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Abstract

The influence of organic modifier (OM) on the retention of non-ionic solutes by
an octadecylsilyl (Cis) bonded phase HPLC packing is quantitatively studied. Solute
transfer activity coefficients are used to model the mobile phase contribution of OM to
the solute retention. They are obtained from analyte solubility in the mobile phase,
measured by the shake-flask and cloud point methods. Stationary phase contribution of
sorbed OM to the solute retention is obtained from simultaneous sorption experiments
performed by the column equilibration technique. Individual sorption isotherms of all
compounds studied are also measured. For these, infinite dilution standard state activity is
used in place of mobile phase concentration.

Two models are proposed for the stationary phase contribution of OM. In one
model, the sample and OM are sorbed in different planes within the stationary phase,
which is viewed as an ideal solution of C;3 chains, sorbed OM and sorbed sample. Solute
sorption decreases exponentially with the volume fraction of organic modifier in the
stationary phase, similar to bulk partitioning. This model describes the system in which
1-butanol and eucalyptol serve alternatively as sample solute and as OM. Only the C;
group of I-butanol is dissolved within the stationary phase. It was observed that the
interaction of sorbed solute with the C;s chains was much stronger than its interaction
with the sorbed organic modifier. The model is consistent with the experimentally
observed Langmuir isotherm of 1-butanol and with the “associative-bilayer isotherm with
limited solubility in the aqueous phase” observed for eucalyptol.

The second model applies when both sample and OM are sorbed at the C;3/mobile

phase interface. Competition for space occurs. This model describes the influence of 1-



propanol OM on 1-hexanol sample. In this case, competition for space in the stationary
phase is partially offset by the rearrangement of C;s chains, caused by the sorbed OM (1-
propanol), leading to a decrease in space occupied by OM in the stationary phase. A
sorption isotherm equation incorporating these effects is derived for 1-propanol. It is in
excellent agreement with the experimental data. Sorption of 1-hexanol is described by a
Langmuir isotherm.

In the mobile phase concentration range of 0-15 % v/v 1-propanol, the changes in
retention of 1-hexanol are controlled exclusively by changes in the stationary phase. For
15-30% v/v 1-propanol in the mobile phase, retention of 1-hexanol is controlled by both

mobile and stationary phase contributions.
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the weight of packing in the freshly packed precolumn, kg
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stationary phase (normally Partisil-10 ODS-3)

organic modifier solvent (commonly, the additive to the mobile phase in
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1. Preface

Reversed phase chromatography is by far the most widely used branch of high
performance liquid chromatography, with bonded phase packings being one of the most
popular choices'?. One of the first rigorous attempts to relate liquid chromatographic
retention to physical chemistry principles was the solvophobic theory®. This theory
attributs the retention process mostly to the mobile phase, ignoring the contributions from
the bonded phase stationary phase such as bonding density, alkyl chain length and
conformation, the changes in the stationary phase properties caused by the sorption of
organic modifiers. Although solvophobic theory is still being used*”, there is extensive
experimental evidence that the stationary phase plays an important role in the reversed-
phase bonded phase retention, including one of the recent studies demonstrating that over
the entire range of solvent composition, most of the free energy of retention in reversed-
phase chromatography arises from attractive dispersive interactions between the solute
and the stationary phase, and not from net repulsive interactions in the mobile phase®.

The present work focuses on stationary phase processes, namely the influence of
the sorption of organic modifiers from the mobile phase on the retention of analytes, and
on the comparison of the relative magnitudes of the mobile and stationary phase
contributions to changes in the retention of analytes as a function of the mobile phase
composition. We have chosen to look at the influence of 1-propanol and 1-butanol on the
sorption of two different analytes because of the common use of short-chain alcohols
added to the mobile phase in order to improve separations in reversed-phase bonded

phase chromatography. For example, 3% 1-propanol in an acetonitrile/water mobile



phase greatly improved selectivity in the separation of phenols and naphthols’; 4% 1-
propanol greatly improved the efficiency of columns used with highly aqueous mobile
phases®’; 3% 1-propanol dramatically enhanced the efficiency of separations involving
micellar mobile phases'®; and 10% 1-butanol in a methanol/water mobile phase
significantly improved the selectivity in separations of retinol isomers''. In a recent study
an octadecylsilyl bonded phase (ODS) column was used with highly aqueous mobile
phases for the separation of mixtures of 14 nucleosides or seven alkylsulfonates'?.
Pretreatment of the column with 5% v/v 1-propanol and 4% v/v 1-butanol was shown to
reduce retention and improve separation. The authors suggest that sorption of the alcohol
onto the stationary phase changes its hydrogen bonding and hydrophilic characteristics.
In the gradient elution method addition of constant 3% v/v of 1-propanol to the aqueous
mobile phases containing 0-100% methanol or acetonitrile greatly reduced reequilibration
time by providing consistent solvation of the reversed-phase stationary phase with 1-

propa.nol13 .
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2. Introduction

2.1. Reversed-Phase Bonded Phases

Reversed phase bonded phase liquid chromatography utilizes stationary phases in
which alkyl chains are chemically attached to a silica backbone'. The surface-active sites
on silica are Si-OH groups (silanols) which serve as attachment points for the covalent
silyl ether bonds that anchor bonded phases to the silica support. Because of steric
hindrance, the density of silanols on chromatographic-grade silica (=8 umol/m?) is much
greater than the maximum possible concentration of alkyl groups in a bonded phase (=4.5
umol/m® for Cg ligands). The properties of bonded phases are influenced by the
properties of the original silica (i.e. particle size, pore diameter and unreacted silanol
groups) as well as by the type of bound alkyl group(s) and their surface density'?. They
also depend upon the derivatization process, in particular on the choice of silanization
reagent and synthetic procedure’.

The two most common types of stationary phase morphologies are generally
referred to as “monomeric” and “polymeric” phases’. Monofunctional silanes, containing
one leaving group such as chloro- or methoxy- along with the alkyl group of interest and
two side groups (most often methyl), produce monomeric phases characterized by a
single bond linkage for each silane molecule with the silica surface (Figure 2.1).
Monomeric phases can also be prepared by the reaction of silica with di- or trifunctional
silanes (silanes containing two or three leaving groups), if care is taken to exclude water

from the reaction.
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Figure 2.1. Schematic representation of a monomeric bonded phase synthesis from

monofunctional silane (a) and trifunctional silane (b). R represents a bonded alkyl chain

that can be of various length. (Adapted from reference 4).
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Figure 2.2. Schematic representation of a polymeric bonded phase synthesis from a

trifunctional silane in the presence of water. R represents a bonded alkyl chain that can be

of various length. (Adapted from reference 4).



A second approach involves a polymeric reaction in which di- or trifunctional
silane reacts with the surface in the presence of water’*. This provides for a more
complicated surface chemistry and makes it possible to have two bonds with the silica for
one bonded ligand, but more importantly, the leaving groups can hydrolyze before
reaction with the surface to create -OH sites that will react with leaving groups from
other silanes, resulting in a polymeric network extending away from the surface of silica
(Figure 2.2). This yields more bonded mass but less well-defined surface coverage,
because different silanes may anchor to the surface or to other silanes at some distance
from the surface'. The implications of polymeric vs. monomeric phase morphology.
surface coverage and length of bonded alkyl chain for retention, selectivity and retention
mechanism will be discussed later.

Because manufacturers do not routinely provide details of preparation of
chromatographic phases, and the phase morphology influences the properties of the
bonded phase, chromatographers must somehow determine it'. A number of tests have
been designed to aid in this task. Two of them, selectivity toward polyaromatic
hydrocarbons and '3C NMR spectroscopy, will be discussed here.

The retention of benzo[a]pyrene (BaP; planar conformation), relative to 1.2:3.4:
5,6:7.8-tetrabenzonaphthalene (TBN, non-planar conformation) and phenantro{3,4-
c]phenantrene (PhPh, non-planar conformation) provides a sensitive measure of the
polymeric versus monomeric character of the phase®. Phases prepared using monomeric
surface modification chemistry give the elution order BaP < PhPh < TBN; while phases
prepared using polymeric surface modification chemistry give the order PhPh < TBN <

BaP. The first category has been described as “monomeric-like selectivity”, and the



second as “polymeric-like selectivity”. Phases with intermediate properties, such as
densely loaded monomeric C;s phases or lightly loaded polymeric C;s phases, are
indicated by the elution order PhPh < BaP < TBN. A quantitative measure of shape
selectivity can be calculated to enable relative comparisons between different Cs phases.

The shape selectivity factor apgn,pp (defined as kigy/Kg,e Where k' is a

chromatographic retention factor) has been shown to correlate with phase type. Values

for argn/map < 1 reflect moderately loaded polymeric C;3 phases, and values for

O rgn/pap = 1.7 reflect monomeric Cig phases. For values 1 < aqgy,gp < 1.7 the

synthesis scheme is less certain, and may indicate light polymerization with di- or
trifunctional reagents, or densely loaded monomeric phases.

Solid state *C NMR with cross-polarization (CP) and magic angle spinning
(MAS) has been shown useful in identifying bonded phase morphology’. Carbon atoms
at different positions relative to the attachment site are numbered, with the atom next to
silicon atom having a number of 1, and the numbers for the following carbon atoms going
up, to 18 for the atom at the free unattached end of C,3 alkyl chain. The NMR signals of
the trifunctional octadecylsilyl bonded phase (ODS) give very few signals compared to
the number of signals found in the spectra of the difunctional and monofunctional ODS.
The NMR spectra of the trifunctional polymeric phases do not have any signals for C1
and C2 carbon atoms, and only a very weak signal for C3. The monofunctional ODS
have intensities of signals at C1, C2 and C3 higher than those of C16, C17 and C18. The
difunctional polymeric ODS gives an intermediate pattern between tri- and
monofunctional ODS phases, rather close to that of monomeric phase. NMR spectra will

also show a signal for the endcapping trimethylchlorosilyl groups, if present. Generally,



the main C4-C15 peak is narrow for monomeric and difunctional phases, indicating weak
interaction between bonded chains; and broad for trifunctional phases, indicating stronger
interactions within the bonded phase. The coverage density may influence the
interactions between chains, with polymeric phases of low coverage density having

narrow C4-C15 peaks.

2.2. Influence of Mobile Phase on Retention and Selectivity

Since the study of mobile phase effects on retention in RPBP LC does not
constitute a major part of this thesis, the current chapter will only introduce some of the
treatments used to model the mobile phase contribution to the retention and selectivity in
RPBP LC. This chapter is not intended as a review of such a broad subject.

First, Hildebrand solubility parameter theory will be introduced. Then Snyder-
Rohrschneider polarity scheme and solvent selectivity triangle will be discussed, along
with the concept of linear solvent strength. Solvophobic theory and its current state will
be briefly examined next. The solvatochromic measurement of mobile phase polarity
based on ET-30 scale and its correlation with retention will be introduced. Then,
multiparameter linear solvation energy relationships and their use in RPLC will be
discussed, followed by an introduction of a solvatochromically based solvent selectivity
triangle approach. Finally, methods that directly measure mobile phase activity of solute

compounds and relate it to chromatographic retention, will be mentioned.

2.2.1. Solubility Parameter Theory

The solubility parameter concept was established back in the thirties by the work

of Hildebrand and Scatchard®. The original concept covers regular solutions, that is,
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solutions that do not show an excess entropy effect upon mixing. Attraction forces
between molecules that form regular solutions result primarily from dispersive
interactions. In practice, regular solutions are rare.

The Hildebrand solubility parameter & is defined as follows®:

5=1/—_§_Fi , cal”?. cm™" Q.1n

where E is the cohesive energy required to transfer one mole of a substance from the
ideal gas phase to its liquid state, a quantity that will always be negative; and Vis a
molar volume of liquid.

Hildebrand solubility parameter can be used to give a quantitative meaning to the
word polarity7. Compounds that are usually referred to as non-polar (e.g. n-alkanes) have
a low (but a non-zero) cohesive energy, leading to a value for 6 around 7 calZecm™72.
Polar compounds exhibit much stronger interactions in the liquid state, leading to an

=372 observed for water.

increase in 8 up to a maximum value of 25 cal*cm
Retention factor k'’ is the basic retention parameter in liquid chromatography. It

can be expressed in terms of Hildebrand solubility parameters of mobile phase. 6m, and

stationary phase, O, as’:

<|

(2.2)

: (8"' +8, —25aX5.,. —8,)+ In 2

Ink; =
T n,

~

where subscript i refers to solute, n is the number of moles of the stationary phase and

nq is the number of moles of the mobile phase.
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In chromatographic practice solute often has an intermediate polarity between a
mobile and a stationary phase. If &; = 0.5(8, + &g), differentiation of equation 2.2 with
respect to 8y, at constant ds gives:

Ak,
K]

v,
= —l{i:(am -85 )Asm (2.3)

Since 8y - 85 can easily be equal to 10 cal'?cm™?, V; is of the order of 100

cm’mol™ and RT for room temperature is = 600 cal-mol™, we find’:

%Ilf—‘- = 1.5A9 (2.4)

i
Consequently, even a minor variation in the mobile phase polarity can have a dramatic
effect upon the retention factor. This is a known observation in chromatographic systems
utilizing binary solvents®.

Another conclusion to be drawn from equation 2.2 is the increase in retention with
molar volume, or with solute size. It can also be noted, based on equation 2.3, that the
relative variation of retention with mobile phase polarity increases with solute size.
Indeed. if the water content of the mobile phase in RPLC is increased, diverging retention
curves are observed, demonstrating that the more retained, larger solute is more

susceptible to mobile phase influence than the smaller solute®.

From equation 2.2 an expression for the relative retention (selectivity a; ;) of two

solutes i and j with equal molar volumes is easily derived:

k) 2V -
In ;i = ln(ﬁ) = ﬁ(&l - 8j XS,,, - 85) 2.5)

It shows that the separation between two solutes can be influenced by two factors:
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(a) the difference in polarity between the two solutes (8; - 9;);
(b) the difference in polarity between the mobile and the stationary phase (5m-9s).

The polarity of the mobile phase can be continuously adjusted by mixing two or
more solvents of different polarity’. The Hildebrand solubility parameter of a mixture
may be approximated by9:

om =Z ¢pdp (2.6)
where ¢, and 8, are the volume fractions and Hildebrand solubility parameters of the
mixture components p. On the basis of equations 2.2 and 2.6 an expression describing
retention behavior as a function of composition for a binary mixture can be derived®:

Ink,=A;¢’+B;ip+C Q2.7
where ¢ is the volume fraction of one of the mobile phase constituents. The constants A;,
B: and C depend on the Hildebrand solubility parameters of the mobile phase components
and of the solute. The complete expressions derived from the Hildebrand solubility
parameter model show that B; is strongly negative, whereas A; is weakly, but
significantly positive. As a result the retention factor decreases sharply and nonlinearly
with increasing modifier content ¢.

As seen from above, this simple model provides an insight into the influence of
mobile and stationary phase polarity on retention and selectivity. However, the molecular
interactions in the liquid state are much too complex to be described by a single
parameter. It is one of the major limitations of the Hildebrand solubility parameter model.
This simple treatment is not able to distinguish such different compounds as ethyl acetate

(6=9.53) and toluene (8=9.57) or methylenechloride (6= 10.68) and dioxane (6= 10.65)7.
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Clearly, a refinement of the Hildebrand solubility parameter model is required that would

offer the description of different types of interactions that exist in the mobile phase.

2.2.2. Snyder-Rohrschneider Polarity Scheme and Solvent Selectivity Triangle

One of the models that offer such refinement over Hildebrand solubility
parameter theory is the empirical model of Snyder'® based on Rohrschneider constants'’,
which are the gas-liquid partition coefficients of several standard test compounds
between the gas phase and common solvents, measured by head-space analysis. These
test compounds were chosen to represent specific polar interactions: acidic (dioxane).
basic (ethanol) and dipolar (nitromethane). By calculation, the dispersion contribution
(effect of molecular weight of solute) was approximately removed from the measured
partition coefficients of the test compounds between solvent and gas phase, and a
corrected distribution coefficient K;"” for each test compound was obtained'®. Polarity
index P’ for a solvent was defined as

P’ = log (Kg")ethanot + 10g (K¢ ")dioxane + 10g (Kg")nitromethane (2-8)
The selectivity parameter y for the solvent is defined as the fraction of P’ contributed by
the interaction associated with ethanol, dioxane or nitromethane:

Ae=log (Kgemano/P’;  %a =108 (Kg"Vdioxane/P’; % = log (Kg")nitromethane/P’  (2.9-11)
As a result, values of % sum to one. It is assumed, that this “polarity normalization™
results in a separation of solvent strength from solvent selectivity. The total selective
interaction strength of the solvent with e.g. ethanol is given by Pyl

Polarity of the solvent mixture is a weighed (on volume fraction basis) average of

that for the component solvents A and B:



P'=6¢sAPy + ¢ Py’ (2.12)

According to the linear solvent strength approximation of this theory'?, a

logarithm of solute retention factor linearly depends on volume fraction of a particular

solvent in a binary solvent mixture. In RPLC the weakest eluent 1s water, and the

common mobile phases are the mixtures of organic solvents (solv) with water. In such
case:

logk;, =logki o — SO (2.13)

where subscript ‘m’ is for a mixed solvent and subscript ‘H>O’ is for water. S is a

solvent-dependent quantity, and if the Snyder solvent strength model is obeyed, S would

be equal to (Py,o — Pegy )/2.

A plot using triangular coordinates to display values of ysav for different solvents
results in a solvent-selectivity triangle (SST)". Solvents falling near the corners of such
triangle are assumed to exhibit primarily one kind of selectivity (acidic, basic or dipolar).
while solvents within the triangle are capable of all three interactions. Classification of
solvents by the SST is in principle useful for two reasons':

(a) choosing a solvent of different selectivity, in order to separate two sample bands that
overlap one another in an initial solvent;

(b) selecting some minimum number of solvents for a systematic approach to selectivity
optimization; three such solvents (each close to one of the comers of the SST) should
provide a broad range of solvent selectivity; blends of these three solvents in various

proportions should then allow the continuous variation of solvent selectivity over the

widest possible limits.
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Even though the SST scheme provides a general background for solvent selection,
it has been appreciated for some time that each of test solutes that form the basis of
classification are capable of more than one type of interaction. For example, ethanol is
clearly dipolar, protic and a good proton acceptor, in turn raising questions about the
reliability of solvent classification by means of SST'3. A comparison'* of solvent acidity,
basicity and dipolarity as measured by SST'® and the solvatochromic approach'®
revealed that the SST procedure is. indeed, based on test compounds that have multiple
interactions.

Another problem inherent in the SST approach is that the acidity, basicity and
dipolarity of the organic modifiers used in RPBP LC are only partly responsible for
mobile phase selectivity. Changes in the mobile-phase concentration of the organic
modifier often lead to significant changes in separation selectivity'’. This is contrary to
the assumption that solvent strength can be varied by varying the percent of water in the
mobile phase, without changing selectivity'>. Water as solvent is far from inert. Direct
spectroscopic studies of solvatochromism in mixtures of water with the four more
common organic modifiers in RP HPLC show very considerable variations in their
dipolarity, hydrogen bond acidity and hydrogen bond basicity as the volume fraction of
organic modifier is varied'®'®. These criticisms imply that the SST approach to adjusting

solvent strength and selectivity in RPLC is overly simplified.

2.2.3. Solvophobic Theory
The fundamentals of this approach are based on the thermodynamics of a two step
process: binding of the sample solute (eluite in this treatment) to the stationary phase in

vacuum followed by transferring of the participating species into the mobile phase®®. The
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theory focuses in particular detail on solvation of sample solute by mobile phase®'?.

Mobile phase contribution to retention of the sample compound is comprised of the
cavity term (energy required for the formation of solute-sized cavity in the mobile phase),
solute-solvent interaction term, mixing term (net free energy of mixing of solute species
and eluent molecules of the different size), reduction term (responsible for the reduction
in gas phase interaction of solute and stationary phase upon transferring into the mobile
phase), and the free volume change for the whole process. The first two terms are
modeled based on the molecular area of the sample and surface tension of the mobile
phase. Surface tension is further corrected to its microthermodynamic, molecular scale
equivalent. According to the solvophobic theoryzz, free energy of retention depends
linearly on the product of the nonpolar water accessible surface area of the solute and the
difference in molecular surface tension of the hydrocarbonaceous portion of the solute
molecule and the hydrocarbon/eluent interface.

Analysis of data presented in reference 22 shows that the retention of
alkylbenzenes on C;g bonded phase from hydroorganic mobile phases having various
concentrations of methanol, acetonitrile, tetrahydrofuran (THF) and 2-propanol correlates
with the nonpolar water accessible surface area of solutes. It was proved experimentally®
that for solutes without n electrons the plots of log k' versus volume percent of organic
modifier are correlated with the plots of surface tension versus volume percent of organic
modifier. However, a number of inconsistencies were also reported’*. Compared to
methanol and acetonitrile, tetrahydrofuran is a stronger eluent than expected from the

surface tension curves alone. So is acetonitrile compared to methanol when solutes
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contain 7 electrons. These observations are due to a rearrangement of stationary phase

structure caused by THF, and to n-w interactions of acetonitrile with sample solutes®*.

2.2.4. Solvatochromic Models

This treatment is an extension of the Hildebrand solubility parameter model in
that it assumes that retention is controlled by solvent polarity and that polarity can be
approximated by a single parameter such as a spectroscopically measured value of
absorbance of a solvatochromic dye®. One of the most widely used polarity scales is
known as the E7(30) scale, and is based on the charge transfer absorption of 2.6-
diphenyl-4-(2,4,6-triphenyl-N-piridino)phenolate26. This molecule exhibits one of the
largest observed solvatochromic effects of any known molecule, as the charge transfer
absorption maximum shifts from 453 nm in water, a very polar solvent, to 810 nm in
dyphenyl ether, a very nonpolar solvent. It also has been shown to be sensitive to both
solvent dipolarity/polarizability and as well as solvent hydrogen bond donor ability®. The
E+(30) polarity values are commonly reported as the energy value of the charge transfer
absorption, and are calculated as?®:

E(30) = 28,592/ A .. kcal/mol (2.14)
where A ,,, is the measured maximum of absorbance in nm, and the constant is a product

of Avogadro’s number, the speed of light, and Planck’s constant.

Correlations between log k' and both volume percent of organic modifier and
E1(30) polarity were reported for 332 different retention data sets”’. These involved many
different solutes on eight different stationary phases with C,, C4, Cg and C;g bonded chain

lengths, with mobile phases of methanol-water and acetonitrile-water. For the 332 data
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sets, plotting log k’ versus E1(30) polarity gave significantly better linearity, with an
average value of R? of 0.9910 as opposed to an average value of 0.9783 when plotted

versus volume percent organic modifier.

2.2.5. Linear Solvation Energy Relationships (LSER)

This treatment views the retention process as the sum of differential interactions
of a solute with the mobile phase and with the stationary phase®®. These include the
cavity formation, dipolarity/polarizability, hydrogen bond donor acidity, and hydrogen
bond acceptor basicity processes.

The basic premise of LSER is that the free energy of a phase transfer process can
be correlated with various fundamental solute descriptor properties®®. When the LSER
method is applied to RPLC, the logarithmic retention factors, log K’, are separated into
several molecular interaction terms:
logk’ = logk, + M(V, — V)V, + S(rn, — n,,) + A(B, — B, )a, + B(a, — a,)B

(2.15)
The subscripts ‘s’ and ‘m’ denote bulk stationary and mobile phase properties,
respectively; the subscript *2° denotes a solute property. V is molar volume, n -
dipolarity/polarizability, a - hydrogen-bond acidity, and B - hydrogen bond basicity. In
this formalism each solute property is multiplied by a term that represents the difference
in the complementary property between the stationary and the mobile phase. The
coefficients M, S, A and B as well as logk| are fitting parameters that ought to be
independent of the solute and nature of the chromatographic phases if the formalism is

rigorously correct®®.
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In a recent study?® this model was put to a test with 73 solutes that included both
aliphatic and aromatic alcohols, aldehydes, amides, esters, ethers, ketones, nitriles, nitro
and halogenated compounds, and alkylbenzenes, phenols and polyaromatic
hydrocarbons. These solutes were chosen to span as wide a range as possible in the
various solute characteristics, and cover both aliphatic and aromatic subsets. Mobile
phases were mixtures of methanol, acetonitrile and THF with water at four

volume/volume ratios for each organic modifier (20, 30, 40 and 50%). The stationary

phase used was a Cg. The solvatochromic parameters n , a and P were generally
obtained from gas chromatographic measurements. It was argued that the use of these
parameters is more justifiable, because they are not back-calculated from RPLC data or
subjected to parameter estimation rules.

The regression results for equation 2.15 were excellent with the average residuals
in the range of 0.05-0.09; the correlation coefficients were always better than 0.99 which
supports the efficacy of LSERs in modeling the retention behavior of BP RPLC using
different organic modifiers.

