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ABSTRACT

In indirect UV detection, non-UV absorbing sample species are injected onto a
column which has come to equilibrium with a mobile phase containing a UV absorbing
compound (probe). The change in sorption of the probe in the injected sample zone is
responsible for the indirect detection phenomenon.

The main studies in this thesis were concerned with determining how a particular
sample type affects probe sorption. Column equilibration experiments were performed in
which a solution containing sample and/or probe was pumped through a small column
packed with Partisil-10 ODS-3 in order to study their simultaneous sorption. Two specific
cases were investigated. In the first case, the origin of indirect UV detection of the neutral
sample butanol was determined using the anionic probe naphthalene-2-sulfonate(NS-).
From elution chromatography results, it is known that butanol decreases NS- probe
sorption. By studying the effect of sample on probe sorption and vice versa, a competition
for space between the two was found to be primarily responsible for the decrease in probe
sorption.

In the second case, the origin of indirect UV detection of a cationic sample, tetra-n-
butyl ammonium ion (TBA*) using a cationic probe ion, 4-nitrobenzyltrimethylammonium
(NBTA*) was studied. The sample TBA* also decreases NBTA+ probe sorption in this
case. Since both sample and probe are ionic, electrostatic effects play a significant role.
Sorption of NBTA* probe was studied by the column equilibration technique as a function
of TBA* sample concentration and ionic strength. Simultaneous sorption of the two
cations was found to give rise to two separate charge surfaces in the compact layer, one for
each ion. A modified version of the Stern Gouy Chapman theory of the electrical double
layer was used to determine the potentials at each charge surface. The simultaneous
sorption data were then evaluated in terms of a derived model which includes both a

competition for space and an electrostatic potential effect. Under the conditions used in this



study, an electrostatic potential effect was mainly responsible for the decrease in probe
sorption when sample is present. However, there was evidence that sorption of TBA*

sample also alters the space available for sorption of NBTA* probe.
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Chapter. 1

Introduction

1.1 Background to Indirect UV Detection

The most popular means of detection in high performance liquid chromatography
(HPLC) is based on absorption of ultraviolet (UV) light [1]. Although many compounds
have this property, there are several types of compounds which do not, with the result that
they cannot be detected in the usual mode. This is an inherent disadvantage to UV
detection. Several classes of compounds fall in this category such as inorganic cations and
anions and organic compounds which lack a suitable chromophore. Pre- or post- column
derivitization with a UV absorbing species are two methods that are used to overcome this
problem [2,3]. However, these methods complicate the chromatographic system and they
have their own disadvantages. A more universal detector, such as a differential
refractometer, is another alternative, but this detector has undesirable properiiss such as
low sensitivity, temperature dependence and the inability to be used with gradient elution
[1].

In the early 1980s, Schill pioneered the technique of indirect UV detection to
facilitate the detection of non-UV absorbing samples [4-6]. Indirect UV detection HPLC is
similar to ion pair solvent extraction where detection of a non-UYV absorbing sample ion is
possible by extraction as an ion pair with a UV absorbing counter ion from an aqueous
phase to an organic phase [7]. By measuring the absorbance of the organic phase, the ion
pair, and thus the sample ion, can be detected and quantitated due to the inherent
absorbance of the counter ion. Initially this principle was applied to liquid-liquid
(partitioning) chromatography (LLC) where the UV absorbing counter ion is present in an

aqueous stationary phase and a non-UV absorbing sample ion with opposite charge is
1



2
injected into an organic mobile phase and migrates down the column as an ion pair with the

counter ion [8,9]. Upon exiting the column, the ion pair passes through a detector where
its absorbance is measured.

Today, most HPLC and indirect UV detection HPLC are performed on reversed
phase bonded phases (RPBPs) in which an alkyl group is covalently bound to the surface
of silica gel [10,11]. The most widely used RPBP is octadecylsilyl (ODS or C-18) in
which octadecane is the bound group. Initially, bonded phases were viewed as being
equivalent to a "mechanically-held liquid phase" [12] having properties resembling, though
not identical to, those of a bulk liquid [13-17]. As a result there is a debate as to whether
retention on bonded phases is due to partitioning or adsorption [12,18,19]. In this thesis
the term "adsorption” will be used in a more general sense to refer to the situation in which
solute has been sorbed into or onto the bonded phase itself (i.e. adsorption/partitioning).
"Sorption” is a more general term that is commonly used to indicate all types of retention
processes sucl as adsorption, partitioning, ion exchange and electrolyte exclusion. It will
be used when it is not necessary to make a distinction between "adsorption" and other types
of retention processes such as electrolyte exclusion.

