deduced from Henry's law
constants (e.g., Arnett and Chawla, 1979).

In this study, we have

determined the values of Henry's law constants of methyl anilines in
mixed methanol-water solvents and have used the values to investigate
the variation of the activity coefficients of the methyl anilines in
the mixed solvent as a function of solvent composition.

In a related

study, we have used these data to investigate the effect of solvent
composition on the activity coefficients of the methyl anilines in
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the stationary phase in reverse phase liquid chromatography
(Jayasinghe and Westall, 1989).

The most direct method for experimental determination of the
Henry's law constant involves the determination of both the liquidand gas-phase concentrations of the solute at equilibrium.

Determination of the gas-phase concentration of compounds of low
volatility is often a formidable task.

Addition of an organic

solvent generally increases the solubility of the organic compound in
the aqueous phase, lowering its equilibrium partial pressure in the
vapor phase in a closed system, and rendering determination of
concentration in the vapor phase still more difficult.
The aims of this study were (i) to develop an experimental

method for determination of Henry's law constants for compounds of
low volatility; and (ii) to use the method to determine the Henry's
law constants of four hydrophobic ionogenic organic compounds
(HIOC's), in mixed methanol-water solvents: aniline; 4-methylaniline
(4-mA); 3,4-dimethylaniline (3,4-dmA); and 2,4,5-trimethylaniline
(2,4,5 -tmA).

The term "methyl aniline" is used to refer to all four

of the compounds in general.

The Henry's law constant of these

compounds in water and methanol-water solvents has not to our
knowledge been studied systematically and reported.

The method presented here is a flow-through gas-liquid
equilibration method.

The procedure is based on the following steps:

(i) an inert gas is passed through a solution of a methyl aniline in
a liquid solvent; the methyl aniline is transferred from the liquid
to the gas bubble; (ii) the gas containing the methyl aniline is then
passed through another solvent to extract the methyl aniline back
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from the gas phase; and (iii) the concentration of methyl aniline in
the extract is determined by a suitable analytical technique.

We have based our data interpretation on the following
conditions: (i) the exit gas is in equilibrium with the solution of
methyl aniline in the mixed solvent; (ii) the amount of methyl
aniline removed from the liquid phase is small and the concentration
remains near the initial value; and (iii) extraction by the solvent
is quantitative.

In principle, the data from these experiments could

still be interpreted if these conditions were not met, but correction
factors would have to be introduced, and our certainty in the results
would be reduced.

Before the experimental details of the gas-liquid equilibration
method are presented, the kinetics of mass transfer between the
liquid phase and the gas phase (gas bubbles) are discussed.

An

understanding of these kinetics is necessary to ensure that the
conditions given above are met.
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THEORY

Kinetics of transfer from the liquid phase to the qas phase

The mass transfer kinetics across the interface between liquid
and gas phases have been discussed by several researchers (e.g.,
MacKay and Yeun 1983; Smith et al., 1981; Atlas et al., 1982; and
Matter-Muller et al., 1981).

Here we describe the kinetics relevant

for the conditions of these experiments, based on the two-film model
(Pigford, 1975).

Before equilibrium is reached, mass transfer occurs from the
liquid phase (methyl aniline solution) to rising bubbles.

If the

changes in pressure and volume of the bubble during its rise are
negligible, the change in concentration of methyl aniline in a single
rising air bubble can be described by first order kinetics:

KbAb

dC (r)
V

b

b

A

dT

C (r

=

H

b

)

b

C 6eq)1]

(2)

where Vb is the volume of the bubble, Cb(r) is the time-varying
concentration in the bubble, r is time in the life of a single
bubble, Kb is the overall mass transfer coefficient, Ab is the
area of the bubble-water interface, and Cb(eq) is the concentration
in the bubble that would be in equilibrium with the liquid.

The

value of Kb is found from the two-film steady-state model (Pigford,
1975):
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1

1

K

k

kg H

where kl

b

(3)

1

is the liquid phase mass transfer coefficient, and kg is
If the concentration of the

the gas phase mass transfer coefficient.

solute in the liquid remains approximately constant during the
lifetime of a bubble, then Cb(eq) also remains constant, and
Equation 2 can be integrated over the lifetime of a single bubble,
Tb, to get the concentration of the methyl aniline in the bubble
when it leaves the solution, Cb(Tb):

KbAbrb
Cb(Tb)

=

C (eq)
b

1

exp

(4)

V H
b

In obtaining Equation 4 above, it was assumed that the concentration
of methyl aniline in the gas entering the solution is equal to zero.
Degree of equilibration of a gas bubble.

One of the major

requirements in our flow-through experiment for the determination of
Henry's constants is that the gas leaving the solution be in
equilibrium with the solution.

The quotient Cb(rb) / Cb(eq)

indicates the degree of approach to equilibrium of the gas leaving
the solution.

According to the Equation 4, the exit gas will be in equilibrium
when the ratio (Kb Ab rb)/ (Vb H) is large and the
exponential term tends to zero.

For example, when this quotient is

greater than 5, the concentration in the exit gas has achieved
greater than 99 % of the value for equilibrium with the liquid
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Equation 4 will be used in evaluating the performance of the

phase.

method.

Change in liquid phase concentration.

The other major

requirement of this method is that the change in the liquid phase
The

concentration be negligible during the course of the experiment.

rate of change in the concentration of methyl aniline in the liquid
phase is be given by

dC (t)

Q C (T
b

1

b

)

(5)

V

dt

1

where Cl(t) is the time-varying concentration in the liquid and t
is time over the course of the experiment (as opposed to r, the
time over the life of a bubble), Q is the volumetric flow rate of the
gas, V1

is the volume of the liquid phase, and Cb(Tb) is the

concentration of the gas leaving the liquid, given by Equation 4.
Since Cb(Tb) actually depends on t, (i.e., the term
Cb(eq) in Equation 4 is related to C1(t) by the Henry's law
constant), a combination of Equations 1, 4, and 5, under the
condition that the gas contain no methyl aniline when entering the
methyl aniline solution, leads to a differential equation in C1(t),

dC1(t)

Q H C (t)
1

1

dt

exp

(6)
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Equation 6 is integrated to yield C1(t):

__

-QHt
C (t)

=

KbAbrb

1 -exp

C1(0) exp

1

(7)

V H

V1

b

..11

',1.

where C1(0) is the initial concentration of methyl aniline in
solution.

Equation 7 is valid regardless of whether the gas leaves

the solution in equilibrium.
If the gas does leave the solution at equilibrium,

Equation 7

can be simplified to give

[ -QHt
H t
C (t)

=

C1(0) exp

(8)

1

V1

Equation 8 describes the change in liquid phase concentration from
its initial value as a function of time.

The factor (Q t) in

Equation 8 is the volume of gas passed through a given volume, V1,
of methyl aniline solution.

If equilibrium is achieved between the

outflowing gas and the liquid, and the Henry's law constant H is
known, one can calculate (i) the concentration in the liquid phase
after a known volume of gas has been passed through the solution, or
(ii) the volume of gas that can be passed through a given methyl

aniline solution without changing significantly the liquid phase
concentration.

This equilibrium condition is a "worst case" for the

depletion of the methyl aniline in solution; experimental results are
checked against this worst case assumption.
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Effect of methanol on Henry's law constants

An objective of this work is to relate the Henry's law constant
for a series of compounds in a mixed solvent to fundamental
properties of the pure solvents.

The Henry's law constant for a

particular methyl aniline in a mixed solvent is expressed as a
function of the Henry's law constants in the pure solvents, the
volume fraction of each solvent, and a cross term,

In H (mA) = V

m

w

ln H (mA)
ln H (mA) + V
o
o
w

B' V

w

V

o

(9)

where m represents the mixed solvent, and Vw and Vo represent the
volume fractions of water and methanol.

The volume fraction of a

component j, Vj, of the mixed solvent is defined as

ni

V=

vi
(10)

E

n. v.

where nj is the number of moles of solvent j, vj is the molar
volume of pure solvent j, and the summation is taken over all
components

i

of the mixed solvent.

The volume fraction so defined is

particularly useful for application in the field of liquid
chromatography, in which solvents are generally prepared by volume
fraction.

Two other scales for expressing solvent composition, mass

fraction and mole fraction, are related to the volume fraction by
hyperbolic functions.
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The parameter B'
binary solvent.

in Equation 9 reflects the nonideality of the

As represented by Equation 9, the logarithm of the

Henry's law constants of a given methyl aniline vary quadratically
with the volume fraction of methanol.
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EXPERIMENTAL

Reagents and solutions.

Methyl anilines were purchased from

Aldrich (Milwaukee, Wisconsin, USA) or Pfaltz & Bauer (Waterbury,
Connecticut, USA).

Aniline was purified by vacuum distillation.

Gas

chromatographic analysis of the purified aniline revealed no
detectable (<1%) impurities.

The other three aniline compounds were

used as received without further purification.

The methanol was HPLC

grade (Fisher Scientific) and deionized water was obtained from a
Millipore Milli-Q system.

Mixed solvents of known composition (0

60 % methanol by mass,

in 10% increments) were prepared by combining known masses of water
and methanol.

The mixed solvents were buffered by addition of

phosphate salts to yield solutions of 0.0125 m KH2PO4 and
0.0125 m K2HPO4 in the mixed solvents.

The pH of each of the

buffered mixed solvents was adjusted to pH t 7 with a very small
volume (dilution of the mixed solvent was negligible) of aqueous
1 M KOH.

Apparent pH values in the mixed solvents were determined

with a Ross glass electrode (Orion Model 8102), and a double junction
reference electrode (Orion Model 9002) with 2 M aqueous KC1 in the
salt bridge.

The cell was calibrated with "NBS" aqueous buffers

(Bates, 1973) prepared from salts from Micro Essentials, Brooklyn,
NY.

The exact value of pH is not critical in these experiments as

long as it is not significantly below pH 6.
Then the methyl anilines, or a 1

10 mL aliquot of a relatively

concentrated solution of the methyl aniline in methanol, was diluted
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to 500 mL with a known mass of the buffered mixed solvent.

The

composition of the methanol-water mixed solvent was corrected for the
amount of methanol added with the methyl aniline.

The final

concentrations of the methyl anilines in the buffered mixed solvents
was in the range 1

10 mM.

The pH of the aniline solutions was

rechecked and found not to have varied significantly from that of the
buffered mixed solvent.

Thus the mixed solvents were prepared by mass fraction, and the
mass fractions have been converted to volume fractions, whereas the
solutions of methyl anilines in these mixed solvents were prepared
volumetrically, and the concentrations are expressed in molarity.
System for qas-liquid equilibration.
Figure 2.1.

The system is shown in

Nitrogen gas from a pressurized tank, A, is passed

through a regulator, B, and a mass flow controller (Tylan Model
FC-260/R0-28), C.

The calibration of the mass flow controller was

verified with a soap-bubble flow meter.

The flow was maintained at

50 mL min-1 in all experiments for determination of the Henry's law
constant.

The nitrogen was purified over silica and molecular sieve,

D, and passed through a container of the solvent, E, to saturate the
gas with solvent vapor.

The gas stream of known flow rate, saturated with solvent vapor,
was then bubbled through the methyl aniline solutions, F, G, H,
through glass frits of porosity 40

60 um.

The use of three

flasks allows checks on the experimental procedure to be made.

The

degree of equilibration of the gas phase with the liquid phase was
checked by varying the number of flasks.

The depletion of methyl

aniline in the liquid phase was checked by comparison of the

I

J

F

Figure 2.1. Experimental apparatus for the gas equilibration of methyl aniline
solution. A. nitrogen tank; B. pressure regulator; C. mass flow controller; D. gas
purifier (drying agent and molecular sieve); E. vessel to presaturate the nitrogen
gas with solvent vapor (water or methanol-water); F, GI and H. vesels containing
methyl aniline solutions; I, and J. vessel containing methanol to extract methyl
anilines from the gas.
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concentrations among flasks.

The gas leaving the methyl aniline solutions was passed through
pure methanol to extract methyl aniline from the gas.

Two extraction

tubes containing 20 mL of methanol (unless otherwise specified),
and J, were used in series.

I

At the end of the experiment, the volume

of methanol in each of the tubes was brought to 50.00 mL and the
concentrations of methyl anilines were determined
spectrophotometrically.

The completeness of extraction was checked

by comparing the concentrations in the two tubes.

Comparison of UV

absorbance of both extracting solutions indicated that extraction of
methyl aniline was complete in the first tube of methanol.

The

effluent gas was passed to a fume hood.

All of the apparatus shown in Figure 2.1, except the gas tank
and flow controller, were placed in a temperature controlled reach-in
incubator (Forma Model 3919) maintained at 25° C.

The volumes of gas passed through the different solutions were
adjusted according to the solvent composition and the volatility of
the solute.

The concentrations of methyl anilines and the volume of

gas bubbled through the solutions at different solvent composition
are listed in Table 2.1
Determination of gas-phase concentrations.

Concentrations of

methyl anilines in methanol were determined spectrophotometrically
with a HP Model 8452A diode array spectrophotometer.

A standard

solution of each methyl aniline was prepared in the same methanol
that was used as the extracting solvent.

The methyl anilines

solutions in methanol have UV absorbance maxima at 236 nm and 286
nm.

The longer wavelength was selected for quantitation in order to
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Table 2.1. Liquid phase concentration of methyl aniline and volume of
gas passed through methyl aniline solutions at different solvent
compositions.

Solvent composition

fraction methanol

Compoundsa,b

aniline

4-mA

3,4-dmA

2,4,5 -tmA

C(0)

Vg

C(0)

Vg

C(0)

Vg

C(0)

Vg

0.000

5.07

12

5.02

9

2.00

18

0.51

27

0.133 (0.126)c

5.00

15

5.00

12

5.01

15

1.00

33

0.249 (0.244)c

5.00

18

5.00

18

5.00

27

2.00

30

0.359

5.00

24

5.00

30

5.01

45

5.00

30

0.464

5.00

36

5.00

48

5.01

63

5.00

60

0.564 (0.568)d

5.00

54

5.00

72

10.02

60

10.01

63

0.659 (0.663)d

5.00

84

5.00

90

10.02

90

10.01

108

(v/v)

a C(0) is initial concentration of methyl aniline in liquid phase
(mM)

b V

is total volume of gas passed (L)
g

c solvent composition for 2,4,5 trimethylaniline.
d

solvent composition for both 3,4-dmA and 2,4,5-tmA.
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avoid errors due to interferences that sometimes appear in the lower
wavelength region.
used.

A 1-cm quartz cell (Precision Sampling Inc.) was

A linear least-squares regression technique was employed to

obtain slopes and intercepts of the calibration curves of absorbance
vs. concentration for the four different compounds.

The number of moles of methyl aniline delivered from the gas to
the extracting solvent was determined from the concentration and the
final volume of the extract.

The concentration of the methyl aniline

in the gas was determined from the number of moles delivered, the
volumetric flow rate, and the time of sparging.
Henry's law constants.

Dimensionless Henry's law constants of

methyl anilines over their dilute solution in methanol-water solvents
were calculated from Equation 1, and the concentrations determined as
described above.
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RESULTS

Verification of procedures

Test for equilibrium between the gas and the liquid phases.

Two

experiments were conducted to test the degree of equilibration of the
gas with the methyl aniline solutions.

The most conclusive evidence

that the gas equilibrates with the solution in a single pass through
a vessel comes from an experiment in which the number of vessels was
varied and the effluent concentration was monitored.

Equal volumes

of gas were passed through one, two, or three vessels (F, G, and H in
Figure 2.1).

The concentration of methyl aniline in the effluent gas

was independent of the number of vessels, indicating achievement of
equilibrium in the first vessel.

The compounds tested were aniline,

4-mAl and 3,4-dmA in water.

According to Equation 4, the smaller the Henry's law constant of
a compound, the greater the degree of equilibration of the gas with
the solution.

Since the Henry's law constants in methanol-water

solutions are lower than those in water, and since equilibrium with
water was established, it can be expected that equilibrium with all
of the mixed solvents was established.

To support further the conclusion that the effluent gas was in
equilibrium with the methyl aniline the solutions, the concentrations
of methyl anilines in the effluent gas were monitored as a function
of gas flow rate.

The flow rate was varied from 20 - 100 mL min-1

in 20 mL min-1 increments.

(The standard flow rate for experiments
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in which Henry's law constant was determined was 50 mL min-1.)

Over this range of flow rates, the concentration in the effluent was
found to be independent of flow rate.

Aniline in water was the

system in this test.
One of

Test for depletion of methyl aniline the liquid phase.

the conditions for our interpretation of data is that the
concentration of the methyl aniline in the liquid phase remains
constant over the course of the experiment.

The most direct way to

verify this condition is simply to determine the concentration of
methyl aniline at the beginning and end of the experiment.
did verify that condition.

This test

Our experiments were designed with this

goal in mind, through the use of Equation 8 to determine the volume
of gas that can be passed through a solution without changing
significantly the solution-phase concentration.
Reproducibility in Henry's law constants.

Replicate

determinations of Henry's law constants were made for 2,4,5-tmA in
aqueous solution and for 4-mA in aqueous solution and in 30%
methanol.

From the results of this experiments, it was found that

the reproducibility of Henry's law constants is within 0.04 log
units.

Concentration dependence of Henry's law constant.

If molecular

association were occurring in the liquid phase, we would observe a
dependence of the apparent Henry's law constant, as determined in
these experiments, on total concentration.