It was found that the solute size V, and hydrogen bond basicity were the most
important solute descriptors governing retention; i.e. the large solutes with small
hydrogen bond acceptor ability were significantly more retained. Solute acidity and
dipolarity/polarizability had minor significance in establishing retention, and their
contributions were virtually constant over the whole range of the explored mobile phase
composition. It was also shown that coefficient M in the equation 2.15 is well correlated
with the cohesive energy density of the mobile phase, which is a square of Hildebrand

Hildebrand solubility parameter of the mixed solvent. Therefore, cohesive energy density
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was considered a good complementary parameter to solute volume, and a good descriptor
of the M coefficient. Hydrogen bond acidity of the mobile phase was the other important

factor influencing solute retention.

2.2.6. Solvatochromically Based Solvent Selectivity Triangle
In this approach the original SST of Snyder (section 2.2.2) is reconstructed on the
basis of a set of three solvent parameters devised to describe solvent hydrogen bond

acidity (o), basicity (B) and dipolarity/polarizability (7)), which were developed within

3. However, values for these

the context of linear solvation energy relationships'
parameters for different solvents are derived from spectroscopic (hence the name
solvatochromic) and other measurements, that were specifically designed so as to
measure only a single interaction. Furthermore, values of these parameters are averages
over results obtained with several probe solutes for each parameter, in contrast to the

original SST approach, where each parameter is based on a thermodynamic property of a

single solute. The solvatochromic parameters have been used to correlate literally
hundreds of chemically distinct processes®'. It can therefore be argued that a, B and na
are inherently better measures of solvent acidity, basicity and dipolarity than are ya, Xe
and . (section 2.2.2)"3. However, in a later paper28 it was shown that solvent basicity is
not important in describing reversed-phase bonded phase retention, an that a parameter
describing dispersive interactions should be used instead.

The essential concept of the SST approach is to use mixtures of solvents with
maximal differences in their properties to explore the full range of available mobile phase

induced selectivity and to optimize a separation. Neither the original nor the
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solvatochromically based SST method is capable of making quantitative predictions of
relative retention (selectivity). Part of the reason is that the bonded phases in RPBP LC
sorb considerable amounts of organic modifier, and this influences retention and

selectivity'?.

2.2.7. Relationship of RPBP Retention and Solute Activity Coefficients in the Mobile
Phase

The thermodynamic equilibrium constant for a partition model can be written as a
ratio of solute activity coefficients in the stationary and mobile phases®’. Since the
chromatographic retention factors are a product of the thermodynamic equilibrium
constant and of the phase ratio (a ratio of stationary and mobile phase volumes or
masses), the relationship between mobile phase activity coefficients and chromatographic
retention provides an insight into the retention process.

Among the practical methods of measuring mobile phase activity coefficients are
head-space analysis®>® and solubility measurement®*, which will be discussed in chapter 5.

Comparison of retention factors of a number of aromatic solutes on an ODS
bonded phase in aqueous mobile phases containing 40-100% v/v methanol, 60-95% v/v
acetonitrile, 30-100% v/v isopropanol and 30-90% THF with the activity coefficients
measured by head-space analysis in the same mobile phases revealed that retention
closely followed mobile phase activity of sample solutes®?. It was concluded that over the
mobile phase composition range studied the changes in solute environment in the mobile
phase greatly outweigh the changes in environment sensed by a solute immersed in the
stationary phase. However, the variation in solute activity coefficients in a bonded

stationary phase with the mobile phase composition was also noted.
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In another study®* that compared mobile phase activity coefficients, measured by
the solubility method, of a number of nonpolar aromatic compounds in 30-90% v/v of
methanol/water mixtures with the retention of these compounds on a Cg bonded phase, a
linear correlation was observed. It was concluded that in these mobile phases retention of
the above solutes is predominantly controlled by the solute activity coefficient in the
mobile phase. For comparison to the discussions of stationary phase effects, which appear
later in these thesis, it is useful to keep in mind that examples given so far in this section
involved the concentration of organic modifier in the mobile phase 30% v/v and greater.

Solute activity coefficients in the mobile phase will be used to describe the
influence of mobile phase on the changes in chromatographic retention in chapters 4 and

5 of this work.

2.3. Influence of Stationary Phase on Retention and Selectivity

The importance of the stationary phase in reversed phase bonded phase
chromatography was recognized early in the development of this technique due to a
number of experimental observations. Chromatographic retention factors, which are a
product of distribution coefficient and phase ratio, increase with the length of the bonded
chains®*>?® and surface coverage (bonding density) *>37. Both of these factors influence the
phase ratio, but they also may contribute to changes in the distribution coefficient.
Chromatographic selectivity, i.e. the ratio of retention factors for two solutes, also
depends on surface coverage and the length of the bound alkyl ligand®*~”. The effect of

surface coverage and related phenomena will be discussed first.



2.3.1. Effect of Surface Coverage and Ordering of Bonded Chains on Retention and

Selectivity

In this section, when the effect of bonding density is discussed, only the bonded
phases with the same chain length are compared.

It was observed for smaller solutes such as toluene, benzene and m-xylene that the
slope of the dependence of retention factors on the density of the bonded phase (m?/g)
decreases as the bonding density is increased’’. The authors suggested that at low
bonding density both the phase ratio and the distribution coefficients are increasing with
the increase in bonding density, and at higher bonding density only the phase ratio keeps
increasing.

To study the influence of surface coverage on the distribution coefficients alone,
phase ratios must be carefully determined. An evaluation of the dependence of
distribution coefficients of nonpolar solutes into monomeric octadecylsilyl bonded phases
on bonding density in the range of 1.6-4.1 pumol/m? was carried out in methanol/water

38

and acetonitrile/water mobile phases’. After compensating for the dependence of

retention on the phase ratio, the authors found a maximum in distribution coefficients at
approximately 3.1 pmol/mz. Below this critical value the distribution coefficients
increase with bonding density due to the increase in interactions between the solutes and
the bonded chains. Above the critical bonding density conformational constraints of
bonded chains affect partitioning. Larger free energy changes are required to create a
solute cavity in the bonded phase so distribution coefficients decrease. This interpretation

assumes penetration of solutes into the bonded alkyl chains.
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An easy way of eliminating the effect of phase ratios on retention factors is by
studying the selectivity among the members of a homologous series. In a study of the
influence of alkyl chain bonding density of monomeric octadecyl bonded phases on
methylene selectivity and phenyl (shape) selectivity for nonpolar solutes® it was found
that phenyl selectivity increases with increasing bonding density, whereas methylene
selectivity remains approximately constant. The increase in phenyl selectivity was
attributed to the increased anisotropic chain ordering at the higher surface coverage
values and therefore higher shape selectivity.

A similar stationary phase effect that is thought to be related to chain density is
observed in the separation of polyaromatic hydrocarbons. It is well established that for
the separation of polyaromatic hydrocarbons polymeric bonded phases yield better

941 " A difference in selectivity for polymeric and

selectivity than monomeric ones
monomeric phases is observed for another class of rigid molecules, the carotenes: the
separation of cis -and frans-carotenes can be accomplished in nonaqueous mobile phases
on polymeric bonded phases but not on monomeric ones*. This is thought to be due to
the higher local bonded chain density of polymeric phases versus monomeric ones,
contributing to the higher ordering of alkyl bonded chains for the polymeric packings and
therefore higher shape discrimination®. This finding agrees with the observation that
polyaromatic hydrocarbon selectivity on polymeric bonded phases increases with the
phase bonding density and the polyaromatic selectivity of monomeric phases approaches
that of polymeric ones as the bonding density increases’. Moreover, plots of methylene

group selectivity for homologous series versus the carbon atom number are different on

monomeric and polymeric phases*?, but identical for different monomeric ones*.
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A different variable influencing bonded chain ordering is temperature. Reduced
temperature results in a more ordered stationary phase as well as more effective
intermolecular interactions among chains. It was observed that selectivity of monomeric
bonded phases toward polycyclic aromatic hydrocarbons and polyphenyl isomers
improved at subambient temperatures and the improvement was more pronounced for the
phase with a higher bonding density of 4.4 umol/m? compared to the phase with a lower
bonding density of 1.5 umol/m* **. Similarly, the ability of several commercial columns,
prepared by using both monomeric and polymeric surface chemistry, to separate closely
related isomers of polycyclic aromatic hydrocarbons was observed to be highest at
subambient temperature“. When a C3p bonded phase was used for the separation of the
vitamin A acetate isomers, different retention behavior was observed at different
temperatures. At low temperatures (2° C), the most angled 9-cis isomer was the most
retained, whereas at high temperatures (>40° C) the linear all-trans isomer exhibits the
strongest interaction with the stationary phase*’.

Studies of molar enthalpy of retention of ethylene and benzene homologues on
octadecylsilyl bonded phases of low (2.7 umol/m?) and high (5.4 umol/m?) bonding
density have shown that the differential change for the difference of the molar enthalpy in
the stationary and mobile phases per both methylene and benzene group is significantly
greater for the high bonding density phase than for the lower density one*®. The average
value of the differential change in molar enthalpy per ethylene group of even-numbered
saturated fatty acids is ten times greater for the high density bonded phase than for the

low density one.
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In conclusion, chromatographic retention generally increases with the increase of
bonding density "%, A maximum on the plot of distribution coefficients versus bonding
density can be reached due to entropic constraints in bonded phases with very high
surface coverage®®. The increase in chain ordering either through increase of bonding
density or through decrease of temperature improves the selectivity of rigid molecules

47
such as PAHs and carotenes®”#%%33647,

2.3.2. Effect of Bonded Chain Length on Retention and Selectivity

Retention of analytes increases with an increase in chain carbon number at low
values of chain lengths and plateaus at high chain lengths*®. The critical chain length after
which retention becomes constant depends on the size of analytes. Larger and more
strongly retained analytes reach the plateau at higher bonded chain length®®. Such an
observation is consistent with at least partial embedding of analytes into the bonded
chains.

An interesting variation of the above experiments is the one in which the retention
of homologous series of analytes is studied on monomeric stationary phases with
different bonded chain length. A break is observed in the plots of logarithm of retention
factor or methylene selectivity vs. the carbon number of the member of homologous
series. This break is observed at a sample carbon number corresponding to the length of
the bonded alkyl chain of the stationary phase*’. This number is independent of the
homologous series studied and is characteristic only of the bonded phase chain length.
The observed effect indicates vertical penetration of the solute molecules into the bonded

layer.
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Studies of the dependence of chromatographic selectivity on the bonded phase
chain length at constant mobile phase composition show an increase in selectivity with
the bonded phase chain length®*2%*74%% and in some cases an approach to plateau
values®*?’. Conversely, if the chain length of the bonded phase is held constant and the
number of carbon atoms of the member of homologous series is increased, selectivity
between homologues decreases’' to a constant value such that further increase in the
carbon number of homologue causes no changes in the selectivity. The carbon number at
which the onset of constant selectivity occurs is related to the bonded chain length and is
independent of the homologous series investigated; it is larger for longer bonded chains.
This indicates an intercalation of solute among the bonded phase chains, with the portion
of solute that does not penetrate the chains not contributing to selectivity.

All of these experimental observations suggest a significant role of the stationary
phase in the reversed-phase bonded phase retention process, and in particular a

penetration of the solute into the chains of the bonded phase.

2.4. Sorption of Organic Modifiers into the Stationary Phase

2.4.1. Distribution Isotherms

Many workers have studied the sorption of components from the typical mobile
phases used in reversed phase chromatography, e.g. methanol-water, acetonitrile-water
and tc:trahydrofuran-water"’2'53'5“‘5 5:36. Isotherms for the distribution of methanol (MeOH),
acetonitrile(AN) and tetrahydrofuran (THF) from their respective aqueous mobile phases

into an octyl bonded phase, measured by several procedures, show that significant



28

quantities of organic solvents are extracted into the stationary phase. The amount is
dependent on the solvent strength of the modifier and its concentration in the mobile
phase®°. THF has the highest distribution coefficient into the stationary phase followed
by acetonitrile and then methanol®~¢. It was also observed that sorption of the organic
modifiers is influenced by the alkyl chain length and surface coverage of the bonded
phase, as well as the availability of the surface silanols’®”’. In one of these studies™ it
was found that the quantity of water extracted into the stationary phase is small and
reaches a plateau at concentrations greater than = 3% v/v of H;O in the mobile phase.

In a different study it was confirmed that the amount of acetonitrile sorbed by Cg
and C,s stationary phases is 2.5-3 times higher than the amount of methanol**. The
authors also found that a small amount of water was sorbed in the stationary phase at high
organic modifiers concentration (>70% acetonitrile and >90% methanol in the mobile
phase). This was attributed to the preferential interaction of water with the residual
silanols once the bonded chains become solvated®. An interesting observation was made
that even though the amount of sorbed acetonitrile in mmoles per gram of packing was
similar for C,, Cs and Cs phases, the compositions of the stationary phases with regard to
volume fractions of alkyl chains, sorbed water and sorbed acetonitrile were strikingly
different for the three phases. For the region 50-80% v/v acetonitrile in the mobile phase
the following are the volume fraction compositions of the stationary phases: C; : AN :
H>0 =29:62:9; Cg : AN : H;O =40:53:7; Ci5 : AN : H;O = 65:32:3 (%, v/v). The authors
concluded that the change in solvent composition in the sorbed phase may be partly
responsible for the increase in retention of sample compounds on going from C; to Cs

. . ... 4
when using the same mobile phase composition 4,
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Similar results were found in two other studies®®*°. Solvent distribution isotherms
from binary water-acetonitrile and water-methanol mixtures onto C;3 bonded phase were
defined in terms of surface excess of the mobile phase components in the stationary
phase’®. In the mobile phase composition range 0-70% v/v of acetonitrile and 0-90% v/v
methanol there is a large surface excess of the organic modifier. At the high organic
modifier concentration range (>70% acetonitrile and >90% methanol) there is also a
significant surface excess of water, presumably by hydrogen bonding to the remaining
non-alkylated surface silanol groups®®. Again, the amount of sorbed acetonitrile is larger
than the amount of sorbed methanol. It was also observed that the ethanol distribution
isotherm into C;s bonded phase from ethanol-water solutions lies below acetonitrile
distribution isotherm from aqueous solutions’”.

Distribution isotherms of four short chain n-alcohols on a monomeric C;3
stationary phase were measured over the low mobile phase concentration region of 0-100
g/L®. It was confirmed that sorption is increasing with the size of the alkyl chain in the
order methanol<ethanol<propanol<butanol. The data were successfully fitted to the
Langmuir isotherm equation. Butanol and propanol appear to be approaching a plateau,
whereas methanol and ethanol isotherms are still rising in the range of the concentrations
studied.

A 1-butanol isotherm on a polymeric stationary phase, measured over the range of
0-0.654 mol/L (0-50 g/L) solute in the aqueous mobile phase, did not approach a plateau.
Its earlier part in the concentration region of 0-0.1 mol/L (0-7.4 g/mL) was fitted to the

Langmuir isotherm equation, but above this concentration the isotherm did not follow

Langmuir behavior®'.
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Authors frequently stress the importance of careful choice of the method for the

583962 as well as of the method for the

measurement of void volume in isotherm studies
determination of the retention of organic modifiers. However, there seems to be no
agreement as to what the suitable method for the measurement of void volume should
be®2. In this work, water will be used as an unretained component of the mobile phase for

the measurements of holdup volume, and justification of this will be given in the

following section.

2.4.2. Spectroscopic Measurement of the Sorption of Organic Modifiers into the

Reversed-Phase Bonded Phases

While there are difficulties in using chromatographic methods for the
determination of the exact amount of modifier in the stationary phase, due to the
uncertainty of the void volume measurement, the sorption of modifier and its
concentration-dependence can also be demonstrated independently by spectroscopic
technique:sél64 . Fluorescence studies of chemically attached®**® and physiosorbed®”¢®
probes reveal that the nature of the mobile phase can affect the polarity of the stationary
phase. Octadecylsilyl surfaces are significantly more polar than analogous liquid
alkanes®. In the presence of water, the polarity of the C;g surface was unchanged from
the dry state, indicating no sorption of water®. The surfaces were also examined with an
overlay of a 50% mixture of acetonitrile, methanol or tetrahydrofuran with water. These
C,s surfaces gave emission maxima that were similar to those obtained for the C;g
surfaces exposed to the pure organic solvents, indicating extraction of the organic
modifier by the stationary phase®®. In the study of the polarity of monomeric and

polymeric C,3 phases in the presence of 50-80% of methanol, 20-70% of acetonitrile or
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25-45% of tetrahydrofuran in water, the effective polarity experienced by physically
sorbed pyrene decreased as the amount of water in the mobile phase increased, indicating
preferential sorption of organic modifier but not water by the stationary phase. However,
the polarity of the stationary phase was significantly greater than either a dry C;s or a
bulk alkane®’. The polarity was always lower than the surrounding bulk solution,
indicating that the C,3 chains protected the pyrene from exposure to bulk solvent®’. This
study was extended to probe the 2-80% range of methanol concentrations in the mobile
phase®®. The results were compared to the effectiveness of pyrene fluorescence
quenching by the ionic quencher, potassium iodide, believed to be unretained. Polarity
experienced by pyrene molecules sorbed in the polymeric C;s environment was lowest at
50% v/v methanol in the mobile phase. As the amount of methanol in the mobile phase
increased above this concentration, the sorption of methanol led to the increase in polarity
of the stationary phase; and at lower concentrations of methanol the increase of polarity
of pyrene surroundings was explained by partial exposure to the mobile phase as the
bonded phase collapsed. This was correlated with the increase in fluorescence quenching
by potassium iodide at mobile phase concentrations of methanol below 50%°8.

Studies of flat silica surfaces derivatized with C;g at chromatographic densities
allow one to measure the angle of bonded moieties with respect to the surface normal®®7°,
Frequency-domain fluorescence anisotropy measurements of the orientational
distribution of a long hydrophobic probe physically sorbed at the derivatized surface were
used to sense the orientational distribution of the alkyl chains. When pure water is in

contact with the C;g surface, the orientational distribution of the probe is broad and

centered close to the plane of the surface, with the angle to the surface normal 70+20
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degrees, confirming the widely held notion of collapsed alkyl chains. There is little
change in the orientational distribution of the probe when the surface is in contact with
aqueous solutions containing 20% v/v methanol or 5% v/v 1-propanol. The angle with
respect to the normal for the surface in contact with methanol solution is 70+30 degrees
and for the surface in contact with 1-propanol solution is 60+20 degrees69. In contrast,
long chain n-alcohols such as n-heptanol, n-octanol and n-decanol sorbed from their
saturated aqueous solutions caused the C;sg chains to tilt upward toward the surface
normal and the orientational distribution of the probe to become narrower. The angle with
respect to the normal for the surface in contact with saturated aqueous solutions of the
above alcohols was 50+15 degrees’. This was explained by the ordering of the surface
when alcohols interpenetrated with the C,3 chains, and by partial reorientation of the
bonded alkyl chains.

Acridine orange is a probe expected to reside at the interface between the polar
solvent and the octadecylsilyl chains, rather than partition into the chains, as was the case
with the probe discussed above. Spectroscopic study of acridine orange sorbed at the C;s
surface in contact with water or 5% 1-propanol solution indicated the increase of surface
roughness in the presence of alcohol’', consistent with the sorption of 1-propanol at the
C,g-solution interface .

NMR is another technique widely used to investigate alkyl bonded phases®.
Studies of solvent uptake by bonded phases can be done by monitoring either the bonded
chains or the solution components. NMR spectra of bonded chains in the presence of
solvents are somewhat difficult to interpret unambiguously, but studies monitoring the

mobile phase components allow a determination of the types and degrees of interactions
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between mobile and stationary phases. NMR measurements made on mobile phase
components can not generally be used to quantify the amount of sorbed organic modifier,
but are rather used to determine the extent to which mobile phase components interact
with the stationary phase®*.

Spin-lattice relaxation time T; of the nuclei of interest is a useful parameter for
such measurements. It is expected that a distribution of relaxation times of any solute in
contact with RPLC stationary phase would result from the varying degrees of solute
association with that phase’. In going from a three-dimensional bulk liquid to a two-
dimensional surface, the T of the quadrupolar nucleus of interest in the mobile phase is
expected to decrease™. By monitoring the deuterium nuclei of H,O in acetonitrile
solutions containing 50-100% acetonitrile in contact with monomeric C; and monomeric
Cis the degree of water association with the stationary phases was qualitatively
determined . The T, values for the solvent mixtures decreased with increasing percent
’H,0 and it was deduced that the amount of water associated with the stationary phase
was decreasing with the increased percentage of water in the mobile phase due to
stronger self-association of alkyl stationary phase chains in the presence of mobile phases
with higher water content. This self-association would cause some degree of expulsion of
both organic co-solvent and water’”.

This study was expanded to measuring H T, values for fully deuterated
methanol, acetonitrile and water in binary aqueous mixtures and for those mixtures in
contact with monomeric Cig bonded phases at pressures comparable to the ones used
under normal chromatographic conditions over the entire range of binary

compositions“"s. Measuring a change in ’H T, (i.e. T; for the solution minus T; for the
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solution in contact with the bonded phase) confirmed that the amount of methanol
associated with the stationary phases of low (1.4 pumol/m?) and high (4.4 pmol/m?)
bonding density was a function of the amount of methanol present in the mobile phase. In
contrast, the amount of water was almost constant and was small, i.e. much smaller than
the amount of sorbed methanol. For acetonitrile-water solutions, the degree of association
with both low and high density stationary phases was much less for water than for
acetonitrile. However, the degree of water association with the stationary phase was a
function of bulk mobile phase concentration, whereas the degree of association of
acetonitrile was relatively constant regardless of the mobile phase composition. This was
opposite from the case with methanol-water mobile phases. The amount of organic
modifier sorbed in the stationary phase differed between low and high density bonded
phases, whereas the amount of sorbed water did not’+74,

A similar study was conducted for the same stationary phases and deuterated
tetrahydrofuran and water mixtures’®. The observations are very similar to those of water-

77 The amount of THF associated with the stationary phase

methanol solutions
increases with the increase of THF mobile phase concentration. The increase is similar
for low density and high density bonded phases in spite of the higher phase ratio of the
high density bonded phase. This was explained by the increase in the energy needed for
the disruption of stationary phase chain interaction at the high density. The amount of
water associated with the stationary phases was small and nearly constant over 0 to 80 %

THF concentration and slightly increased in the region of 80-100% THF in the mobile

phase’®, following the same trend as for methanol-water mobile phase™.
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2.5. Influence of Sorbed Organic Modifiers on Retention and Selectivity

As discussed above, the stationary phase is composed of a combination of bonded
organic moiety, sorbed mobile phase components and residual silanols on the silica
surface. Therefore, sorbed mobile phase components will influence retention and
selectivity.

In a study of methylene selectivity, Xy, » for members of a homologous series

of n-alcohols on C,3 and C;g stationary phases in methanol-water mobile phases it was
found that C,;;3 has the higher selectivity at low % MeOH, but a cross-over occurs at

approximately 70% methanol v/v in the mobile phase, and from then on Cjg has the larger

Xy, value®’. The authors argue that the enrichment of the stationary phase with non-

aqueous modifier does have a definite effect on the separation process. The higher the
concentration of methanol in the stationary phase, the smaller the difference in free
energy of transfer of one methylene group from the mobile to the stationary phase. Cg
phase has a greater concentration of methanol (mol MeOH per gram of dry packing) in
the stationary phase up to 70% modifier concentration in the mobile phase, and therefore
has a lower selectivity for CH, than the C;3 phase has. At higher modifier concentrations,
the uptake of methanol by Cg phase levels off, but C,3 keeps sorbing more methanol, and
its methylene selectivity falls below the one for Cs°’.

In a study of the sorption of methanol, acetonitrile and THF into the C;s bonded
phase it was noted that methylene selectivity for n-alcohol homologues is inversely
proportional to the amount of sorbed organic modifier, i.e. THF mobile phases had the
highest amount of organic modifier sorbed in the stationary phase and the lowest

selectivity’®. The authors argue, as in the above case, that as the amount of organic
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modifier in the stationary phase increases, the difference in solvent strength between the
mobile and stationary phase decreases, and so does the selectivity.

The influence of sorption of various mobile phase additives on the distribution
equilibrium of the main organic modifier component of the mobile phase into a Cg
stationary phase was studied in order to gain an insight into polar group selectivity”’. In
this study the mobile phase containing the main organic modifier component was
continuously pumped through the Cg column. Then a pulse of second organic modifier,
the additive, was injected on the column. This pulse would create either a displacement or
a vacancy band of the main modifier, which would travel down the column separately
from the peak containing additive compound, at a rate determined by the distribution
coefficient of the main organic modifier.

It was observed that, depending on the nature of the mobile phase additive, the
sorption of the main modifier either increased or decreased, thus producing either a
vacancy or a displacement band. For example, injection of mobile phase containing 1%
THF into the column equilibrated with methanol/water resulted in a displacement peak
for methanol, as a direct consequence of competitive sorption of THF. The authors also
measured the amounts of sorbed methanol and THF from the mobile phases containing a
constant concentration of methanol and varying amounts of THF. As the THF
concentration in the stationary phase increases, the sorption of methanol decreases.
However, the amount of displaced methanol is less than the increase in the amount of
sorbed THF. Analogous results were obtained for addition of THF and benzyl alcohol to

acetonitrile-water mobile phase. On the other hand, addition of benzene increased the



amount of acetonitrile sorbed. As the concentration of benzene in the stationary phase
increases, the amount of sorbed acetonitrile increases as well.