The mobile phase that is used with RPBPs is usually aqueous with or without an
organic modifier present (e.g. methanol, acetonitrile, tetrahydrofuran). Chromatography
performed with these types of bonded phases is thus referred to as reversed phase liquid
chromatography (RPLC) since the stationary phase is less polar than the mobile phase.

In a typical RPLC separation, there is a low baseline/background absorbance (i.e.
mobile phase absorbance). When a UV absorbing sample is injected into such a system, it
is directly detected since a peak in the positive direction (relative to the baseline absorbance)
appears in the éhromatogram as the sample passes through the detector. This is illustrated
in Figure 1.1. Using the elution chromatography apparatus described in Chapter 2 and a
detection wavelength of 254 nm, toluene and ethylbenzene are easily separated and detected

using an ODS bonded phase and a methanol:water (80:20) mobile phase (both have a molar
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Figure 1.1 Direct detection chromatogram of a sample solution containing toluene and

ethylbenzene on Partisil-10 ODS-3 using a methanol:water (80:20) mobile

phase and a 254 nm detection wavelength. Flow rate is 1.0 mL/min.



absorptivity of 163 L/(mol-cm) at 254 nm).

Compared to RPLC in the usual mode, the key to performing indirect UV detection
is the addition of a UV absorbing species as a component of the mobile phase [4-6). This
UV absorbing compound is usually referred to as the probe. Before a sample can be
injected, the probe must distribute itself between the mobile phase and the stationary phase
until equilibrium is established. In the case of indirect UV detection there is now a high
background absorbance due to the addition of the probe to the mobile phase. When a
sample is injected, the initial probe equilibrium is disturbed by the presence of the sample
which brings about the indirect detection of the sample. Shown in Figure 1.2 is an
example of an indirect UV detection chromatogram which was obtained according to the
procedure described in Chapter 2. The sample is hexanesulfonate which has no UV
absorbance and the probe is naphthalene-2-sulfonate.

Figure 1.2 reveals two unique characteristics of indirect UV detection
chromatograms compared to typical HPLC chromatograms. First, the most obvious
difference is that the peaks in the chromatogram appear in both a positive direction and a
negative direction relative to the baseline absorbance. Second, besides a peak appearing in
the chromatogram at the retention volume of the sample hexanesulfonate (VR = 44 mL),
there is an additional peak present which appears at the probe retention volume (VR = 61
mL). For a particular chromatographic system, the probe peak always occurs at the same
retention volume regardless of the sample injected and is characteristic of the system
[20,21]. Hence, it is referred to as the system peak.

It is important to realize that the sample and system peaks arise from local changes
in the probe concentration since it is only the probe which absorbs UV light. Depending
upon how the sample affects the probe equilibrium and the capacity factor of the sample,
k'smp, relative to the capacity factor of the probe, k'sys, a peak in either the positive
direction or in the negative direction (relative to the baseline) will be observed at the sample

retention volume [4,5,20-24]. That is, the presence of the sample may increase or decrease
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Figure 1.2 Indirect UV detection chromatogram of a hexanesulfonate sample on Partisil-
10 ODS-3 using a mobile phase composed of 2.00 x 10-4 mol/L
naphthalene-2-sulfonate in 0.04 mol/L H3PO4 / 0.03 mol/L NaH2PO4 (pH =
2). The detection wavelength is 276 nm and the flow rate is 1.0 mL/min.

Peak A is the hexanesulfonate sample peak. Peak B is the naphthalene-2-

sulfonate probe system peak.
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the local sorption of the probe in the sample zone, which gives rise to a zone that has a
different composition compared to wlien no sample is present. Zones in which there is a
higher probe concentration produce positive peaks while zones in which there is a lower
probe concentration produce negative peaks.

In order to re-establish the initial probe equilibrium after a sample has been injected,
an equivalent amount of probe must desorb or resorb depending upon how the sample
initially affected probe sorption. If the sample decreases probe sorption, then probe will
resorb, but if the sample increases probe sorption, then probe will desorb. This produces
another zone in which the probe concentration is different compared to when no sample is
present and it gives rise to a system peak whose direction is opposite to that of the sample
peak.