The logarithm of the

Henry's law constants determined with various concentrations of
methyl anilines in the liquid phase are shown in Table 2.2.

The
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Table 2.2.

Henry's law constants determined with various

concentrations of methyl anilines in the liquid phase.

Compound

Concentration

log H

in liquid phase

in water
(mM)

(uM)

Aniline

4-mA

3,4-dmA

1.01

-4.096

5.07

-4.090

10.10

-4.082

0.603

-4.057

2.053

-4.056

5.017

-4.035

0.543

-4.162

1.018

-4.140

2.001

-4.116

a Chiou et al. (1982)
b Hashimoto et al. (1984)

Solubility

394a

62b
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constants are virtually independent of the concentration of
methylanilines in the aqueous methyl aniline solutions.

Henry's law constants of methyl anilines

The logarithm of Henry's law constants of the four compounds
over their dilute solutions in methanol-water solvents at pH > 7 are
given in Table 2.3 and shown graphically in Figure 2.2.

The

dependence on volume fraction of methanol in the mixed solvent is
nonlinear but can be represented by Equation 9.

The adjustable

parameters Hw, Ho,and B' in Equation 9 were determined from the
data through a weighted nonlinear least squares optimization
procedure, and are listed in Table 2.4.

The solid lines in Figure

2.2 were calculated from Equation 9 and the constants in Table 2.4.
As seen in Figure 2.2, the data are consistent with Equation 9.
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Table 2.3.

Logarithm of Henry's law constants of methyl anilines as

a function of methanol.

Values were determined experimentally.

Compounds

Solvent composition
fraction methanol
(v/v)

0.000

4-mA

aniline

3,4-dmA

2,4,5-tmA

-4.090

-4.035

-4.116

-3.980

0.133

(0.126)a

-4.187

-4.222

-4.363

-4.293

0.249

(0.244)a

-4.307

-4.370

-4.592

-4.518

0.359

-4.438

-4.581

-4.818

-4.813

0.464

-4.631

-4.804

-5.122

-5.123

0.564

(0.568)b

-4.823

-5.057

-5.426

-5.427

0.659

(0.663)b

-4.942

-5.278

-5.674

-5.717

a solvent composition for 2,4,5 -tmA

b solvent composition for both 3,4-dmA and 2,4,5 -tmA

3.5

I

I

I

4.5

0)

0

5.5

aniline

4mA

3,4dmA
2,4,5tmA

6.5

0.0

a.

0.2

0.4

0.6

0.8

1.0

Volume fraction of methanol

Figure 2.2. Dependence of the logarithm of the Henry's law constants of methyl
anilines on the volume fraction of methanol in the aqueous phase. The solid
lines are calculated from Equation 11 with the constants in Table 2.3.
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Table 2.4.

Values of parameters in Equation 11, determined by

weighted nonlinear least squares optimization from the data in
Table 2.3.

Compound

log Hy

log Ho

aniline

-4.082

-5.766

-0.994

4-mA

-4.040

-6.352

-1.234

3,4-dmA

-4.119

-6.873

-1.142

2,4,5-tmA

-3.994

-6.910

-0.930

B'
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DISCUSSION

Comparison of loq H among methyl anilines

The methyl anilines used in our study differ from each other by
a molecular fragment, -CH3.

However, a linear free energy

relationship in the form
log H(mA)

=

log H(aniline)

a n

+

(11)

was not observed, where a is a constant, n is the number of methyl

groups, and H(mA) and H(aniline) represent the Henry's law constant
for a given methyl aniline and aniline at a given solvent
composition.

That is, the Henry's law constant does not increase by

a constant amount with the addition of -CH3 groups.

As seen in

Figure 2.2, log H for 3,4 -dmA and 2,4,5 -tmA are nearly equal at each

solvent composition.

The Henry's law constant is the equilibrium constant for the
transfer of a solute from the liquid (solution) phase to the gas
phase, i.e., the reverse of solvation.

The free energy of solvation,

consists of two major energy terms, the cavity term and the
interaction term (Sinanoglu, 1968).

According to Sinanoglu (1968),

another minor energy term associated with the entropy change which
arises from the change in "free volume" is negligible, and it has
been omitted.

To compare the free energies of solvation of different

methyl anilines, it is necessary to evaluate how the cavity term and
the interaction term are different for different methyl anilines.
The cavity term is related to the molecular surface area of the
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solute.

The surface area of methyl anilines is increased by

constant amount for each addition of methyl group.

Therefore, the

cavity term is also expected to increase by a constant amount.

If the interaction term is either constant or increases by a
constant amount for the addition of methyl group, the resulting free
energy of solvation should increase linearly with the number of
methyl groups.

The interaction energy term may be a result of

different specific interactions between solute and solvent
molecules.

Examples of the specific interactions mentioned above

include (Gomez et al., 1972): (i) hydrogen bonding between hydrogen
atom in the amine group and solvent molecules (both water and
methanol); (ii) hydrogen bonding between the nitrogen atom in the
amine group and hydrogen atoms in the solvent molecules; and (iii)
other specific bonds between the 7-electrons of the aromatic ring
and the solvent molecules.

The strength and the type of these

specific interactions depend on the geometry of the molecule and the
solvent composition.

For example, a -CH3 group which is ortho to

the amine group as in 2,4,5 -tmA may interfere with hydrogen bonding

through steric hindrance.

Therefore, although the standard free

energy for the cavity formation increases linearly with the number of
methyl groups, the standard free energy corresponding to the
interaction term may increase, decrease or remain constant for
different methyl anilines.
relationship is observed.

For this reason no linear free energy
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Uses of Henry's law constants

Transfer of methyl anilines from water to methanol-water solvents.
The standard free energy of transfer, AG°(t), of methyl anilines
from water to mixed solvents can be calculated from the Henry's law
constants:

Hi(w) V(1)

AGi

=

AGi

AG;

=

RT In

(12)

Hi(1) V(w)

where V(1) and V(w) are the molar volumes of the mixed solvent and
water.

The molar volumes of methanol-water solvents at different per

cent of methanol were calculated from the densities of methanol-water
solvents determined by Carr and Riddick (1951).

The standard states

to which tG °(t) in Equation 12 refers are mole fraction of 1 in

each of the solvents, with the reference state of infinite dilution.
Values of tG °(t) for different methyl anilines and integral

mass fractions of methanol in the solvent have been calculated from
Equation 12 and the Henry's law constants calculated from Equation 9
and the parameters in Table 2.4.

These values of tG °(t) are

listed in Table 2.5 and are shown in Figure 2.3.
iG °(t) values at a given solvent composition are more

negative for greater numbers of methyl groups.
pronounced at higher concentrations of methanol.

This trend is more
Here again

successive addition of methyl groups does not cause tG °(t) to
increase by a constant amount.
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Table 2.5. Standard free energy transfer of methyl anilines from
water to methanol-water.

The values were calculated from Equations

12 and 9 with parameters in Table 2.4.

Standard state is mole

fraction = 1 in each solvent.

Solvent composition (fraction methanol in water)

(w/w)

(v/v)

10

0.124

20

0.241

30

0.353

40

0.459

50

0.560

60

0.656

AVM kJ mo1-1

Compound

aniline

-0.74

-1.59

-2.60

-3.65

-4.82

-6.06

4-mA

-1.03

-2.21

-3.55

-4.95

-6.54

-8.10

3,4-dmA

-1.40

-2.91

-4.55

-6.24

-8.03

-9.88

2,4,5 -tmA

-1.64

-3.35

-5.15

-6.95

-8.83

-10.74

0

0

o

o
E
1

0

-5

0

A

A

0

A

-10

o aniline
4-mA

CD

A

-15

0.0

3,4-dmA
2,4,5-trnA
a

0.2

0.4

0.6

0.8

1.0

Volume fraction of methanol
Figure 2.3. Standard free energy of transfer of methyl anilines from
water to methanol-water. Values were calculated from Equation 12 and
were listed in Table 2.5.
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Activity coefficients of methyl anilines in methanol-water solvents.

With the pure liquid or super-cooled liquid at 25° C as the
standard state, the equilibrium of a solute

i between the gas phase

and a liquid solution phase can be described by:

pi

=

Xi(1)

fi(1)

p°i

(13)

where pi is the partial pressure of the solute i, X1(1) is the

mole fraction of the solute in the liquid phase, fi(1) is the

activity coefficient of the solute in the liquid phase, and ri
is the vapor pressure of the pure liquid or super-cooled liquid
solute.

If the gas phase behaves ideally, the partial pressure term in
Equation 13 can be written with the ideal gas law, i.e.,

pi

=

Ci(g) R T

(14)

where Ci(g) is the concentration of the solute in the gas phase, R
is the gas constant, and T is the temperature.

When the mole fraction of methyl aniline in a given phase is
small, it can be equated to the product of concentration and molar
volume of the corresponding phase:

Xi(1) = Ci(1)

V(1)

(15)
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Combination of Equation 13, 14, and 15 yields an equation to
describe the activity coefficients of methyl anilines in
methanol-water solvents:

H. R
(16)

fi(1)

ri V(1)
where V(1) is the molar volume in the liquid phase and Hi is given
by Equation 1.

Therefore, if the vapor pressures of the pure methyl anilines
and the molar volumes of methanol-water solvents at fractions of
methanol are known, the activity coefficients of methyl anilines,
relative to the pure liquid or super-cooled pure liquid methyl

aniline as standard state, can be calculated as a function of
methanol from the Henry's law constants with Equation 16.
The vapor pressure of aniline at 25 °C is 0.6 mm Hg (Weast and
Astle, 1981).

This experimental value of vapor pressure of aniline

agrees very well with the calculated vapor pressure from the
solubility and Henry's law constant of aniline in water.

The vapor

pressure of 4-mA also was calculated from the experimental solubility
and Henry's law constant of 4-mA in pure water (Table 2.2).

The

experimental vapor pressures or solubilities of the other methyl
anilines are not available.

Table 2.6 lists the activity

coefficients of methyl anilines in methanol-water mixed solvents.

These activity coefficients are referred to the pure liquid or to the
super-cooled liquid standard state, and were calculated from Equation
16.
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Table 2.6.

Activity coefficients of aniline and 4-mA in

methanol-water mixed solvents.
Equation 16.

The values were calculated from

The standard state is pure liquid or super-cooled

liquid at 25°C.

Solvent composition
fraction of methanol
f(1)

(w/w)

aniline

4-mA

0

142

887

0.1

105

586

0.2

75

363

0.3

50

212

0.4

33

120

0.5

20

63

0.6

12

34
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CONCLUSION

An experimental method based on flow-through gas-equilibration
was developed for the determination of Henry's law constant of
hydrophobic ionogenic organic compounds as a function of methanol in
the aqueous phase.

This method is particularly suitable for

compounds with low Henry's low constants for which measurement of
Henry's law constant is difficult.
A quadratic dependence of Henry's law constants of methyl
anilines on volume fraction of methanol was observed.

A linear free

energy relationship between the Henry's law constants of different
methyl anilines at a given solvent composition was not observed.
This behavior was attributed to the differences in solvation behavior
of methyl anilines in methanol-water solvents.
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ABSTRACT

A method to investigate the effect of methanol on the activities
of methyl substituted anilines in different reverse phase liquid
chromatographic (RPLC) stationary phases has been described.

The

method involves the determination of the Henry's law constant and the
capacity factor of the compound under investigation.

It is shown that the dependence of activity coefficients of
methyl anilines on methanol in the mobile phase has the same behavior
for the three different RPLC stationary phases, C-2, C-8, and C-18.
An increase in the fraction of methanol in the mobile phase results
in an increase in activity coefficients of methyl anilines in all the
three stationary phases.

It is also apparent from the literature

data that quinoline has a behavior similar to that of methyl
anilines.

For the methanol composition range of 10-70% (v/v), the
logarithm of activity coefficient of methyl anilines as a function of
methanol can be adequately described by a quadratic function.

62

INTRODUCTION

Reverse phase liquid chromatography (RPLC) is widely used as a
separation technique.

used in 80

It is estimated that reverse phase columns are

90 % of liquid chromatographic separations (Melander and

Horvath, 1980).

The most common reverse phase system consists of

alkylated silica (alkyl chain length range from 1

18) as a

stationary phase and a mobile phase of an aqueous mixed solvent
(e.g., methanol-water, acetonitrile-water).

In addition to its use in separation science, RPLC has also been
extensively used in determining physicochemical properties, such as
solubility (Hafkenscheid and Tomlinson, 1983a; Chin et al., 1986),

octanol-water partition coefficients (Konemann et al., 1979; Baker et
al., 1979; Tayer et al., 1985a and 1985b, acid dissociation constants
(Unger et al., 1978; Fong et al., 1985; Horvath et al., 1977),

complex formation constants of organic compounds (Horvath et al.,
1979) and in predicting environmentally important parameters, such as
soil-water partition coefficients (McCall et al., 1980; Chin et al.,
1988; Hodson and Williams, 1988), and

bioconcentration factors

(Jinn°, 1983; Wells et al., 1981).

The great practical significance of RPLC has attracted many
researchers' interest in understanding the physicochemical
interactions involved in the retention process.

There have been

several studies to characterize the process of distribution of a
solute between the mobile and the stationary phase and to investigate
the possibility of predicting retention in RPLC (Locke, 1974;
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Horvath et. al., 1976; Horvath and Melander, 1977; Lochmuller and
Wilder, 1979; Martire and Boehm, 1983a and 1983b; Dill, 1987).
However, the retention mechanism in terms of both mobile-phase and
stationary-phase effects in RPLC has not yet been completely
understood.

It is generally believed that the mobile phase plays a dominant
role in the retention process.

Horvath and co-workers (1976 and

1977) have advanced a solvophobic theory described earlier by
Sinanoglu (1968) to suggest that the driving force for retention is
the unfavorable interaction of a solute with the mobile phase.

Locke

(1974) has also proposed that the selectivities in RPLC are mainly
determined by the mobile phase effects.

Hafkenscheid and Tomlinson

(1983b) have extended the solubility parameter concept model

developed by Shoenmakers et al. (1978, 1979 and 1981) to describe the
dependence of solute retention on the fraction of organic cosolvent
in the mobile phase.

They have obtained a quadratic relationship

between the capacity factor, which is the ratio of the number of
moles of solute in the stationary phase to the number of moles of
solute in the mobile phase, and the volume fraction of organic
cosolvent.

They assumed that the solubility parameter of the

stationary phase was independent of the composition in the mobile
phase.

Recently, Jaroniec et al. (1986) have derived expressions to

explain the effect of mobile-phase composition on RPLC retention
based on the assumption that the activity of a solute in the
stationary phase is not affected by the solvent composition in the
mobile phase.
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Although these studies focus on the important role of the mobile
phase, as has been pointed by Martire and Boehm (1983), they do not
adequately explain the role of the stationary phase, especially with
a varying composition of the mobile phase.

The structure and the

composition of a stationary phase is believed to be dependent on the
nature and the composition of the solvent in the mobile phase
(Martire and Boehm, 1983).

According to McCormick and Karger (1980),

the alkyl chains in a stationary phase are solvated by the organic
modifier, and they are more or less extended into the mobile phase.
Yamamoto et al. (1987) have determined the solubility parameters of a
C-18 stationary phase as a function of methanol in the mobile phase.
They observed a decrease in solubility parameter in the stationary
phase with increasing methanol content in the mobile phase.

They

attributed this effect to the increase in the methanol concentration
in the stationary phase.

The preceding discussion suggests that there is a lack of
understanding on the role of stationary phase in retention process in
a RPLC column with a varying composition of a mobile phase.
In the present study we investigated the effect of methanol on

RPLC retention with a particular emphasis on the role of the
stationary phase in retention mechanism.

The effect of methanol on

the activities of methyl substituted aniline including aniline itself
in different stationary phases was investigated.

This study will

help to test the validity of the hypothesis that stationary phase
interactions are weak and do not depend on the solvent composition in
the mobile phase.
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The following section gives the theoretical basis for
determining the activity coefficients of a solute in the mobile phase
and in the stationary phase in terms of experimentally measurable
quantities.
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THEORY

The principle question addressed in this study is the variation
in properties of the stationary phase with variation in composition
of the mobile phase.

We approach this question by considering the

activities and concentration of a methyl aniline solute in the mobile
phase, stationary phase, and gas phase, as depicted in Figure 3.1.

The distribution of a solute between the mobile phase and the
stationary phase is represented by Step 1 in Figure 3.1.

The

distribution constant, K, associated with transfer of a solute from
the mobile phase into the stationary phase is defined as the ratio of
the concentration of the solute i in the stationary phase, Ci(s),
to the concentration in the mobile phase, Ci(m).

In

chromatography, the experimentally measurable quantity is the mass
distribution ratio, k', which is more often called the capacity
factor or retention factor.

It is related to the distribution

constant by:

Ci(s)
k'.

=

K.

95

=

(1)

95

Ci(m)

where 0 is the ratio of stationary phase volume to the mobile phase
volume.

The distribution of the solute between the mobile phase and the
gas phase, g, (Step 2 in Figure 3.1) can be described by the
dimensionless Henry's law constant of the solute:
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C (g)

sg

1

C (m)

RT

C (s)

k'
4

P!