The influence of n-alkyl diols on the sorption of THF was also investigated’’. It
was observed that additives, which elute immediately after THF in elution
chromatography, produce a net displacement of THF from the stationary phase upon
injection on the column equilibrated with THF/water mobile phase. As retention of
successive homologue additives in the elution chromatography increases, the magnitude
of the THF displacement peak that they produce diminishes, leading to THF vacancy
peak for strongly retained solutes. This indicates that upon injection of additives
significantly more hydrophobic than the organic modifier, there is a net increase in the
amount of the organic modifier in the stationary phase over that in the absence of these.
Two effects are observed. Injection of additives slightly more hydrophobic than the
organic modifier causes a displacement of that modifier from the solute band due to
competition. As the retention of the additive increases, more of it is sorbed in the
stationary phase and this additive distribution will modify the hydrophobic character of
the stationary phase, favoring a net flux of the organic modifier solvent into the bonded
phase. Organic modifier displacement from the n-alkyl will be overshadowed by the
enrichment of organic modifier in the bonded phase due to the change by the sorbed
additive in the properties of the latter.

In the same work polar group selectivities were investigated based on the
properties of mobile phase additives having a high distribution coefficient into the
stationary phase’’. Addition of THF to methanol-water mobile phase retarded acidic p-

chlorophenol relative to benzene and accelerated basic methylbenzoate, though all eluted
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earlier than in the absence of THF. This was explained by hydrogen bond interactions of
the solutes with THF in the stationary phase. When other ternary mobile phases were
studied, significant changes in retention and elution order were observed, many of which
can be rationalized on the basis of solute interactions with the extracted mobile phase
additive in the stationary phase. Additives possessing greater proton donating ability than
methanol accelerate the migration of proton donating solutes through the column while
retarding the migration of proton accepting solutes, relative to the solutes that are neither
acidic nor basic. For the same mobile phase concentrations, larger effects are observed
for the more hydrophobic and thus more strongly sorbed mobile phase additives,
confirming that the effect occurs in the stationary phase.

In another study the influence of sorption of 1-pentanol onto a Cg stationary phase
on retention of carboxylic acids was investigated’®. The authors first determined the
distribution isotherm of 1-pentanol. At the relative saturation of 1-pentanol in the mobile
phase of 0-60% a Langmuir isotherm is observed with a monolayer coverage giving the
mean molecular area of about 26 A%*molecule of sorbed 1-pentanol. At concentrations
above 60% of relative saturation the slope of the isotherm starts to increase and above
85% it increases dramatically. The authors attribute this latter behavior to the formation
of a multilayer of 1-pentanol and a filling of the pores of the support with 1-pentanol. The
total amount of 1-pentanol sorbed at the saturation point corresponds to a mean layer
thickness of about four layers if it were evenly distributed over the surface. The retention
of carboxylic acids in the region corresponding to the formation of the monolayer of 1-
pentanol (0-60% relative saturation in the mobile phase) decreases due to competition

from 1-pentanol for the support surface. When the multilayer forms at the higher
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concentrations of 1-pentanol, the retention increases since the multilayer acts as a bulk
phase into which the solutes can be partitioned. The distribution coefficients at 100%
relative saturation were compared to distribution ratios between water and 1-pentanol
determined by a batch experiment and corrected for water solubility in 1-pentanol. The
values closely agree.

The influence of sorption of methanol from aqueous mobile phase on the
separation of polyaromatic hydrocarbons on a monomeric C;g stationary phase was
recently investigated””. The authors found that the slope of the mole fraction of methanol
in the stationary phase versus its mobile phase concentration is higher in the mobile phase
concentration range 0-0.5 mole fraction of methanol, and then decreases as the mole
fraction of methanol in the mobile phase is increased. When the logarithms of retention
factors of polyaromatic hydrocarbons, log k', were plotted vs. mole fraction of methanol
in the mobile phase, a similar change was observed. There are two concentration
intervals in which the values of log k' change linearly with a change in mobile phase
composition. In the first interval, 0-0.5 mole fraction of methanol, values of log k'’
decrease faster than in the interval of 0.5-1 mole fraction of methanol in the mobile
phase. The interval where log k' decreases more steeply occurs where the concentration
of methanol in the stationary phase increases rapidly. The authors believe that in this
interval changes in retention are dominated by the changes in the stationary phase
composition.

An interesting study of relative retention of normal, alicyclic, polyaromatic and
aromatic-aromatic (e.g. biphenyl) hydrocarbons on monomeric C;, Cs and C;g phases and

its dependence on the mobile phase conditions led the authors to conclude that the
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retention of aromatic hydrocarbons is influenced by solvent molecules in the stationary
phase®’. They observed that, in general, a longer alkyl chain in the stationary phase
provided a longer retention time. The retention of rigid planar aromatic hydrocarbons
relative to retention of both non-planar aromatic compounds and alkanes was much larger
on the C;3 phase than on the C, or C; phases in a methanolic mobile phase. When the
mobile phase was changed from 60% to 80% methanol with the C, phase, the retention of
alicyclic compounds decreased just as much as that of n-alkanes, and all aromatic
compounds showed a much larger decrease. The effect on the C,3 phase was completely
different. As the methanol content was increased, polyaromatics showed a smaller
decrease in relative retention compared with alkanes. The authors explained these
differences based on the changes in the stationary phase structure caused by sorption of
organic modifiers®!. The C,s stationary phase is known to be relatively tangled, especially
for mobile phases with low organic modifier content. As organic solvent content
increases, the alkyl chains sorb organic solvents, swell and become more ordered in their
conformation. As a result, PAHs can more readily penetrate the stationary phase and their
retention relative to the more bulky and/or flexible solutes increases.

As mentioned before, the methylene selectivity is a useful parameter for
comparisons of different stationary phases, as it does not require knowledge of the phase
ratio - a parameter that is difficult to determine experimentally. This can be taken one
step further, by comparing the selectivity obtained on bonded phases with the selectivity
of the liquid-liquid partitioning process in order to gain an insight into the retention
proce5582'83. From methylene selectivity the ratio (F) of the free energy for the transfer of

a methylene group the from mobile phase into hexadecane, to the free energy for the
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transfer of a methylene group from mobile phase into the stationary phase of interest can
be derived. When F is close to one, the retention process is similar, i.e. partitioning. A
deviation of this ratio from one can give an insight into the differences between liquid-
liquid partitioning and reversed phase bonded phase retention®2%>. It was observed for a
series of n-alkylbenzenes on a number of monomeric octyl bonded phases that F was
very close to unity over 0-70% v/v methanol in the aqueous mobile phase. When the
concentration of methanol exceeded 70% v/v, F steeply increased from an average value
of about 1.3 to values between 2.9 and 4.5 for the different octyl phases studied®. A
similar observation was made for octadecyl bonded phases, with F values of about 1.2 in
0-70% v/v methanol in the mobile phases and approaching 2 in 100% methanol. Such
trend was absent with either the horizontally-polymerized stationary phase or
polybutadiene-coated zirconia stationary phase83 . The authors suggest that the C;3 chains
are solvated by methanol, and that the increase in F is caused by a change of retention
process from predominantly bulk-liquid partition-like at lower methanol mobile phase
concentrations to surface-partition at high methanol concentrations. In the surface
partition process the solute is still extensively embedded within the bonded phase layer,
but it senses an environment that is chemically and physically different from a bulk fluid
analog such as hexadecane. In surface partitioning the chemical potential of the solute is
influenced by the water and organic solvent associated with the surface bonded chains or
with surface silanol groups, whereas the solubility of water and methanol in bulk liquid
hexadecane is very minor® compared to their sorption on the bonded phases.

It was also observed that for 50% v/v methanol/water mobile phase the F ratio is

close to unity for both monomeric and polymeric stationary phases with bonded chain
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lengths of 8 or more carbon atoms, but as the number of carbon atoms in the bonded
chain decreases, F increases for the same mobile phase composition®’. The authors
concluded that the retention mechanism of a methylene group becomes somewhat less
partition-like as the bonded phase chain length decreases.

The dependence of F ratios on the surface coverage was also studied®. It was
noted that for the monomeric octadecyl packings with lower bonding density (0.6
pumol/m?) the F ratios varied with methanol volume fraction in the mobile phase from the
value of 1.8 in pure water to the value of 3.4 in pure methanol. These values were
significantly larger over the entire range of methanol-water mobile phase compositions
compared to the values for the two packings with higher bonding densities (1.4 and 2.3
pumol/m?) that had essentially the same F ratios varying from the value of 1.3 in pure
water to the value of 2.1 in pure methanol. The authors suggest that the retention
mechanism becomes more “partition-like” as the coverage density increases. However,
once a critical surface coverage for the bonded phase is achieved, the retention

mechanism for a methylene group becomes constant.
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3. Experimental

3.1. Introduction

In this Chapter, the details of all experiments that were done are presented. Three
basic types of experiments were performed. First, in Section 3.4 are described the column
equilibration experiments that were used to study competitive sorption of 1-butanol and
eucalyptol, and to study the influence of 1-propanol on the sorption of 1-hexanol. Second,
in Section 3.5.1 is described the measurement of the solubility of eucalyptol in water by
the shake-flask method. Third, in Section 3.5.2 are described the measurement of the
influence of 1-butanol on the solubility of eucalyptol in water and the determination of
the solubility of 1-hexanol in water/1-propanol mixtures, performed by the cloud point
method. The details of the gas chromatographic determination of water (void volume

measurement), 1-butanol, eucalyptol, 1-propanol and 1-hexanol are given in Section 3.6.

3.2. The Octadecylsilyl Packing

The octadecylsilyl packing used as the stationary phase in all experiments was
Whatman Partisil-10 ODS-3 (Batch No. 101409, Whatman Inc., Clifton, NJ) which has a
10 um particle diameter and about 8.5 nm (85 A) pore diameter. This packing is prepared
from a trifunctional silane and is reported to be a polymeric bonded phase'. It is described
by the manufacturer to be “highly end-capped” with 95% surface coveragez. The average
surface density of octadecylsilyl groups is 1.45 umol/m?, as calculated from a surface

area of 350 m%/g and a carbon loading of 10.5%°.
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As was discussed in Section 2.1, above, the shape selectivity toward polyaromatic
hydrocarbons is different for polymeric and monomeric stationary phases®. The shape
selectivity of an RPBP column can be assessed by performing a separation of
tetrabenzonaphthalene and benzo[a]pyrene (see reference 5 and Section 2.1). The shape

selectivity factor Olygy,gap ON a column packed with Partisil-5 ODS-3 was 1.93, and this

packing was identified as “monomeric-like™. Partisil-5 ODS-3 differs from Partisil-10
ODS-3 only in the packing particle size (5 um rather than 10 pum). This inconsistency
with the synthetic scheme can be understood by realizing that shape discrimination is
dependent on the ordering of bonded phase chains, which in turn depends on the bonding
density (Section 2.3.1). Typically, polymeric phases have a higher bonding density than
monomeric phases, and thus an improved shape selectivity compared to monomeric
phases. Partisil-10 ODS-3 has a low bonding density of 1.45 umol/m® and poor shape
selectivity, just like most monomeric phases.

A solid state CP/MAS C NMR determination of Partisil-10 ODS-3 bonded
phase morphology was carried out to give an additional information about the phase
morphology. It was performed with a Bruker AM 300 instrument at room temperature.
Sample spinning rate was 5000 Hz, the proton 90° pulse length was 6.6 Us, contact times
and delay times were 2 ms and 2 s respectively and the broadening factor was 3.00 Hz.
Peaks observed and their assignment according to Jinno® were: 50.9 ppm - OCH;, 33.1
ppm - C3, 32.3 ppm - C16, 30.1 ppm - C4-15 (main peak), 22.8 ppm - C17, 13.1 and 12.6
ppm - C18 and 1.7 ppm - endcapping CH3 groups. Since no signals can be observed for
C1 or C2, the signal for C3 is weak and broad and there is a strong signal for C18, this

spectrum belongs to a polymeric phase. The spectrum of Partisil-10 ODS-3 also bears a
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close resemblance to the spectrum of a THE phase®, which is an endcapped trifunctional
polymeric phase with low bonding density. Comparison to the spectra of monomeric and
polymeric octadecylsilyl phases reported by Pursch et. al.’ confirms that Partisil-10 ODS-
3 is a polymeric phase.

The extent of inter-chain interaction among the bonded chains (i.e. whether the
phase is “liquid” or “solid”) can not be unambiguously determined using the guidelines
provided by Jinno®, as no numerical values for peak widths for the main C4-15 peaks
were given by Jinno, only a general description of peaks as “broad” for polymeric phases
and “sharp” for monomeric phases. However, the spectrum of a THE phase which has a
morphology similar to Partisil-10 ODS-3, shows fairly narrow C4-15 peak compared to
other spectra in the work®, and therefore qualitatively can be considered more “liquid”
than “solid”. Pursch et. al.” give a quantitative guideline for the determination of the
extent of the interaction among bonded chains. They specify that the position of C4-15
peak close to 30.0 ppm corresponds to a high proportion of gauche conformations (more
disordered), whereas a shift toward 32.0 ppm indicates a high proportion of ordered trans
conformations. The position of C4-15 in Partisil-10 ODS3 is at 30.1 ppm, indicating a
high degree of gauche conformations characteristic of a disordered, or liquid-like, state.
Therefore, according to solid state NMR analysis Partisil-10 ODS-3 is a polymeric

“liquid-like” bonded phase.

3.3. Chemical Reagents and Solvents
Eucalyptol (Fluka), 1-pentanol (Aldrich) and 2-pentanol (Aldrich) were reagent
grade and were used as received. 1-Propanol ( Sigma-Aldrich) and 1-butanol (Aldrich)

were HPLC grade, 1-hexanol (Fluka) was puriss. grade (>99% by GC), and all were used
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as received. Water was distilled and then deionized by a Series 550 Barnstead Nanopure
water system (Dubuque, [A) to a resistance of 18.0 kQ or higher. Methanol (Fisher
Scientific) and ethanol (Commercial Alcohol Ltd.) were reagent grade and were distilled
before use. Sodium hydroxide (Fisher Scientific) and glacial acetic acid (BDH Inc.

Toronto, ON) were reagent grade and used as received.

3.4. Column Equilibration Technique

3.4.1. Apparatus and Procedure

® is shown in Figure 3.1. It consists of a

The column equilibration apparatus®
pump P1 (Model 590, Waters Chromatography Division of Millipore) for the loading
solution, a pump P2 (constant pressure pump operated at 30-50 psig of nitrogen), an
injection valve V (Part NO. 7010, Rheodyne Inc.) and a precolumn C inserted in place of
the injection loop of valve V. Precolumn C was modified from a standard type B
refillable preconcentration column (Chrompack International) and was dry-packed with
Partisil-10 ODS-3 packing. For the studies involving eucalyptol and 1-butanol the
precolumn contained 29.29 mg of packing (precolumn#1), and for the studies involving
1-propanol and 1-hexanol it contained 30.73 mg of packing (precolumn#2). The
precolumn and injection valve were placed in a water bath whose temperature was
maintained at 25.00+0.04 °C.

The basic procedure for the column equilibration experiment is as follows. With

valve V in the “load” position (indicated by the dashed lines in Figure 3.1), a loading
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P1
Loading
Solution >
P2
Eluent - c
Eluate Waste

Figure 3.1. Column equilibration apparatus. Pl is an HPLC pump, P2 is a constant
pressure pump, V is a six port sample injection valve and C is a small column packed
with Partisil-10 ODS-3 packing. Dotted line surrounds the parts of the apparatus that

were immersed in a constant temperature bath.
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solution is pumped through the precolumn to waste until the equilibrium is achieved
between the ODS packing and solution. This is the loading step. The flow rate during the
loading step was always 12 mL/min. Valve V is then switched to the “inject” position
(indicated by the solid lines in Figure 3.1) and eluent is pumped through the precolumn to
elute whatever has sorbed on the packing. The eluate is collected up to the calibration
mark in a volumetric flask, to which a measured amount of internal standard has been
added. This is the elution step. The total amount of each species eluted from the
precolumn, including that in the holdup volume, is then measured by determining the

concentration of each of the species in the solution in the volumetric flask.

3.4.2. Eluent and Loading Solutions

The eluent for the studies involving eucalyptol and 1-butanol was always a
mixture of 60% methanol and 40% water v/v, and for the study of the influence of 1-
propanol on the sorption of 1-hexanol the eluent was always a mixture of 70% methanol
and 30% water v/v. These mixtures were prepared by combining measured volumes of
methanol and water. Loading solutions contained varying amounts of eucalyptol and/or
1-butanol or 1-propanol and/or 1-hexanol in aqueous pH=5 sodium acetate/acetic acid
buffer of concentration 1-10~ mol/L. Even though there is no evidence in our studies to
suggest that residual silanol groups play any role in the sorption of solutes, we have
continued the practice of including a low concentration of buffer as a means of
preventing variations in the degree of ionization of any residual silanol groups that may
be present. At 10™* mol/L concentration neither acetate nor acetic acid will significantly

affect the properties of either the aqueous mobile phase or the ODS bonded phase. The



54

exact composition of loading solutions for loading and elution experiments is specified in
the following sections; the composition of loading solutions for the studies of competitive
sorption of 1-butanol and eucalyptol is presented in Sections 4.3.4 and 4.3.5, and the
composition of loading solutions for the study of influence of 1-propanol on sorption of
1-hexanol is presented in Section 5.3.

All solutions, for both loading and elution, were filtered through a 0.45 um pore
size Nylon 66 filter (Alltech Associates Inc., Guelph, ON) before passing through the
precolumn. Loading solutions and eluents were also degassed by sparging with helium

(prepurified, Linde), after which a blanket of helium was maintained over the solution.

3.4.3. Loading Experiments

For the measurement of eucalyptol and 1-butanol loading curves (loading
experiment #1), a solution containing 1.00-10° mol/L eucalyptol and 2.00-10 mol/L 1-
butanol in the aqueous acetate buffer (see above) was pumped through the precolumn for
various times. Valve V was then switched to “elute” position, and the eluent was
collected up to mark into 2 mL volumetric flasks to which 0.200 mL of 2.5-10° mol/L
aqueous 2-pentanol solution was added as an internal standard. The eluent then was
analyzed by GC. The results are plotted in Figure 3.2. Precision of the measurements can
be estimated from the scatter among the points on the horizontal plateau. The scatter is
relatively large because the precolumn temperature wasn’t constant, even though the
precolumn was immersed in the constant temperature bath. This was caused by the high
flow rate during the loading step (12 mL/min). It was determined experimentally that

placing a 120 cm long stainless steel coil (i.d. 0.5 mm) inside the constant temperature
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Figure 3.2. Results of the loading experiment on precolumn #1 for the solution
containing 1.00-10° mol/L eucalyptol and 2.00-10* mol/L 1-butanol in the aqueous
acetate buffer (loading experiment #1). The ratios of peak heights of eucalyptol sample
and 2-pentanol standard in the eluate, determined from GC, are plotted on the left-hand
vertical axis. The same ratios for 1-butanol sample and 2-pentanol standard are plotted on
the right hand vertical axis. Open circles and solid line correspond to the eucalyptol,

closed circles and dashed line to 1-butanol.
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bath between the loading pump and the precolumn provided the necessary temperature
equilibration and improved precision. This was done in all the subsequent experiments.
The improvement of precision can be observed from the decrease of scatter in Figures 3.3
and 3.4.

In Figure 3.2 ratios of peak heights for the sample compounds (eucalyptol or 1-
butanol) to the peak heights of standard (2-pentanol) are plotted on the vertical axis, and
loading times are plotted on the horizontal axis. From this experiment it can be seen that
the loading equilibrium is achieved for eucalyptol in less than 10 minutes and for butanol
in under 5 minutes. To ensure the completeness of the loading step, the loading times
were 25 minutes both for the study of the influence of 1-butanol on the sorption of
eucalyptol and for the study of the influence of lower concentrations of eucalyptol on
the sorption of 1-butanol (mobile phase concentration of eucalyptol < 1-10” mol/L).

The eucalyptol isotherm shows that the eucalyptol distribution coefficient
decreases significantly at higher concentrations. Since the length of the time required to
achieve loading equilibrium is expected to be approximately proportional to the sample
distribution coefficient, it was expected that the loading times could be reduced for higher
eucalyptol concentrations. Therefore, another loading experiment was run for a loading
solution containing 1.00-10> mol/L eucalyptol and 1.20-10” mol/L of 1-butanol in the
same buffer as above. After various loading times the eluate was collected into 2 mL
volumetric flasks to which 0.200 mL of solution containing 2.00 mL/L of aqueous 2-
pentanol was added as an internal standard for the GC analysis. The results are presented
in Figure 3.3 in the same format as above. The loading times for eucalyptol and butanol

at this higher concentration in the mobile phase are under 5 minutes. Therefore, in all the
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Figure 3.3. Results of the loading experiment on precolumn#1 for the solution containing
1.00-10° mol/L eucalyptol and 1.20-10° mol/L 1-butanol in the aqueous acetate buffer
(loading experiment #2). The ratio of peak heights of eucalyptol sample and 2-pentanol
standard in the eluate, determined from GC, is plotted on the left-hand vertical axis. The
same ratio for 1-butanol sample and 2-pentanol standard is plotted on the right hand
vertical axis. Open circles and solid line correspond to the eucalyptol, closed circles and

dashed line to butanol.
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experiments that contained > 1.00-10” mol/L of eucalyptol in the mobile phase a loading
time of 8 minutes was used.

Since the loading times are approximately proportional to the distribution
coefficients and the distribution coefficient of 1-propanol is expected to be much smalier
than the distribution coefficient of 1-hexanol, for the study of the influence of 1-propanol
on the sorption of 1-hexanol only the 1-hexanol loading curve was measured. The loading
solution contained 1.00-10 mol/L of 1-hexanol and 0.10% v/v of 1-propanol in aqueous
sodium acetate/acetic acid buffer, but only eluted 1-hexanol was measured by gas
chromatography. The loading step was performed for various times and was followed by
the elution step. The eluate was collected into 2 mL volumetric flasks to which 0.200 mL
of 3.00-10° mol/L 2-hexanol solution was added as an internal standard for the GC
analysis. The results of the GC analysis of the eluates are plotted in the Figure 3.4 as the
ratios of 1-hexanol to 2-hexanol peak heights vs. the loading times. It is seen that 1-
hexanol loads in less than 3 minutes. For the experiments involving 1-hexanol and/or 1-

propanol a loading time of 8 minutes was used.

3.4.4. Elution Experiments

To determine the volume of eluent that is required to completely elute the sorbed
eucalyptol and butanol from the precolumn, a solution containing 1.00-10° mol/L
eucalyptol and 1.00-10 mol/L 1-butanol in the sodium acetate/acetic acid buffer was
first loaded by pumping it through the precolumn for 25 min. Then valve V was switched
into “elute” position and the eluent was pumped through the precolumn with the constant

pressure pump set at 30 psig, which gave a flow rate of = 0.5 mL/min. The eluate was
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Figure 3.4. Results of the loading experiment on precolumn#2 for the solution containing
1.00-10™* mol/L 1-hexanol and 0.10% v/v 1-propanol in the aqueous acetate buffer. Open
circles represent the ratio of peak heights of 1-hexanol sample and 2-pentanol standard in
the eluate, as determined by GC. The solid line is the average of huexon/heron for all data

points.
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collected in 20 drops fractions into 7 volumetric flasks of 2 mL volume, so that the total
volume of collected eluate would give 140 drops or = 1.7 mL. Each of the flasks
contained 0.200 mL of 5-10° mol/L aqueous 2-pentanol as an internal standard for gas
chromatography. After collecting the eluate, the volumetric flasks were brought to
volume with eluent and analyzed by GC. The results are presented in Figure 3.5. It is
seen that eucalyptol is completely eluted within 4 fractions of 20 drops, or approximately
I mL, of eluent and 1-butanol is completely eluted within 2 fractions of 20 drops, or
approximately 0.5 mL, of eluent. In all the subsequent experiments involving eucalyptol
and/or l-butanol the eluate was collected into 2 mL volumetric flasks up to the
calibration mark at a flow rate of 0.5 mL/min.