Compounds which have been used as probes to perform indirect UV detection are
neutral, anionic, or cationic, but ionic probes are most commonly used. Similarly, the
samples injected may be neutral or ionic. It is generally observed that when the probe is
ionic, sample species which have a sign of charge opposite to that of the probe increase the
sorption of the probe while sample species which have the same sign of charge as the probe
or have no charge decrease the sorption of the probe [4,5,20-24]. The pattern of sample
and system peaks that result is given in Table 1.1 and can be summarized as follows
[4,5,20,21,23]. When probe sorption is decreased by the presence of the sample, the
sample peak will be positive and the system peak will be negative if the sample elutes
before the probe (i.e. k'smp < k'sys). However, if the sample elutes after the probe (i.e.
k'smp > K'sys), then the system peak will be positive and the sample peak will be negative.
On the other hand, when probe sorption is increased, rather than decreased, by the
presence of the sample, then the above patterns will be reversed.

Other unique features of indirect detection chromatography which should be
mentioned are that when ionic probes and samples are used rather than neutral samples and

probes, the indirect detection response observed is larger (i.e. larger peak areas)



Table 1.1 Response pattern for indirect UV detection.

K'smp < K'syg K'smp > Ksys
Probe | Sample Sample System Sample System
Peak Peak Peak Peak
Cationic | Cationic Positive Negative Negative Positive
Anionic Negative Positive Positive Negative
Neutral Positive Negative Negative Positive
Anionic | Cationic Negative Positive Positive Negative
Anionic Positive Negative Negative Positive
Neutral Positive Negative Negative Positive
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[5,20,21,25]. In addition, when the sample elutes before the probe, the response increases

as k'smp approaches k'sys and the response is largest when k'smp = k'sys. On the other
hand, when the sample elutes after the probe, the response decreases and approaches a
constant value as the sample elutes further away from the probe. This variation in the

magnitude of the response is illustrated in Figure 1.3 [20,21,26].

1.2 Principles of Indirect UV Detection

In the next two sections, the principles and experimental aspects for both indirect

UV detection elution and frontal chromatography are discussed in greater detail.

1.2.1 Principles of Indirect UV Detection Elution Chromatography

To perform indirect UV detection, the mobile phase must have a high background
absorbance which is achieved by adding a UV absorbing compound (probe) to the mobile
phase. The probe should have a high molar absorptivity in order to obtair a large indirect
detection response [27]. It should also be hydrophobic so that it has some degree of
retention. The mobile phase is typically aqueous with or without an organic modifier
present and it usually also contains hydrophilic buffer components which have little or no
retention [27].

Before a sample can be injected onto the column, the probe must establish
equilibrium between the mobile phase and the stationary phase. This is achieved by
pumping the mobile phase through the column until complete breakthrough occurs, as
demonstrated by monitoring the absorbance of the effluent from the column and recording a
"breakthrough curve" for the probe on the column. Figure 1.4a shows a typical
breakthrough curve. If the column is previously equilibrated with the solvent only (i.e. no

probe present), then when the mobile phase containing probe is introduced into the column,
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Figure 1.3 Magnitude of indirect detection response as a function of sample type (i.e.
sign of charge) and sample capacity factor (k'smp) versus probe capacity

factor (k'sys) for the case of an anionic probe. The figure is based on

references 20 and 21.
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Figure 1.4 Indirect UV detection elution chromatography. (a) Hyvothetical
breakthrough curve for probe on column. (b) Indirect UV detection elution
chromatogram obtained from a sample injection (arrow) after establishment

of probe breakthrough.
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the probe migrates at a slower rate tiizn the solvent since it is retained. In the initial plateau
region of the breakthrough curve where the absorbance is equal to zero, probe is sorbing
into the stationary phase and only the solvent is eluting from the column, which accounts
for the low absorbance in this region. When the probe starts to emerge from the column
outlet, the absorbance rises and reaches another plateau region, indicating that complete
breakthrough of the probe on the column has been achieved. On this plateau, the
concentration of the probe exiting the column is the same as the concentration of the probe
entering the column. Note that the plateau has a high absorbance due to the probe. This
plateau constitutes the background signal or baseline for indirect UV detection elution
chromatography. The retention volume of the probe, VR probe, is the volume of solution
that must be pumped through the column in order for the probe to emerge at the column
outlet.