0

i(m) V(m)

5

6

a

i(s) V(s)

4

Distribution of a solute between the mobile phase, the
gas phase, and the stationary phase in a reverse phase
g,
chromatographic system. The symbols have the following meanings:
gas phase; m, mobile phase; s, stationary phase; k', mass
distribution ratio; 0, ratio of the stationary phase volume to the
mobile phase volume; H, Henry's law constants; Ksg, equilibrium
constant between gas and the stationary phase; a, activity; v,
activity coefficient; V, molar volume; p°, vapor pressure of pure
liquid or super cooled liquid; R, gas constant; T, temperature.
Figure 3.1.
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Ci(g)

H. =

(2)

Ci(m)

The distribution of the solute between the stationary phase and
the gas phase (Step 3 in Figure 3.1) is described by the equilibrium
constant Ksg.

Ci(g)

0

H.

Ksg=

(3)

Ci(s)

k'i

The value of Kisg / 0 can be calculated from the experimentally
determined values of k'i and Hi, and serves as an indication of
variation of properties of the stationary phase with composition of
the mobile phase.

Alternatively, the variation in stationary phase properties with
composition of the mobile phase can be characterized in terms of
activity coefficients by consideration of the lower half of Figure
We choose the pure liquid or super-cooled liquid methyl aniline

3.1.

at 25°C as the reference state of the solute for all phases, and
assume that solutions are dilute and that the ideal gas law applies.

The activity of the solute in all phases is related to the
concentration in the gas phase (Step 4 in Figure 3.1) by:

ai = Ci RT / pi°

(4)

where pi° is the vapor pressure of the solute in the standard
state.

The activity of the solute is related to the concentrations

in the stationary phase (Step 5 in Figure 3.1) by:
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a. = 1.(s) xi(s)

T. (s) Ci(s)

=

V(s)

(5)

where Ti(s) is the activity coefficient for the reference state
defined above, xi(s) is the mole fraction concentration, and V(s)
is the molar volume of the phase.

A similar equation holds for

activity in the mobile phase (Step 6 in Figure 3.1):

ai = Ti(m) xi(m)

ii(m) Ci(m)

=

V(m)

(6)

The activity coefficient in the stationary phase can be
calculated by combining Equations 1, 2, and 4, that is, from sums and
differences along the Path 4-2-1 in Figure 3.1:

H. 0

1.(s)

RI

=

(7)

k'i

V(s)

The value of Ti(s) in Equation 7 is proportional to Hi
as is the value of Kisg in Equation 3.

/ ki',

Thus the experimentally

determined ratio of Hi / k'i is the key to testing the variation

of properties of the stationary phase with composition of the mobile
phase.
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EXPERIMENTAL

Reagents.

The compounds used in this study were aniline,

4-methylaniline (4-mA), 3,4-dimethylaniline (3,4-dmA), and
2,4,5-trimethylaniline (2,4,5 -tmA), obtained from Aldrich or Pfaltz &
Bauer.

HPLC-grade methanol (Fisher Scientific) and deionized water

from a Milli-Q Water System (Millipore Corporation) were used for the
preparation of solutions.

All the buffer components were ACS reagent

grade.

LC system. The chromatograph was an IBM Model 9533, with a
Rheodyne Model 7125 injector with a 20-uL sample loop, and an IBM
Model 9522 UV detector (254 nm).

Column temperatures were controlled

at 25 ± 0.2 °C by an Alltech Model 95024 water jacket through which
water was circulated from a Neslab Model RTE-8DD water bath.

The

chromatographic peaks and their retention times were recorded with an
HP 3390-A integrator.

The RPLC columns are listed in Table 3.1.

Mobile phase preparation and pH control.

Methanol-water mixed

solvents were prepared by weighing various amounts of methanol and an
aqueous phosphate buffer (0.0125 m K2HPO4 and 0.0125 m
KH2PO4).

The weight fractions of methanol in aqueous buffer were

converted to volume fractions from the density of methanol, 0.7866
g/mL at 25° C (Stecher, 1968).

The pH of the mixed solvent was adjusted to 7.5 with 1 M
solutions of HC1 or KOH.

The apparent pH, pHaPP, of the mixed

methanol-aqueous phosphate buffer solvents was determined with a pH
meter (Orion Model 701 A) calibrated with aqueous buffer standards.
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Table 3.1.

Column

Stationary phases examined in this study.a

Material,

Type

Manufacturer

1

Lichrosorb

C-2

Lichrisorb

C-8

Lichrosorb
EM Ind.

Particle

Density

size

(g/mL)

250 x 4.6 mm

SBET

%Carbon

(m2/g)

(gig)

0.4

350

250 x 4.6 mm

0.3

250

9

0.4

150

16

5 um

EM Ind.

3

bulk

5 um

EM Ind.
2

Dimension,

C-18

250 x 4.6 mm
5 um

a the properties, particle size, bulk density, surface area
(SBET), and carbon content are from the manufacturers.
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The electrochemical cell consisted of a glass electrode
(Broadley-James Corporation) and an Ag/AgC1 double junction reference
electrode (Orion Model 9002) with the outer chamber filled with
aqueous 0.1 M KC1.

Determination of mass distribution ratio (k').

The mobile phase

hold-up time, to, was taken as the retention time of the first peak
of HPLC-grade water; this procedure is discussed by Slaats et al.
(1981) and Berendsen et al. (1980).

To obtain capacity factors, a

20-uL sample of a .,, 20-uM solution of the methyl aniline in

water or pure methanol was injected; the capacity factors were
calculated from the equation k' = (tr
the retention time of the solute.

to )/to, where tr is

Retention times were determined in

triplicate and yielded a relative standard deviation of the mass
distribution ratios less than 2%.
Determination of Henry's law constants.

The procedure for

determining Henry's law constants of methyl substituted anilines as a
function of methanol was reported elsewhere (Jayasinghe et al.,
1989).

Henry's law constants of methyl anilines at 0, 10, 20,...60%

(w/w) methanol were determined.
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RESULTS

k' vs methanol concentration

The logarithms of the mass distribution ratios (log k's) of the
four methyl anilines are listed as a function of solvent composition
in Tables 3.2a, 3.2b, and 3.2c; the stationary phases are ethyl
(C-2), octyl (C-8), and octadecyl (C-18) silanes bonded to silica.
The solvent compositions vary from 10-80% (w/w) of methanol.
Two empirical formulas were fit to the experimental log k' vs.
volume fraction of methanol data.

These empirical formulas have been

used by many other workers (e.g., Schoenmakers et al., 1983; Snyder
et al., 1979):

log k'

=

A '(m)2 + B Cm) + C

log k'

=

D T(m)

+

E

where /(m) is the volume fraction of methanol in the mobile phase,
and A, B, C, D, and E are adjustable parameters.

Table 3.3 lists the

parameter values.

The experimental values of log k' and those calculated from
Equations 8 and 9 are shown in Figures 3.2a and 3.2b for the C-18
column.

As seen in the figures, both the quadratic equation and the

linear equation estimate log k' values within the relative standard
deviation of k' of 2%.

The same result was observed for the other
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Table 3.2a. Logarithm of mass distribution ratios of methyl anilines
on C-2

as a function of methanol.

log k'

Fraction of methanol
(w/w)

(v/v)

Aniline

4-mA

3,4-dmA

2,4,5-tmA

0.2

0.241

0.353

0.751

1.057

0.3

0.353

0.146

0.450

0.692

0.990

0.4

0.459

-0.092

0.162

0.356

0.589

0.5

0.560

-0.291

-0.088

0.067

0.259

0.6

0.656

-0.480

-0.324

-0.193

-0.042

0.7

0.749

-0.683

-0.522

-0.422

-0.299
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Table 3.2b.

Logarithm of mass distribution ratios of methyl anilines

on C-8 as a function of methanol.

log k'

Fraction of methanol
(w/w)

aniline

4-mA

3,4-dmA

2,4,5-tmA

(v/v)

0.1

0.124

0.836

1.334

0.2

0.241

0.605

1.032

1.370

0.3

0.353

0.369

0.731

1.012

1.303

0.4

0.459

0.136

0.430

0.658

0.904

0.5

0.560

-0.097

0.145

0.330

0.536

0.6

0.656

-0.286

-0.096

0.049

0.216

0.7

0.749

-0.468

-0.312

-0.195

-0.057

0.8

0.836

-0.523

-0.429

-0.317
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Table 3.2c.

Logarithm of mass distribution ratios of methyl anilines

on C-18 as a function of methanol.

log k'

Compounds
Fraction of methanol
(w/w)

aniline

4-mA

3,4 -dmA

2,4,5-tmA

(v/v)

0.1

0.124

1.063

0.2

0.241

0.769

1.246

0.3

0.353

0.504

0.911

1.235

1.586

0.4

0.459

0.253

0.595

0.868

1.174

0.5

0.560

0.025

0.312

0.539

0.806

0.6

0.656

-0.187

0.053

0.241

0.468

0.7

0.749

-0.367

-0.174

-0.018

0.179

0.8

0.834

-0.432

-0.268

-0.097

77

Table 3.3.

Estimated parameter values for the constants in

Equations 7 and 8.

The values determined by weighted nonlinear least

squares optimization from the data in Tables 3.2a-c.

Linear

Quadratic

A

C-2

-0.095

1.950

0.833

-2.044

0.853

C-8

0.024

-2.136

1.109

-2.116

1.106

C-18

0.436

-2.679

1.390

-2.298

1.325

C-2

0.670

-3.185

1.484

-2.521

1.339

C-8

0.287

-2.915

1.705

-2.638

1.654

C-18

0.408

-3.236

2.000

-2.796

1.898

C-2

1.040

-3.945

1.950

-2.918

1.727

C-8

0.791

-3.896

2.273

-3.042

2.074

C-18

0.903

-4.145

2.594

-3.101

2.999

C-2

1.584

-4.992

2.551

-3.247

2.102

2,4,5-tmA C-8

1.242

-4.825

2.851

-3.348

2.446

1.060

-4.736

3.124

-3.476

2.778

Aniline

4-mA

3,4-dmA

C-18

2
1

1

co

0

0

o aniline

4mA

10.0

A 3,4dmA
2,4,5fmA

0.2
0.4
0.6
0.8
Volume fraction of methanol

1.0

Figure 3.2a.
Logarithm of mass distribution ratios of methyl anilines on C-18 as
a function methanol in the mobile phase. The solid lines are calculated from
Equation 8 with the constants in Table 3.3.

2

1

0)

0

o aniline

4mA

A

-1

0.0

3,4dmA
2,4,5tmA

0.2
0.4
0.6
0.8
Volume fraction of methanol

1.0

Figure 3.2b. Logarithm of mass distribution ratios of methyl anilines on C-18 as
a function methanol in the mobile phase. The solid lines are calculated from
Equation 9 with the constants in Table 3.3.
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two columns.

Therefore, for the methanol concentration range , 10

80 % (w/w), either one of the equations (Equation 8 or 9) could be
used to estimate log k'.

While the use of Equation 8 or Equation 9 would yield similar
results for interpolation, it is worth mentioning that extrapolation
yields different results.

The constants C and E in Equations 8 and 9

correspond to the log k' at 0% methanol, log k'(w).

However, as seen

from the values in Table 3.3, extrapolation to 0 % methanol with the
quadratic equation gives larger values for log k'(w) than does
extrapolation with the linear equation.

Henry's law constants as a function of solvent composition

The Henry's law constants of the same four methyl anilines were
reported by Jayasinghe et al. (1989); they are listed in Table 3.4.
The logarithm of the Henry's law constants of each of these compounds
as a function of volume fraction of methanol was described by a
quadratic equation:

log H = a T(m)2 + b T(m) + c

(10)

where a, b, c are adjustable parameters and T(m) is the volume
fraction of methanol.
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Table 3.4.

Log Henry's law constants (Log H) of methyl anilines as a

function of methanol.

Fraction of methanol
(v/v)

Compounds
aniline

4mA

3,4-dmA

2,4,5 -tmA

0.000

-4.090

-4.035

-4.116

-3.980

0.133 (0.126)a

-4.187

-4.222

-4.363

-4.293

0.249 (0.244)a

-4.307

-4.370

-4.592

-4.518

0.359

-4.438

-4.581

-4.818

-4.813

0.464

-4.631

-4.804

-5.122

-5.123

0.564 (0.568)b

-4.823

-5.057

-5.426

-5.427

0.659 (0.663)b

-4.942

-5.278

-5.674

-5.717

a solvent composition for 2,4,5-tmA
b

solvent composition for both 3,4 -dmA and 2,415-tmA
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Activity coefficient in the stationary phase as a function of solvent
composition

We wish to determine the variation in the stationary phase
activity coefficient with solvent composition.

This dependence is

directly related to the variation in the ratio log H / k', as shown
in Equation 7.

The value of log H / k' can be calculated from the

experimental values of log H (Table 3.4) and the values of log k'
calculated from Equation 8 for the same solvent composition.

These

values of log H / k' are shown as the points in Figures 3.3a, 3.3b,
and 3.3c for the three columns.

Alternatively, values of log H / k'

could be calculated directly from the difference between Equation 10
and Equation 8, as shown by the solid lines in the three figures.
The log k' values of the data points corresponding to the symbol
were obtained by extrapolating the quadratic equation (Equation 9)
with the constants listed in Table 3.4.

As seen in Figure 3.3a-c, log H / k' appears to increase with
increasing methanol concentration in the mobile phase.
log H / k' increases about 0.5

For example,

0.9 log units when the methanol

content in the mobile phase varies from 0

50% (v/v).

Limits of errors.

(i) Error in the determination of to.

Since there was some

uncertainty in the determination of t0, calculations were carried
out to set bounds on the effects of such errors.

Two sets of k'

values for methyl anilines on C-18 column were calculated for two new

-3.5

4.5
5.5

o 6.5
7.5

8.5

0.0

OW.

0 aniline

4mA

quinoline

0.2

A

0.4

0.6

3,4dmA
2,4,5tmA
0.8

1.0

Volume fraction of methanol
Figure 3.3a. Effect of methanol on the activity coefficients of methyl anilines
in C-18 stationary phase. The log k' values correspond to the symbol
were
extrapolated from Equation 8 and with the parameters listed in Table 3.3. The
solid lines represent the difference between Equation 10 and 8.
The parameters
of Equation 10 are reported by Jayasinghe et al. (1989).

CD

O

o aniline

1

4mA

3,4dmA
2,4,5tmA
0.8

1.0

Volume fraction of methanol
Effect of methanol on the activity coefficients of methyl anilines
Figure 3.3b.
in C-8 stationary phase.
The log k' values correspond to the symbol $ were
The
extrapolated from Equation 8 and with the parameters listed in Table 3.3.
solid lines represent the difference between Equation 10 and 8. The parameters
of Equation 10 are reported by Jayasinghe et al. (1989).

o aniline

4mA

A

-7.0

0.0

0.2

0.4

0.6

3,4dmA
2,4,5tmA
0.8

1.0

Volume fraction of methanol
Figure 3.3c. Effect of methanol on the activity coefficients of methyl anilines
in C-2 stationary phase.
The log k' values correspond to the symbol 111 were
extrapolated from Equation 8 and with the parameters listed in Table 3.4. The
solid lines represent the difference between Equation 10 and 8. The parameters
of Equation 10 are reported by Jayasinghe et al. (1989).
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values of to: (i) to is 10% less than the value measured, (ii)
t

o

is 10 % more than the value measured.

These two new set of k'

values were fitted to a quadratic equation separately to estimate k'

values at the solvent compositions used in determining Henry's law
constants.

The new log H / k' as a function of methanol behaved in a

similar manner as shown in Figure 3.3a.

Indeed, the magnitudes of

log H / k' were not significantly different from that in Figure 3.3a.
(ii) Error in loq H / k'.

The magnitude of the error propagated

into the calculated values of log H / k' was obtained from the
relative standard deviations of Henry's law constant and mass
distribution ratio.

The relative standard deviation of the Henry's

law constants is less than 10% (Jayasinghe et al., 1989), and that of
mass distribution ratio is less than 2%.
errors, the maximum error in log H / k'

Under these limit of
is 0.04 log units.
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DISCUSSION

There are three important questions to be examined.

(1) Do the

activity coefficients in a stationary phase increase with increase in
methanol in the mobile phase?

(2) What causes the difference in

activity coefficients among methylanilines?

(3) What causes the

difference in the behavior of different types of compounds (e.g.,
methyl aniline vs quinoline)?

Effect of methanol on the activity coefficients in the
stationary phase

For a given methyl aniline the ratio RT/ p°i in Equation 7 is
a constant.

Therefore, the increase in log H / k' of methyl anilines

as a function of methanol indicates that the ratio
of ii(s) V(s) / 0 in Equation 7, or the ratio of Kisg / 0 in
Equation 3 increases as a function of methanol in the mobile phase.

If the usual assumption that the ratio of stationary phase volume to
the mobile phase volume, 0, and molar volume of the stationary phase,
V(s), is independent of the composition of the mobile phase holds,
the activity coefficients of methyl anilines in the stationary phase
increase with the volume fraction of methanol in the mobile phase.
It appears that the activity coefficient of a given methyl

aniline remains fairly constant for the methanol concentration range
of 30

60 % (w/w) (Figures 3.4a, 3.4b and 3.4c).

Therefore, the

assumption made by many workers (e.g., Locke, 1974, Jaroneic et al.,
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1986) that the mobile phase activity solely governs the solute
retention in RPLC is apparently valid for methyl anilines only at
high concentration of methanol in the mobile phase.