For the 1-hexanol plus 1-propanol case, a solution containing 1.00-10° mol/L 1-
hexanol and 0.500 % v/v 1-propanol in the sodium acetate/acetic acid buffer was pumped
through the precolumn for 8 min. Then the sorbed compounds were eluted in consecutive
fractions into seven 1 mL volumetric flasks, to each of which 0.100 mL of 1.60 mg/mL
aqueous 2-propanol and 0.100 mL of 1.60 mg/mL aqueous l-pentanol were added as
internal standards for gas chromatography. The first three volumetric flasks contained
eluate fractions of 15 drops and the rest contained 20 drops fractions. The flasks were
brought to volume with eluent and analyzed by GC. The results are presented in Figure
3.6. 1-Propanol was completely eluted with 30 drops, or approximately 0.35 mL, of
eluent and 99.7% of 1-hexanol were eluted with 50 drops, or approximately 0.6 mL, of
eluent. In all the subsequent experiments either 1 mL vials with PTFE lined septum
closure (to reduce the evaporation of 1-propanol), or 2 mL glass volumetric flasks with

PTFE stoppers were used to collect the eluates.
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Figure 3.5. Results of the elution experiment for the solution containing 1.00-10” mol/L
eucalyptol and 1.00-10 moV/L 1-butanol in the aqueous acetate buffer that was loaded on
precolumn#1 for 25 min. The ratio of GC peak heights of either eucalyptol or butanol
sample and 2-pentanol standard in the respective eluate fraction is plotted on the vertical
axis, and the corresponding eluate fraction on the horizontal axis. Solid bars represent

data for eucalyptol and dashed bars — for 1-butanol.
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Figure 3.6. Results of the elution experiment for the solution containing 1.00-10° mol/L
I-hexanol and 0.10% v/v 1-propanol in the aqueous acetate acid buffer that was loaded
on precolumn#2 for 8 min. The ratios of GC peak heights of either 1-hexanol sample and
1-pentanol standard or 1-propanol sample and 2-pentanol standard in the respective
eluate fractions are is plotted on the vertical axis, and the corresponding eluate fraction
on the horizontal axis. Solid bars represent data for 1-hexanol and dashed bars — for 1-

propanol.



3.4.5. Determination of Stationary Phase Concentration

The sorbed concentration of either 1-propanol or 1-hexanol was determined using

the equation:

n -C Vv
Cy, = T,X X.m YHU G.1)

LS w

where n x is the total number of moles of compound X sorbed ( X = either 1-propanol
or l-hexanol), including that in the holdup volume, Cy , is the mobile phase
concentration of X in mol/L, Vy, is the holdup volume in L and W, is the weight of
packing in the precolumn in kg.

As before'® passage of mobile phase through the precolumn for long periods of
time was found to slowly deteriorate the ODS stationary phase so that the effective
number of sorption sites was reduced, although no evidence was found for dissolution of
the silica substrate itself and the volume of packing in the precolumn was not visibly
reduced. This decrease in the number of sorption sites can formally be taken into account
as a decrease in the weight of stationary phase (Ws) in equations 3.1 and in 3.3 below.
To do this, a solution which contained 1 x 10-3 M 1-butanol in acetate buffer, but no
eucalyptol (for the experiments described in Chapter 4) or 3 x 10™ mol/L of 1-hexanol in
acetate buffer, but no 1-propanol, was run between experiments. Using the amount of 1-
butanol or 1-hexanol sorbed from this standard by the precolumn at age t, the effective

weight of packing W, to be used in place of Wy in equations 3.1 and 3.3 was calculated

as:

W, = Xtw, (.2)
n X.o
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where ny , is the amount of 1-butanol or 1-hexanol sorbed at age t, ny , is the amount of
1-butanol or 1-hexanol sorbed by the freshly packed precolumn, and W, is the weight of

packing in the precolumn.

3.4.6. Holdup Volume Measurements

The holdup volume Vy, includes the void volume of the packed bed and frits
V.ei¢ and the volume of the connecting tubing. In the holdup volume measurements,

water is used as an unretained component and is determined by gas chromatography in
ethanol solvent using methanol as an internal standard.

The apparatus used to determine the holdup volume of the precolumn is the same
as that shown in Figure 3.1 and described in Section 3.4.1. For the precolumn used in the
eucalyptol/butanol experiments the solution pumped through the precolumn was water
and the eluent was ethanol. With valve V in the “load” position (dashed lines) water is
pumped through the precolumn at a flow rate of 12 mL/min for 7 minutes. Valve V is
then switched to the “elute” position (solid lines), and ethanol is pumped through the
precolumn with the constant pressure pump operated at 30 psig of nitrogen (flow rate
~0.5 mL/min) into a 2 mL volumetric flask containing 0.250 mL of methanol as an
internal standard. Eluate was collected up to the calibration mark of the volumetric flask.
The amount of water in the volumetric flask was determined by gas chromatography as
described in Section 3.6, below. The holdup volume was determined to be 65.6+0.5 uL as
the average of four replicate experiments.

For the precolumn used in the experiments involving 1-butanol and eucalyptol the

holdup volume was determined only in the presence of mobile phase buffer. However,
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the sorption of large amounts of either eucalyptol or 1-butanol solvent would increase the
volume of the stationary phase and reduce the void volume and the holdup volume'!'>!3.
Since the change of void volume due to the sorption of eucalyptol and/or 1-butanol was
not directly measured, the concentration of eucalyptol or of 1-butanol sorbed onto the
ODS packing, either as solute or as solvent, was calculated iteratively by the following

equation:

C _Dgx — Cx.m (vl'lllljo - nsolv,sVsolv) 33
Xs — W (3.3)

where V,','ljo is the holdup volume measured in aqueous buffer, as described above,
n,. s is moles of solvent sorbed and V,,,, is the molar volume of solvent in mL/mol.

The second term in the numerator of equation 3.3 represents a correction for the presence
of sorbed solvent (so/v) in the hold-up volume.

The holdup volume of the precolumn used in the 1-hexanol/1-propanol
experiments was determined at more than one mobile phase composition in order to test
the validity of equation 3.3. The loading solutions for the holdup volume determination

contained 3.00-10™* mol/L of 1-hexanol and various volume percentages, DPpoH.m - of 1-

propanol in the aqueous sodium acetate/ acetic acid buffer. The solutions were prepared
by pipetting the necessary amount of 1.00-102 mol/L solution of 1-hexanol into the
volumetric flask, adding buffer and 1-propanol by volume, and diluting to mark with
water. Care was taken to mix the solution thoroughly before adding the last portion of
water so that the mixture would not change its volume once brought up to the calibration
mark. Since the volume of the 1-propanol/water mixture is not equal to the sum of the

volumes of its constituents, the amount of water in each solution had to be determined



66

separately. This was done by subtracting the measured weight of 1-propanol that was

used to prepare the solution from the total solution weight. Fraction of water gy o

(grams of water per mL of solution) was calculated as a ratio of water weight to the total

volume of solution. The gy o for the loading solutions containing various volume

percentages of 1-propanol are presented in Table 3.1.

The amount of water in the holdup volume of the precolumn, upon equilibration
with an aqueous/l-propanol  loading solution, was  determined by gas
chromatography of the ethanol eluate from the precolumn. The holdup volume was

calculated from the expression:

WhH,0

Vuy = (3.4)

€H,0
where wy o is the weight of water in the eluate-containing 2 mL volumetric flask as
determined by gas chromatography and gy o is for the loading solution with which the

precolumn had been equilibrated. At least two replicate experiments were run for every

loading solution concentration of 1-propanol.

3.5. Solubility Experiments

The solubility of eucalyptol in water was determined by the shake-flask method.
The solubility of eucalyptol in 1-butanol/water was determined by both the shake-flask
method and by the cloud point method. The solubility of 1-hexanol in water and in

aqueous 1-propanol solutions was determined by the cloud point method only.
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Table 3.1. Volume percent of l-propanol in 1-propanol/water mixtures with a

corresponding weight/volume fraction of water.

Ppron,m: VIV 8u,0> &/mL
1.00 0.9883+0.0004
5.00 0.9513+0.0003
10.00 0.9057+0.0002
20.00 0.8136+0.0001
30.00 0.7173+0.0001
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3.5.1. Shake-Flask Method

The determination of the solubility of eucalyptol in water and in aqueous 1-
butanol solutions was carried out in conical 250 mL flasks and in sealed 100 mL
ampoules. The procedure for the shake-flask method using conical flasks is as follows.
Increasing measured volumes of eucalyptol were delivered into flasks followed by a
measured volume of either water or aqueous 1-butanol solution. The conical flasks were
stoppered and then sealed with parafilm. They were placed in a constant temperature bath
with mechanical agitation, and kept at 25.0+0.4 °C for four days. After that the liquid in
the flasks was allowed to settle in the constant temperature bath without mechanical
agitation for several hours. Then 40 mL of the liquid from the flask were centrifuged to
separate the aqueous and the organic layers, and either both layers or only the aqueous
layer was analyzed by gas chromatography. Care was taken not to contaminate the
aqueous solution with the organic layer.

The procedure for the determination of 1-hexanol solubility in water by shake-
flask method was different only in that the dissolution of 1-hexanol was carried out in an
ice bath with magnetic stirring for three hours. The flasks were then transferred into the
constant temperature bath with mechanical agitation, and kept at 25.0+0.4 °C overnight.
Then the agitation was switched off for 2 hours to allow for the separation of the aqueous
and the organic layers. The aqueous layer was analyzed by gas chromatography.

The procedure for the sealed ampoules was as follows. First, a saturated solution
of eucalyptol in water was prepared by adding an excess of eucalyptol to the measured
volume of water in a large flask. The flask was stoppered and sealed with parafilm, and

agitated in a constant temperature bath at 25.0+0.4 °C for four days. Then most of the
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organic layer was removed by a pipette and discarded. Using a volumetric pipette, 50.00
mL of the eucalyptol-saturated aqueous solution were added to an empty ampoule
followed by a 0.100 mL excess of liquid eucalyptol. Then the ampoules were stoppered
with corks and kept in an ice bath for 30 min after which the ampoule was sealed with a
flame. Sealed ampoules were agitated in the constant temperature bath at 25.0+0.4 °C for
ten days. After allowing the contents of the ampoules to settle at constant temperature
without agitation, the organic layers were removed and the aqueous layers were mixed

with methanol and analyzed by GC.

3.5.2. Cloud Point Method

In this method the temperature-dependence of the solubility of eucalyptol and 1-
hexanol'* was exploited. The solubility of eucalyptol in water decreases when the
temperature is increased, i.e. the process is exothermic. The solubility of 1-hexanol in
water and in the aqueous 1-propanol solutions containing 10% v/v or less of 1-propanol
also decreases with the increase of temperature. In the range 10-15% v/v of 1-propanol in
water an inversion in the temperature dependence of 1-hexanol solubility occurs. At
concentrations of 1-propanol of 15% v/v and above, the solubility of 1-hexanol increases
when the temperature rises, i.e. the dissolution of 1-hexanol becomes endothermic.

The procedure for the determination of eucalyptol solubility in water and in 0.300
mol/L of aqueous 1-butanol is as follows. A desired amount of eucalyptol is weighed into
a dry 125 mL conical flask. A magnetic stirring bar is placed into the flask, and water or
0.300 mol/L 1-butanol solution is delivered by a volumetric pipette. The flasks are

stoppered with a plastic stopper and then sealed with parafilm. The sealed flasks are
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placed in an ice bath with continuous magnetic stirring for 36 hours. A periodic
inspection of the flask contents and walls indicated that eucalyptol was completely
dissolved in less than 12 hours. After the dissolution step, the plastic stopper was
replaced with a teflon tape wrapped cork stopper holding a thermometer with the

temperature range from -2.0 to 51.0°C. The flask was then placed in a water bath whose

temperature was maintained at approximately 10 °C above the expected eucalyptol cloud
point. With continuous magnetic stirring, the temperature in the flask was allowed to rise
until the solubility of eucalyptol was reached, as evidenced by the formation of a fine
cloud-like emulsion of eucalyptol in the solution. The temperature at which the cloud first
appeared was recorded as the solubility temperature for the mixture of a given
composition. Then the flask was placed into an ice bath for 20-25 minutes to allow the
cloud to re-dissolve, and the measurement of a cloud point was repeated again.

According to this procedure, cloud point measurements were performed for
several mixtures with varied concentrations of eucalyptol in water. The eucalyptol
concentrations were chosen in such a way as to give cloud point temperatures that
encompass the region above and below 25°C with a span of about 15-20 °C. Then a plot
of the natural logarithm of the mole fraction solubility of eucalyptol in water, In Xg, 5 -
versus reciprocal Kelvin temperature was constructed. This plot was linear, as expected,
since only a narrow temperature range was investigated. The eucalyptol solubility at 25.0
°C was obtained by interpolation from this plot.

Then two solutions in 0.300 mol/l. aqueous I1-butanol containing the same

concentration of eucalyptol as its aqueous solubility at 25.0 °C were prepared. The cloud
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point temperatures for these solutions were measured and compared to the plot of cloud
point temperature versus aqueous solubility of eucalyptol.

A similar procedure was carried out for the determination of 1-hexanol solubility
in water and in 1-propanol/water solutions. The main difference was that for solutions
containing 0-10% 1-propanol the excess of 1-hexanol was dissolved by placing the flask
in an ice bath for =~ 3 hours and then the flask was heated at a slow rate to obtain a cloud
point; whereas solutions containing 15% v/v or more of 1-propanol were first heated at
45 °C for 10-15 minutes to dissolve the excess I-hexanol, and then cooled to obtain a
cloud point. All mixtures were continuously stirred through the dissolution and cloud
point measurement steps to maintain a uniform temperature inside the flasks. For an
aqueous mixture containing a given l-propanol concentration a number of solutions,
containing varying amounts of 1-hexanol, were tested such that the cloud points covered
a temperature range of 15-20 °C with 25 °C falling inside the range. Then the plot of
cloud point temperature versus 1-hexanol solubility was constructed, and the solubility of
I-hexanol at 25 °C was determined from the plot by interpolation.

While mole fraction composition is an unambiguous concept, volume/volume
composition can be defined in more than one way and, so, requires clarification. In the
cloud point experiments, a measured volume of water was added to a measured volume
of 1-propanol. The ratio, times 100, of the added volume of 1-propanol to the sum of
individually added volumes of 1-propanol and water, before mixing, can be defined as an

apparent volume percent, ®p, oy.m - Because the solution changes volume upon mixing,

the final, mixed total solution volume may be different than the sum of added volumes.

The apparent volume percent was converted to the true volume percent of 1-propanol,
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Figure 3.7. Plot of density of 1-propanol and water mixtures at 25 °C versus apparent

volume percent of 1-propanol in solution. The density measurement is described on

previous page.
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Table 3.2. Apparent volume percent of 1-propanol for the mixtures used in the cloud
point experiments with corresponding solution densities and true volume percent of 1-

propanol calculated as described in section 3.5.2.

ProH.m » 70 dp on+n,0, &/mL Ppron,m » 70
0.0000 0.9978 0.0000
0.9997 0.9961 0.9999

5.000 0.9917 5.020
10.00 0.9858 10.08
15.00 0.9793 15.17
16.67 0.9770 16.87
20.00 0.9721 20.28
25.00 0.9643 25.40
30.00 0.9557 30.53
33.00 0.9503 33.62
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Dy on,m - defined as 100 times the ratio of the volume of 1-propanol added to the final,

mixed total solution volume, by employing the measured densities, dp,on.+n,0- Of -

propanol/water mixtures. Density was measured by weighing 100 mL of a 1-

propanol/water mixture of known @, o4, that was equilibrated at 25.0 °C. The

resulting weight of 1-propanol/water mixture was divided by a true volume of 100 mL
flask obtained by calibration with distilled water'” in a separate measurement.

The plot of solution density dp, on+n,0 Versus @b, ou,m is presented in Figure
3.7. The final, mixed total solution volume was calculated by multiplying the sum of
added known weights of 1-propanol (Vpon x dpron) and water (V0 x di:0) and dividing
by the density of solution obtained by interpolation from the plot in Figure 3.7. Table 3.2
contains apparent volume fractions of 1-propanol for the mixtures used in the cloud point

experiments with corresponding solution densities and calculated true volume fractions of

1-propanol.

3.6. Gas Chromatographic Analysis

Gas chromatographic analysis of the eluates of the column equilibration
experiments were performed on a Perkin Elmer 8500 gas chromatograph equipped with
flame ionization and thermal conductivity detectors or on a Shimadzu GC 14-A equipped

with a thermal conductivity detector.

3.6.1. Columns
Several different gas chromatographic columns were used. For the determination

of eucalyptol, 1-butanol and 1-hexanol column #1 was used. It was a 10 foot long, 1/8”
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o.d., 0.082" i.d. stainless steel column packed with 5% Carbowax 20M (Chromatographic
Specialties Inc., Brockville, Ontario) on Chromosorb WAW DMCS mesh 100/120
support (Manville, Denver, Colorado). It was prepared according to a standard
technique'®. Column #2 was a 10 foot long 1/8” o.d., 0.079” i.d. stainless steel column
packed with Porapak QS mesh 50-80 (Waters Associates, Milford, MA). Column #3 was

the same as column #2, but only 5 feet long.

3.6.2. Procedures

Injector and detector temperatures for all GC determinations were 230 °C. Helium
was always used as a carrier gas.

For the determination of eucalyptol and 1-butanol column #1 was used in a Perkin
Elmer 8500 gas chromatograph with flame ionization detector (FID). Helium inlet
pressure was 37 psig, air and hydrogen were used as FID support gases at pressures of 22
and 18 psig respectively. The injection volume was 0.5 uL. After an injection the column
oven was held at 70 °C for three minutes, then the temperature was raised at 2 °C/min
untill the final temperature of 86 °C was reached. Sometimes small changes in this
program were made to achieve a better baseline.

The determination of 1-propanol was carried out either simultaneously with the
determination of 1-hexanol, using the Perkin Elmer 8500 gas chromatograph with flame
ionization detector (FID) and column #1, or separately, using the same instrument and
detector with column #2. For 1-hexanol and 1-propanol determination using column #1
the inlet pressures were: helium - 50 psig, air - 26 psig and hydrogen - 20 psig. The

injection volume was 0.4 pL. The following temperature progam was used. Initially, the
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column oven was kept at 65 °C for 5 minutes. Then the temperature was raised at 2
°C/min until the final temperature of 78 °C was reached. The 1-propanol determination
using column #2 had the same inlet pressures for helium, air and hydrogen, and the same
injection volume as for the analysis of 1-hexanol and 1-propanol on column #1, but the
chromatographic runs were performed isothermally at 165 °C for the duration of 7
minutes.

The determination of water and methanol in ethanol solutions in the void volume
experiment for the studies involving eucalyptol and butanol, was carried out on the
Perkin Elmer 8500 gas chromatograph using column #2 and a thermal conductivity
detector. Helium inlet pressure was 35 psig which gave a flow of 40 mL/min through the
column. The injection volume was 1.5 uL. The column oven was held isothermally at
160 °C for 1.9 minutes, after which a heating ramp of 30 °C/min was applied until the
final temperature of 200°C was reached.

Water and methanol determination in the void volume experiment for the studies
involving 1-hexanol and 1-propanol was done on the Shimadzu GC-14 A with column #3
and a thermal conductivity detector. The carrier gas inlet pressure was 18 psig, injection
volume was 1.5 uL, and the analysis was performed isothermally at 160 °C. Water,
methanol and ethanol peaks eluted from the column in less than 2 minutes. Generally, the

peak for 1-propanol was too small to be quantitated by the thermal conductivity detector.
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4. Simultaneous Sorption of 1-Butanol and Eucalyptol’

4.1. Introduction

The results of the studies of individual and simultaneous sorption of 1-butanol and
eucalyptol on Partisil-10 ODS3, and the influence of small additions of 1-butanol on the
aqueous solubility of eucalyptol are discussed in this Chapter. In the simultaneous
sorption experiments the mobile phase concentration of one compound (sample) was kept
low and constant, and the concentration of the other compound (organic modifier, or
solvent) was varied. Then sample and solvent components were reversed. Therefore,
information was obtained about the influence of 1-butanol organic modifier (solvent) on
the sorption of eucalyptol sample, and the influence of eucalyptol organic modifier
(solvent) on the sorption of 1-butanol sample. Of interest is the quantitative dependence

of the amount of sorbed solute on the amount of sorbed solvent.

4.2. Theory

4.2.1. Introduction

A number physicochemical models have been proposed to describe the retention
process of solutes on RPBPs. Lattice models derived from statistical thermodynamics
involve detailed molecular-scale properties of bonded phases such as surface coverage,

chain conformations and location of sorbed solvent modifier'?>*. Models based on

' Reproduced in part with permission from: Felitsyn, N. and Cantwell, F.F. Anal. Chem.
1999, 7/, 1862-1869. ©1999 American Chemical Society.



80

classical thermodynamics do not deal with molecular-scale properties, but they still
require assumptions about what constitutes a component of the bonded phase and
whether competitive displacement is involved in the sorption process™®”.

The sorption model employed in the present work is based on the classical
thermodynamic treatment of partitioning of a solute between two bulk liquid phases®. The
stationary phase is assumed to be composed of three components: bound alkyl chains,
organic modifier and solute. This assumption is consistent with the approach of Martire
and Boehm® but differs from that of some other workers who have either excluded sorbed
solvent’ or bound chains® or who have included sorbed waterS. Justification for
neglecting the role of sorbed water when a water-rich mobile phase was used was given

in the chapter 2.

4.2.2. Theoretical Model

Concentrations of all components are given as volume fractions, ¢. In the

stationary phase (s) the volume fraction of component X (where X is either solute, i;
organic modifier, solv; or bound chains, Cg) is given by:

C..V.
di.s =~ X X5 @.1)

Csolv,s vsolv.s + CC“.s vC,..s

Here, Cy_, is concentration in moles/kg of dry packing, and Vy is molar volume of X in

mL/mol. The term C, V. is omitted from the denominator in equation 1 because sorbed

solute is present at trace concentrations in these studies. Therefore, in the stationary

phase:
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¢C,..s ~1- d,solv.s 4.2)

In the mobile phase (m) i is also present at trace concentrations so that the volume
fraction of solute i is given by:

Ci ° Vi
bim = = = (4.3)
Ceotv.m * Yeov + Ciyom - Vi,0

where concentration Cy , is in moles/L of solution. The equilibrium distribution

coefficient for solute i/ between the stationary and mobile phase is:

K =~ (4.4)

When the volume fractions of i in both phases are kept very small, then the value of K*

will be independent of the concentration of i. However, K¢ does depend on the
concentrations of solvent in both phases.

In the stationary phase, the chemical potential of solute, pj,, is taken with
respect to infinite dilution in the mixed phase which contains ¢C“.s of chains and g, s Of
solvent:

His = Hic,Ocus + HisonPsovs + Z (4.5)
The standard chemical potentials |y and My, are with respect to infinite dilution in

pure ODS-chains and in pure solvent, respectively. The collective term Z, which gives

the excess free energy, includes within it terms that are functions of ¢C,,.s and Qgoiv s as

well as terms that are constants. The phenomena contributing to Z include both the

excess entropy, arising from the mixing of components having different molar volumes,
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and the interaction energy between solvent and chains’®. The magnitude of Z can be
estimated using extra-thermodynamic models such as those of Scatchard and Hildebrand
or Flory and Huggins®. However, when nonspecific interactions (i.e., dispersion forces)
among solute, solvent and chains are the dominant interactions in the stationary phase,
which may be true in the case of 1-butanol and eucalyptol, then Z may be small enough
to neglect®”®. In that case, the stationary phase is an ideal solution of solvent, solute and

chains, for which:

p?,s = ”:c..¢c.,.s + l’l'?.solvd)solv.s (4-6)
Because of its simplicity, equation 4.6 rather than equation 4.5 was tested first to see how

well it describes the experimental behavior.

Combining equations 4.2 and 4.6 gives for the case of 1-butanol and eucalyptol:
His = Hic, — (Mic, — K7 sotv MW solv.s 4.7
In the mobile phase, the standard chemical potential of solute, |;,, taken with
respect to infinite dilution in the water/solvent mixture, is:
Mim = Hino + RTInyg, 4.8)
where uzﬂzo is the standard chemical potential with respect to infinite dilution in pure

water and y:m is the transfer activity coefficient for the transfer of i/ from infinite

dilution in water to infinite dilution in the water/solvent mixture.
The equilibrium distribution coefficient for i is related to the chemical potentials by

the expression:

His — Him = “RTInK!? 4.9)
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Combining equations 4.4, 4.7, 4.8 and 4.9 and rearranging gives:

¢ . o —ue o —-u?
lg.i _ ¢|,5T = expl — (u..c,. “l,HzO) expl + (“‘l,C" p’l.solv) ¢mlv . (4 10)
Y t,m ¢i.mY i.m RT RT '

When an experiment is performed in which ¢; . is held constant while the

solvent concentration ¢ and, consequently, ¢ are changing, equation 4.10 can

solv,m solv,s

be written in the form:

¢ .
Ki _ ¢|.sT = q; exp(Bid,solv,s) 4.1 1)

YIm - ¢i.in.m

where «; and [3; are constants given by the expressions:
o; = exp(—(1ic, ~ Hiu,0)/ RT) (4.12)
and
Bi = (Wic, — Kiwn)/RT (4.13)
Depending on whether u?,c,. is smaller or larger than u:m,v , equation 4.11 predicts that

K? / Yr, Will either decrease or increase with Qsopy,s.

Calculation of ¢;s and ¢sqvs from equation 4.1 in which X = i and X = solv,

respectively, requires a knowledge of concentrations and molar volumes. C;s and Cqqy s

are measured experimentally andV;, and V,,, can be approximated from molecular
weights and liquid densities. However, neither Cc¢ ,nor VC“ can be accurately

estimated, a priori, in this way because the chains are covalently bound to the silica

surface and experience conformational constraints that vary with location along the



84

chain®**. Therefore, it is best to leave CC"JVC“ as part of a fitting parameter. To do

this, equation 4.11 can be combined with equation 4.1 for both $is and oy s to give the

following expression:

%:= Ai (Cyivs +S;i) exp [Bi %i—s—) (4.14)
where
Ai = Gim & (Vo / Vi) (4.15)
and
S; =Cc¢,..(Ve, ! Viav) (4.16)

Equation 4.14, which predicts the dependence of C; / 'yiTm on C,, n has three fitting

parameters: A;, ; and S;.