After establishment of the probe equilibrium, samples may be injected onto the
column. When a sample is injected, the initial probe equilibrium is disrupted with the result
that more or less probe is sorbed in the presence of the sample. Relative to the high
background absorbance, peaks of positive absorbance or of negative absorbance are
observed in the chromatogram. This is illustrated in Figure 1.4b which shows an example
of an indirect UV detection elution chromatogram for a single component sample
superimposed upon the high background absorbance. There are two peaks of opposite
direction in the chromatogram. One peak occurs at the sample retention volume and the
other peak occurs at the probe retention volume (the system peak). Since the changes in the
amount of probe sorbed due to sample injection are very small (typically 0.02 A.U.), very
sensitive detector ranges must be used, and as a result, the high background absorbance is
usually electronically offset to a value close to 0 A.U.

A particular pattern of sample and system peaks is observed depending upon K'smp
relative to k'sys and how the sample affects probe sorption [23]. Figure 1.5 illustrates the

case of a sample which decreases probe sorption and for which k'smp < K'sys. Before a
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Figure 1.5 Processes occurring within the column during an indirect UV detection
elution chromatogram for the case of a sample which decreases probe
sorption and for which K'smp < k'sys. (a) Equilibrium concentrations of
probe in the mobile phase (Cp, 1) and stationary phase (Cs,1). (b) Injection
of sample (black rectangle). (c) Sample and system zones that develop in the
column. Cp 2 is the new equilibrium probe concentration in the mobile

phase in the sample zone. (d) Resulting indirect UV detection elution

chromatogram.
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sample is injected, there are constant concentrations of probe in the mobile (Cp,1) and
stationary (Cs,1) phases, as determined by equilibrium (Figure 1.5a). The ratio Cs,1/Cm,1
is the distribution coefficient for the probe on the column of stationary phase (Kp,1).
When the sample is injected at the top of the column (Figure 1.5b), some probe desorbs
from the stationary phase into the mobile phase creating an excess of probe in the mobile
phase and a deficiency of probe in the stationary phase. The sample zone will travel down
the column continuing to desorb probe from fresh stationary phase that it encounters, until
the concentration of probe in the mobile phase in the sample zone is at equilibrium with the
concentration Cg 1 in the stationary phase. The new equilibrium concentration of probe in
the mobile phase is Cp2. The ratio Cs,1/Cm 2 is the distribution coefficient of the probe in
the presence of sample, Kp 2. After this equilibrium is established in the sample zone,
probe will no longer be desorbed from the fresh stationary phase that is encountered by the
sample zone as it migrates down the column. The situation after this equilibrium in the
sample zone has been established is illustrated in Figure 1.5¢. Since the probe distribution
coefficient is smaller in the sample zone compared to when no sample is present (Figure
1.5a), there is an excess of probe in the mobile phase compared to the original equilibrium
amount. When the sample zone elutes from the column, the excess probe gives rise to a
positive peak in the chromatogram at the sample retention volume.

The system peuk arises in the following way. As the sample zone migrates down
the column and desorbs probe from the stationary phase, a deficiency of probe is created in
the stationary phase. In order to bring the entire column back to equilibrium, probe from
the mobile phase sorbs into the stationary phase to fill this deficiency as shown in the
system zone of Figure 1.5¢c. Note that no sample is present in this zone. The amount of
probe which sorbs is such that in the system zone the ratio of the probe concentration in the
stationary phase to that in the mobile phase is equal to Kp 1. This is necessary in order to
give a probe distribution coefficient which has the same value as when no sample is present

(Figure 1.5a). As aresult, when the system zone elutes from the column, the deficiency of
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probe yields a negative peak in the chromatogram at the probe retention volume. Since

there is no sample in this zone, the system zone propagates as a negative probe
concentration pulse. Propagation of probe concentration pulses is discussed in Chapter 3.
The chromatogram which results is shown in Figure 1.5d in which there is a positive
sample peak followed by a negative system peak.

In the case where the sample decreases probe sorption and K'smp > K'sys (Figure
1.6), the situation is similar to the case discussed above and shown in Figure 1.5. The
opposite behaviour is obscrved when the sample increases the sorption of the probe. This

is illustrated in Figure 1.7 for k'smp < K'sys and in Figure 1.8 for K'smp > K'sys.

1.2.2  Principles of Indirect UV Detection Frontal Chromatography

In frontal chromatography, the sample components are present as constituents of
the mobile phase [28,29]. The mobile phase is continually pumped through the column
and the UV absorbance of the column effluent is monitored.