Comparison of activity coefficients of different methylanilines

As described by Equation 7, the activity coefficient of a methyl
aniline in the stationary phase at a constant solvent composition
depends on the vapor pressure of pure liquid (or super-cooled liquid)
of the methyl aniline.

Therefore, to compare r(s) values of

different methyl anilines, it is necessary to have an idea of the
vapor pressures.

Comparison of the behavior of methylanilines to the behavior of other
hydrophobic compounds

There are hardly any data for the activity coefficients of
organic compounds in RPLC stationary phases available in the
literature.

Since the ratio of H/k' is proportional to the activity

coefficient in a given stationary phase, the idea is to obtain H and
k' and to estimate log H/k' for different type of organic compounds.
Henry's law constants of organic compounds as a function of methanol
are also scarce in the literature.

However, for sparingly soluble

hydrophobic organic compounds, Henry's law constants can be
estimated, if vapor pressure and solubility are known.

As an example, Henry's law constants of quinoline as a function
of methanol was estimated from the experimental solubility of
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quinoline as a function of methanol (Fu et al., 1985) and from the
experimental vapor pressure of pure quinoline (De Rostyne and
Prausnitz, 1980).

From these H values and from the k' values on C-18

estimated from a quadratic equation reported by Shoenmaker et al.,
(1979), log H/k' values were calculated.

The dependence of log H/k'

for quinoline as a function of methanol in the mobile phase is
illustrated from the dashed line in Figure 3.3a

As seen in Figure

3.4a, the activity coefficient of quinoline as a function of methanol
on C-18 stationary phase appear to have behavior similar to that of
methyl anilines.
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CONCLUSION

A method to investigate the effect of methanol on the activities
of methyl substituted anilines in different reverse phase liquid
chromatographic (RPLC) stationary phases has been described.

The

method involves the determination of the Henry's law constant and the
capacity factor of the compound under investigation.
It has been shown that the dependence of activity coefficients

of methyl anilines on methanol in the mobile phase has the same
behavior for the three different RPLC stationary phases, C-2, C-8,
and C-18.

An increase in the fraction of methanol in the mobile

phase results in an increase in activity coefficients of methyl
anilines in all the three stationary phases.

It is also apparent

from the literature data that quinoline has a behavior similar to
that of methyl anilines.

For the methanol composition range of 10-70% (v/v), the
logarithm of activity coefficient of methyl anilines as a function of
methanol can be adequately described by a quadratic function.
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CHAPTER 4
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ABSTRACT

The effects of pH, ionic strength, and composition of the
methanol-water mobile phase on the retention of methyl anilines by
reverse phase liquid chromatographic stationary phases (alkyl silica)
were investigated.

General equations describing the retention of

both neutral and ionized forms of methyl anilines were formulated as
a function of the experimental parameters.

The distribution of both

neutral and ionized methyl anilines was independent of the ionic
strength in the mobile phase for the range of 0.01 - 0.1 m.

Correlations were established between octanol-water partition
coefficients and capacity factors.

Equations were established to

predict retention of neutral or ionized methyl anilines from their
octanol-water partition coefficients at any methanol content in the
mobile phase.
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INTRODUCTION

Retention of ionic or ionogenic compounds on RPLC stationary
phases depends on the type of organic cosolvent, fraction of organic
cosolvent, pH, ionic strength, stationary phase, and temperature.

Otto and Wegschider (1983) have reported an optimization
procedure for RPLC with a multifactor model based on three mobile
phase variables: solvent composition, pH, and ionic strength.

Sachok

et al. (1981) have discussed an optimization strategy to separate
2,6-disubstituted anilines based on combined effect of methanol and
ion pairing agent at low pH in the mobile phase.

We are interested in the retention of hydrophobic ionogenic
organic compounds (HIOC's) on different RPLC stationary phases as a
function of composition of the mobile phase.

Organic acids (e.g.,

phenols) and bases (e.g., anilines, pyridines) belong to the group of
HIOC's.

These compounds are known to be by-products of coal

gasification and shale oil extraction.

These compounds are also

categorized as environmental pollutants (Zachara, 1984).

The retention study of HIOC's on RPLC stationary phases was
conducted for two purposes: (i) to understand the behavior of HIOC's
in a RPLC system from a mechanistic point of view; and

(ii) to

examine the possibility of using reverse phase stationary phases to
predict the behavior of HIOC's in the subsurface environment.
we elaborate on the second point.

For nonpolar organic compounds, the use of octanol-water
(Karickhoff et al., 1979; Means et al., 1980; Schwarzenbach and

Here
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Westall, 1981) and RPLC stationary phases (Tayer et al., 1985a and
1985b; Sabatka et al., 1987; Pietrogrande et al., 1987) to predict
soil-water or sediment-water distributions is well established.

However, for HIOC's, such correlations have not been as widely
applied.

The distribution of two classes of HIOC's, chlorophenols

and methylanilines, between octanol and water has been studied by
Westall et al. (1985), and Johnson and Westall (1989).
The present study was undertaken to investigate the distribution
of HIOC's between different RPLC stationary phases and aqueous phases
of varying fraction of organic cosolvent, pH, and ionic strength.

Another part of this study is focused on the possibility of
predicting the retention of HIOC's from their physicochemical
properties such as octanol-water partition coefficients.

The following section discusses the development of a theoretical
framework to describe the combined effect of pH, ionic strength, and
the fraction of organic cosolvent on the retention of HIOC's on
RPLC.

First, we discuss the effect of pH and ionic strength on the

retention of HIOC's in a RPLC stationary phase at a constant organic
cosolvent content in the mobile phase.

Later, we extend this theory

to include the effect of the composition of the methanol-water
solvent on the retention of HIOC's.
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THEORY

The exact mechanism governing the solute retention in a RPLC
column is of considerable research interest, but not yet completely
understood.

Horvath et al. (1977) have formulated a mechanistic

model based on solvophobic theory (Sinanoglu, 1968) to describe the
retention of ionogenic substances in a RPLC column.

According to

them, retention is due to the reversible association of ionized and
unionized species of the solute with the hydrocarbon chains in the
stationary phase.

However, in their model, the role of the counter

ion in the association process was not clear.

The model indicates

that the effect of ionic strength on the retention of unionized
solute is due to the changes in the surface tension of the solvent.

The effect of ionic strength on the retention of ionized solute has
been explained by a semi-empirical extension of the Debye-Huckel
theory.

Van de Venna et al. (1978) have reported a different approach in
their investigation of the retention of carboxylic acids in RPLC.

They have suggested that the retention was due not only to the
adsorption of neutral and ionized forms of carboxylic acids, but also
to the adsorption of the ion pair formed by the dissociated
carboxylic acid and the cations present in the mobile phase.

They

have observed an increase in retention of dissociated carboxylic
acids with increase in ionic strength in the mobile phase.

This

behavior was attributed to the formation of ion pairs as described
above.
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Recently, Borowko et al. (1986 and 1987) have outlined two
models to describe solute dissociation effects in RPLC with mixed
eluents.

One of their models (Borowko et al., 1986) assumes that

there is an exchange of solute molecules (neutral and ionic) in the
mobile phase with the solvent molecules (water and organic cosolvent)
in the surface phase.

The other model (Borowko et al., 1987) is

based on a partitioning of both ionic and neutral species of the
solute between the mobile phase and the stationary phases.

Some elements of these models appear in the model that we have
developed for our experimental data.
steps.

We develop our model in two

First, for fixed methanol-water solvent composition, we

develop equations for: (i) retention of the neutral species alone;
(ii) retention of the ionic species alone; and (iii) retention as a
function of pH when both species are present.

Second, for the cases

of only the neutral species and only the ionic species, we discuss
equations for retention as a function of methanol-water solvent
composition.

Effect of pH and ionic strength on the retention of HIOC's at a
constant organic cosolvent content in the mobile phase

Since the selected compounds are bases (aniline and methyl

substituted anilines), the equations given below are derived for
these type of compounds.
acidic compounds.

A similar approach could be followed for
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Distribution of neutral species.

The distribution of the

neutral base, B, between the mobile phase and the stationary phase is
represented by the equilibrium

B(m)

=

B(s)

(1)

where m stands for the mobile phase and s stands for the stationary
phase, and the distribution constant associated with this process is

CB(s)
K

B

(2)

CB(m)

where CB(m) is the concentration of the methyl aniline in the
mobile phase (mol / L) and CB(s) is the effective concentration in

the stationary phase (formally in mol / L of stationary phase).
Distribution of ionic species.

Two mechanisms have been proposed

by Westall (1987) to describe the transfer of an ionic organic
compound to a nonaqueous phase.

They are (i) transfer to a

two-dimensional surface with inorganic counter ion in the aqueous
double layer, and (ii) coexistence of organic ion and counter ion in
a three-dimensional quasi-Donnan phase, either as free ions or ion
pairs.

Figure 4.1 illustrates these processes applicable to a RPLC

system.

If the presence of the ionic organic compound in the stationary
phase contributes significantly to the charge balance in the
stationary phase, the electrostatic energy associated with adsorption
would have to be accounted for explicitly.

However, since our data

(b)

(a)

R +A

AR+

A

R+ A

R+

R+ A H2o

A cH3oH

R

A cH3oH

R+ A
R+ A
R+ A

A

R+ R+ H20

A R+ A
R+

Stationary phase
boundary

Figure 4.1.
Transfer of ionic methyl anilines from the mobile phase into the
stationary phase.
(a). Two-dimensional surface with inorganic counterion in
the aqueous double layer.
(b). Coexistence of organic ion and counterion in a
three-dimensional Donnan phase.
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for the retention of the ionic species reflects no dependence on salt
concentration in the mobile phase, we assume that such an
electrostatic interaction is absent, and that the distribution
equilibrium can be represented by the reaction

BH+(m)

=

BH+(s)

(3)

for which the mass action equation is

cBe(s)

(4)

KBH
CBH +(m)

The presumption that accompanies use of this equation is that the
relatively high concentration of salt in the mobile phase is more
than sufficient to counter the charge of relatively low
concentrations of ionic species in the stationary phase.
Acid-base equilibrium.

The equations above pertain to extreme pH

values at which the behavior of methyl aniline can be attributed
solely to the neutral species B or solely to the ionic species

Be.

At intermediate pH values both species must be considered

simultaneously.

The dissociation of the protonated base is represented by the
reaction

Be(m)

=

B(m) + e(m)

Ka(m)

(5)
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for which the mass action equation is

a* +(m)

C (m)
B

mKa(m)

H

(6)

=

C

BH

+(m)

mKa(m) is the "mixed" acidity constant of the methyl anilinium in
the mixed solvent, and a*H+ is the activity of hydrogen ion, in
the mixed solvent, relative to the hypothetical standard state of 1
molal H+ in the mixed solvent.

Determination of pH in a mixed solvent is generally performed by
one of the following methods: (i) calibration of a glass electrode
with standard solutions developed for mixed solvents (De Ligny et
al., 1960a and 1960b; Mussini et al., 1985), and (ii) calibration of
a glass electrode with aqueous buffer standards and correction for
the liquid junction potential and medium effect (Bates, 1973; Gelsema
et al., 1966 and 1967).
applied.

For our experiments, the second method was

The glass electrode was calibrated with aqueous buffer

standards; then the apparent pH value in the mixed solvent, pHaPP,

was determined and corrected for medium and liquid junction effects
by the factor S, which has been determined for methanol-water
mixtures by several authors (Bates, 1973; Gelsema et al., 1966,
1967):

pH*

where pH* =

=

pHaPP

log aH*.

S

(7)

It has been observed that S is

affected mainly by the amount of cosolvent and not by the type of
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buffer and the concentration of the buffer (Bates, 1973).
Retention as a function of pH.

The retention of the solute

depends on the mass distribution of the solute between the stationary
and the mobile phases.

If the volume ratio of the stationary and the

mobile phases, 0, is independent of the mobile phase properties,
the mass distribution ratio, also known as the capacity factor k' can
be written as

CB(s)
k'

=

CBe(s)

0

(8)

CB(m)

CBH +(m)

Substitution for the concentration terms in Equation 8 with
Equations 2, 4, and 6 gives an expression for the mass distribution
ratio of the methyl aniline at intermediate pH values in terms of the

capacity factors of the species B and Be, the mixed acidity
constant in the mixed solvent, and the a'H +:

k'B

k'BH a*e(m) / mKa(m)

k'

(9)

1 + a*H+(m) / mKa(m)

where k'B = 0 KB, the mass distribution ratio of neutral

species, and k'BH = 0 KBH, the mass distribution ratio of ionic
species.

Equation 9 describes the effect of pH on k' on a given RPLC
stationary phase at a constant cosolvent content in the mobile
phase.

Expressions similar to Equation 9 have been derived by
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several authors (Pashankov et al., 1981; Borowko et al., 1986).
The prediction of k' is complicated when k'
than one factor at one time.

is affected by more

To extend the validity of Equation 9 to

any methanol-water solvent composition, it is necessary to examine
the effect of cosolvent on the parameters in Equation 9, specifically

mKa(m), k'8, and k'BH

Effect of methanol

The parameters in Equation 9 that depend on methanol-water
A functional

solvent composition are k'B, k'BH, and mKa(m).

relation for the dependence of the first two parameters on solvent
composition is easily established, while that for the acidity
constant is more difficult.
Dependence of k' on solvent composition.

Since k'B and k'BH

are the mass distribution ratios of the neutral methyl aniline
species and the ionic methyl aniline species, they are independent of
pH in the mobile phase.

Therefore, if the dependence of k'B and

k'BH on methanol is known, the combined effect of pH and methanol
on the retention of methyl aniline can be obtained from Equation 9.

In another study (Jayasinghe and Westall, 1989), we have shown
that log k' of neutral methyl aniline (k'B) varies linearly with
volume fraction of methanol in the mobile phase.

Here we show that

the log k' of ionic methyl anilines at a constant ionic strength
(i.e., k'BH) also varies linearly with volume fraction of
methanol.

These relations are given by Equations 10 and 11.
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log k'B

=

log k'BH =

al x + log k'B(w)

(10)

a2 x + log k'BH(w)

where x is the volume fraction of methanol, k'B(w) is the mass
distribution ratio of neutral methyl aniline at zero per cent
methanol (in pure water), k'BH(w) is the mass distribution ratio of
ionized methyl aniline at zero per cent methanol and al, and a2
are constants.

Combination of Equations 9, 10, and 11 provides a method of
predicting k' of a given methyl aniline as a function of pH and
solvent composition, if the mKa(m) at the solvent composition is
known, as is discussed next.
Influence of methanol and ionic strength on pKa.

Acid

dissociation constants of ionogenic compounds vary with the
composition of the methanol-water solvent.

Values of conditional

acidity constants in the solvent medium, cKa(m),

CB(m) CH+(m)
cKa(m)

(12)

CBH+(m)

where Ci(m) is the molar concentration of species

i

in the mixed

solvent, have been determined for various methanol-water solvent
compositions in this laboratory by potentiometric titration (Rea,
1988).

The dependence of cKa(m) on solvent composition cannot be

explained by any simple theory, but values of cKa(m) for any
particular solvent composition can be found by interpolation from
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experimental data.

The mixed acidity constant (Equation 6) is related to the
conditional acidity constant (Equation 12) through the equation

cKa(m)

=

mKa(m)

p(m)

/

TH(m)

(13)

where p(m) is the density of the solvent, /H(m) is the molal
activity coefficient of H+ with respect to the reference state of
the mixed solvent at infinite dilution.

Oiwa (1956) has reported the mean activity coefficient of HC1 at
different ionic strengths and at different solvent compositions.
Rorabacher et al. (1971) have proposed that the mean activity

coefficient of HC1 can be used as the activity coefficient for H.
Thus we have interpolated Oiwa's data to obtain values of

at

the appropriate solvent compositions and ionic strengths for use in
converting cKa(m) to mKa(m) with Equation 13.

k' as a function of number of methyl groups

There are many studies to illustrate the pattern of retention of
different homologous series (Colin and Guiochon, 1980; Smith, 1984;
and Dufek, 1983).

The observation is that the logarithm of mass

distribution ratio, log k', varies linearly with the number of
methylene groups.

We expect this behavior from the methyl anilines

in this study, too.

Each addition of a methyl group to a molecule of methyl aniline
causes its molecular formula to increase by a molecular fragment of

107

-CH2-.

Therefore, as the number of methyl groups present in the

methyl aniline molecule increases, one could expect the log k' to
increase by a constant amount corresponding to the addition of a
-CH2- group.

Two equations can be written for the two mass

distribution ratios, k'B and k'BH, to reflect this relation:

log k'B (mA) = log k'B (aniline) + 41 n

log k'BH (mA) = log k'BH (aniline) + 42

(14)

n

(15)

Combination of Equations 9, 14, and 15 provides a method of
estimating the mass distribution ratios of any methyl aniline on a
RPLC column at different pH's of the mobile phase at a constant
methanol composition in the mobile phase.
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EXPERIMENTAL

Reagents.

The compounds used in this study were aniline,

4-methylaniline (4-mA), 3,4-dimethylaniline (3,4-dmA), and
2,4,5-trimethylaniline (2,4,5-tmA), obtained from Aldrich or Pfaltz &
Bauer.

HPLC-grade methanol (EM Industries or Fisher Scientific) and

deionized water from a Milli-Q Water System (Millipore Corporation)
were used for the preparation of solutions.
components were ACS reagent grade.