4.3. Results and Discussion

Three types of experiments have been performed: (i) Measurement of eucalyptol
solubility in water and dilute aqueous solutions of 1-butanol by shake-flask and cloud
point methods; (ii) Individual sorption isotherms for 1-butanol and eucalyptol between
ODS-3 packing and aqueous solution; and (iii) Measurements of the simultaneous
sorption of 1-butanol and eucalyptol from aqueous solutions on ODS-3 packing by a
column equilibration technique. The solubility experiments provide information about the

mobile phase contribution to the retention of eucalyptol. Sorption isotherms and the
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simultaneous sorption curves provide information about the nature of the stationary phase

and its contribution to the solute retention.

4.3.1. Solubility of Eucalyptol in Water and in Dilute Aqueous Solutions of 1-

Butanol

4.3.1.1. Shake-Flask Experiments

4.3.1.1.1. Stoppered Flasks

First, the solubility of eucalyptol was determined in water. In this experiment,
increasing amounts of eucalyptol were added to consecutive flasks containing 200 mL of
water. After dissolution in a constant temperature bath, as described in Section 3.5.1, the
aqueous layer was separated from the organic layer and analyzed for eucalyptol. It is
important to note that there was a residue of undissolved eucalyptol in the flasks that
contained the three highest amounts of eucalyptol. The plot of measured dissolved
concentration of eucalyptol, Cg, gissolv> (MOVL) versus Cg, jq4eq (mOLL), the
concentration calculated from the amount of eucalyptol added to the flask under the
assumption that all eucalyptol dissolved, is presented in Figure 4.1. It is observed that

Cru.gissoty IS increasing at first with Cpg, aq4ea» and then reaches saturation at

(1.8740.02)-10” mol/L (average Cpg, gissorv fOF the three highest points in plot 4.1). This
value is the solubility of eucalyptol in water under the conditions of this experiment.
However, Cgy gissowy Was consistently lower than Cg, 4g4eq - This is true even for the

solutions of lower concentration in which eucalyptol was completely dissolved.

Eucalyptol evaporation is the suspected culprit.
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Figure 4.1. Shake-flask determination of eucalyptol solubility in water at 25 °C. Points

are experimental, line is drawn according to equation Cgy dissotv = CEu.added-
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A similar experiment was done to determine the solubility of eucalyptol in 0.300
and 0.600 mol/L aqueous 1-butanol. Excess of eucalyptol, above the solubility in water,
was added to 1-butanol solutions and equilibrated as described in Section 3.5.1.
Subsequent analysis of the aqueous layer revealed that the concentration of eucalyptol in
it was lower than the concentration eucalyptol in saturated aqueous solution, as
determined by the experiment above. Plots of equilibrium eucalyptol concentration,

Cgu.m - in 0.300 and 0.600 mol/L aqueous 1-butanol solutions versus the percent excess

eucalyptol added with regard to saturated aqueous solution are presented in Figure 4.2.
The precision of the measurement was estimated to be +0.0006 mol/L, as shown by error
bars in the plot. The horizontal line is the concentration of eucalyptol in the saturated

aqueous solution. The average value of Cg, ., in 0.300 mol/L I-butanol solution is
0.0175+0.0006 mol/L, and the average value of Cg, , in 0.600 mol/L 1-butanol solution

is 0.0128+0.0006 mol/L. The average concentration of eucalyptol in 0.600 mol/L 1-
butanol solutions was only about 70% of the average eucalyptol concentration in 0.300
mol/L 1-butanol solutions.

The concentration Cg,op.m.cquiiv Of 1-butanol in the aqueous layer at equilibrium
was also determined. For the 0.300 mol/L 1-butanol solutions Cg,oy, m,equitiv Was close
to the original concentration. However, Cguon.mequiib 0F 0.600 mol/L 1-butanol

solutions had decreased to 0.57+0.01 mol/L, with a tendency to lower I-butanol
concentration in the solutions containing more eucalyptol. The volume of eucalyptol

added, Vg,, (L), the percent excess added eucalyptol compared to the amount needed

for saturated aqueous solution, % Excess , the original concentration of 1-butanol in the
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Figure 4.2. Shake - flask determination of eucalyptol solubility in 0.300 mol/L (@)
and 0.600 mol/L (O ) 1-butanol solutions in water at 25 °C. The horizontal line is the

concentration of eucalyptol in the saturated aqueous solution.
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Table 4.1. Data for the shake-flask determination of eucalyptol solubility in 0.300 and

0.600 mol/L solutions of 1-butanol in water at 25.0 °C.

VEuc % Excess CguoH.m CguoH,m, equil Ceum Ceun,0.51
uL Eucal. mol/L mol/L mol/LL mol/L.
0.826 132 0.300 0.29, 0.016¢ 0.0187
0.864 138 0.300 0.29; 0.0175 0.0187
0.901 144 0.300 0.295 0.018¢ 0.0187
0.826 132 0.600 0.57; 0.0135 0.0187
0.864 138 0.600 0.569 0.0125 0.0187
0.901 144 0.600 0.56¢ 0.013, 0.0187
0.939 150 0.600 0.554 0.012; 0.0187
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aqueous layer, Cg,on,m» the equilibrium concentration of 1-butanol in the aqueous layer,
C BuoH, m, equilib - the equilibrium concentration of eucalyptol in the aqueous layer,Cg, g, ,

and the concentration of saturated aqueous eucalyptol solution, Cg, 4,0 st > are presented

in Table 4.2. Since the apparent solubility of eucalyptol in the 0.600 mol/L 1-butanol
solutions was lower than in 0.300 mol/l. 1-butanol solutions, and the equilibrium
concentration of 1-butanol in 0.600 mol/L solutions was lower than the original, it was
suspected that 1-butanol was extracted from the aqueous phase into the excess eucalyptol
organic phase. To confirm this the organic layer was analyzed. Indeed, 1-butanol was
extracted into the organic layer. The ratio of moles of eucalyptol to moles of 1-butanol in
the organic layer in contact with 0.300 mol/L 1-butanol solution is 3.7+0.2. When 1-
butanol mobile phase concentration is increased to 0.600 mol/L this ratio drops to
0.69+0.02. The decrease in apparent eucalyptol solubility can be understood if one

considers the equilibrium described by:

Kgy dise = . 4.17)

where Kgydise is the equilibrium constant for distribution of eucalyptol between the
organic and aqueous layers and Cguorg is the concentration of eucalyptol in the
eucalyptol/1-butanol organic phase. When the organic layer in contact with the aqueous
solution is pure eucalyptol, the aqueous concentration becomes the true solubility.
Extraction of 1-butanol into the layer of eucalyptol causes Cgy,org to decrease, and Cgy,m

decreases along with it, though not necessarily directly proportional to it.
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4.3.1.1.2. Sealed Ampoules

Two problems were revealed in the above studies of eucalyptol solubility in water
and aqueous 1-butanol solutions. First, there is evaporation of eucalyptol, and second, 1-
butanol gets extracted by the excess liquid eucalyptol. The first problem can be
circumvented by the use of sealed ampoules. Therefore, a determination of true
eucalyptol solubility in water was carried out by shake-flask method in sealed ampoules
as described in section 3.5.1.

The value of eucalyptol solubility in water at 25.0 °C is 0.0211£0.0004 mol/L as
the average of three replicate determinations. This value is 13% above the value of
solubility obtained by shake-flask experiment using stoppered flasks. It confirms that
there was evaporation of eucalyptol in the experiments described above. Eucalyptol
solubility in sealed ampoules is in good agreement with the literature eucalyptol

solubility value of 0.022 mol/L also obtained by shake-flask method’.

4.3.1.2. Cloud Point Experiment

In order to overcome the problem of 1-butanol extraction into the organic
eucalyptol layer, a cloud point experiment was used. In this experiment eucalyptol
solutions in water or aqueous l-butanol are heated untill the eucalyptol solubility is
reached, and a very fine cloud of insoluble eucalyptol is formed. Since the excess of
eucalyptol is very small, and the process occurs rapidly compared to the several day
equilibration in the shake flask method, the extraction of l-butanol into organic
eucalyptol layer is not expected to pose a problem, and true solubility of eucalyptol can

be determined.
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Figure 4.3. A plot of natural logarithm of mole fraction eucalyptol solubility in water

In Xg, 4,050 (@ ) and in 0.300 mol/L 1-butanol solution InXg, s (O) versus

reciprocal absolute temperature. The line is a linear least-squares fit to In Xg, y,0.sat

versus 1/T. Error bars represent the standard error in the fit, equal to 0.021.
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Over a small temperature interval the enthalpy of the eucalyptol dissolution
process will be constant. Therefore, the plot of natural logarithm of the equilibrium
constant versus the reciprocal temperature is expected to be linear'®. When the organic
phase in contact with the aqueous solution is pure eucalyptol, the activity of eucalyptol in
that phase remains constant, and the variation of aqueous phase solubility reflects the
variation in the equilibrium constant. In this case we expect a linear plot of the natural
logarithm of the mole fraction eucalyptol solubility in water In Xgu.sar Versus reciprocal
absolute temperature (K). This plot is presented in Figure 4.3. It is linear, as expected.
The standard error in the plot of In Xgysat vs 1/T for water was 0.021, meaning that the
relative standard deviation of XEgysat is 2.1%. The solubility of eucalyptol in 0.300
mol/L 1-butanol solution relative to that in water, at 25 °C, was estimated from the
deviation of the points obtained in the mixed solvent (open circles in Figure 4.3) from the
linear regression line through the points obtained with water solvent (closed circles in the

same Figure). At 25 °C, duplicate values of Xgu,sat for the 1-butanol/H>O mixture fell,

respectively, within 0.2 and 0.6 relative standard deviations of the value of XEy,sat in

water, demonstrating that the solubility of eucalyptol is the same in these two solvents

and, consequently, that the value of Y[, is the same in these two solvents®!!. That is,

qu.m = 1.0 for all aqueous solutions containing < 0.300 mol/L of 1-butanol.
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4.3.2. 1-Butanol Isotherm

Conventionally, sorption isotherms are plotted as concentration in the stationary

phase versus concentration in the mobile phase. A plot of Cg,gh. Vs Cguon,m in Figure

4.4 can be fit very well (R2 = 0.9999) by the "associative-bilayer isotherm" equation'*:

C _ K BuOH.lC BuOH,s,.max CBuOH.m
BuOH,s —

* Kpuon..C 4.18
1+ Kguon.1Chuot.m BuOH,2%-BuOH.m 4.18)

where Kpyon,and Kpgyoy sare constants and Cgyop.s max IS the maximum monolayer
coverage of l-butanol. The values of constants obtained from the fit are: Kg,on,=
9.120.6 L/kg; Kpyon.2=1.620.2 L/kg; and Cguon.s.max =1-710.2 mol/kg. From this

equation it might be inferred that 1-butanol is sorbed by the ODS stationary phase in
more than one layer. Such an inference is based on the assumption that the entire non-
linear shape of the isotherm arises only from processes occurring in the stationary phase.

This would be true only if Cg oy n is directly proportional to the activity of 1-butanol in

the mobile phase; that is, if the activity coefficient of 1-butanol in the mobile phase is

constant over the whole range of Cg,oy.m involved. However, this assumption, and its

dependent inference of associative-bilayer sorption for 1-butanol, are both false.

Activity coefficients of 1-butanol, with respect to pure 1-butanol standard state,
Y:ﬁOH.m , were calculated from vapor-liquid equilibrium data'? at 25.0 °C using the Van
Laar equation'*. These activity coefficients were converted to activity coefficients with

respect to infinite dilution of 1-butanol in water, Yg o . - bY the following expression:
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4D _ Yiuonm 4.19)
BuOH,m .Yg,ll:(s) Hm

in which ,Y;.urgﬂ‘m = 61.09 is the value of Y53,y o at infinite dilution. The activity of 1-

butanol with respect to infinite dilution is the product:

agotm = CBuoH.m * YroH.m (4.20)

Presented in Table 4.2 are the values Of‘YlI:OH.m’ Y:BI;OH.m ; a{,’.’,o,,‘m and

) ; ) . D )
Cguon s for the various Cpguon,m at which sorption was measured. Since Y BuOH.m IS

seen not to be a constant over the range of Cg,on.m €mployed, it is necessary to plot the
isotherm as Cgyop,m VS @paonm ¢ 35 in Figure 4.5, in order to understand what is

happening in the stationary phase. The line in Figure 4.5 represents a non-linear least-

squares fit of the data points by the Langmuir equation:

K'ICBuOH.s.mu a:;l:ou.m 4.21)
1+ K'la:!l;OH.m

CBuOH.s =

where

C
Kj = — "2 (4.22)
ABuOH,m

The fit here is also very good, with RZ = 0.9996, K; = 4.9 + 0.2 L/kg and

C guoH.s.max = 3-2 = 0.2 mol/kg. Using the specific surface area of 3.0 - 10° m%kg'® the

calculated area per mol of sorbed 1-butanol is (9.4 + 0.6)-10° m*mol. Dividing KBuOH.s
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Figure 4.4. 1-Butanol isotherm plotted as stationary phase concentration versus mobile
phase concentration (mol/L). The points are experimental, the line is a non-linear least

squares fit of equation 4.18 to the data points.
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Figure 4.5. 1-Butanol isotherm plotted as concentration in the stationary phase versus

activity of 1-butanol in the mobile phase. Points are experimental, the line is a non-linear

least-squares fit of equation 4.21 to the data points.
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Table 4.2. Data for the 1-butanol isotherm on Partisil-10 ODS-3.

CuoH,m s PS D 3:;?.ou.m ’ Cguon.s »
Y BuoH,m ¥ BuoH.m
mol/L mol/L mol/kg
0.000765 61.07 0.9997 0.000765 0.0179
0.00219 61.03 0.9991 0.00218 0.0419
0.00437 60.98 0.9982 0.00436 0.0801
0.00745 60.90 0.9969 0.00743 0.138
0.0109 60.83 0.9959 0.00996 0.185
0.0109 60.83 0.9959 0.00996 0.182
0.0100 60.84 0.9960 0.0996 0.181
0.0200 60.58 0.9917 0.0198 0.313
0.0400 60.08 0.9835 0.0393 0.526
0.0700 59.34 09714 0.0680 0.788
0.0700 59.34 09714 0.0680 0.806
0.150 57.43 0.9401 0.141 1.28
0.200 56.27 0.9211 0.184 1.47
0.300 54.04 0.0846 0.265 1.78
0.300 54.04 0.0846 0.265 1.79

98
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by Avogadro number gives 16 + 1 A per molecule of sorbed 1-butanol. This value is in
good agreement with the experimentally measured molecular area of 20 A’ for lower
normal alcohols sorbed at liquid-liquid interfaces'®. In addition, the good fit of the data
by the simple Langmuir equation, employing activity, implies that self-association of
BuOH to form an additional sorbed layer does not occur at stationary phase
concentrations corresponding to about 60% of a monolayer.

At high activities, the ODS sorbs quite a lot of BuOH. For example, a sorbed
concentration of 1.8 mol/kg is equal to 133 grams of BuOH sorbed per kg of dry ODS-3
packing. In comparison, ODS-3 packing contains approximately 10.5% w/w carbon
content'®, which corresponds to about 126 grams of C;g chains per kg of dry ODS-3
packing. Therefore, at this point the stationary phase on ODS-3 packing is composed of

about 51% w/w BuOH and 49% w/w C;g chains.

4.3.3. Eucalyptol Isotherm.

A plot of sorbed concentration of eucalyptol versus its concentration in aqueous
solution is shown by the points in Figure 4.6. The line represents the non-linear least
squares fit of the "associative bilayer isotherm with limited solubility in the aqueous

phase"'? to the data points. The isotherm equation is:

K,C Caa k. (x.a Cevn
1CEustmax R Cp, s max 2(1+p) - l)—z—_—

C _ CEu.H;O.sa( Eu,H,0,sat 4 23)
Eu,s — 3 .
C C
1+ (K, +K,p- Z)E"‘El‘m—‘— + (K, - 1)(K,p - I)TE‘L
Eu.H,0,sat Eu . H,0,sat
C
Kl = Eu,s,l (4-24)
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C
K, = =22 (4.25)
CEu.m

In these equations Cg, ,; and Cg, ,, are concentrations sorbed in the first layer
and in the (associative) second layer, respectively, Cg,  ; max 1S the monolayer
concentration of eucalyptol in the first layer, Cg, y,0,sa iS the solubility of eucalyptol in

water (i.e., 0.021 mol/L) and p is the fraction of the eucalyptol molecules in the second
sorbed layer which are not able to undergo further association with additional sorbed
eucalyptol. Since the highest value of eucalyptol concentration employed in measuring

the isotherm (i.e., 0.012 mol/L) corresponds to a mole fraction of 2.2-104 in water,

eucalyptol is at "infinite dilution" in the mobile phase and y::l;‘m =1 at all concentrations

employeds. Thus, any deviation from linearity in curve A can be ascribed to processes
occurring in the stationary phase.

The fit of equation 4.23 to the data is good, with R2 = 0.9998, K; = 60 + 5 L/kg,

Kz =43+ 03 L/kg, Cgy g 1.max = 0-51 £ 0.02 molkg and p = 0.098 + 0.003. The value
of 0.51 mol/kg for Cg, . max iS comparable in magnitude to the value of 0.9 mol/kg

which is predicted for a close-packed monolayer of eucalyptol molecules, based on an
area of 4.5 -10-19 m2 occupied by each approximately spherical eucalyptol molecule, as
measured from a space-filling molecular model, and a specific surface area of 3-103
m2/kg for ODS-3'C.

Theoretically, the parameter p in equation 4.23 can have values from 0 to 1. The

measured value of 0.10 is much closer to 0 thanto 1, indicating a high degree of
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Figure 4.6. Eucalyptol isotherm. Points are experimental, the line is a non-linear least-

squares fit of equation 4.23 to the data points.
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association among sorbed eucalyptol molecules. This suggests that the relatively
nonpolar eucalyptol molecule interacts in the stationary phase mainly by dispersion

forces'?. Because of this extensive association, the sorbed concentration of eucalyptol

becomes considerably greater than Ceusamax - For example, at Cg, .= 0.0115 mol/L

the stationary phase is composed of about 74% w/w of eucalyptol and 26% w/w of Cg

chains.

4.3.4. Effect of Eucalyptol on 1-Butanol Sorption.

Shown in Figure 4.7 is a plot of Cg,op. Vversus Cgus for the case in which
Cguon,m Was held constant at the trace concentration of 1.0p -10-3 mol/L (e pym =
9.2-10-5) and Cpg, ,, Was varied. In making this plot Youot.m Was assumed to be equal to
1.0¢ for all solutions because of the very low concentration of eucalyptol in the mobile
phase (i.e., g, ,, = <0.003). The line in Figure 4.7 represents a non-linear least squares
fit of equation 4.14 to the data points. The fit is good, with R2 = 0.9987, Agon =
0.0135 £ 0.0005, ag,oy = 80.6 £ 0.3 (from equation 4.15), Bguon = -3.61 + 0.03 and

Spuon = 1.40 + 0.05. Substituting this value of Sg,oy into equation 4.16, along with the

value Vg, = 167.5s mL/mol'” gives Ceois Ve . =(23£0.1)102mL of Cyg per kg of dry
1

ODS-3 packing.

The values of Qgus and Ppuons corresponding to those of Cg, s and Cgyons,

respectively, can be calculated via equation 4.1 using Vg, = 91.5 mL/mol'’ and
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Figure 4.7. Sorbed concentration of 1-butanol versus sorbed concentration of eucalyptol
from solutions in which 1-butanol concentration was kept constant at 1.00-10> mol/L

while eucalyptol concentrations were varied from 0 to 0.018 mol/L. The line is the fit to

the data points by equation 4.14 with i = 1-butanol, solv = eucalyptol and Y;uOH.m = 1.0,.
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Figure 4.8. Replot of the data from Figure 4.7 according to equation 4.11. The points,

which correspond to those in Figure 4.7, were calculated using equation 4.4 for K$, o -

The activity coefficient Y:uOH.m is equal to 1.0o. The line was calculated from equation
4.11 using ap,oy and PBg,oy from Figure 4.7. The value of ¢, is from equation 4.1

using C¢ Vc,, =23-10%
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Ve = 167.5 mL/mol along with CC.,.ch = 2.3 - 102 mL/kg, from above. Then,
18

K$.ou can be calculated from equation 4.11. Shown in Figure 4.8 is a plot of Koon

versus Qgys, in which y{“o,,'m = 1.0g is assumed. The line in Figure 4.8 was calculated

from equation 4.11 using the values of agy,on and Bgy,on Which were obtained from the
curve in Figure 4.7, as described above. This line is a good fit of the points (R2 =

0.9988), showing that K§,oy decreases exponentially with increasing QEuss from a value

K$.ou = %suon = 80.6 = 0.3 for partition between Cg and water, to a value Kéon =
aguon * €XP(Bauon) = 2.16 = 0.07 for partition between eucalyptol and water.

This exponential decrease of K$ oy With {g. is consistent with the view that
the Cig chains and eucalyptol form an ideal solution and that the interaction forces

among Cig, eucalyptol and 1-butanol are dispersive in nature, as discussed in Section

4.2.2. For l-butanol, this implies that its hydroxyl group is located near the interface

between the Cjg/eucalyptol stationary phase and the aqueous phase, and that only the

butyl chain is "dissolved” in the C;g/eucalyptol phase. Thus, it would be expected that
the K§,on values measured in this system would not be equal to those for partitioning of

BuOH between water and either bulk liquid Eu or bulk liquid octadecane.

4.3.5. Effect of 1-Butanol on Eucalyptol Sorption.

Shown in Figure 4.9 is a plot of Cg, ¢ versus Cgyon, for the case in which Cgy m

was held constant at the trace concentration of 1.0 - 10-5 mol/L (i.e., ¢gym = 1.68 - 10-6)
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and Cpg,onm Was varied. The highest concentration of 1-butanol in the mobile phase is
0.300 mol/L which corresponds to ¢puon.m = 0.0275. Since ygu'm cannot, a priori, be

assumed to be equal to 1.0g over this range of mobile phase BuOH concentrations, cloud

point experiments were performed for eucalyptol in pure water and in 0.300 mol/L 1-

butanol in water. From cloud point experiments we found that solubility of eucalyptol in
0.300 mol/L 1-butanol solution is the same as its solubility in water. Thus, Y:u.m =1.0¢
for Cguon.m = 0.300 mol/L. Since this was the highest concentration of 1-butanol in the
mobile phase, qu'm =1.0y for all the solutions in the Figure 4.10.

The line in Figure 4.9 which represents a nonlinear least squares fitting of
equation 4.14 to the data points, gives R2 = 0.9981, Ag, = 0.0094 + 0.0008, ag, = (1.01 £

0.09)-104, Bg, = -6.0 £ 0.3, and Sg, =2.3 £ 0.2. From Sg, and VBuOH = 91.5 mL/mol the
value CC,..ch.. = (2.1 £ 0.2)-102 mL Cg/kg is obtained. The agreement between this

last value and the value (2.3 = 0.1)-102 mL C,;g/kg reported above from the measurement

of the effect of eucalyptol on the sorption of 1-butanol, constitutes strong support for the

validity of equations 4.11 and 4.14.

Presented in Figure 4.10 is a plot of K&, versus ¢puons. The line in Figure 4.10

was calculated from equation 4.11 using the values of agy and Bg, which were obtained

from Figure 4.9. The fit in Figure 4.10 is good (R2 = 0.9987), with K}, decreasing
exponentially from (1.01 + 0.09)-104 for partition between C;g and water, to 26 £ 6 for

partition between 1-butanol and water. Comparison of these two values reveals that Cg
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Figure 4.9. Sorbed concentration of eucalyptol versus sorbed concentration of 1-butanol
from solutions in which eucalyptol concentration was kept constant at 1 - 10 mol/L

while 1-butanol concentrations were varied from 0 to 0.3 mol/L. The line is the fit to the

data points by equation 4.14 with i = eucalyptol, solv = 1-butanol, and y}u’m =1.0p.
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Figure 4.10. Replot of the data from Figure 4.9 according to equation 4.11. The points,

which correspond to those in Figure 4.9, were calculated using equation 4.4 for K¢, .
The activity coefficient ya'm is equal to 1.0¢. The line was calculated from equation
4.11 using ag, and Bg, from Figure 4.9. The value of ¢g,oy,, is from equation 4.1

using C¢, V¢, =2.3-10%
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is a very much stronger solvent for eucalyptol than 1-butanol is. The exponential

decrease of Kt:u with increasing §puons is further evidence that the Cig chains, the

eucalyptol and the hydrocarbon tail of 1-butanol form an ideal solution.