First, consider the typical case in which there is no probe in the mobile phase and
the sample components are UV absorbing. When the mobile phase containing the sample
components is pumped through the column, each compenent will migrate down the column
at its own characteristic rate and a breakthrough curve will be recorded for each sample
component. This is illustrated in Figure 1.9 for the case of a sample containing three
components. In Figure 1.9, the rate of migrationis 1 > 2 > 3. At point A there is complete
breakthrough of component 1, at point B there is complete breakthrough of component 2
and at point C there is complete breakthrough of component 3. The retention volumes of
components 1, 2 and 3 are noted in Figure 1.9.

When frontal chromatography is done using indirect UV detection, the mobile
phase containing the UV absorbing probe is pumped through the column until complete

breakthrough is achieved (Figure 1.4a). The mobile phase is then changed to one which
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Figure 1.7 Processes occurring within the column during an indirect UV detection
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Figure 1.8 Processes occurring within the column during an indirect UV detection
elution chromatogram for the case of a sample which increases probe
sorption and for which k'smp > k'sys. Panels (a) to (d) are the same as in
Figure 1.5. C;2 is the new equilibrium probe concentration in the stationary

phase in the sample zone.
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has the same composition as the initial mobile phase except that a certain concentration of
sample is also present. If k'smp < k'sys and the sample decreases the sorption of the probe,
then the frontal chromatogram shown in Figure 1.10a will be recorded. The initial
ascending front occurs at the retention volume of the sample indicating breakthrough of the
sample while the descending portion at the rear of the chromatogram occurs at the retention
volume of the probe. The descending portion appears in this case indicating that the new
equilibrium conditions have been established along the entire length of the column. The
baseline thus returns to the original value since the concentration of the probe in the mobile
phase without and with sample present is the same.

If k'smp < k'sys and the sample increases probe sorption, then the frontal
chromatogram shown in Figure 1.10b will be recorded. The initial descending front occurs
at the sample retention volume while the ascending portion at the rear of the chromatogram

occurs at the probe retention volume.
1.3 Principles of the Column Equilibration Technique

The basic principles behind the column equilibration technique [30,31] are the same
as those discussed in Section 1.2.1 for probe breakthrough curves. This section will
expand on those principles as they apply to the column equilibration technique. The main
difference is that rather than using a large analytical column, a small column (i.e.
precolumn) is packed with a known weight of stationary phase, Wg, through which a
solution is pumped. Chromatography is not performed. Instead, the amount of each
component sorbed on the stationary phase at equilibrium is measured.

In the column equilibration studies, a solution containing two components (probe
and sample) is pumped through the precolumn until both components have achieved
equilibrium between the solution and the ODS packing. This is illustrated in Figure 1.11a.

Assuming that the two components do not interact with one another, then when the solution
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Figure 1.10 Indirect UV detection frontal chromatograms for k'smp <k'sys. (a) Sample

decreases probe sorption. (b) Sample increases probe sorption.
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Figure 1.11 Column equilibration technique for studying the simultaneous sorption of a
sample and a probe. (a) Small column (precolumn) packed with ODS
packing through which a solution containing a probe and a sample is
pumped. Cn; is the concentration of sample or probe in the solution
pumped through the precolumn. Cg; is the concentration of sample or
probe in the column effluent. (b) Hypothetical breakthrough curves for
sample and probe on the precolumn assuming that there is no interaction
between the two components. At point E both sample and probe have

achieved equilibrium.
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is introduced into the precolumn, each component will migrate at its own characteristic rate
and produce its own breakthrough curve as shown in Figure 1.11b. The retention volume
of each component, VR, is the volume of solution that is pumped through the column in
order for its zone to emerge at the outlet of the column. The breakthrough curves in Figure
1.11b are identical to those which would be obtained if a solutior: of either probe or sample
alone is pumped through the precolumn.

It is important to recall that in indirect detection, the sorption of the probe is
influenced by the sample and vice versa. The breakthrough curves shown in Figure 1.11b
do not illustrate this. They are simply drawn to point out the fact that in the column
equilibration experiment for two components in solution, measurements are made for the
amount of each component sorbed when both components have achieved equilibrium. That
is, both breakthrough curves have reached a plateau. This is indicated by point E in Figure
1.11b.