All the buffer

For testing chromatographic

retention, solutions of methyl anilines were prepared in water at
approximately 20 uM.

LC system. The chromatograph was an IBM Model 9533, with a
Rheodyne Model 7125 injector with a 20-uL sample loop, and an IBM
Model 9522 UV detector (254 nm).

Column temperatures were controlled

at 25 ± 0.2 °C by an Alltech Model 95024 water jacket through which
water was circulated from a Neslab Model RTE-8DD water bath.

The

chromatographic peaks and their retention times were recorded with an
HP 3390-A integrator.

The RPLC columns are listed in Table 4.1.

Determination of mass distribution ratio (k').

The mobile phase

hold-up time, to, was taken as the retention time of the first peak
of HPLC-grade water; 0.01 M KNO3 gave approximately the same value
of t o.
k'

(tr

solute.

Capacity factors were calculated from the equation
to )/to, where tr is the retention time of the
Retention times were determined in triplicate and yielded a

relative standard deviation of the mass distribution ratios less than
2%.
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Table 4.1.

Column

Stationary phases examined in this study.a

Material,

Type

Manufacturer

1

Lichrosorb

C-2

Lichrisorb

C-8

Lichrosorb
EM Ind.

SBET

Particle

Density

(m2/g)

size

(g/mL)

250 x 4.6 mm

%Carbon
(g/g)

0.4

350

250 x 4.0 mm

0.3

250

9

150

16

5 um

EM Ind.

3

bulk

5 um

EM Ind.
2

Dimension,

C-18

250 x 4.0 mm

0.4

5 um

a Values of the properties of the columns are provided by the
manufacturer.
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Mobile phase preparation and pH control.

Three types of

experimental procedures were carried out: (I) k' was determined on
different stationary phases as a function of pH in a mobile phase of
constant methanol content; (II) k' was determined as a function of
ionic strength and mobile phase composition at pH > 6; (III) k' was

determined as a function of ionic strength and mobile phase
composition at pH t 3.

In Experiment I, all the three columns listed

in Table 4.1 were employed, whereas in Experiment II and III only the
C-2 column was examined.
Experiment I.

The mobile phase composition was constant at 60%

methanol (v/v) in an aqueous phosphate buffer, 0.025 M Na2HPO4
and 0.025 M KH2PO4.

The pH of the buffer was adjusted to the

desired pH by addition of hydrochloric acid.

The apparent pH, pHaPP, of the mixed methanol-aqueous
phosphate buffer solvents was determined with a pH meter (Orion Model
701 A) calibrated for aqueous buffer standards.

The buffer standards

were purchased from Micro Essentials, Brooklyn, N.Y.

The

electrochemical cell consisted of a Ross combination glass electrode
(Orion Model 8102) with the outer chamber filled with aqueous 0.1 M
KC1.

Values of pH* were calculated from pHaPP with Equation 7.
Experiment II.

This experiment was designed to investigate the

effect of ionic strength and methanol concentration on the retention
of the neutral methyl aniline species.

It was established in

Experiment I that at pH values above pH* t 6, the behavior of the
methyl aniline can be attributed solely to the neutral species.
Mobile phases buffered at pH* t 6 were prepared as follows.

First an aqueous solution of 0.001 M potassium acetate was

111

prepared with deionized water and adjusted to pH :st 6 with

relatively concentrated HC1.

Then this aqueous buffer was mixed with

methanol at various ratios from 20

70 % (w/w).

Finally the ionic

strength was adjusted by addition of solid KC1 to yield ionic
strengths of 0.01, 0.05, and 0.1 mole per kilogram mixed solvent.

The pHaPP values of the final buffered mixed solvents were
determined as in Experiment I.
range 6.2

All the pHaPP values were in the

7.2.

Experiment III.

The objective of this experiment was to

investigate the effect of ionic strength and methanol concentration
on the retention of the ionic methyl anilinium species.

It was

established in Experiment I that at pH values significantly below
pH* :P., 3, the behavior of the methyl aniline can be attributed

solely to the ionic species.

Therefore buffered mobile phases were

prepared as described for Experiment II, except with pH* k. 3.

The apparent pH values of mobile phases were determined in this
experiment with a cell consisting of a glass electrode (Broadly and
James Corporation) and a Ross Ag/AgC1 single junction reference
electrode (Orion Model 8005) with 0.1 M aqueous KC1 solution as the
filling solution.

The apparent pH values were maintained at 2.8 with

0.1 M hydrochloric acid.
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RESULTS AND DISCUSSION

Dependence of mass distribution ratio on ionic strength at different
solvent composition and at two different pH's

> 6.2.

In Experiment II the mass distribution ratios of

the four different compounds at three different ionic strengths as a
function of methanol were determined.
Figure 4.2a.

The results are shown in

At the pH value of the mobile phase in this experiment

(pH > 6.2), the results should reflect the behavior of the neutral
methyl aniline species.

Two important results are seen: (i) the dependence on solvent
composition follows the linear relationship given by Equation 10; and
(ii) for a given solvent composition, the variation in ionic strength
(0.01, 0.05, 0.10 m) has a negligible effect on log k'.

The values of log k' for the three ionic strengths were averaged
and used to determine the values of the adjustable parameters a1
and log k'B(w) in Equation 10 by a nonlinear least-squares
procedure.

The values of the parameters are given in Table 4.2.

value of log k' was then calculated as a function of solvent
composition from the parameters in Table 4.2 and Equation 10.

The

calculated values are represented by the solid lines in the figure
and correspond to the data very well.
Loq k' among the isomers at pH! > 6.2.
log

Table 4.3 contains

k' of mono-, di-, and tri-substituted methyl anilines as a

function of methanol at pH* > 6.2.

All of these methyl anilines

The

0.2

0.4

0.6

0.8

1.0

Volume fraction of methanol
Figure 4.2a. Effect of methanol and ionic strength on the
on C-2. Mobile phases: methanol -0.001 M potassium acetate
values of log k' over three ionic strengths were fitted to
were calculated from Equation 10 with the constants listed

retention of methyl anilines
at pH > n.2. The average
Equation 10. The solid lines
in Table 4.2.
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Table 4.2. Estimated parameters of Equations 10 and 11 and
experimental log Kowa.

a1

Log k'B(w)

a2

log k'BH(w)

log Kow

aniline

-2.00

0.85

-1.54

-0.03

4-mA

-2.58

1.37

-1.98

0.41

1.39

3,4-dmA

-3.95

1.75

-2.67

0.90

1.83

2,4,5 -tmA

-4.27

2.12

-2.87

1.19

2.25

a Data from Johnson and Westall (1989)
b Log Kow for aniline is from Leo et al. (1971)

0.93b
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Table 4.3.

Logarithm of mass distribution ratios of different

isomers of methyl anilines as a function of methanol at pH* > 6.2.
Ionic strength: 0.05 m.
um particles).

Column: C 2-Lichrosorb (250 x 4.6 mm i.d., 5

Mobile phase: different mass fractions of methanol in

0.001 M potassium acetate.

Volume fraction

0.20

0.30

0.40

0.50

0.241

0.353

0.459

0.560

0.60

0.70

0.656

0.749

of methanol

Mass fraction
of methanol

Compound

log k'

aniline

0.371

0.144

-0.085

-0.289

-0.490

-0.613

2-mA

0.695

0.417

0.142

-0.102

-0.332

-0.604

3-mA

0.745

0.452

0.162

-0.092

-0.335

-0.600

4-mA

0.742

0.453

0.166

-0.091

-0.332

-0.600

2,3-dmA

1.020

0.670

0.336

0.053

-0.212

-0.442

2,4-dmA

1.076

0.735

0.392

0.097

-0.180

-0.415

2,5-dmA

1.068

0.736

0.398

0.102

-0.175

-0.415

2,6-dmA

1.017

0.706

0.385

0.102

-0.163

-0.390

3,4-dmA

1.053

0.699

0.368

0.064

-0.206

-0.445

3,5-dmA

1.103

0.753

0.411

0.101

-0.182

-0.430

2,4,5-tmA

1.001

0.602

0.265

-0.046

-0.308

2,4,6 -tmA

1.030

0.640

0.303

-0.009

-0.267
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exist virtually in neutral form at pH* > 6.2.

It appears that

there is no significant difference among the isomers.

For example,

at a given volume fraction of methanol, all the 6 isomers of
di-substituted methyl anilines have approximately similar values of
log k'.

The difference in hydrophobicity among the isomers are

expected to be very small.

Therefore, compounds with similar

hydrophobicity should have the same retention.

This behavior further

supports the partition model as opposed to adsorption model in
describing the retention in RPLC.
= 2.8.

Experiment III was similar to Experiment II,

except that the pH was adjusted to pH k. 2.8, at which the results

should reflect the behavior of the ionic methyl anilinium species.

The values of log k' vs. volume fraction of methanol are shown
in Figure 4.2b.

Although there appears to be a small increase in

log k' with increase in ionic strength at 10% (w/w) methanol, the
log k's remain constant at different ionic strengths for solvents
with greater fractions of methanol, 20

60 % (w/w).

Since the

difference in log k' at different ionic strengths at 10 % (w/w)

methanol is also very small, it is safe to assume that log k' of
ionized methyl anilines are independent of ionic strength in the
mobile phase.

The adjustable parameters a2 and log k'BH(w) from Equation
11 were determined and are given in Table 4.2, and the calculated
values of log k' vs. volume fraction of methanol are given by the
solid line in the figure.

An important result of this experiment is that the retention of

ionic methyl anilinium, Be, could be described adequately over a

1.0

0.5

2Y

0.0

0)
O

-0.5

-1.0

0.2

0.4

0.6

0.8

1.0

Volume fraction of methanol
Figure 4.2b. Effect of methanol and ionic strength on the
on C-2. Mobile phases: methanol-0.001 M potassium acetate
values of log k' over three ionic strengths were fitted to
were calculated from Equation 11 with the constants listed

retention of methyl anilines
at pH = 2.8. The average
Equation 11. The solid lines
in Table 4.2.
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range of ionic strengths by a simple partition equilibrium, such as
given by Reaction 3.

That is, the electrostatic energy associated

with transferring methyl anilinium from the mobile phase into the
stationary phase is negligible in these systems.

Dependence of mass distribution ratio on pH in the mobile phase
at a constant ionic strength and methanol content

Mass distribution ratios of methyl anilines as a function of pH
and stationary phases at a constant methanol composition in the
mobile phase were determined in Experiment I.

Figures 4.3a, 4.3b,

and 4.3c illustrate the dependence of log k' of methyl anilines on
three different columns, C-2, C-8, C-18, on the activity of hydrogen
ion, aH

,

in the mobile phase.

The mobile phase composition was

kept constant at 60% (v/v) methanol in 0.05 M phosphate buffer.
For each of the three stationary phases, the experimental log k'

data at different pH* values of the mobile phase of different
methyl anilines were fitted to the combination of Equations 9, 14,
and 15 with the adjustable parameters Bi and e2, and the
values of mKa(m) for the three compounds.

Predetermined values

of log k'B(aniline) and log k'BH(aniline) were used in
determining ,81 and 82.

The parameter values are listed in

Table 4.4.

The solid lines in Figures 4.3a, 4.3b, and 4.3c were calculated
from Equations 9, 14, and 15 and the values in Table 4.4.

As seen in

the figures, the agreement between the experimental and calculated

0.5

0.0

-0.5

-1.0

o aniline
4-mA
3,4-dmA

-7

-6

-5
log aH*

-4

-3

-2

Figure 4.3a. Effect of pH on the retention of methyl anilines at 60% (v/v) methanol in
0.025 M phosphate buffer. Column: C-2. The solid lines represents the combination of
Equation 9, 14, and 15. The estimated parameters are listed in Table 4.3.

0.2
0.0

-0.2

-0.4
-0.6
-0.8

o aniline

4m

A 3,4drriA

-7

-6

-5

-4

-3

-2

log aH*
Figure 4.3b. Effect of pH on the retention of methyl anilines at 60% (v/v) methanol in
0.025 M phosphate buffer. Column: C-8. The solid lines represents the combination of
Equation 9, 14, and 15. The estimated parameters are listed in Table 4.3.

0.5
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o
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-0.5

-1.0
-1.5

-8

-7
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-5
-4
log aH*

-3
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Figure 4.3c. Effect of pH on the retention of methyl anilines at. 60% (v/v) methanol in
0.025 M phosphate buffer. Column: C-18. The solid lines represents the combination of
Equation 9, 14, and 15. The estimated parameters are listed in Table 4.3.
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Table 4.4. Estimated parameters of Equations 9, 14, and 15 for the
three different columns.

C2

C8

C18

log k'B(aniline)

-0.33

-0.39

-0.37

log k'BH(aniline)

-1.11

-0.87

-1.14

0.19

0.20

0.26

0.16

0.22

0.38

4.15

4.30

3.95

S1

pmKa(m)aniline (4.25)a
4-mA

(4.82)a

4.65

4.44

4.50

3,4-dmA

(4.97)a

4.84

4.77

4.87

a Values in parentheses are mixed protonation constants of
methylanilines obtained from potentiometrically determined
conditional constants and Equation 13.
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values of log k'

is good.

However, the lack of data at lower pH

4.3c) may contribute some error to the

range (Figures 4.3a
estimated parameters.

All three RPLC columns, C-2, C-8, and C-18, exhibit similar
behavior towards the retention of methyl anilines.

This results

indicate that the experimental data are consistent with the proposed
partition model.

The constants 81 and 82 in Equations 14 and 15 were
found to be approximately equal to each other (Table 4.4).

These two

constants are related to the standard free energy of transfer for the
methylene group of neutral and ionized methyl aniline.

Therefore,

this result (equal values of 81 and 82) indicates that the
standard free energy change associated with the distribution of a
given methyl aniline between the mobile and the stationary phases
will increase by the same amount irrespective of whether methyl
aniline is in neutral or in ionized form.

However, the magnitude of

this standard free energy change is different for different
stationary phases.

As one would expect, the C-18 stationary phase

has the largest 81 and

indicating that hydrophobic

interaction between methyl anilines and C-18 stationary phase is
stronger than that of the other two stationary phases.

Comparison of potentiometric and chromatographic acidity constants.

Rea (1988) determined conditional acidity constants cKa(m)
(Equation 12) of methyl anilines by potentiometric titrations.
this study we have determined the mixed acidity constants mKa(m)

In
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(Equation 6) from chromatographic retention in Experiment I.

The

results from the two methods can be compared by converting the
conditional acidity constants to mixed acidity constants with
Equation 13.

The values of mKa(m) determined potentiometrically and
chromatographically are listed in Table 4.4.

All values are in close

agreement.

Correlation of retention data with octanol-water partition
coefficients

In this study, we consider the possibility of predicting k' of
methyl anilines from octanol-water partition constants, Kow.

The

Kow has become the quasi-standard for quantitation of the
hydrophobicity of organic compounds.

A large compilation of Kow

data are available in the literature (Leo et al., 1971).

There are

many studies on the use of RPLC to estimate octanol-water partition
constants of organic compounds (Rapaport and Eisenreich 1984; Sabatka
et al., 1987; Grast, 1984).

The basic idea behind these studies is a

linear relationship between partition coefficients in different
liphophilic solvent (Collander, 1951).

The assumption is that the

free energy of one process as measured by the logarithm of its
equilibrium constant is proportional to the free energy of another
process involving the compound of interest.

Correlation of mass distribution ratio of organic compounds
obtained at different solvent compositions in the mobile phase are
found to correlate very well with Kow of these compounds (layer et
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al., 1985a and 1985b; Minick et al., 1989).

Some authors claim that

the mass distribution ratio obtained with aqueous solution, k'(w),
would be best correlated with Kow's and they (k'(w)'s) are the best
predictors of hydrophobicity of organic compounds (Braumann, 1986;
Reymond, 1987).

The mass distribution ratios of neutral and ionic methyl

anilines (Experiments I and II) were correlated with octanol/water
partition coefficients of the neutral compounds, as shown in Figures
4.4a and 4.4b.

The lines in the figure were calculated from the

equation

log k' = a log Kow + b (log Kow) (x) + c x + d

(16)

where x is the volume fraction of methanol and a, b, c, d are
constants, determined from the data and presented in Table 4.5.

As expected, the methanol acts to decrease the hydrophobicity of
the aqueous phase and reduce the differences in log k' among the four
homologs. The appearances of the graphs for the neutral and ionic
species are remarkably similar.

If one extrapolates to x = 0%

methanol (the dotted lines in Figures 4.4a and 4.4b), the slopes of
the lines for the two species are almost identical at 1.0; these
slopes are given by the parameter a in Table 4.5.

2.5

2.0

O 20 % (w/w) methanol
30%
A 40%

1.5

50%
O 60%
70%

-07
D)

0

1.0

0.5

0.0

-0.5
-1.0

0.5

1.0

1.5

2.0

2.5

3.0

log Kow
Figure 4.4a. Correlation of log k' with octanol-water partition coefficients. The pe
Column : C-2. The solid lines represent
of the mobile phase is greater than 6.2.
Equation 16. The estimated parameters are listed in Table 4.4.
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Correlation of log k' with octanol-water partition coefficients. The pe
Figure 4.4b.
of the mobile phase is 2.8. Column: C-2. The solid lines represent Equation 16. The
estimated parameters are listed in Table 4.4.
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Table 4.5. Estimated parameters of Equation 16 at two different pH's
in the mobile phase.

a

pH* > 6.2

0.98

-1.19

-0.99

-0.02

pH* 2.8

0.95

-0.59

-1.05

-0.90
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CONCLUSION

The effect of pH, ionic strength, and methanol content in the
mobile phase on the retention of methyl anilines on alkyl bonded
silica were investigated.