Comparison of ageou = 80 with ag, = 1.0-104 for partition into pure C;g shows
that the distribution of eucalyptol from water into Cjg is more favored than the
distribution of 1-butanol from water into Cig. Also, comparison of agyon * €Xp(Bauon) =
2.16 with ag, - exp(Bg.) = 26 for partition into solvent alone reveals that the distribution
of eucalyptol into 1-butanol from water is more favored than the distribution of 1-butanol
into eucalyptol from water. In all of these comparisons, the caveat regarding the
fundamental difference between partitioning into a solvent-modified bonded-stationary
phase, and into a bulk solvent, must be born in mind. For instance, here the distribution
of eucalyptol into 1-butanol refers to the dissolving of eucalyptol in the butyl chains, not

in bulk-liquid 1-butanol.

4.4. Sorption Model

The sorbed concentration of 1-butanol as solvent, shown in Figures 4.10 and 4.11,
extends from trace levels up to about 60% of the monolayer concentration, Cgyoit.s.max-
The 1-butanol-modified Cg stationary phase exhibits ideal solution behavior over this
entire sorbed concentration range. This suggests that only the butyl group from 1-butanol
enters the ODS phase where it serves merely to dilute the Cg chains and to be diluted by
them. For eucalyptol as solvent, the sorbed concentration shown in Figures 4.8 and 4.9

extends from trace levels up to the equivalent of about nine "monolayers”. In view of the



110

fact that the eucalyptol-modified C,g stationary phase also exhibits the properties of an
ideal solution, it would appear that over the whole sorbed concentration range, the sorbed
eucalyptol solvent is dissolved in the Cig chains where it, too, serves merely to dilute
them and to be diluted by them. The use of the term "monolayer” is therefore
inappropriate for eucalyptol solvent in this case, since there is no difference in the
character of the sorption process at low and at high eucalyptol. This interpretation is
consistent with the fit of equation 4.23 to the eucalyptol isotherm, with extensive
"association" (i.e., p small in equation 4.23).

The average value for CC“',VCu obtained from the two simultaneous sorption

experiments (Figures 4.8 and 4.10) is (2.2 + 0.3)-102 mL/kg. Dividing this by 0.49 mol
C1g/kg, for the 10.5% w/w carbon loading of the ODS-3 sorbent, yields an experimental

value of (4.5 £ 0.6)-102 mL/mol for Vc“, the molar volume of bound C;g. This number

is only about 40% higher than the literature value of 328 mL/mol for the molar volume of
liquid n-octadecane'®. A somewhat higher molar volume for bound C1g than for the pure
liquid is reasonable because the bound phase is expected to have a density that is
somewhat less than that of the pure liquid'®.

It is worth noting here that in surface chemistry a molecule which is present at the
interface between a nonpolar bulk liquid and an aqueous solvent, with its tail group in the
organic phase and its head group in the aqueous phase, is traditionally said to be

0 Thus, a more traditional way to describe the

"adsorbed" at the liquid-liquid interface?
sorption of 1-butanol between the ODS phase and the mobile phase is to say that it is
adsorbed at their interface. On the other hand, eucalyptol which appears to be fully

embedded within the C;g chains, might traditionally be said to be "partitioned" into a
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bulk phase, though even with partitioning, it is necessary to recognize that the small
thickness of the bonded phase (about 20 A) can lead to competition for space among
sorbed species that do not exhibit strong associative interactions®.

The effects of simultaneous sorption of 1-butanol and eucalyptol on one another,
as seen in Figures 4.8, 4.9, 4.10 and 4.11 are due exclusively to processes taking place in
the stationary phase, which is at equilibrium with a water-rich mobile phase containing
the organic modifier solvent. This illustrates the fact that mobile phase eluent strength is
not synonymous with mobile phase solvent strength. That is, a change in eluent strength
of the mobile phase with composition can arise from a mobile-phase induced change in
solvent strength of the stationary phase as well as from the well-known change in solvent
strength of the mobile phase. In Chapter 5, below, is described the study that
distinguishes the contributions of stationary phase strength changes from mobile phase
strength changes over a wide range of Cgv,m,» Where the organic modifier (i.e., solv) is
1-propanol.

Practically speaking, water-rich mobile phases are not often used in RPLC
because of the long sample retention times involved when conventional organic modifiers
such as methanol and acetonitrile are used. Recently, however, there has been a growth
of interest in using water-rich mobile phases. The problem of long retention has been

!, by using elevated

reduced by using packings with very low phase ratios’
temperature?>> or by adding surfactants®®. An alternative approach is illustrated by the
present work in which low concentrations of a strongly sorbed, non-UV absorbing

component like eucalyptol has been used as an organic modifier solvent.
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S. Influence of 1-Propanol on the Sorption of 1-Hexanol’

5.1. Introduction

In the experiments discussed in this Chapter 1-hexanol is a sample component and
l-propanol is an organic modifier solvent in the mobile phase. The experiments are
designed to measure both the mobile phase contribution and the stationary phase
contribution of organic modifier to the retention of 1-hexanol. The stationary phase
contribution is brought about by sorption of 1-propanol into the stationary phase. The
mobile phase contribution to changes in retention of 1-hexanol arises from changes in
solvent strength in the mobile phase only; i.e. if no sorption of 1-propanol occurred into
the stationary phase. The mobile phase influence of 1-propanol on 1-hexanol was
measured by determining activity coefficients of 1-hexanol in mixtures of 1-propanol and
water from solubility measurements by the cloud point method. The stationary phase
influence was measured by studying simultaneous sorption of 1-hexanol and 1-propanol
in the stationary phase using the column equilibration method. The relationship between
the mobile and stationary phase contributions and the overall effect that 1-propanol

organic modifier has on the sorption of 1-hexanol are discussed in detail in Section 5.2 of

this Chapter.

" Reproduced in part with permission from Analytical Chemistry, in press. Unpublished
work ©1999 American Chemical Society.
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5.1.1. Simultaneous Sorption Studies

Phenomena related to the simultaneous sorption of two species on a C;g bonded
phase have been the subject of previous studies in this research group"u. Several
different effects were discovered. In the simultaneous sorption of bipolar analytes, that
possess a polar head and a hydrophobic tail and are sorbed at the interface between
mobile phase and stationary phase (references 4 and 5, and see section 5.1.2 below),
competition for space occurs'. In the simultaneous sorption of 1-butanol and naphthalene
sulfonate the competition for space was linear and mutually reciprocal', and in the
simultaneous sorption of 1-butanol and tetra-n-butylammonium ion (TBA)? the former
exhibited a linear competition for space with the latter. That is, the amount of sample
sorbed from a mobile phase, in which its concentration was kept constant, decreased
linearly with the increase in sorption of the organic modifier. The absolute mobile phase
concentration of the organic modifier was always kept low, so that the mobile phase
solvent strength was constant and the effect observed was due only to the changes in the
stationary phase.

In the study of simultaneous sorption of two cations, the nearly spherical shaped
tetra-n-butylammonium (TBA) and the oval shaped surface-active (4-nitrobenzyl)
trimethylammonium (NBTA)?, it was found that, aside from electrostatic repulsion,
sorbed TBA competed with NBTA for space, which decreased the sorption of NBTA,
and caused the unfolding of collapsed bonded alkyl chains, which created more space in
the stationary phase for NBTA and thus increased its sorption, depending on the ionic
strength of the mobile phase. The credibility of the chain-unfolding effect of sorbed TBA

ion was supported in a study of the effect of sorbed TBA on the sorption of 1-butanol.
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Sorbed TBA changed the sorption of 1-butanol by competing for space, creating more
space for the sorption of 1-butanol by opening alkyl chains, and changing the sorption
strength of the stationary phase by changing the total contact area between the C4 group
of 1-butanol molecule and the surrounding C;3 chains?.

A different effect from competition for space can occur when the sample and the
organic modifier sorb in different sorption planes within the stationary phase®. This was
seen in Chapter 4, above. When 1-butanol and eucalyptol are sorbed simultaneously, they
influence the distribution coefficient of one another by decreasing the sorption strength of
the stationary phase by virtue of diluting it. The effect is similar to bulk partitioning, and
an exponential dependence of the distribution coefficient of one compound on the volume

fraction of the other one in the stationary phase is observed.

5.1.2. Behavior of Alcohols Sorbed at Interfaces

In a recent study of simultaneous sorption of phenylethanol and phenylpropanol
from 1:1 v/v water/methanol solution onto C;3 bonded phases it was discovered that
competitive sorption models that took into account the interactions of these compounds in
the stationary phase improved the fit to the experimental data’”. In a study of
chromatographic retention of steroids on a Cys bonded phase from 35% acetonitrile and
65% water v/v mobile phase, strong electrostatic and hydrogen bond interactions of the
sorbed analytes in the stationary phase were shown to be responsible for co-elution of a
number of steroids that had hydroxyl and carbonyl groups®.

Sorption of alcohols at the air-liquid, liquid-liquid and mercury-liquid solution

interfaces has been extensively studied. Sorption of long chain alcohols at alkane-water
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interfaces was shown to obey the Shoefield-Rideal equation (a two-dimensional non-ideal
gas equation):

n(A - A,) = ikT é.1)
where 7 is the two-dimensional interfacial pressure (N/m); A is the interfacial area (m?);

A is the area occupied per molecule at the interface (m?); kis Boltzmann constant

(1.381-10% J/K); T is temperature (K); and i is an interaction parameter that is equal to
1 if there are no interactions, >1 for repulsive interactions and <l for attractive
interactions”'?. In these studies equation 5.1 with i = 1 was found to describe the
experimental data, suggesting that no interactions were occurring between the adsorbed
molecules. Equation 5.1 with i = 1 leads directly to a Langmuir sorption isotherm for the
adsorbed alcohols. Both of these studies also compared fitting of experimental data to the
Shofield-Rideal equation with the fits based on solution models of the interfacial layer.
No improvement was found by using solution models.

In Langmuir-Blodgett studies of the sorption of Cg - C;g n-alkyl alcohols at
benzene-water'' and oil-water'? interfaces an inflection point is observed on the curves of
interfacial pressure versus area. This signifies the occurrence of a phase transition within
these alcoholic films with an onset at about 40-107° m? per molecule, and therefore
confirms the existence of intermolecular attraction at high surface coverages.

The nonlinear relationship between the interfacial pressure T and the
concentration of alcohol in an aqueous solution which was observed for n-hexanol, n-
heptanol and n-octanol in a study of alcohol sorption at air-solution interfaces was
explained by intermolecular interactions between the sorbed alcohols'?. In a different

study the relative sorption of n-octyl and n-hexyl alcohols at the aqueous solution-air
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interface was calculated based on measurements of the surface tension'*. Sorption
isotherms which take into account the interaction between the adsorbed molecules

describe the experimental results considerably better than the isotherm equation based on

the concept of the “ideal surface solution™"*.

Interactions were also observed in films of n-alkanols at the mercury/aqueous

16,17

solution interfaces'>'®'?. For the sorption of 1-butanol'>'® and other lower alcohols a

Frumkin isotherm was used:

0
Kadsci.m =l le exp(_zaei) (52)

i
where Kggs is the sorption equilibrium constant (L/mol); 6, is the fractional surface
coverage compared to a complete monolayer; and a accounts for the interactions within
the sorbed monolayer; a >0 implies attractive interactions between alcohol molecules. It
was observed that a is positive for all the alcohols studied and increases with the increase
of the alcohol chain length.

The above studies suggest that alcohols sorbed at the interfaces

. 7 . 1 . . . .
might” 821314151617 op might not>!° experience intermolecular interactions.

5.2. Theoretical model

In this section, first the mobile and the stationary phase contributions of the 1-
propanol organic modifier to the sorption of 1-hexanol sample are discussed. The mobile
phase contribution is treated in terms of transfer activity coefficient (Chapter 4, Section
4.2.2). The stationary phase contribution is modeled in terms of three processes: (i)

competition for space; (ii) decrease of space required per mole of alcohol in the stationary
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phase with the increase in its sorbed concentration; (iii) change of free-energy of sorption
with increasing concentration of sorbed 1-propanol.

The latter part of the Section deals with 1-hexano! and I-propanol sorption
isotherms. The isotherms are derived on the basis of the same theoretical approach as the

one used to treat the stationary phase effect of 1-propanol on the sorption of 1-hexanol.

5.2.1. Mobile Phase Contribution to the Influence of 1-Propanol on the Sorption of

1-Hexanol

The influence of the mobile phase strength on retention of 1-hexanol is accounted

for by the change in the transfer activity coefficient (Sections 2.2.6 and 4.2.2):

HHexolm = Hueonn,0 + RTIn ¥ HexOH.m (5.3)
where Uyeonm aNd Mipeonn,o are the standard chemical potentials of 1-hexanol at
infinite dilution either in a mixed solvent (m, in this case a mixture of 1-propanol and
water) or in water, respectively, and 'erlexou.m is the transfer activity coefficient for the

transfer of l-hexanol from infinite dilution in water to infinite dilution in the

water/solvent mixture. By this definition

Yﬁs OH
THexOH.m = —pg (5.4)
Y HexOH ,H,0

where yﬁsno,,'m and yr,suon.“:o are the pure solute standard state activity coefficients of

1-hexanol in the mobile phase and in water, respectively, at infinite dilution. If the mole-

fraction solubility of a solute in a solvent mixture, X;,, is <0.01, solute activity
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coefficient with respect to pure solute standard state can be approximated as the inverse

of the mole-fraction solubility'®. For 1-hexanol in a mixture of 1-propanol and water

1

Yhesotim = (5-5)

HexOH,m

and in water
PSs 1
YHesoHm,0 = 35— (5-6)
HexOH.H,0
The combination of equations 5.4, 5.5 and 5.6 yields
X HexoH.H,0 -

Yileon = — 3.7

X exoH,m

In the study of the influence of l-propanol on the sorption of 1-hexanol the
concentration of 1-hexanol both in water and in the propanol/water mobile phase was
kept constant at 3.00-10™ mol/L (i.e. Xim = 5.40-10). It can therefore be assumed that 1-

hexanol is at infinite dilution, so that its activity, with respect to an extrapolated infinite

dilution standard state in water, is equal to its concentration (i.e. Y ::)exOH.H 0 = Y loxOH.m

= 1.0¢). Therefore, in 1-propanol/water mixtures 1-hexanol activity is

ID

_ D T - T -
AjiexoH.m = Chexot.m Y Hexot.m Y Hexot.m = CHexot.m Y HexOH.m (5.8)

The distribution coefficient between the stationary and mobile phases for 1-hexanol is

C C
K HeOH = l:)lexOH.s ~ Hexo:.l.s ] L /kg ( 5 9)
a HexOH.m C HexOH.m Y HexOH,m

where Ky, on is the I-hexanol distribution coefficient and Cy.,ous is the
experimentally determined moles of 1-hexanol sorbed in the stationary phase per

kilogram of dry packing. A decrease in 'quon.m corresponds to a decrease in the sorbed
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concentration of 1-hexanol and, in terms of the mobile phase contribution to

chromatographic retention, to an increase in solvent strength of the mobile phase.

5.2.2. Stationary Phase Contribution to the Influence of 1-Propanol on the Sorption
of 1-Hexanol

Since both 1-propanol and 1-hexanol are sorbed at the interface between the C;g
bonded chains and the mobile phase, it is expected that competition for space will
occur' . It is therefore convenient to express the sorbed concentration of 1-hexanol in the
stationary phase in the units of moles sorbed per square meter of packing

Cheons /A, where A, is the available area per kg of dry packing, in m%kg. A new

distribution coefficient for 1-hexanol Ky y..ou can be defined in these units:

K C ex S -
Kp.Hexon = HexOH HexOH (5.10)

T
Asn CHexOH.m Y HesoH A

When 1-propanol is sorbed, the amount of space in the stationary phase available

for the sorption of 1-hexanol A, is less than the specific surface area of packing Ay, in
m?*/kg, by the amount of space taken up by sorbed 1-propanol:

A, = A, — Apon.sCrrom.s (5-11)
where Ap, on.s is the area in the stationary phase occupied per mol of sorbed 1-propanol,
in m*/mol, and Cp, on.s is the concentration of sorbed 1-propanol in the stationary phase
in mol/kg of dry packing. In this treatment it is important that the area occupied by
sorbed 1-hexanol itself is small, i.e. A yeron.sChexon.s << Asp. Substituting the expression

for A from equation 5.11 into equation 5.10 yields:
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C HexOH,s e
— “Kp Hexo Cexon.mAsp — Kp HexonCriexon.m Apron.sCrr on,s (5-12)

Y HexOH,m

[f both Kp sexon and XI’rOH.s are constants, independent of Cpron.s, then equation 5.12
predicts a linear decrease of Cyons/ 'YrTuxou.m for increasing Cpron.s and constant

CHexOH,m -

Both the space occupied by a sorbed 1-propanol molecule and the free-energy of
sorption of 1-hexanol may be perturbed by the presence of sorbed 1-propanol. As
previously discussed?, these two effects can most simply be incorporated by assuming

that both the area occupied per mol and the free energy of sorption per mole change
linearly with Cprog.s.

For the space effect:
Aprons = Aprons + KapronAbronsCrrons =
(5.13)

20
rrou.s(1 + K3 ponCrron.s)

where Aj, on.s is the area occupied by a mole of sorbed 1-propanol in the absence of

perturbation by sorbed 1-propanol, and kzpron is the fractional change in AJ, on.s Per

mole of 1-propanol sorbed.

For the free energy effect:

AG r{:?(;lu = AGYiexon kr."ll(e):lOHCPrOH.s (5-14)
where AG jy.on IS the free energy for the sorption of 1-hexanol into C,3 in the absence of
sorbed 1-propanol; k[’,f,’:'on is the free-energy difference for the sorption of 1-hexanol

per unit concentration of sorbed 1-propanol; and AG .3, is the free energy for the
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sorption of 1-hexanol in the presence of sorbed 1-propanol. From equation 5.14 the value

for the distribution coefficient is:

_ K} oronCrr ofs
Kp.texon = Kp Hexon.o - €X RT (5.15)

where Kpnexon,o is for the absence of perturbation and Kp uexon is in the presence of

perturbation caused by the sorbed 1-propanol.

Substituting from equations 5.13 and 5.15 into equation 5.12 yields the following

relationship between Cy . on.s / 'Yleou.m and Cpron.s:

C kPI’OH C

HexOH,s K 1.HexOH™ Pr OH,s C A K
T = Rp HexOH,0 * €X RT HexOH,m *sp — ™ p HexoH -
YHexOH.m

kI’rOH C —
. exP{ I'HC‘O;T T CHexOH.mA;rOH.s (1 + kZ.I’l'()“(:Pl’o“vs)CP"OH-s (5.16)

Equation 5.16 can be rearranged to give an expression for the distribution coefficient

KHexon in L/kg:

PrOH
K _ CllexOH.s =K A T . kl.HuOHCPrOH.s .
HxOH = = = Kp HexOH,0 2 spY HexsOH,m * €X

Chiexott,m RT
AS k Al
1-— PrOH,s CPrOH,s _ 2,PrOH“*Pr OH,s Ci‘rOH,s (5.17)
sp ASP

Equation 5.17 serves to define both the stationary phase effect, i.e.

kPrOH C 20 K, p, Kor s
exp[ l.HexOl:Tl‘rOH,s 1 - PrOH,s CPrOH,s _ 2,P 0: Pr OH, C:rOH,s ] and the

A sp sp

mobile phase effect, i.e. 'y,Tmo“'m , of the 1-propanol organic modifier on the sorption of
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I-hexanol sample. The distribution coefficient Kuexon is directly proportional to the

product of the mobile and stationary phase effects. In the absence of 1-propanol, Kyexou

is equal t0 Kp yexom,0Asp -

5.2.3. Sorption Isotherms of 1-Hexanol and 1-Propanol
The distribution coefficient for an alcohol ROH between the stationary phase and

the mobile phase is:

Cron,
Kron = al >, L/ikg (5.18)
.m

where Crowu,s 1s sorbed concentration in mol ROH per kg of dry packing and a:l%ﬂ.m is
the activity of ROH in the mobile phase with reference to an extrapolated infinite dilution
standard state for ROH in water. The use of aggy ., in place of concentration in the

mobile phase, Cron.m (mol/L), accounts for the fact that the solvent strength of the
mobile phase varies with the concentration of ROH. The relationship for activity is:

a%a.m = CROH.mY:l%H.m (5.19)

where Ygou.m is the activity coefficient for ROH in ROH/H,O solvent.

Analogously to equation 5.10, the sorption equilibrium constant is expressed as:

C K
Kp.rou = “,ROH" =R I/m’ (5.20)
aROH.mAs As

As before, the unoccupied space is related to the specific surface area of sorbent A, by

the expression:

A, = A, - A ron.sCrom.s (5.21)
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where KROH,: is the space occupied per mole of sorbed ROH. Substituting for A, from

equation 5.21 into equation 5.20 and solving for Cron.s gives:

K A am
D.ROH ‘*sp3ROH,m (5.22)

CROH.s = —
1+ Kp rou AROH.sa:?OH.m

If both Kpgrou and KROH.: are constants, independent of Crons, then equation 5.22
represents a Langmuir sorption isotherm. This is the case for ROH = HexOH in the
present study, but not for ROH = PrOH.

If the space occupied by a sorbed ROH molecule and the free energy of sorption

change due to perturbations caused by sorbed ROH then, as in equations 5.13 and 5.15:

KRon.s = ARom.s (l + kZ.ROHCROH.s) (5.23)

kl.ROHCROH.s ) (5 24)

K =K -e
D,ROH D,ROH.0 "l{ RT

Substitution from equations 5.23 and 5.24 into equation 5.22 yields the following

expression for the sorption isotherm:

k 'ROHCROH.S
KD.ROH.O . exp( . RT ) Aspa:l%ll.m

C
ROH.s 1 ki rouCrons | —o D ( C )
+ Kp rou.o - €X - Agon,sa3RroH.m \l + K2, RonCron.s

RT

(5.25)

5.3. Results and Discussion
Three types of experiments were performed: (i) Individual sorption isotherms for
l-propanol and 1-hexanol have been measured between the Partisil-10 ODS3 packing

and aqueous solution; (ii) measurements of the influence of 1-propanol on retention of 1-
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hexanol by simultaneous sorption of 1-hexanol and 1-propanol from aqueous solutions on
Partisil-10 ODS3 packing, with 1-hexanol present at constant low mobile phase
concentration of 3.00 -10™ mol/L and 1-propanol mobile phase concentration varied from
0-30% volumetric; and (iii) measurement of 1-hexanol solubility in water and water/1-

propanol mixtures by the cloud point technique.

5.3.1. 1-Hexanol Isotherm

Thel-hexanol isotherm was measured over the mobile phase composition range of
1-10™-2-10” mol/L because this range was of interest for selecting 1-hexanol mobile
phase concentration for the study of the influence of 1-propanol on the sorption of 1-

hexanol. At such low concentrations of 1-hexanol in the mobile phase we expect the
activity coefficient of 1-hexanol Y:zxou.m to be constant at 1.0o. Therefore, the isotherm
is plotted as concentration of 1-hexanol in the stationary phase, Cyeonss versus the
mobile phase concentration, Cy.on.n- Figure 5.1 shows the fit of Langmuir isotherm
equation (equation 5.22)

K D,HexOH AspC HexOH,m (5 26)

C = —
HexOH,s K A C
14 D.HexOH ‘*HexOH,s ™~ HexOH,m

to the experimental data. Combining the two fitting parameters Kp yeonA,, and

126 - —
gives KD.HexOH -

K p. Hexon Anesom.s With the literature value of Agp = 3.0-10° m%kg
(9.4 + 0.2) '10-4 L/mol and KHC!OH.; = (3-1 * 0-2) '105 mz/mOL DiViding KHexOll.s by

Avogadro’s number gives (51 + 3) -10° m*/molecule (i.e. 51 A2/molecule) as the area

occupied per molecule of 1-hexanol. This value is higher than 16 A*molecule of 1-
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Figure 5.1. 1-Hexanol sorption isotherm on Partisil-10 ODS-3 stationary phase from
aqueous mobile phase. Points are experimental and the line is from nonlinear least

squares fitting with the Langmuir equation (equation 5.26). R?> = 0.9994
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butanol determined from the 1-butanol isotherm described in Chapter 4.
The highest experimental point in Figure 5.1 corresponds to about 35% of

monolayer coverage. At this point there is evidently no effect of sorbed 1-hexanol on the
values of Kp yexon Or K“uo"', (i.e. ki, Hexon = Ka,ieson =0 in equation 5.25).

Based on the behavior shown in Figure 5.1 it was decided to employ the mobile
phase concentration Cyexonm = 3.00-10™ molL in studies of the effect of 1-propanol
organic modifier on 1-hexanol sorption. This concentration is in the rectilinear region of
I-hexanol isotherm. The curvature of the isotherm is not serious at that point, and the
concentration is high enough to provide good precision of the measurement of sorbed

amount of 1-hexanol.

5.3.2. Holdup Volume

The holdup volume at various concentrations of I-propanol in solution was
measured as described in Section 3.4.6. The results are presented in Table 5.1 and Figure
5.2. It is instructive to compare AV, with Veron.s: Where AVy,, is the difference
between the holdup volume when no 1-propanol was added to the mobile phase Vg, and
the holdup volume Vyy p, on in the presence of various mobile phase concentrations of
1-propanol:

aVyy = Vay - Viu.pron (5.27)
and Vp, oy, is the volume of sorbed 1-propanol that was obtained as follows from the 1-
propanol isotherm measurement:

Verons = Vl'roucl'rou.s"" (5.28)
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Figure 5.2. Plot of precolumn holdup volume, Vyy, versus volume percent of 1-propanol

in the mobile phase, ®p, oy, m > ON 3.078 - 107° kg of Partisil-10 ODS-3 in the precolumn.
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Figure 5.3. Holdup volume change (AVy,) from equation 5.27 versus volume of 1-

propanol sorbed (Vpron.s) from equation 5.28, on 3.078 - 107 kg of Partisil-10 ODS-3 in
the precolumn. Points are experimental with error bars of + one standard deviation and

the line is for linear regression with R?=0.989.
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Here V,, oy is the molar volume of 1-propanol at 25°C in mL/mol'? and w is the weight

of packing in the precolumn in kg.

A correlation plot of AV versus Vp oy s is presented in Figure 5.3. There is a
good correlation between AV, and Vp gy With R?=0.989. The slope of 1.09 + 0.05

is equal to 1.00 within two standard deviations, and the intercept of -0.25 + 0.14 is equal
to O within two standard deviations. The results agree with the data of McCormick and
Karger®® and are interpreted to mean that the partial molar volume of sorbed 1-propanol
is equal to its molar volume as obtained from the density of pure liquid 1-propanol. This
finding lends credibility to the use of equation 3.2 to iteratively calculate the holdup
volume in the presence of organic modifier in Chapter 4. It also demonstrates that the
entire 1-propanol molecule contributes to the decrease in void volume, not just the propyl

chain.

5.3.3. 1-Propanol Isotherm

This was measured over the mobile phase concentration range of 0.1-30% v/v of
1-propanol because this was the concentration range used in the study of the influence of
1-propanol on the sorption of 1-hexanol. Activity of 1-propanol at these concentrations is

not equal to concentration. Pure solute standard state activity coefficients for 1-propanol,
y,':fo"‘m . were calculated from vapor-liquid equilibrium data’' using the Van Laar
equation”. These activity coefficients were converted to extrapolated infinite dilution

standard state in pure water activity coefficients, Y:’DrOH,m , using equation 4.19. The
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activity of l-propanol, a:,",o“,m ., was calculated as a product of molar concentration

Ceron.m and Y:’DrOH.m .
The data for the 1-propanol isotherm are presented in Table 5.1 and the plot in

Figure 5.4. The fit by equation 5.25 is excellent with R? = 0.9998. Combining the fitting

parameters with Ay gives: Kppron.o=(1.64 + 0.05) - 107 L/m?, A%, oy.= (1.87 £ 0.08) -

10° m*/mol, kz pron = -0.32 + 0.06 m> kg/mol?, and Ky pron = (-9.2 + 0.7) -10? J- kg/mol>.
All four of these parameters are statistically significant.
The Langmuir component of the isotherm, obtained by putting the values of A,

Ko.pron (= Kp.prom,e) and Ap, on (= AP, on.s) into equation 5.22, is shown as the dotted

line in Figure 5.4. In the Langmuir monolayer the area occupied per 1-propanol molecule
would be (31 £ 1) - 102° m*molecule (i.e. 31 A¥molecule). This value lies between the
areas occupied per molecule of sorbed 1-butanol (16 A%/molecule) and 1-hexanol (51
A%/molecule).

A negative value of kg pron contributes to lower values of Cprons as compared to
values predicted by the Langmuir equation. A negative value of k;pron opposes this
trend, increasing Cprons above the concentrations based upon Langmuir equation. At
activities of 1-propanol in solution below 0.5 mol/L, the calculated Langmuir

contribution lays above the fit of equation 5.25 to the data points. Therefore, at this
concentration range the “free-energy” term overweighs the “area” term. At aj> oH.m> 0.5

mol/L. there is an upward deviation of l-propanol isotherm from the Langmuir
component, indicating that the “area” term, represented by ka2 pron, overweighs the “free-

energy” term, represented by K pron-



Table 5.1. Data for 1-propanol isotherm on Partisil-10 ODS-3.
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®proHm | Cpromm’ | Y r-,soﬂ,m y:,e OH, 3 oHm CproH,s
% mol/L mol/L mol/kg
0.200 0.02662 15.87 0.994 0.0265 0.118
0.200 0.02662 15.87 0.994 0.0265 0.114
0.300 0.03993 15.83 0.992 0.0396 0.161
0.300 0.03993 15.83 0.992 0.0396 0.161
0.400 0.05324 15.78 0.989 0.0527 0214
0.400 0.05324 15.78 0.989 0.0527 0.219
0.500 0.06656 15.74 0.986 0.0656 0.264
0.500 0.06656 15.74 0.986 0.0656 0.258
0.600 0.07987 15.69 0.983 0.0785 0.290
0.600 0.07987 15.69 0.983 0.0785 0.295
0.700 0.09318 15.65 0.981 0.0914 0.328
0.700 0.09318 15.65 0.981 0.0914 0.329
0.800 0.1065 15.61 0.978 0.104 0.358
0.800 0.1065 15.61 0.978 0.104 0.360
1.00 0.1331 15.52 0.972 0.129 0.426
1.00 0.1331 15.52 0.972 0.129 0.422
1.00 0.1331 15.52 0.972 0.129 0.421
1.00 0.1331 15.52 0.972 0.129 0.419
1.00 0.1331 15.52 0.972 0.129 0.421
1.00 0.1331 15.52 0.972 0.129 0419
5.00 0.6656 13.88 0.869 0.578 1.07
5.00 0.6656 13.88 0.869 0.578 1.06
10.0 1.331 12.02 0.753 1.00 1.45
10.0 1.331 12.02 0.753 1.00 1.49
20.0 2.662 8.98 0.563 1.50 1.92
20.0 2.662 8.98 0.563 1.50 1.93
30.0 3.993 6.64 0416 1.66 2.11
30.0 3.993 6.64 0416 1.66 2.12
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Figure 5.4. 1-Propanol sorption isotherm on Partisil-10 ODS-3 stationary phase from
aqueous mobile phase. Points in curve A are experimental and the solid line is from

nonlinear least squares fitting with equation 5.25. R? = 0.9999. Dotted line is the

Langmuir component where ki pron = K2.pron = 0.
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Sorption studies of a variety of alcohols that exhibit a deviation from Langmuir
behavior show that in some cases the deviation can be explained by modifying the
Langmuir equation with only an exponential free-energy term to give an isotherm based
on the Frumkin, Fowler or “regular localized monolayer” model”"'®. In other cases it is
necessary also to include a term that takes into account a changing area occupied per
sorbed molecule®'®*?. In the present case, this “area” term dominates the “free-energy”
term. Concerning the physical significance of the observed behavior, it appears that 1-
propanol causes a reorganization of the C;g chains, which leads to a reorientation of
sorbed 1-propanol molecules. Alternatively, it may be that sorbed 1-propanol molecules
experience attractive lateral interactions among themselves. The fact that the free-energy

changes favor a decrease in the distribution coefficient, as reflected by

k C
exl{ ""'O; TP'OH"), makes the latter explanation unlikely. This decrease of the

distribution coefficient could be due to smaller contact of sorbed 1-propanol molecules

. . bl
with C;g chains”.

5.3.4. Influence of 1-Propanol on the Sorption of 1-Hexanol

We have determined the solubility of 1-hexanol in aqueous solutions of 1-
propanol at 25°C by the shake-flask and by the cloud point methods.

The results of shake-flask determination of 1-hexanol solubility in water are
plotted in Figure 5.5 as the amount of 1-hexanol dissolved, myexOH.dissolvs Versus the
amount of 1-hexanol added to the flask, DyexOH.added- The solutions corresponding to the
three highest points in the plot had an undissolved excess of 1-hexanol, whereas the

solution containing the three lowest amounts of 1-hexanol were completely clear. The
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straight line in Figure 5.5 is the linear least-squares fit through the first three points. The
fit is good with the R? = 0.9989, the slope 0.97 + 0.03 and the intercept 0.06 + 0.14. Since
the slope is equal to one and the intercept is equal to zero within one standard deviation,
the amount of 1-hexanol dissolved in the solutions is equal to the amount added. This is
different from the results of shake-flask determination of eucalyptol solubility in water
(Figure 4.1) and indicates that the 1-hexanol evaporation isn’t significant in this case.

It is seen that the last three points form a plateau. The average value of
NHexOH.dissolv fOT these points is (5.72 + 0.04)-10> mol. The amount of water in the
solutions is 5.54 mol. Thus the mole fraction of 1-hexanol is (1.03 + 0.01) -10>. This
value is the solubility of 1-hexanol in water at 25 °C as determined by the shake-flask
method. It is within experimental error of the value of 1.02-10° (0.568% w/w) obtained
by linear interpolation of the reported 1-hexanol solubility values at 20 and 30 °CZ.

As described in Chapter 3, for every composition of 1-propanol/water solution the
cloud point temperature was measured at several different concentrations of 1-hexanol in
the mixture. The solubility of 1-hexanol at 25 °C was then obtained by interpolation from
the plots of cloud point temperature versus mole fraction of 1-hexanol in solution,

Xgexon.m - Such plots for all the studied 1-propanol/water mixtures are found in the

Appendix B as Figures B1-B10. In order to calculate the l-hexanol transfer activity
coefficient from equation 5.7 a value of 1-hexanol solubility in water is required. Since
solubilities at 0, 5, 10 and 15% v/v of 1-propanol were within experimental error of one

another, Xpye,om,m0 Was taken to be average of 1-hexanol solubilities at these

concentrations of l-propanol and is equal to (1.04 +0.05) -10. This value is within

experimental error of 1-hexanol solubility in water determined by the shake-flask method
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Figure 5.5. The results of shake-flask determination of 1-hexanol solubility in water. See

details in text.
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reported above.
In Figure 5.6 are plotted both 1-hexanol solubilities and 1-hexanol transfer
activity coefficients versus true volumetric percent of 1-propanol in the mobile phase,

®p, on.m - The solubilities of 1-hexanol in the 1-propanol mixtures containing less than

15% 1-propanol v/v are the same as in water. In the mixtures containing greater than 15%
v/v l-propanol the solubility of 1-hexanol increases with increasing |-propanol
concentration. The general shape of the plot of 1-hexanol solubility versus volumetric
2425

percent of 1-propanol is similar to what has been reported for other systems

In the absence of 1-propanol, the distribution coefficient Kxexon is equal to
Kbp.texon* Ay, where Kp nexon is a constant for concentrations in the linear region of the

1-hexanol isotherm. Equation 5.17 shows that the change in Kyexon caused by the

presence of 1-propanol arises from both a mobile phase effect and a stationary phase
effect. The mobile phase effect is expressed by the transfer activity coefficient y,T,uOH.m

obtained through solubility experiments in the mobile phase, in the absence of the ODS
stationary phase. The stationary phase effect is then measured by sorption experiments.
Non-linear least-squares fitting of equation 5.16 yields the solid line in Figure 5.7. The fit
is good, with R* = 0.9992. Combining the fitting parameters with the constants Asp and
Chiexonm (=3.00 - 10™ mol/L) yields the following: Kpyexon.o = ( 9.84 + 0.02 ) - 107

L/m?; Kapron = -0.28 + 0.02 m>kg/mol’>, which agrees well with —0.32 + 0.06
m>-kg/mol®> from the 1- propanol isotherm; and k[‘;,‘:foﬂ= -0.002 + 0.025, which is
equal to zero, meaning that the exponential term should be omitted from equations 5.16

and 5.17. The value of AJ, oy = (2.96 £ 0.07)-10° m*/mol (i.e. 49 A*/molecule) is higher
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Figure 5.6. Plots of mole fraction solubility Xuexon,m (closed circles) and of transfer

activity coefficient Yrmon.m (open circles) of 1-hexanol versus volume percent of 1-

propanol in the mobile phase.
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experimental and the line is from nonlinear least squares fitting of equation 5.16 to the

data points. R* = 0.9992.
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than the value of AJ, oy.,= (1.87 + 0.08)-10° m*/mol (i.e. 31 A¥molecule) obtained from

1-propanol isotherm. However, 1-propanol isotherm includes one extra effect, namely the
change in 1-propanol interaction with the stationary phase in the presence of sorbed 1-
propanol. Although this effect is not important to describe the influence of 1-propanol on

the sorption of 1-hexanol, it is important in 1-propanol isotherm, and contributes to a

lower value of A}, gy.s Obtained from 1-propanol isotherm.

Based on k{’,,‘,’i’o,, =0 equation 5.16 simplifies to:

CH 0“0
_1—-'2_5' = KD.HexOH.oCHexOH.mAsp -
YHexOH.m
K D.HexOH.oCchOH.m th)'r OH,s (l + kZ.I’r OHCPr OH,s ) C PrOH.s (529)

The reason why nearly the same values of kzpronand A, oH.s are obtained from

measurements of sorbed 1-hexanol in the present of 1-propanol and from measurements
of sorbed 1-propanol in its isotherm is because k:pron represents the change in space
occupied by a sorbed 1-propanol molecule and because 1-hexanol is present at very low
sorbed concentrations. The fraction of the total area per kg which is not occupied by

sorbed alcohol molecules (A,) is determined only by the amount of sorbed 1-propanol.

The “extra” area which results from the decreasing value of Ap, oy ¢ as Cerons increases,

is available equally for sorption of both 1-propanol and 1-hexanol molecules.

kl’r OH

Furthermore, the fact that Kk, y..oy IS negligible means that 1-hexanol

experiences a negligible contribution to its free-energy of sorption due to the presence of
sorbed 1-propanol. Its enhanced sorption, seen as an upward deviation from a straight

line in Figure 5.7 is due exclusively to the “extra” space made available by 1-propanol at
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higher sorbed concentrations. Again, it favors the argument that the effect of high
concentrations of 1-propanol on the stationary phase results more from reorganization of
the C,s chains and reorientation of sorbed 1-propanol molecules than it does from lateral
interactions among sorbed molecules, since the latter process might be expected to affect

the free-energy of sorption of 1-hexanol as well as of 1-propanol.

Equation 5.17, with k{';{(::{on = 0, shows explicitly how the stationary phase
effect on Kyexon depends on the sorbed concentration of I-propanol and how it varies
with y,Tmo".m in the mobile phase. For chromatographic practice it would be more
instructive to see these effects plotted in terms of mobile phase concentration of 1-
propanol, @y oy - For the mobile phase effect, the relationship between 'Yleou,m and
D, o.m - Shown in Figure 5.5, is reproduced in Figure 5.8 as a dotted line. For the

stationary phase effect, conversion of Cprons 1o Pp, oy by the sequence Cprons —

aps on.m — CProtm = P, oy » vields the dashed line. The open-circle points, through

which is drawn the solid line, show the experimentally measured dependence of Kyeson

on @y ou.m- The coincidence of the solid and the dashed line shows that up to about

15% v/v 1-propanol in the mobile phase, the effect of 1-propanol organic modifier on
sorption of 1-hexanol is due completely to the presence of 1-propanol in the stationary
phase. The effect is dramatic: by 15% 1-propanol the stationary phase effect has reduced
Khexon to about 0.08 of its value in a pure aqueous mobile phase. Above about 15% 1-
propanol both mobile and stationary phase effects contribute to the change in Kyeson. At

30% 1-propanol the two effects contribute about equally (approximately 0.15) each, and
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Figure 5.8. Mobile and stationary phase contributions of 1-propanol to the sorption of 1-
hexanol on Partisil-10 ODS-3. Open circle experimental points and empirical-fit solid
line show the dependence of Kyeson On épron,m (left-hand vertical axis). Dotted line
shows the mobile phase effect and dashed line shows the stationary phase effect (right-
hand vertical axis). The combined effect of 1-propanol on the sorption of 1-hexanol is the

product of the mobile and stationary phase effects.
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the observed value of Kuexou has been reduced to about (0.15)2 = 0.02 of its value in pure
aqueous mobile phase.

In chromatography, both Kempie and the phase ratio of stationary to mobile phase
in the column will affect sample retention volume. Since sorption of the organic modifier

reduces the void volume, as seen in Figure 5.3, the resulting increase in phase ratio upon

changing to higher @, oy , must also be taken into account when predicting the effect

of @y, oy, ON Ietention volume.
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6. Summary and Future Work

6.1. Summary

In the two studies discussed in Chapters 4 and 5 it was demonstrated that sorbed
organic modifier influences the sorption of sample compounds. Depending upon the
nature of sample and organic modifier, the effect is different. In one case (case 1), the
interactions of sample with the stationary phase decrease exponentially with the increase
in the volume fraction of sorbed organic modifier (equation 4.11). This type of
dependence was observed for eucalyptol and 1-butanol. One reason why such a
dependence was observed could be that sorption of these compounds occurs in different
sorption planes within the stationary phase: 1-butanol was sorbed at the C,s/mobile phase
interface, whereas eucalyptol is believed to be fully embedded within the C;5 chains. A
simple exponential dependence of volume fraction of sorbed sample upon the volume
fraction of sorbed modifier, i.e. the ideal solution behavior in the stationary phase, is
caused by the relatively nonpolar nature of the chemical moieties that interpenetrate the
bonded chains, i.e. the alkyl part of 1-butanol and the eucalyptol molecule.

In the second case (case 2) the decrease of sample sorption is caused by the
competition for space in the stationary phase between the sample and the organic
modifier. It is due to the sorption both of the sample, 1-hexanol, and the organic modifier,

1-propanol, at the same location within the stationary phase, i.e. at the interface of C;3

and mobile phase.
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6.2. Implications
The influence of the sorption of the organic modifier on resolution and selectivity

might be expected to be different for case 1 and case 2. Selectivity a;,; between two

sample compounds i/ and J is defined as
a,, =— (6.1)

where ki and k; are the retention factors of i and j. Conventionally compound j is
always the one that has higher k', so the a;,; is always larger than 1. A retention factor

is a product of the distribution coefficient K times the phase ratio of the stationary to the
mobile phase for the column. For the same column, the phase ratio cancels out and the

selectivity becomes the ratio of the respective distribution coefficients. Resolution R, is

a parameter used to characterize the disengagement between two chromatographic peaks
for compounds / and j. It can be approximated as:

R, = Jﬁ(aj/i—l]( k'j ] (6.2)

4| a;,, \N+K]

where N is the number of theoretical plates of the column and defines the efficiency of
the column. For the same column, resolution will be proportional to the product of two

parenthetic terms in equation 6.2.
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6.2.1. Influence of Sorbed Organic Modifier on Selectivity and Resolution. Case 1 (1-
Butanol and Eucalyptol)
Dependence of the distribution coefficient on the amount of sorbed organic

modifier for case 1 is obtained by dividing the left and right sides of equation 4.14 by

C;.. and substituting K; for C; , /C; . :
Ki Ai Cs lv.s
T= E_(Csolv,s + Ssolv) exp (B. C :_ S J (63)
Yi.m t.m solv,s solv

According to equation 6.3, changes in the distribution coefficient of sample compound
caused by the stationary phase sorption of organic modifier are determined by B,, which

depends on both the nature of the sample and the nature of the organic modifier (equation
4.16), and by S.uy. Parameter S¢qv (equation 4.15) depends on the properties of stationary
phase and organic modifier only, and is the same for all sample compounds
chromatographed under the same mobile and stationary phase conditions. Using equation
6.3, it is possible to model the influence of organic modifier on the retention, selectivity
and resolution of sample compounds. For this purpose, l-butanol was chosen as an
organic modifier, since the value of parameter S,y for it was previously determined in
Chapter 4. It is also important that small mobile phase concentrations of 1-butanol
produce significant stationary phase concentrations, so that by using 1-butanol, it is
possible to affect the properties of the stationary phase without changing the transfer
activity coefficients of sample compounds in the mobile phase. Next, the influence of the

difference in A;/C,;, and B; on the changes in retention, selectivity and resolution

caused by sorbed 1-butanol will be discussed.
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First, three hypothetical sample compounds with A,/C, . = A,/C,, =
A;/C3,.=2; B,= -2, B,= -3 and B;= - 4 are considered. Plots of predicted

dependence of K, /‘yIm on Cgyon,s are presented in Figure 6.1. The distribution

coefficients of sample compounds in the absence of 1-butanol are the same. However,
when 1-butanol is sorbed in the stationary phase, the distribution coefficients of the three
sample compounds no longer are the same, and the differences between K;/ yzm
increase with the increase of 1-butanol stationary phase concentration. At the same time,
the absolute value of retention decreases for all sample compounds. A plot of selectivity

and resolution for compounds 1 and 2 is presented in Figure 6.2. The selectivity increases

with the increase of the amount of sorbed 1-butanol, from a value of 1 (no separation) in
its absence to a value of 1.6 at Cguons = 2 mol/kg. The influence of an increase in a,,,

on resolution overweighs the influence of a decrease of distribution coefficients on
resolution. The resolution Rq;» increases with the increase of sorbed 1-butanol.
It is of interest to see how the sorption of 1-butanol influences the distribution

coefficients of compounds that are already well resolved in its absence. Two cases are

possible. In the first one, A, /C,, > A,/C,y, > A;/C;, and —B, > -, >
— B; - A simulation of the dependence of K; / ’Y;l:m on Cg,on s for this case is presented

in Figure 6.3. It is observed that initially the difference in K; / Y;l:m decreases with the

increase in Cg,on  until a certain critical concentration of 1-butanol in the stationary
phase at which K, /y[m = K, /y{m = Kj /'y{m. After that, the difference in

K;/Yi. increases with the increase of Cpguon.s - Again, the plot of selectivity and
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Figure 6.1. (Case 1) Influence of sorbed 1-butanol on K, /yIm for three sample

compounds with A, /C, ,,= A, /C, = A;/C;3,=2; B,=-2, B,=-3 and B;=-4

and Sgyon = 2.3. Solid line - compound one, dashed line — compound two, dash-dot line —

compound three.
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Figure 6.2. (Case 1) A plot of influence of sorbed 1-butanol on selectivity (solid line)
and resolution (dashed line) of compounds 1 and 2 from Figure 6.2 (compound 1 is
retained stronger than compound 2). The number of theoretical plates in equation 6.2 is

1600, phase ratio = 1.
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Figure 6.3. (Case 1) Plot of the influence of the sorbed 1-butanol on K; / ‘yIm of three
“eucalyptol-like” compounds with A, /C, ,= 2.5; A,/C,,=2.0; A;/C;,= 16;

B,= -4, B,=-3 and B;= - 2; Sguon = 2.3. Solid line - compound one, dashed line —

compound two, dash-dot line — compound three.
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Figure 6.4. (Case 1) The influence of sorbed 1-butanol on selectivity (solid line) and

resolution (dashed line) of compounds 1 and 2 from Figure 6.3. The number of

theoretical plates in equation 6.2 is 1600, phase ratio = 1.
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Figure 6.5. The influence of sorbed 1-butanol on K, /yIm of three sample compounds

with A;/C; ,=08; A;/Cy,=07; A;/C;3,=06; B,=-2, B,=-3 and B;= - 6;

Sguou = 2.3. Solid line - compound one, dashed line — compound two, dash-dot line —

compound three.
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Figure 6.6. The influence of sorbed 1-butanol on selectivity (solid line) and resolution
(dashed line) of compounds 2 and 3 from Figure 6.5. The number of theoretical plates in

equation 6.2 is 1600, phase ratio = 1.
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resolution for compounds 1 and 2 was constructed (Figure 6.4). Selectivity decreases to
the value of 1 at the concentration of 1-butanol at which the three distribution coefficients
are equal, and then increases (with peaks in the reverse order) with the increase of 1-
butanol concentration in the stationary phase. Resolution follows selectivity. It is also
somewhat influenced by the decrease of the absolute value of distribution coefficients as
well. The value of a,,, at Cguous = 0 mol/kg is the same as the value of a,,, at
Cguon.s = 1.8 mol/kg, but R,z at Cpuon.s= 1.8 mol/kg is smaller than Ry, at Cauons=0

mol/kg due to the decreased value of the distribution coefficients.

difference in K; / 'YI,,, increases with the increase of Cg,gy , for all concentrations of 1-

butanol in the stationary phase (Figure 6.5), similarly to Figure 6.3. However, in Figure
6.5 the values of A;/C;, were chosen to be smaller than in Figure 6.3 in order to
demonstrate the adverse effect of the decrease of distribution coefficients on the
resolution. Resolution and selectivity for the compounds 1 and 2 are plotted in Figure 6.6.

As seen from the Figure, the resolution R, ;,, goes through a maximum at Cgyon.s= 0.6

mol/kg. The increase of resolution with the amount of sorbed 1-butanol at Cgyons < 0.6
mol/kg follows the increase in selectivity, and the decrease of resolution at Cgyons above

0.6 mol/kg is due to the decline of retention.