The effect of pH on the retention of

methyl anilines on C-2, C-8, and C-18 can be explained by a simple
partitioning model.

This model includes the partition of both

neutral and ionized species of methyl anilines.

Experimental data

suggests that the effect of ionic strength on the partition of both
neutral and ionized species is negligible for the range of 0.01 to
0.1 m.

This observation was true for the mobile phases containing

10-70 % methanol.

One implication of this result is that the salting

out effect appears to be absent for the ionic strength range
employed.

Also, the observation that the retention of ionized methyl

aniline is independent of the ionic strength in the mobile phase
indicates lack of electrostatic interaction at the stationary phase.

A linear free energy relationship was established to relate the
retention of different methyl anilines.

The standard free energy of

transfer corresponds to the methylene group is found to be
approximately a constant for neutral and ionized methyl anilines.

This was observed to be true for 60 %(v/v) methanol in 0.05 M
phosphate buffer as the mobile phase and three different stationary
phases, C-2, C-8, C-18.

Determination of mass distribution ratios of methyl anilines as
a function of pH allowed us to obtain their acid dissociation
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constants.

These chromatographically determined acid dissociation

constants are in close agrement with the potentiometrically
determined acid dissociation constants.
Quadratic dependence of retention on volume fraction of methanol
was observed for both neutral and ionized methyl anilines.

An

excellent correlation of mass distribution ratios of methyl anilines
with octanol-water partition coefficients was observed.

Equations

were established to predict the retention of both neutral and ionized
methylaniline from their octanol-water partition coefficients as a
function of methanol in the mobile phase.

The description of the RPLC retention process presented here
allows one to investigate the combined effects of several

experimental variables in the mobile phase on the retention of
ionizable organic compounds.
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CHAPTER 5

RETENTION BEHAVIOR OF METHYL ANILINES ON SILICA
AS A FUNCTION OF pH AND METHANOL CONTENT AT A
CONSTANT IONIC STRENGTH IN THE MOBILE PHASE.
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INTRODUCTION

In the previous chapters, we have discussed the mechanism of
retention of hydrophobic ionogenic organic compound (HIOC's) on
reverse phase liquid chromatographic (RPLC) stationary phases.

The

factors that affect the distribution of methyl substituted anilines
between different stationary phases and different mobile phases were
investigated under different conditions (e.g. pH, ionic strength, %
organic cosolvent etc.).

The long-range objective of this part of

the study was to evaluate the use of RPLC stationary phases as model
surfaces for natural sorbents in predicting the soil-water partition
coefficient of HIOC's.

In this chapter, the retention studies of

HIOC's on silica are discussed.

As described in the following

section, silica has properties representative of those of natural
sorbents, especially soils and sediments with low organic carbon.

The surfaces of natural sorbents are predominantly negatively
charged.

Therefore, positively charged HIOC's (e.g. methyl

substituted anilines) are electrostatically favored over the
negatively charged HIOC's (e.g. chlorinated phenols).

The simple

hydrophobic interaction between both neutral and ionized HIOC's and
organic carbon in natural sorbent may not be the only sorption
mechanism.

Particularly in low organic carbon natural sorbents, the

electrostatic interaction cannot be overlooked.

The relative

importance of the various mechanisms of transfer of HIOC's from the
aqueous phase to the nonaqueous stationary phase in the natural
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systems may depend on, for example, the type of HIOC's, environmental
pH, etc.

It was shown in Chapter 4 that the distribution of methyl

substituted anilines between a given RPLC stationary phase and a
given mobile phase as a function of pH can be described by a simple
hydrophobic partitioning of both neutral and ionized species of
methyl anilines between mobile phase and the hydrophobic stationary
phase.

However, according to a recent study by Zachara et al.

(1986), the sorption behavior of quinoline (pKa = 4.94) as a function
of pH on two different soil samples (acidic and basic) is
dramatically different from the behavior of methyl substituted
anilines in a RPLC stationary phase.

Figure 5.1 shows the adsorption

density (u mol/ m2) of quinoline as a function of pH on the two
soils determined by Zachara et al. (1986).

The organic carbon

contents of the two soils are 0.24 % in acidic soils and 0.35 % in
basic soils.

The adsorption behavior of quinoline on two different

soils as a function of pH shown in Figure 5.1 has been attributed to
the stronger interaction between protonated quinoline with soil than
that of neutral quinoline (Zachara et al., 1986).

They also have

suggested that there is evidence for the enhanced protonation of
quinoline at the sorption surface, and have proposed an ion exchange
mechanism to interpret their observations.

One could argue that the

two soils mentioned above can be considered as low organic carbon
soils and the major contribution to the sorption mechanism is from
the electrostatic interaction and the contribution from the
hydrophobic interaction is minor.

One could also expect that higher

organic carbon soils to behave similarly to RPLC stationary phases
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Figure 5.1. Adsorption of quinoline on soils as a function of pH.
Source: Zachara et al. (1986).
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where hydrophobic interaction is the sole contributor to the sorption
process.

As described above, at least some subsurface materials seem to
behave as ion exchangers with HIOC's.

Therefore, this study was

focused on the behavior of HIOC's on surfaces which exhibit ion
exchange properties.

Amorphous silica is known to behave as a weak cation exchanger
depending on the pH of the solution to which the silica surface is
exposed (Iler, 1978; and Unger, 1979).

We decided to investigate the

retention of methyl substituted anilines on a liquid chromatographic
column filled with amorphous silica.

The first part of this study

was to investigate the distribution of methyl substituted anilines
between the mobile aqueous phase and the stationary silica phase as a
function of pH, and at a constant ionic strength.

In other words,

the effect of pH on the retention of methyl substituted anilines on
silica column was investigated.

Later this investigation was

extended to study the effect of an organic cosolvent (methanol) on
the retention of methyl anilines at a given pH of the mobile phase.
The compounds selected were aniline, 4-methylaniline (4-mA),

3,4-dimethylaniline (3,4-dmA), and 2,4,5-trimethylaniline
(2,4,5-tmA).

This chapter contains experimental details, critical evaluation
of results, and problems encountered in two major experiments: (i)
the effect of pH on the retention of methyl anilines with aqueous
mobile phases at constant ionic strength; and (ii) the effect of
methanol on the retention of methyl anilines at a given pH.
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EXPERIMENTAL

Instruments.

The chromatographic system was the same as the one

described in previous chapters.

An Orion Model 701A digital volt

meter with a glass electrode (Broadly James Corporation) and an Orion
Model 9522 double junction reference electrode were used in pH
measurements.

The silica column used was supplied by IBM

Instruments; its dimensions are 250 x 4.6 mm i.d.

According to the

manufacturer the particle size of the silica in the column was 5 Lim.

The column was thermostatted at 25 ± 0.1 °C by a Neslab Model RTE-8DD
refrigerating circulating bath through a water jacket (Alltech
Associates).

Reagents. The sources of methyl anilines were reported earlier.

Aqueous buffer standards (pH 4, 7, and 10) were supplied by Micro
Essential Labs, Brooklyn, N.Y..

The phosphate buffer used in both

experiments were prepared with KH2PO4 and K2HPO4 (EM
Science).

High performance liquid chromatographic grade methanol

(Fisher Scientific) was used without further purification.

The

deionized water from a Milli-Q water system (Millipore Corporation)
was used for the preparation of solutions.
Mobile phases.

Experiments were carried out to investigate two

phenomena: (i) the effect of pH on the retention of methyl anilines
on silica with aqueous mobile phases at a constant ionic strength;

and (ii) the effect of methanol on the retention of methyl anilines
on the silica column at pH 7.
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Experiment I.

A mixture of 0.005 M KH2PO4 and 0.005 M

K2HPO4 (0.01 M Phosphate buffer) was used to control the pH of
Hydrochloric acid was used to adjust the

the aqueous mobile phases.
pH's of the aqueous buffers.

The concentrations of each species

present in the 0.01 M phosphate buffer at different pH's were
calculated using the MICROQL (Westall, 1979) computer program.

The

ionic strength of the mobile phases at different pH's were adjusted
to a constant value of 0.1 M with solid KC1 by taking into account
the ionic strength produced by the species present in the phosphate
buffer before adding KC1.

The volume of 20 uL of methyl aniline

solutions (10-50 uM) in deionized water was injected to obtain the
retention times.
Experiment II.

The goal of this experiment was to keep the pH

of the mobile phase high enough to minimize the ionization of methyl

aniline, and to see the effect of methanol on the retention of the
neutral methyl aniline.

Different amounts of methanol were added to

0.01 M phosphate buffer to give different methanol-aqueous phosphate
buffer mixed solvents having different weight percent of methanol.

The ionic strength of the methanol-phosphate buffer mixed solvents
were adjusted in the following manner.

First the concentrations of

each species in methanol-phosphate buffer mixed solvents were
calculated from the MICROQL computer program (Westall, 1979).

Then

solid KC1 was added to bring the ionic strength of each mixed solvent
to 0.1 m.

The weight per cent of methanol in the methanol-phosphate buffer
mixed solvents used as mobile phases were changed from 5- 45% (w/w)
in 5 % increments.

The apparent pH's of each mobile phase were
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recorded with a pH meter calibrated for aqueous buffer standards.
The apparent pH values (pHaPP) are listed in Table 5.1.
Minimization of the dissolution of silica.

In order to minimize

the dissolution of silica, the mobile phases were passed through a
pre-column filled with larger particles of silica.

The dimensions of

this pre-column was 25 x 10 mm i.d. and the particle size of the
silica material was 40 w.m.

This pre-column was connected between the

pump and the injector such that the sample solutions by-pass the
pre-column.

Equilibration of the silica column with aqueous buffers at
different pH's.

The pH of the eluent of the silica column at a given

mobile phase was measured as an indication of the equilibration of
the column with that mobile phase.

The drift of the baseline

produced by the detector signal (UV at 254 nm) was also recorded as
an indication of a nonequilibrated column.

The volume of a given

aqueous buffer (mobile phase) needed to achieve equilibrium
conditions of the silica column was found to be dependent on the pH
and ionic strength of the buffer.

At a given concentrations of

phosphate buffer, the equilibrium was faster (i.e., less volume of
mobile phase was passed through the column to attain the equilibrium
condition) at higher pH values (pH > 5) than that at lower pH
values.

Rapid equilibrium was attained at higher concentration of

phosphate buffer.

For example, when the concentration of phosphate

buffer is 0.001 M, a very slow equilibrium was observed at all the
pH's of the mobile phases employed.

When the concentration of phosphate buffer was increased by a
factor of 10 to give 0.01 M, the equilibrium was rapid especially at
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Table 5.1. Apparent pH values of methanol-aqueous phosphate buffer
mixed solvents.

% methanol (w/w) in 0.01 M
phosphate buffer of pH 6.85

pHaPP

5

6.96

10

7.07

15

7.17

20

7.29

25

7.39

35

7.62
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the higher pH of the phosphate buffer.

In this case, washing the

column with only about 100 mL of buffer is sufficient to attain
equilibrium condition.

However, it was unable to achieve the

equilibrium condition when the pH of the phosphate buffered mobile
phase was lower than 4 and at a concentration of 0.01 M.

In order to achieve a rapid equilibrium of the silica column
with aqueous mobile phases with lower pH's (lower than 4), the method
employed by Laurent et al. (1984) was adopted.

The column was first

equilibrated to the desired pH by eluting about 100 mL of
concentrated phosphate buffer (0.1 M) instead of using 0.01 M
phosphate buffer.

Then the column was eluted with 50 mL of diluted

buffer (0.01 M) with which the retention time data were collected.

The above method worked well with the mobile phase of pH 3.6 which
was the lowest pH employed in Experiment I.

For the other pH's of

the mobile phases, after change-over, the column was eluted with
about 100 mL of each respective mobile phase.
Calculation of mass distribution ratios.

The choice of a

compound as a nonretaining compound (void volume marker) in silica
columns is not obvious.

In our study, the retention times of methyl

anilines were adjusted with the retention time of water.

The mass

distribution ratios were calculated using the formula, k' = (tr
t )/t
o

o,

where t r is the retention time of the solute and to

is the retention time of the water.

As shown in Table 5.2, the

retention time of water seems to be independent of the pH of the
mobile phase as long as the ionic strength is kept constant.
Therefore, the comparison of k' at different pH's could be made.
pH values listed in Table 5.1 were employed in Experiment I.

The
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Table 5.2. Retention time of water on silica as a function of pH of
the mobile phase, 0.01 M phosphate buffer, at ionic strength
of 0.1 M.

pH

Retention time (min.)a

6.85

3.45

6.13

3.47

5.31

3.47

4.54

3.49

4.07

3.47

3.60

3.49

a flow rate of the mobile phase was constant at 1 mL/min

145

RESULTS AND DISCUSSION

Effect of pH on the retention of methyl anilines on silica with
aqueous mobile phases at a constant ionic strength.

Figure 5.1 shows

the dependence of log k' on the pH of the mobile phase at a constant
ionic strength.

Dependence of the retention of aniline on the pH of

the mobile phase at a constant ionic strength can be explained
qualitatively as follows.

Depending on the pH of the mobile phase with which the surface
of the silica is in contact, the silanol groups of the silica surface
can exist in both dissociated and undissociated form as shown in
Equation 1.

ESi-OH

=

ESi-0- + H+

(1)

where ESi-OH is the surface silanol groups

,

ESi-0- is the

dissociated surface silanol groups and H+ is the hydrogen ion
concentration in the mobile phase.

The extent of dissociation also depends on the pKa of the
surface silanol groups.

The pKa of surface silanol groups is found

to be dependent on the process by which silica is produced (Unger,
1979).

It is logical to assume

Si-0- groups to be associated with

cations present in excess amounts in the mobile phase at ionic
strength 0.1 M.

The metal ions present in the mobile phase employed

in our study are K+, and the association reaction is given by
Equation 2.

1.0

I

o
at

0.5

0 aniline
4mA
3,4dmA
2,4,3tmA

:Sc

___......41

0)

at'''

0

1'N,°A
N

A

0.0
0..............O.N.""'""'''"'"'"0"."..o....................o..........o

0.5
7.5

a

6.5

5.5

4.5

3.5

log aH
Figure 5.2. Dependence of the retention of methyl anilines on silica on pH
at a constant ionic strength in the mobile phase.
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ESi-0-

+ e

=

ESi-O-K+

(2)

Methyl anilines could also exist in both neutral and ionized
form depending on the pH of the mobile phase and the pKa of the
methyl aniline.

The dissociation of a protonated methyl aniline,

Be to its neutral form, B, is shown in Equation 3.

Be

=

B

+ e

(3)

The two species of a given methyl aniline (neutral and
protonated) could interact with either ESi-OH or =S1-0- groups
present in the surface.

The interaction between protonated methyl

aniline, Be and dissociated silanol, ESi-0- is considered to be
stronger than for example, the interaction between undissociated
silanol groups, ESi-OH, and neutral methyl aniline, B,.

The former

interaction can be thought of as due to electrostatic interactions
causing an ion exchange reaction as shown in Equation 4.

Whereas,

the later interaction involves hydrogen bonding which is weaker than
the interaction due to ion exchange.

Si -O-K+

+ Be =

ESi-O-Be

+

K+

(4)

As the pH of the mobile phase decreases, the number of ESi-0groups present on the surface also decreases, resulting in less ionic
character on the silica surface.

Therefore, although, the

concentration of protonated methyl anilines is higher at lower pH's
(pH < pKa), the amount of methyl aniline adsorbed on the surface by
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way of ion exchange mechanism (Equation 4) is low.
retention to decrease.

This causes the

At higher pH's the ionic character of the

silica surface increases.

However, the amount of protonated methyl

aniline decreases resulting again in lesser amounts on the surface to
give shorter retention times.

The maximum of log k' vs. pH curve for aniline shown in Figure
5.1 seems to be the result of the situation mentioned above.

That

is, there is a pH at which the total amount of =Si-0- and Be in
the

chromatographic system is at a maximum; at this pH, more of the

product =Si-O-Be is produced.
retention.

This results in maximum

In this argument, we have assumed that the contribution

from other interactions to the retention mechanism is negligible
compared to the contribution from ion exchange interaction.

The

position of the maximum depends on the pKa's of both silanol groups
and methyl anilines.

Effect of methanol on the retention of methyl anilines on silica
column at pH 7.

Figure 5.2 shows the dependence of log k' of

aniline, 4-mA, 3,4 -dmA, 2,4,5-tmA and pyridine on methanol at
pH = 7.

The experimental log k's for a given compound at different

methanol content were fitted to a quadratic equation of the form
log k' = a x2 + b x + c, where x is the volume fraction of methanol
in the mobile phase.

quadratic equation.

The solid lines in Figure 5.2 represent this
As seen in Figure 5.2, the experimental log k's

seem to fit very well to the quadratic equation.

The quadratic

dependence of log k' on % methanol was also observed with reverse
phase chromatographic stationary phases (Chapters 3 and 4).