6.2.2. Influence of Sorbed Organic Modifier on Selectivity and Resolution. Case 2 (1-
Hexanol and 1-Propanol)
Case 2 dependence of sorbed sample on the sorbed modifier is described by

equation 5.17 in general. When 1-hexanol is a sample and 1-propanol is a standard, then
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the exponential term in equation 5.17 becomes equal to 1, and the equation 5.29 is valid.
If both left and right sides of equation 5.29 are divided by Chexon.m, and the equation is
written in general form where subscript ‘i’ represents sample and subscript ‘solv’
represents solvent, we obtain:

Ci s A0 e
— = l(D.iAsp - l(D.i solv.sCsolv.s + KD.iA:olv.skZ.sovaszolv.s (6-4)

Ci.m YIm
where all terms have the same meaning as in Chapter 5. If two compounds have the same

Kp ;. the sorption of organic modifier will not help to separate them, as all the other

parameters on the right hand side of equation 6.4 are independent of the solute nature,
and the sorption of organic modifier will influence them all in the same way. If equation
6.4 applies also to the influence of 1-propanol on another alcohol in addition to 1-

hexanol, it could be used to predict the influence of 1-propanol on the selectivity and
resolution between 1-hexanol and this other alcohol. The plot of K; / yIm for 1-hexanol
and an alcohol with the K ; two times larger than that of 1-hexanol is presented in
Figure 6.7. The absolute value of retention of both alcohols decreases with the increase of

1-propanol concentration in the stationary phase. However, the ratio of K, /y{, to

K, /Y3 is unchanged. Therefore, the selectivity ., ,will not change with the increase

of Cprons. Resolution will decrease with the decrease in retention. Equation 6.2 can be
used to find out what minimal retention (k') is required to give a satisfactory resolution

for a given column (number of theoretical plates) and selectivity.
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Figure 6.7. (Case 2) The influence of sorbed 1-propanol on K; / yIm of 1-hexanol (solid
line) and of another alcohol obeying equation 6.4 (dashed line). Kpyexon = 0.001;

Kbp.atconot = 0.002. Values of Asp, K',’., on,s and ka2 prou are the same as in chapter 5.
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If the exponential term in equation 5.17 is not equal to one, then the sorption of

organic modifier will influence the resolution of a pair of sample compounds for which

coefficients ki5%" aren’t the same.

6.2.3. Influence of Sorbed Organic Modifier on Selectivity and Resolution of a Case

1 and a Case 2 Compound.

In a different study done by our research group it was shown that 1-butanol
competes for space with tetra-n-butylammonium (TBA) ions sorbed by Partisil 10
ODS3'. It could be predicted how retention of a “eucalyptol-like” and a “TBA-like”

compound would be influenced by 1-butanol sorption. The influence of 1-butanol on the

K, /yzm of a “TBA-like” sample is described by the first two terms on the right-hand

side of equation 6.4, and the influence of 1-butanol on the K / yIm of “eucalyptol-like”

compound is described by equation 6.3. A mathematical simulation for the case when
hypothetical “TBA-like” and “eucalyptol-like” compounds have the same value of
K,/ "{Im in the absence of 1-butanol organic modifier is presented in the Figure 6.8.
When 1-butanol sorbs in the stationary phase, the distribution of both compounds
decreases. However, the distribution coefficient K of a “TBA-like” compound decreases
linearly with 1-butanol concentration (mol/L) in the stationary phase, whereas the volume
fraction distribution coefficient K* of  “eucalyptol-like” compound decreases
exponentially with the volume fraction of 1-butanol in the stationary phase. In Figure 6.8

both of these dependencies were converted to the same set of coordinates (K; / Yil:m on

the vertical axis and Cgyons on the horizontal axis). It is seen that the sorption of 1-
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Figure 6.8. (Case 1 + Case 2) The influence of 1-butanol on the sorption of a

“eucalyptol-like” (dashed line) and a “TBA-like” (solid line) samples. For sample 1:

A, /Cyn=26l; B =-4; Spuon = =2.3. For compound 2: K, /Y] o= 0.002. Specific

surface area Agp = 3-10° m%/g, Ad,on = 5-2:10° m%mol’.
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Figure 6.9. (Case 1 + Case 2) The influence of sorbed 1-butanol on selectivity (dashed
line) and resolution (solid line) of a “eucalyptol-like” and a “TBA-like” compounds from

Figure 6.8. The number of theoretical plates in equation 6.2 is 1600, phase ratio = 1.
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butanol makes the separation of these sample compounds possible. In fact, both
selectivity and resolution increase as the concentration of 1-butanol in the stationary
phase increases (Figure 6.9). However, if these compounds are well separated in the
absence of 1-butanol in the stationary phase, it is possible that the sorption of 1-butanol
could degrade selectivity (similar to the effect in Figure 6.3 at low concentration of 1-

butanol in the stationary phase, i.e. before the cross-over point).

6.3. Directions for Future work

As a result of work presented in these thesis, as well as some other studies'” it can
be stated with a reasonable degree of confidence that bipolar linear molecules such as
straight chain alcohols compete with one another for space in the C;3 stationary phase. It
is not clear, however, why eucalyptol and 1-butanol influence the sorption of each other
by the virtue of diluting the alky! stationary phase, whereas 1-butanol competes for space
with sorbed TBA. Charge on the TBA ion might be responsible for this difference, but
that would have to be established by studying the influence of 1-butanol on the sample
that has structure similar to TBA but no charge. From a more general perspective, it
would be of interest to establish guidelines as to what properties of sample compounds
and organic modifiers determine what type of influence the sorption of organic modifier
will have on sample retention.

The column equilibration technique provides a means for the study of such
interactions. It might be worth exploring somewhat different experimental pathways that
would allow the study of larger number of compounds at the same time. Retention could

be studied by column chromatography, and the amount of sorbed modifier could be
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determined by column equilibration technique. This method would have a disadvantage
of not giving an exact concentration of sample in the stationary phase. The advantage
would be the possibility of studying several sample compounds at once. In such
experiments, one could choose a number of sample compounds with similar retention, but
different structure, and see directly the influence of sorbed modifier on selectivity. Care
has to be taken so that the methods of void volume determination for elution
chromatography and column equilibration techniques are equivalent. It is possible to use
deuterated water as an unretained component in elution chromatography, but one must
ensure that the void volume obtained in such way is equivalent to the void volume
obtained in the column equilibration experiment. Extensive literature exists on the
topic>*’ and will aid in the proper choice of void volume determination method.

Exploration of different kinds of organic modifiers, particularly the ones that have
a high distribution coefficient into the stationary phase, could provide a whole new means
for manipulating selectivity in reversed phase liquid chromatography. An interesting
pioneering work in this field was done almost two decades ago®, but little further
investigation followed. A number of stationary phase interactions were defined in this
paper, but they were not quantitated, and it certainly would be useful to do that.

From a different perspective, this work needs to be extended to the study of
different types of stationary phases. Specifically, the study of the influence of bonding
density on the stationary phase interactions would be important from both theoretical and
practical points of view. One could also investigate sorbed organic modifier/sorbed
sample interactions on stationary phases with such different bonding chemistry as

horizontal polymerization. It would be valuable to investigate the role of chain length in
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determining whether competition for space or a eucalyptol/butanol-like interaction take
place between sorbed sample and sorbed organic modifier. Using chains longer than

eighteen carbon atoms for such study would be of interest.
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Appendix A
Tables of Data for Figures in This Thesis

Table A.1. Data for Figure 3.1 - eucalyptol and 1-butanol loading experiment #1.

167

time, min heu / bsa hpuon / hsu

5.0 1.245 0.185
10.0 2.041 0.190
15.0 1.990 0.180
20.0 2.050 0.190
45.0 2.090 0.180
60.0 2.100 0.184
100.0 2.070 0.182




Table A.2. Data for Figure 3.2 — eucalyptol and 1-butanol loading experiment #2.
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time, min hg, / heg hguou / hsq
5.0 3.92 0.0448
10.0 3.89 0.0445
15.0 3.87 0.0446
20.0 3.87 0.0448
30.0 3.86 0.0440
40.0 3.94 0.0452




Table A.3. Data for Figure 3.3 — 1-hexanol loading experiment.
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time, min htexon /s
3.0 1.147
3.0 1.159
5.0 1.139
5.0 1.161
8.0 1.150
8.0 1.159
12.0 1.156
15.0 1.166
20.0 1.156
30.0 1.160
60.0 1.139




Table A.4. Data for Figure 3.4. - eucalyptol and 1-butanol elution experiment.
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Fraction # hgy / hs hguon / hsuw
1 0.331 0410
2 0.345 0.102
3 0.069 0.000
4 0.0050 0.000
5 0.000 0.000
6 0.000 0.000
7 0.000 0.000




Table A.S. Data for Figure 3.5 - 1-hexanol and 1-propanol elution experiment.

171

Fraction # hHexon / Bsu bpron / hseg
1 2.315 3.820
2 0.290 0.039
3 0.017 0.000
4 0.007 0.000
5 0.003 0.000
6 0.002 0.000
7 0.000 0.000
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Table A.6. Data for Figure 4.1 - the determination of eucalyptol solubility in water by

shake flask method.

Vewe» ML Ceuc, addea X 10°, pL Ceuc,isson X 10° , pL
0.000 0.000 0.000
0.334 10.0 9.83
0.417 12.5 11.9
0.501 15.0 13.4
0.584 17.5 15.8
0.668 20.0 17.1
0.751 22.5 18.5
0.835 25.0 18.9
0.918 27.5 18.8
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Table A.7. Data for Figure 4.3 — the cloud point determination of eucalyptol solubility in

water and in aqueous 0.300 mol/L 1-butanol solution.

Cauonm T, °C T, K % Eu, wiw In Xeucam

mol/L
0 29.5 0.00330 0.2143 -8.294
0 30.8 0.00329 0.2169 -8.282
0 25.8 0.00334 0.2381 -8.189
0 26.5 0.00334 0.2429 -8.169
0 24.9 0.00335 0.2466 -8.153
0 19.9 0.00341 0.2809 -8.023

0.300 25.5 0.00335 0.2410 -8.170

0.300 25.3 0.00335 0.2398 -8.175




Table A.8. Data for Figure 4.6 - the eucalyptol isotherm.

Ceucm » mol/L Ceucs » molkg
1.00e-05 0.0219
2.00e-05 0.0381
3.00e-05 0.0516
4.00e-05 0.0652
6.00e-05 0.0853
8.00e-05 0.105
1.00e-04 0.122
1.00e-04 0.122
2.00e-4 0.189
4.00e-4 0.282
6.00e-4 0.356
8.00e-4 0415
1.00e-3 0.466

1.00e-3 0471
1.00e-3 0.461
1.00e-3 0.465
1.00e-3 0.465
2.00e-3 0.640
3.00e-3 0.790
4.00e-3 0.919
5.00e-3 1.07
6.00e-3 1.22
8.00e-3 1.55
8.15¢e-3 1.57
8.17e-3 1.55
9.78e-3 1.90
11.6e-3 2.29
11.7e-3 2.28
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Table A.9. Data for Figures 4.7 and 4.8 — the influence of sorbed eucalyptol on the

sorption of 1-butanol.

Ceueum - Ceuc.s Chuon.s- DEye.s P guon.s K$.on
mol/L mol/kg mol/kg 107
0 0 0.0190 0 7.38 80.7
0 0 0.0190 0 7.38 80.6
0 0 0.0189 0 7.36 80.4
0 0 0.0191 0 7.41 81.0
0 0 0.0190 0 7.38 80.6
0 0 0.0191 0 7.40 80.9
0 0 0.0190 0 7.36 80.4
0 0 0.0190 0 7.36 80.4
0 0 0.0191 0 7.40 80.9
1.00 x 107 0.0187 0.0179 0.0131 6.86 75.0
1.00 x 10 0.0213 0.0174 0.0149 6.66 72.8
4.00 x 107 0.0588 0.0166 0.0401 6.18 67.5
1.00 x 107 0.102 0.0151 0.0677 5.48 59.9
1.00 x 107 0.113 0.0147 0.0742 531 58.0
4.00 x 107 0.252 0.0129 0.152 4.25 46.5
4.00 x 10™ 0.258 0.0129 0.155 4.25 46.4
8.00 x 107 0.380 0.0112 0.213 3.43 37.4
8.00 x 10* 0.382 0.0115 0.214 3.51 38.3
1.20 x 107 0.510 0.0099 0.267 2.8 31
1.60 x 107 0.585 0.0092 0.294 2.5 28




Table A.9. continued.
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Ceuem» Ceuc.s » Cauon,s- OEuc.s D puon.s Ktuon
mol/L mol/kg mol/kg 107
2.00 x 107 0.668 0.0085 0.323 2.2 24
3.00 x 1073 0.836 0.0076 0.374 1.8 20
6.00 x 107 1.15 0.0068 0.451 1.5 16
8.00 x 1073 1.52 0.0062 0.521 1.2 13
0.0100 2.00 0.0057 0.587 0.92 10
0.0120 2.47 0.0053 0.638 0.74 8.1
0.0120 2.74 0.0052 0.662 0.69 75
0.0120 2.86 0.0054 0.672 0.69 7.5
0.0120 2.77 0.0053 0.664 0.69 7.6
0.0120 3.00 0.0051 0.682 0.63 6.9
0.0140 3.23 0.0049 0.700 0.58 6.3
0.0140 3.31 0.0050 0.703 0.59 6.4
0.0160 3.88 0.0047 0.735 0.49 53
0.0180 4.56 0.0048 0.765 0.44 4.8
0.0180 4.11 0.0047 0.746 0.47 5.1
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Table A.10. Data for Figures 4.9 and 4.10 — the influence of sorbed 1-butanol on the

sorption of eucalyptol.
Cguon.m Cauon.s - Crue,s» d)BuOH.s d)l-:uc.m Kgucx 10°
mol/L mol/kg mol/L x 10%
0.00 0 0.0219 0 1.71 10.2
0.00 0 0.0219 0 1.71 10.2
0.00 0 0.0219 0 1.71 10.2
0.00 0 0.0218 0 1.70 10.2
0.00 0 0.0221 0 1.72 10.3
0.00 0 0.0219 0 1.71 10.2
0.00 0 0.0220 0 1.72 10.2
0.00 0 0.0217 0 1.69 10.1
7.65 x 107 0.0179 0.0208 0.00757 1.61 9.62
2.19 x 107 0.0419 0.0189 0.0176 1.45 8.67
437 x 107 0.0801 0.0178 0.0331 1.35 8.03
7.45 x 107 0.138 0.0166 0.0556 1.23 7.34
1.00 x 10 0.165 0.0153 0.0662 1.12 6.67
1.00 x 107 0.181 0.0152 0.0718 1.11 6.60
1.09 x 1072 0.185 0.0155 0.0736 1.13 6.70
1.09 x 102 0.182 0.0148 0.0724 1.08 6.44
2.00 x 107 0.313 0.0124 0.119 0.862 5.14
4.00 x 102 0.528 0.00870 0.185 0.559 3.34
7.00 x 102 0.793 0.00618 0.255 0.363 2.17
7.00 x 107 0.811 0.00678 0.259 0.397 2.37




Table A.10. continued.
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Cguot.m » Cauon.s - Ceuc.s > ¢nuon.s ¢£uc.m Kt x 10°

mol/L mol/kg mol/L x 10%

0.100 1.02 0.00551 0.305 0.302 1.81
0.150 1.30 0.00406 0.360 0.205 1.23
0.200 1.50 0.00331 0.3931 0.159 0.949
0.200 1.50 0.00341 0.394 0.164 0.977
0.250 1.69 0.00276 0.422 0.126 0.754
0.300 1.83 0.00255 0.442 0.113 0.672
0.300 1.84 0.00250 0.443 0.111 0.660
0.300 1.84 0.00272 0.443 0.120 0.718
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Table A.11. Data for Figure 5.1 - 1-hexanol sorption isotherm. The effective weight of

stationary phase in the precolumn is 2.636-10 kg.

Chexon,m » mOU/L Dyecons - 10°, mol Cheson,s » molkg
1.00-10™ 0.887 0.0336
1.00-10° 0.881 0.0334
2.00-107* 1.53 0.0579
4.00-10™ 2.67 0.101
6.00-10* 3.67 0.139
6.00-10* 3.76 0.143
8.00-10°* 4.80 0.182
1.00-10° 5.79 0.220
1.00-10° 5.68 0.215
1.60-107 8.02 0.304
2.00-107 9.41 0.357
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Table A.12. Data for Figure 5.2 - the determination of holdup volume Vyy of precolumn

#2 at varying true volume percent of 1-propanol ®p, g,n in the mobile phase.

(DPIOHJ‘II ’ viv %

Vuu * one std. deviation, uL

0
1
5
10
20
30
0
03
0.6

10
20
30

642104
63.5+0.0
61.7+£0.0
61.2+0.2
59.8+03
593+04
64.2+04
64.2+0.2
63.8+0.2
63.5+0.3
64.2+04
63.5+00
61.7+0.0
61.2+0.2
59.8+03
593+04
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Table A.13. Data for Figure 5.3 - the plot of the change of holdup volume AV,;, caused
by the sorption of 1-propanol, versus the volume of sorbed 1-propanol Vg gy,. AVyy is

given with an error of + one standard deviation.

Qe ot > Y0 VIV AVyy, uL Veron.s: ML

1.00 0.65 +0.03 0.80
5.00 2.50 £ 0.04 2.11
10.00 30+£0.2 3.06
20.00 43+0.3 4.21
30.00 49+04 4.78
0.300 -0.1£0.2 0.31
0.600 04+0.2 0.64
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Table A.14. Data for Figure 5.5 — plots of 1-hexanol mol fraction solubility Xyexon.m and

transfer activity coefficient y;.,oﬂm versus true volume percent of 1-propanol in the

mobile phase. XHexon,.m and ¥ ,I.,oum are given with an error of + one standard deviation.

PHexOH ,m ° Xfexotm x 10° Y HexOHm

0 1.03 £0.01 1.00 £ 0.01
5.02 0.98 £+ 0.01 1.00 £0.01
10.08 0.99 +£0.02 1.00 £0.02
15.17 0.98 £0.02 1.00 £ 0.02
16.87 1.15+£0.03 0.87 £0.02
20.28 1.82 £0.01 0.548 £ 0.003
254 3.98 +0.07 0.251 £0.004
30.53 7.31£0.04 0.137 £0.001
30.53 7.14 £0.08 0.140 £ 0.002
33.62 9.65 +0.05 0.103 £ 0.001




183

Table A.15. Data for Figure 5.6 — plot of sorbed concentration of 1-hexanol, adjusted for

the mobile phase effect, versus sorbed concentration of 1-propanol.

Dpolm, % Crrons» molkg Chiesott.s / ¥ fresom.m» MOVKg
0 0 0.0883
0 0 0.0887
0 0 0.0888
0 0 0.0877
0 0 0.0888
0 0 0.0892
0 0 0.0883
0 0 0.0884
0 0 0.0891

0.2 0.114 0.0779
0.2 0.118 0.0792
0.3 0.161 0.0746
03 0.161 0.0748
04 0.219 0.0714
0.4 0214 0.0705
0.5 0.258 0.0681
0.5 0.264 0.0685
0.6 0.295 0.0662
0.6 0.290 0.0653
0.7 0.329 0.0625




Table A.15. continued.
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Peronms % Crron,s, mol/kg Citexott.s / ¥ Hexom.m » molkg
0.7 0.328 0.0624
0.8 0.360 0.0602
0.8 0.358 0.0609

1 0.421 0.0562
1 0.420 0.0556
1 0.426 0.0562
1 0.422 0.0556
1 0.421 0.0550
1 0.419 0.0547
5 1.07 0.0244
5 1.06 0.0240
10 1.45 0.0138
10 1.49 0.0138
20 1.92 0.0104
20 1.93 0.0105
30 2.11 0.0153
30 2.12 0.0150
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Table A.16. Data for Figure 5.7 — plots of Kuexon and mobile and stationary phase

contributions of 1-propanol to the sorption of 1-hexanol on Partisil-10 ODS-3.

Mobile Phase Effect | Stationary Phase
DPeronm: % Kpeson , Likg (Y HexObm ) Effect (Eq. 5.29)
0.000 294 1.00 1.00
0.000 296 1.00 1.00
0.000 296 1.00 1.00
0.000 292 1.00 1.00
0.000 296 1.00 1.00
0.000 297 1.00 1.00
0.000 294 1.00 1.00
0.000 295 1.00 1.00
0.000 297 1.00 1.00
0.200 260 1.00 0.880
0.200 264 1.00 0.894
0.300 249 1.00 0.842
0.300 249 1.00 0.845
0.400 238 1.00 0.806
0.400 235 1.00 0.796
0.500 227 1.00 0.769
0.500 228 1.00 0.773
0.600 221 1.00 0.747
0.600 218 1.00 0.737
0.700 208 1.00 0.706
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Table A.16. continued.

Mobile Phase Effect | Stationary Phase

Dp, oHm> % Kheson , L/kg (Y ftexot,m ) Effect (Eq. 5.29)
0.700 208 1.00 0.705
0.800 201 1.00 0.680
0.800 203 1.00 0.687
1.00 187 1.00 0.635
1.00 185 1.00 0.628
1.00 187 1.00 0.635
1.00 185 1.00 0.628
1.00 183 1.00 0.621
1.00 182 1.00 0.618
5.00 81.5 1.00 0.276
5.00 80.0 1.00 0.271
10.0 45.9 1.00 0.155
10.0 45.9 1.00 0.156
20.0 19.2 0.573 0.117
20.0 19.5 0.573 0.119
30.0 7.49 0.150 0.173
30.0 7.33 0.150 0.169
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Table A.17. Data for Figures B.1 — B.9 — the plots of cloud point temperature toud
(given with + one standard deviation) versus 1-hexanol solubility at that temperature, in

the 1-propanol/water mixtures with ®p_ oy o true volume percent of 1-propanol.

Dy, ot » MOU/L l-Hex;nol Solubility taoug > °C
HexOH,m

0.00 0.001085 21.6 04
0.00 0.000995 30.6 0.8
0.00 0.001040 244 £0.5
5.02 0.001003 225+0.5
5.02 0.001051 18 £1
5.02 0.001076 16 + 1
10.08 0.000985 25+2
10.08 0.001052 19+2
15.17 0.001120 344+04
15.17 0.001036 30.8£0.4
15.17 0.000954 271
15.17 0.001194 37.8£0.5
16.87 0.001298 31.4£0.5
16.87 0.001262 29.4+0.5
16.87 0.001181 2641
16.87 0.001138 2471
20.28 0.001664 21.6 £0.1
20.28 0.001957 282+0.3
25.40 0.003656 21.2+£0.8
25.40 0.003894 23.6+0.8
25.40 0.004323 301
30.53 0.00762 28.6+0.2
30.53 0.00701 240+03
30.53 0.00733 264 +0.1
33.62 0.00962 248+0.5
33.62 0.00992 27.65+0.5
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Appendix B

Plots of Cloud Point Temperature versus 1-Hexanol Solubility in Aqueous Solutions

Containing V Concentrations of 1-Propanol (used in Section 5.3.4 for Figure 5.6).
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Figure B.1. The plot of cloud point temperature versus 1-hexanol mole fraction solubility

at that temperature in aqueous mobile phase. Error bars are + one standard deviation of

tcloud-
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Figure B.2. The plot of cloud point temperature versus 1-hexanol moie fraction solubility

at that temperature in 1-propanol/water mobile phase with true volume percent of 1-

propanol ®p oy m = 5-02 %. Error bars are + one standard deviation of tcieud-
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Figure B.3. The plot of cloud point temperature versus 1-hexanol mole fraction solubility

at that temperature in l-propanol/water mobile phase with true volume percent of 1-

propanol ®p oy .m = 10.08 %. Error bars are + one standard deviation of t¢joud-
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Figure B.4. The plot of cloud point temperature versus 1-hexanol mole fraction solubility
at that temperature in 1-propanol/water mobile phase with true volume percent of 1-

propanol @p, ou.m = 15.17 %. Error bars are + one standard deviation of tcioud-
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Figure B.S. The plot of cloud point temperature versus 1-hexanol mole fraction solubility

at that temperature in 1-propanol/water mobile phase with true volume percent of 1-

propanol ®p, oy.m = 16.87 %. Error bars are * one standard deviation of tciua-
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Figure B.6. The plot of cloud point temperature versus 1-hexanol mole fraction solubility

at that temperature in 1-propanol/water mobile phase with true volume percent of 1-

propanol @p, oy.m = 20-28%. Error bars are + one standard deviation of tcioud-
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Figure B.7. The plot of cloud point temperature versus 1-hexanol mole fraction solubility
at that temperature in 1-propanol/water mobile phase with true volume percent of 1-

propanol ®p, on.m = 25-40 %. Error bars are £ one standard deviation of tcioud-
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Figure B.8. The plot of cloud point temperature versus 1-hexanol mole fraction solubility

at that temperature in 1-propanol/water mobile phase with true volume percent of 1-

propanol ®p, gy.m = 30.53 %. Error bars are * one standard deviation of tgguq.
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Figure B.9. The plot of cloud point temperature versus 1-hexanol mole fraction solubility
at that temperature in 1-propanol/water mobile phase with true volume percent of 1-

propanol ®p, oy m = 33.62 %. Error bars are + one standard deviation of tcigud-