At

higher pH's, the surface of silica may be behaving as a reverse phase

0.5

o aniline

4mA

A

0.0

3,4dmA
2,4,5tmA

0 pyridine
.:x

o)

0.5

O

1.0
1.5

0.0

1

0.2

0.4

0.6

Volume fraction of methanol
Figure 5.3. Dependence of the retention of methyl anilines and pyridine on
silica as a function of methanol at a constant ionic strength and at pH = 7.
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stationary phase in the presence of aqueous methanolic mobile phase.

The estimated parameters of the equation
log k' = a x2 + b x + c

for different compounds estimated with a

nonlinear regression technique are listed in Table 5.3.
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Table 5.3. Estimated parameters of the equation log k' = a x2 + b x
+ c.

The pH of the mobile phase is = 7 and the ionic strength

is 0.1 m.

compound

a

aniline

6.66E-04

-3.33E-02

-0.70

4-mA

1.09E-03

-5.45E-02

-0.39

3,4 -dmA

1.06E-03

-5.86E-02

-0.29

2,4,5 -tmA

1.22E-03

-6.44E-02

-0.22

pyridine

4.57E-04

-4.92E-02

0.40
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CONCLUSIONS

Retention of methyl anilines on a silica column with aqueous
buffered mobile phases as a function of pH can be explained
qualitatively by an ion exchange mechanism.

At a given pH, the

concentration of both dissociated surface silanol groups and
protonated methyl anilines govern the retention.

As the pKa of

surface silanol groups of silica is dependent on the process by which
silica is produced, different types of silica could produce different
retention mechanisms towards HIOC's.

The effect of methanol on the retention of methyl anilines on
silica can be described by a quadratic relationship between log mass
distribution ratio and the volume fraction of methanol.

This

observation was similar to that observed in reverse phase liquid
chromatography.

This indicates that the surface of silica tends to

be hydrophobic in the presence of methanol in the mobile phase.
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CHAPTER 6

CONCLUSIONS

The physicochemical phenomena responsible for the retention in
reverse phase liquid chromatography (RPLC) are not to date completely
understood.

The chromatographic retention depends on the properties

of the solutes, and the properties of the mobile and the stationary
phases.

A understanding of these properties is important in

predicting the retention of different solutes under different
chromatographic conditions.

The retention studies of the reverse

phase liquid chromatography (RPLC) of hydrophobic ionogenic organic
compounds (HIOC's) presented herein provide some understanding of the
retention mechanism in RPLC.

The role of different RPLC stationary phases, C-2, C-8, and
C-18, on the retention of methyl anilines as a function of volume
fraction of methanol in the mobile phase was studied.

The Henry's

law constants of methyl anilines in different methanol-water mixtures
were determined to investigate the effect of methanol on the
activities of methyl anilines (aniline, 4-methylaniline,
3,4-dimethylaniline, and 2,4,5-trimethylaniline) in different
stationary phases.

The gas-liquid equilibration method developed has

been shown to provide a rapid, and convenient technique to determine
Henry's law constants and thereby activity coefficients of
methylanilines in methanol-water mixtures.

The procedure is based on

three steps: (i) an inert gas is passed through a solution containing
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a solute of interest; the solute is transferred from the liquid to
the gas bubble; (ii) the gas is then passed through another solvent
to extract the solute back from the gas phase; and (iii) the
concentration of the solute in the extract is determined by a
suitable analytical technique.

This method has shown to be suitable

especially for compounds having low Henry's law constants.

The

results indicated that the Henry's law constants of methyl anilines
vary quadratically with the volume fraction of methanol.

Equations have been derived to describe the use of Henry's law
constants in determining the activity coefficients and standard free
energies of transfer of methyl anilines from water to methanol-water
mixtures.

The vapor pressures of methyl anilines (pure liquid or

super-cooled liquid) are necessary to obtain the absolute values of
activity coefficients of methyl anilines as a function of methanol
from the Henry's law constants.

The lack of linear free energy

relationship among the standard free energies of solvation of
different methyl anilines in a given methanol-water mixture was
attributed to the differences in solute-solvent interactions.

The partitioning of the RPLC retention process into mobile phase
and stationary phase contributions provides a method of investigating
the retention mechanisms in RPLC.

From the mass distribution ratios

of methyl anilines on a given RPLC stationary phase and their Henry's
law constants as a function of methanol, it was possible to
illustrate the dependence of activity coefficients of methyl anilines
in a RPLC stationary phase on fraction of methanol in the mobile
phase.

The results show that the activity coefficients of methyl

anilines increase with the volume fraction of methanol; thus the
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properties of the stationary phase are dependent on the properties of
the mobile phase.

The concept that the mobile phase solely governs

the retention in RPLC stationary phases did not appear to be valid at
least for methyl anilines as solutes.

Quadratic relationships

between the logarithm of mass distribution ratios of both neutral and
ionized methyl anilines and the volume fraction of methanol were
established to describe the effect of methanol on retention.

This

type of behavior was observed for the three stationary phases, C-2,
C-8, and C-18, examined.

A partition model was developed to illustrate the effect of pH
on the retention of methyl anilines at a constant fraction of
methanol in the mobile phase on different RPLC stationary phases.
This model has been applied to determine the acid dissociation
constants, pKa's, of methyl anilines in a given solvent composition
of the mobile phase.

These chromatographically determined pKa's are

in close agreement with the potentiometrically determined pKa's.

The

partitioning of both neutral and ionized species of methyl anilines
between the mobile phase and the stationary phase appeared to be
independent of the ionic strength in the mobile phase for the range
of 0.01 to 0.1 m.

This behavior suggested that the electrostatic

interactions in the stationary phase is absent or negligible under
the conditions of these experiments.

However, further experiments

are necessary to draw any conclusion on the participation of counter
ions in the retention of HIOC's in RPLC.

Expressions have been

derived to indicate the possibility of predicting the combined effect
of pH, and methanol on the retention of methyl anilines on RPLC
stationary phases.
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The position of the methyl group in the parent aniline skeleton
has no significant effect on the retention of methyl anilines.

For

instance, isomers of monosubstituted 2-, 3-, and 4-methyl anilines
have approximately the same retention at different methanol

concentrations, and different ionic strengths in the mobile phase.

A

similar behavior was observed for isomers of disubstituted methyl
anilines.

These observations further support the use of a

partitioning model as opposed to an adsorption model to describe the
retention mechanism in RPLC.

Octanol-water partition coefficients have been shown to
correlate very well with the mass distribution ratios of methyl
anilines.

Equations have been established which can be used to

predict the mass distribution ratios of methyl aniline in a RPLC
column at any methanol composition in the mobile phase.

Preliminary experiments were conducted to study the retention of
methyl anilines on silica as a stationary phase.

The results

indicated that the interaction of ionized methyl aniline with surface
silanol groups by a ion exchange mechanism contribute predominantly
to the retention on silica.

The methanol in the mobile phase

decreases the retention of methyl aniline on silica as observed in
RPLC.
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DETERMINATION AND INTERPRETATION OF pH IN
MIXED SOLVENTS
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Determination and interpretation of pH in mixed solvents

Mixed solvent standards.

De Ligny et al. (1960) have defined

the pH* in mixed solvents as

pH*

=

-log m*HT*H = -log (aH*)

(1)

where m H is the molality of hydrogen ion in the mixed solvent
and

is is the activity coefficient of hydrogen ion relative to

the reference state of infinite dilute solution in the mixed solvent.
To obtain pH* of an unknown buffer solution of a given solvent
composition one could use the operational definition of the pH*:

Ex(s)

pH: (s)

=

E

pH:t (s)

st

(s)
(2)

k

where the letter s refers to the mixed solvent, the letter x refers
to the unknown buffer solution pH*x(s) and pH*st(s) are pH*
values of the test and standard buffer solutions of the same solvent
composition,

Ex(s) and Est(s) are the emf values measured in the

test and the standard solutions, and k is the Nernstian slope.
Coupled with the use of Equation 2 is the assumption that differences
in liquid junction potentials between the cell with the standard
solution and the cell with the sample solution are the same or
negligible.

De Ligny et al. (1960a and 1960b) and recently Mussini et al.
(1985) have determined pH standards for nonaqueous buffer mixtures.
The pH values of standard buffer mixtures are listed in Table 1.1.
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Table 1.1.

The standard pH values of two buffers in methanol-water

mixed solvents.a

methanol

Oxalate bufferb

Succinate buffers

(w/w)

2.15

4.12

2.19

4.30

20

2.25

4.48

30

2.30

4.67

40

2.38

4.67

50

2.47

5.07

60

2.58

5.30

70

2.76

5.57

80

3.13

6.01

90

3.73

6.73

100

5.79

8.75

0
10

a Data from Mussini et al. (1985)
b Prepared from oxalic acid and ammonium hydrogen oxalate each
0.01 m in the mixed solvent.

Prepared from succinic acid and lithium succinate each
0.01 m in the mixed solvent.
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However, aqueous buffer standards could also

Aqueous buffers.

be used in obtaining

pH' values in mixed solvents (Bates, 1960;

Gelsema et al., 1966 and 1967).

Consider the cell

Reference
electrode

KC1 (aq.)
solution

Glass
electrode

standard buffer
in water or
unknown buffer
in mixed solvent

liquid junction I

(3)

liquid junction II

To prevent the precipitation of KC1 at the liquid junction .I in

Cell 3, three procedures can be adopted: (i)

use of a low

concentrated KC1 solution (e.g., 0.1 M or less), (ii) rapid
determination of the cell potential, (iii) use of a saturated
solution of KC1 in the mixed solvent of the same composition as in
unknown buffer.

The emf of Cell 3 with an aqueous standard buffer solution is

Est(w)

Erew)
f(

Eg?(w)

k log aH(w, st)

Ej,st(w)

(4)

where w indicates that the emf values are measured in aqueous

solutions Ogi(w) and Oref(w) are the standard potentials of
the glass electrode and reference electrode, and aH(w, st) is the
activity of hydrogen ion referred to the aqueous standard scale, the
term st refers to the standard buffer.
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The last term in Equation 4 is the junction potential between the
aqueous buffer solution and aqueous KC1 solution.

Similarly the emf value with unknown buffer solution in a given
mixed solvent (e.g., methanol /0.001 M potassium acetate) can be given
by:

Ex(s)

=

Ere(s)

k log a*H(s, x) +

Eg?(s)

Eitx(s)

(5)

where s refers to the solvent medium and the letter x refers to the
unknown buffer solution.

It is important to note here that, in

Equation 5, the activity of hydrogen ion refers to the standard state
of the solvent medium and not to the aqueous standard state.

The

last term in Equation 5 is the junction potential between the unknown
buffer solution in a mixed solvent and aqueous KC1 solution.

Since the emf of the reference electrode remains constant as the
buffer solutions are changed from aqueous to mixed solvents
subtraction of Equation 4 from Equation 5 yields:

Ex(s)
pHx(s)

Est(w)

Eg?(s)- Eg?(w)

PHst(w)

E

j, st

(w)

E.

X

(s)
(6)

k

where pHst(w) = -log aH(w, st) and pH*x(s) = -log a*H(s, x).

If the pH value of a mixed solvent is obtained from the pH meter
calibrated with aqueous buffer standards, the corresponding pH value,

pHaPPx(s), is given by

170

E x(s)

pHaPP(s)

=

pH

st

(w)

Est (w)

(7)

k

where pHst is the standard pH value of the neat aqueous buffer
solution and Ex and Est are the measured emf values in the buffer
solution in mixed solvent and the neat aqueous buffer solutions,
respectively.

From Equations 6 and 7, the correction factor, 8, between
pHaPPx(s) and pH*x(s) can be obtained.

S =

app
pHx (s)

Ej,x(s

Ej,st( w)

o

o
(w)
gl

E

gl

(s)

pHx (s) =

(8)

k

pH*x(s) =

E

pHaPPx(s)

k

8

(9)

If S values are known, aqueous standards can be used for valid pH
determination of pH in methanol-water mixtures.
S values for methanol-water mixtures have been determined by several

authors (Bates, 1973; De Ligny et. al., 1960; Gelsema et al., 196
The S values are found to be small up to about 80 wt per cent
methanol.

The small magnitude of the S below 80% (w/w) methanol is

illustrated in Figure I.1.

It has also been observed that S in a

buffer solution in mixed solvent mixture is affected mainly by the
amount of organic solvent and not by the type of buffer and the
concentration of the buffer (Bates, 1973).

0.2
0.0

0.2
3

0.4
0.6

0.8
1.0
0

20

40

60

80

100

% methanol (w/w)
Plot of the correction factor, pHaPP-ph. = S, as a
Figure I.1.
function of methanol. Data were obtained from Bates (1973;.
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Table II.1 Reproducibility of the determination of Henry's law
constants in aqueous solutions at pH 7.

time

4-mA

Cla

Cgb

He

Log H

(M/M)

(mM)

(uM)

1st hr

5.002

0.3585

7.17E-05

-4.144

2nd hr

5.002

0.4757

9.51E-05

-4.022

3rd hr

5.002

0.4609

9.21E-05

-4.036

4th hr

5.002

0.4572

9.14E-05

-4.039

5th hr

5.002

0.4581

9.16E-05

-4.038

6, 7 and 8th hr

5.002

0.4497

8.99E-05

-4.046

9, 10 and 11th hr

5.002

0.4508

9.01E-05

-4.045

Trial

4-mA

1

5.001

0.131

2.62E-05

-4.582

2

5.001

0.1327

2.65E-05

-4.577

3

5.001

0.1387

2.76E-05

-4.559

1

5.003

0.0769

1.54E-05

-4.812

2

5.003

0.0700

1.40E-05

-4.854

3

5.003

0.0749

1.50E-05

-4.824

4

5.003

0.0737

1.47E-05

-4.833

Trial

2,4,5 -tmA

a

concentration of methyl anilines in the liquid phase.

b

concentration of methyl anilines in the gas phase.

c H is the dimensionless Henry's law constant.
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Table II.2a. Depletion of the liquid phase concentration of aniline
at different methanol concentrations.

The volumes of gas passed

through each solution are listed in Table 2.1.

% Methanol
(w/w)

Concentration

Absorbance

Absorbance

of original

after gas

of original

solution

equilibration

solution

mAU

mAU

Concentration
after gas

equilibration
uM

uM

vessel 1 vessel 2

vessel 1 vessel 2

0

149.42

142.00

144.39

98.97

94.02

95.62

10

149.62

149.52

147.45

99.11

99.04

97.66

20

149.44

145.47

146.16

98.99

96.34

96.80

30

151.34

147.02

148.13

100.25

97.37

98.11

40

149.23

146.04

141.80

98.85

96.72

93.89

50

147.05

144.76

145.97

97.39

95.86

96.67

60

149.24

146.20

151.66

98.85

96.82

100.47
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Table II.2b. Depletion of the liquid phase concentration of 4-mA at
different methanol concentrations.

The volumes of gas passed through

each solution are listed in Table 2.1.

Absorbance

Absorbance

of original

after gas

of original

solution

equilibration

solution

mAU

mAU

uM

% Methanol
(w/w)

Concentration

Concentration
after gas

equilibration

vessel 1 vessel 2

uM

vessel 1 vessel 2

0

150.21

142.50

146.98

100.865

95.659

98.684

10

151.21

145.46

147.37

101.541

97.658

98.948

20

149.69

145.15

100.514

30

153.53

146.51

103.107

146.72

40

97.449
98.509

149.08

98.367
100.102

50

149.91

150.98

148.68

100.663

101.385

99.832

60

149.41

154.74

153.63

100.325

103.924

103.175
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Table II.2c. Depletion of the liquid phase concentration of 3,4 -dmA

at different methanol concentrations.

The volumes of gas passed

through each solution are listed in Table 2.1.

Absorbance

Absorbance

of original

after gas

of original

solution

equilibration

solution

mAU

mAU

% Methanol
(w/w)

Concentration

Concentration
after gas

equilibration
uM

vessel 1 vessel 2

uM

vessel 1 vessel 2

0

64.65

64.02

62.99

39.782

39.391

38.752

10

149.06

150.47

154.11

98.385

93.053

95.313

20

159.42

158.34

160.32

98.609

97.938

99.168

30

162.74

161.08

160.87

100.670

99.639

99.509

40

161.11

158.30

160.46

99.658

97.914

99.254

50

163.58

163.89

161.60

101.191

101.384

99.962

60

321.83

320.28

317.48

199.422

198.460

196.722
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Table II.2d. Depletion of the liquid phase concentration of 2,4,5 -tmA
at different methanol concentrations.

The volumes of gas passed

through each solution are listed in Table 2.1.

% Methanol

Absorbance

of original

after gas

of original

solution

equilibration

solution

mAU

mAU

(w/w)

Absorbance

Concentration

Concentration
after gas

equilibration
uM

vessel 1 vessel 2

uM

vessel 1 vessel 2

0

88.41

84.88

88.28

40.593

38.951

40.532

10

86.43

84.15

86.32

39.672

38.611

39.620

20

87.31

86.47

87.36

40.081

39.690

40.104

30

215.34

215.71

217.05

99.630

99.802

100.425

40

225.33

218.67

219.93

104.276

101.179

101.765

50

219.85

220.88

218.08

101.727

102.207

100.904

60

218.33

219.18

219.54

101.020

101.416

101.583
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Table II.3a.

Log k'a, of methyl and chloroanilines as a function

of apparent pH in the mobile phase.
4.6 mm i.d., 5 am particles).

Column: C 2-Lichrosorb (250 x

Mobile phase: 60% (v/v) methanol in

0.05 M phosphate buffer (0.025 M Na2HPO4 + 0.025 M KH2PO4).

Flow

rate: 1.0 mL/min.

pH(app)b

Compound

7.5

6.5

5.5

4.5

3.4

aniline

-0.343

-0.336

-0.354

-0.511

-0.926

2-mA

-0.168

-0.102

-0.179

-0.312

-0.732

3-mA

-0.157

-0.087

-0.175

-0.382

-0.778

4-mA

-0.153

-0.081

-0.197

-0.498

-0.926

2,3-dmA

-0.027

0.031

-0.044

-0.264

-0.732

2,4-dmA

0.014

0.071

-0.013

-0.284

-0.691

2,5 -dmA

0.016

0.011

0.005

-0.161

-0.599

3,4-dmA

-0.008

0.072

-0.060

-0.417

-0.715

3,5-dmA

0.019

0.075

-0.008

-0.252

-0.632

2-cA

0.016

0.064

0.019

0.021

-0.013

3-cA

-0.051

0.003

-0.047

-0.050

-0.171

4-cA

-0.070

-0.020

-0.077

-0.098

-0.133

2,6-dcA

0.384

0.415

0.386

0.401

0.380

3,4-dcA

0.168

0.209

0.174

0.183

0.134

3,5-dcA

0.302

0.342

0.304

0.310

0.290

a Retention time of the first peak of the water was taken as the
retention time of nonretaining compound.
b

Apparent pH values of the mobile phase were obtained from a
pH meter calibrated with aqueous buffer standards.
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Table II.3b.

Log k's of methyl and chloroanilines as function of
Column: C 8

apparent pH in the mobile phase.
i.d x 250 mm, 5 um particles).

Lichrosorb (4.0 mm

Mobile phase: 60 %(v/v) methanol in

0.025 M phosphate buffer, (0.025 M Na2HPO4 + 0.025 M KH2PO4).
rate: 1.0 mL/min

pH (app)a

Compound

7.5

6.5

5.5

4.5

3.4

aniline

-0.348

-0.402

-0.446

-0.549

-0.808

2-mA

-0.180

-0.192

-0.213

-0.299

-0.635

3-mA

-0.179

-0.182

-0.204

-0.319

-0.642

4-mA

-0.137

-0.162

-0.215

-0.367

-0.664

2,3-dmA

-0.009

-0.053

-0.065

-0.181

-0.410

2,4-dmA

0.047

-0.010

-0.019

-0.151

-0.414

2,5-dmA

0.025

-0.014

-0.032

-0.107

-0.356

3,4-dmA

0.012

-0.036

-0.072

-0.251

-0.378

3,5-dmA

0.039

-0.006

-0.025

-0.149

-0.345

Flow
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Table II.3b.

Continued

pH (app)a

Compound

7.5

6.5

5.5

4.5

3.4

2-cA

-0.032

-0.025

-0.021

-0.021

-0.030

3-cA

-0.055

-0.054

-0.052

-0.053

-0.125

4-cA

-0.062

-0.062

-0.049

-0.079

-0.225

2,6 -dCA

0.328

0.312

0.324

0.354

0.360

3,4-dCA

0.241

0.229

0.244

0.277

0.260

3,5-dCA

0.393

0.391

0.399

0.428

0.424

2.54

2.70

2.71

2.76

2.70

2.69

2.66

2.69

2.69

2.67

2.87

3.12

3.08

2.76

2.70

water b

a Apparent pH were determined with a pH meter calibrated for
aqueous buffer standards.

b Retention time of water was taken as the retention time of
nonretaining compound.

Retention time data were collected on

three different days. The retention time data for water in the
the first raw corresponds to aniline, second raw corresponds to
monosubstituted anilines and the third raw corresponds to
disubstituted anilines.
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Table II.3c.

Log k' s of methyl and chloro anilines as function of

apparent pH in the mobile phase column: C 18
x 250 mm 5 um particles).

Lichrosorb (4.0 mm i.d

Mobile phase: 60 %(v/v) methanol in 0.025

M phosphate buffer, 0.025 M Na2HPO4 + 0.025 M KH2PO4.
1.0 mL/min.

pH (app)a

compound

7.5

6.5

5.5

4.5

3.4

aniline

-0.323

-0.394

-0.413

-0.487

-0.890

2-mA

-0.078

-0.088

-0.098

-0.209

-0.618

3-mA

-0.078

-0.084

-0.105

-0.274

-0.676

4-mA

-0.069

-0.072

-0.116

-0.377

-0.726

2,3-dmA

0.127

0.107

0.066

-0.063

-0.363

2,4-dmA

0.182

0.168

0.115

-0.052

-0.380

2,5-dmA

0.164

0.169

0.125

0.034

-0.303

3,4-dmA

0.142

0.123

0.027

-0.161

-0.342

3,5 -dmA

0.171

0.158

0.112

-0.027

-0.284

Flow rate:
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Table II.3c. continuation

pH (app)a

7.5

6.5

5.5

4.5

3.4

2-cA

0.099

0.095

0.108

0.105

0.087

3-cA

0.056

0.042

0.062

0.059

-0.043

4-cA

0.037

0.031

0.049

0.031

-0.175

2,6-dCA

0.505

0.520

0.500

0.529

0.529

3,4-dCA

0.354

0.383

0.364

0.393

0.372

3,5 -dCA

0.538

0.593

0.552

0.578

0.571

2.95

2.95

2.95

2.95

2.95

2.68

2.68

2.67

2.67

2.66

2.89

3.02

3.10

2.81

2.81

compound

waterb

a Apparent pH were determined with a pH meter calibrated for
aqueous buffer standards
b Retention time of water was taken as the retention time of
nonretaining compound.

Retention time data were collected on

three different days.

The retention time data for water in the

the first raw corresponds to aniline, second raw corresponds to
monosubstituted anilines and the third raw corresponds to
disubstituted anilines.
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Table II.4a.
pH* > 6.2.

Column: C 2-Lichrosorb

Ionic strength: 0.01 m KC1.

(250 x 4.6 mm i.d., 5 um particles).

Mobile phase: different weight

fraction of methanol in 0.001 M potassium acetate.

Flow rate:

0.7 mL/min

fraction of

0.20

0.30

0.40

0.50

0.60

0 .241

0.353

0.459

0.560

0.656

0.749

0.70

methanol (w/w)

fraction of
methanol (v/v)

log k'

Compound

aniline

0.376

0.150

-0.073

-0.266

-0.517

-0.587

2-mA

0.706

0.419

0.149

-0.083

-0.308

-0.588

3-mA

0.748

0.456

0.171

-0.073

-0.308

-0.580

4-mA

0.759

0.467

0.178

-0.073

-0.310

-0.566

2,3-dmA

1.012

0.690

0.344

0.069

-0.195

-0.430

0.737

0.401

0.113

-0.156

-0.397

2,4-dmA
2,5-dmA

1.076

0.739

0.406

0.115

-0.156

-0.393

2,6-dmA

1.033

0.708

0.390

0.111

-0.142

-0.374

3,4-dmA

1.072

0.720

0.378

0.083

-0.179

-0.434

3,5-dmA

1.117

0.764

0.418

0.112

-0.151

-0.414

2,4,5 -tmA

0.998

0.613

0.278

-0.022

-0.292

2,4,6-tmA

1.026

0.643

0.316

0.014

-0.255

a Retention time of the first peak of the water was taken as the
retention time of nonretaining compound.
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Table II.4b.
pH* > 6.2.

Ionic strength: 0.05 m KC1.

Column: C 2-Lichrosorb

Mobile phase: different weight

(250 x 4.6 mm i.d., 5 am particles).

fraction of methanol in 0.001 M potassium acetate.

Flow rate:

0.7 mL/min.

fraction of

0.20

0.30

0.40

0.50

0.60

0.70

0.241

0.353

0.459

0.560

0.656

0.749

methanol (w/w)

fraction of
methanol (v/v)

Compound

log k'

aniline

0.371

0.144

-0.085

-0.289

-0.490

-0.613

2-mA

0.695

0.417

0.142

-0.102

-0.332

-0.604

3-mA

0.745

0.452

0.162

-0.092

-0.335

-0.600

4-mA

0.742

0.453

0.166

-0.091

-0.332

-0.600

2,3-dmA

1.020

0.670

0.336

0.053

-0.212

-0.442

2,4-dmA

1.076

0.735

0.392

0.097

-0.180

-0.415

2,5-dmA

1.068

0.736

0.398

0.102

-0.175

-0.415

2,6-dmA

1.017

0.706

0.385

0.102

-0.163

-0.390

3,4-dmA

1.053

0.699

0.368

0.064

-0.206

-0.445

3,5-dmA

1.103

0.753

0.411

0.101

-0.182

-0.430

2,4,5-tmA

1.001

0.602

0.265

-0.046

-0.308

2,4,6-tmA

1.030

0.640

0.303

-0.009

-0.267

KNO3b

3.88

3.84

3.85

3.88

3.89

3.91

waterb

3.88

3.84

3.84

3.87

3.89

3.90

a Retention time of the first peak of the water was taken as the
retention time of nonretaining compound.
b retention times (min)
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Table II.4c.
pH* > 6.2.

Ionic strength: 0.10 m KC1.

Column: C 2-Lichrosorb

Mobile phase: different weight

(250 x 4.6 mm i.d., 5 um particles).

fraction of methanol in 0.001 M potassium acetate.

Flow rate

0.7 mL/min.

fraction of

0.20

0.30

0.40

0.50

0.60

0.70

0.241

0.353

0.459

0.560

0.656

0.749

methanol (w/w)

fraction of
methanol (v/v)

log k'

Compound

aniline

0.353

0.150

-0.087

-0.291

-0.480

-0.683

2-mA

0.695

0.424

0.137

-0.105

-0.334

-0.511

3-mA

0.720

0.459

0.162

-0.103

-0.336

-0.522

4-mA

0.752

0.454

0.166

-0.088

-0.325

-0.522

2,3-dmA

0.997

0.670

0.331

0.048

-0.210

-0.425

2,4-dmA

1.079

0.739

0.392

0.087

-0.179

-0.402

2,5-dmA

1.073

0.742

0.400

0.106

-0.166

-0.393

2,6-dmA

1.013

0.728

0.386

0.103

-0.152

-0.377

3,4-dmA

1.058

0.694

0.359

0.067

-0.193

-0.422

3,5-dmA

1.069

0.750

0.406

0.105

-0.171

-0.410

2,4,5-tmA

0.993

0.592

0.259

-0.042

-0.299

2,4,6-tmA

1.038

0.641

0.297

-0.005

-0.260

KNO3b

3.95

3.87

3.89

4.01

3.99

3.87

waterb

3.82

3.85

3.87

3.99

3.99

3.86

a Retention time of the first peak of the water was taken as the
retention time of nonretaining compound.
b Retention times (min)
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Table II.5a.
pH* = 2.8.

Ionic strength: 0.01 m KC1.

(250 x 4.6 mm i.d., 5 am particles).

Column: C 2-Lichrosorb

Mobile phase: different weight

fraction of methanol in 0.001 M potassium acetate.

Flow rate

0.7 mL/min.

fraction of

0.10

0.20

0.30

0.40

0.50

0.60

0.124

0.241

0.353

0.459

0.560

0.656

methanol (w/w)

fraction of
methanol (v/v)

Compound

log k'

Aniline

0.292

-0.445

-0.525

-0.756

-0.903

2-mA

0.077

-0.146

-0.258

-0.557

-0.727

3-mA

0.127

-0.096

-0.211

-0.537

-0.733

4-mA

0.097

-0.120

-0.234

-0.561

-0.563

2,3-dmA

0.397

0.114

-0.022

-0.412

-0.640

2,4-dmA

0.454

0.168

0.028

-0.378

-0.611

2,5-dmA

0.496

0.206

0.061

-0.339

-0.567

2,6-dmA

0.621

0.320

0.168

-0.189

-0.388 -0.526c

3,4-dmA

0.490

0.201

0.058

-0.370

-0.611

3,5-dmA

0.550

0.261

0.119

-0.315

-0.555

2,4,5-tmA

0.808

0.491

0.320

-0.182

-0.460 -0.621

2,4,6-tmA

0.853

0.522

0.345

-0.123

-0.378 -0.650

KNO3b

3.84

3.81

3.83

4.11

4.11

4.04

3.84

3.82

3.82

3.82

3.84

3.84

water

b

a Retention time of the first peak of the water was taken as the
retention time of nonretaining compound.
b Retention time (min)

c Retention time of water = 3.69 min
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Table II.5b.
pH* = 2.8.

Ionic strength: 0.05 m KC1.

(250 x 4.6 mm i.d., 5 um particles).

Column: C 2-Lichrosorb

Mobile phase: different weight

fraction of methanol in 0.001 M potassium acetate.

Flow rate

0.7 mL/min.

fraction of

0.10

0.20

0.30

0.40

0.50

0.60

0.124

0.241

0.353

0.459

0.560

0.656

methanol (w/w)

fraction of
methanol (v/v)

log k'

Compounds

-0.219

-0.403

-0.537

-0.748

-0.873

2-mA

0.152

-0.106

-0.277

-0.545

-0.702

3-mA

0.210

-0.056

-0.231

-0.530

-0.697

4-mA

0.184

-0.080

-0.252

-0.557

-0.714

2,3-dmA

0.495

0.155

-0.049

-0.399

-0.580

2,4-dmA

0.549

0.210

-0.001

-0.366

-0.551

2,5-dmA

0.586

0.250

0.034

-0.327

-0.521

2,6-dmA

0.677

0.358

0.134

-0.180

-0.385

3,4-dmA

0.580

0.239

0.021

-0.361

-0.551

3,5-dmA

0.643

0.309

0.084

-0.301

-0.499

2,4,5 -tmA

0.772

0.529

0.276

-0.175

-0.396

-0.715

2,4,6-tmA

0.920

0.565

0.304

-0.112

-0.338

-0.631

KNO3b

3.87

3.81

4.02

4.03

3.96

3.93

3.86

3.82

3.86

3.86

3.88

3.89

aniline

water

b

-0.612

a Retention time of the first peak of the water was taken as the
retention time of nonretaining compound.
b

Retention times
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Table II.5c.
pH* = 2.8.

Ionic strength: 0.10 m KC1.

(250 x 4.6 mm i.d., 5 um particles).

Column: C 2-Lichrosorb

Mobile phase: different weight

fraction of methanol in 0.001 M potassium acetate.

Flow rate

0.7 mL/min.

fraction of

0.10

0.20

0.30

0.40

0.50

0.60

0.12

0.24

0.35

0.46

0.5597

0.656

methanol (w/w)

fraction of
methanol (v/v)

Compound

log k'

-0.178

-0.410

-0.564

-0.733

-0.949

2-mA

0.206

-0.116

-0.322

-0.529

-0.729

3-mA

0.272

-0.061

-0.281

-0.504

-0.717

4-mA

0.254

-0.080

-0.301

-0.522

-0.741

2,3-dmA

0.569

0.150

-0.115

-0.375

-0.610

2,4-dmA

0.634

0.201

-0.070

-0.337

-0.588

2,5-dmA

0.667

0.243

-0.035

-0.304

-0.559

2,6-dmA

0.741

0.332

0.066

-0.187

-0.431

3,4-dmA

0.674

0.239

-0.046

-0.325

-0.588

3,5 -dmA

0.733

0.307

0.016

-0.268

-0.539

2,4,5-tmA

0.833

0.528

0.183

-0.144

-0.437

-0.702

2,416-tmA

0.874

0.549

0.213

-0.101

-0.391

-0.640

KNO3b

3.90

4.07

4.05

3.95

3.93

3.95

3.90

3.88

3.88

3.89

3.91

3.93

aniline

water

b

-0.635

a Retention time of the first peak of the water was taken as the
retention time of nonretaining compound.
b Retention times (min).
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Table 11.6.
pH.

Log k' of methyl anilines on silica as a function of

Mobile phase: 0.025 M KH2PO4 and 0.025 M K2HPO4 at ionic

strength 0.1 M.

log k'a

3,4-dmA

2,4,5 -tmA

0.015

0.096

0.147

-0.271

0.114

0.174

0.227

-5.31

-0.214

0.155

0.245

0.328

-4.07

-0.278

0.038

0.166

0.290

-4.52

-0.222

0.207

0.385

0.493

-3.60

-0.290

0.093

0.251

0.388

pH

aniline

-6.85

-0.310

-6.13

4-mA

a Retention time of water was taken as the retention time of
nonretaining compound.
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Table 11.7.

Log k' of methyl anilines and pyridine on silica as a

function of methanol at pHaPP = 7 and ionic strength of 0.1 m.

Fraction of
methanol (v/v)

Log k'a

aniline

4-mA

3,4-dmA

2,4,5-tmA

0.063

-0.633

-0.551

-0.509

0.182

0.124

-0.839

-0.783

-0.767

-0.076

0.183

-0.947

-0.903

-0.893

-0.242

0.241

-1.046

-1.046

-1.004

-0.386

0.298

-1.076

-1.092

-1.092

-0.499

0.406

-0.726

0.510

-1.022

a Retention time of water was taken as the retention time of
nonretaining compound.

Mobile phase: methanol- 0.025 M KH2PO4

and 0.025 M K2HPO4 at ionic strength 0.1 M.