The establishment of equilibrium can be expressed as a breakthrough curve or as a
loading curve. A loading curve is a plot of the amount of component sorbed versus the
volume of solution pumped through the precolumn. An example is shown in Figure 1.12.
It is obtained by pumping various volumes of solution through the precolumn and
determining the amount of component sorbed for each volume. When two components are
present in solution, a loading curve is obtained for each component to determine when
complete equilibrium is achieved. When both curves have reached a plateau, equilibrium
for both components has been achieved.

The amount of each component sorbed, n;, on the packing at equilibrium is

calculated by the following equation:

n,-=nT',--Vm Cm,i (1.1)

where nT; is the total number of moles of component ¢ eluted from the precolumn,
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Figure 1.12 Hypothetical loading curve for a single component on precolumn.
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including that in the holdup volume, Vp is the holdup volume of the precolumn or the

retention volume of an unretained component and Cn; is the concentration of component i
in the solution that is being pumped through the precolumn. The concentration of the

component in the stationary phase, Cs , is obtained from the following equation:

o
Cs"‘ws (1.2)

A sorption isotherm is a plot of Cs ; versus Cp,; and is obtained by repeating the

experiment at several Cny ;.

1.4 Scope of the Present Work

The goal of the present thesis is to determine via the column equilibration technique
why a particular sample type (i.e. sign of charge) produces the observed increase or
decrease in probe sorption. By determining how various sample types affect probe
sorption, a better understanding of the processes which give rise to the indirect detection
phenomenon can be achieved.

Two specific cases are investigated. In both cases, the probe is ionic. In the first
case, the effect of a neutral sample on probe sorption is examined while in the second case,
the effect of an ionic sample on the sorption of a probe with the same charge is examined.
Based on the discussion above, there is a decrease in probe sorption in the presence of the
sample in both cases.

Generally speaking, there are three possible ways that a sample car affect probe
sorption:

(i) The sample alters the solvent strength of the mobile phase.
(i) The sample competes with the probe for space in the stationary phase.

(iii) The sample alters the sorbent strength of the stationary phase.
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The purpose of the studies in this thesis is to determine which reason(s) is/are responsible
for the decreased probe sorption in the presence of the sample for the two cases
investigated.

Electrical double layer models have been formulated to explain the sorption of ionic
species on RPBPs [32-45]. These models have primarily been developed to explain ion
pair RPLC (IP-RPLC) in which a large hydrophobic pairing ion is added to the mobile
phase in order to enhance the retention of oppositely charged sample ions. In the first case
studied in this thesis, that of a neutral sample, the interpretation of how the sample affects
probe sorption is simplified since electrostatic effects are not important, as the sample has
no charge. The second case, however, where both the probe and the sample have the same
sign of charge, is potentially more complicated than the neutral sample case since
electrostatic effects can now play a significant role. The electrical double layer models that
have been described in the literature to explain IP-RPLC are applicable in this case.
However, these models usually consider only the contribution to the electrical double layer
that is due to sorption of the probe/pairing ion [35,37,39,40]. Since the sample is usually
present at "trace conditions" in IP-RPLC its contribution to the electrical double layer is
ignored. In indirect detection of an ionic sample using an ionic probe, the sample is also
usually present at "trace conditions”. However, this does not mean that sorption of the
sample ion makes no contribution to the potential - only that it causes a small change in
potential which may produce a consequent small change in the sorption of the probe [46].
From the discussion in Section 1.2.1, it is important to note that, under conditions typically
used in indirect detection elution chromatography, sample and system peaks correspond to
a change in the sorption of only a small fraction of the probe. The treatment of the second
case is therefore more complex since the contribution of both probe and sample sorption to
the elecirical double layer is considered. In determining how the sample affects probe
sorption, a greater understanding of the electrical double layer that is created by the sorption

of two different ions of the same charge on a RPBP is achieved.
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A bnef description of each chapter in this thesis is given below.

In Chapter 2, the details and procedures of the indirect UV detection elution and
frontal chromatography experiments and the column equilibration experiments are
presented. The RPBP used in all experiments is also described.

In Chapter 3, indirect UV detection elution chromatography is performed on an
analytical column to achieve familiarity with the technique and to confirm litera‘ure results
on the particular RPBP used throughout this thesis. In addition, some indirect UV
detection frontal chromatography results are presented for the case of a neutral sample and
an ionic probe.

In Chapter 4, the results of the column equilibration study for the case of a neutral
sample and an ionic probe are presented. The simultaneous sorption of the probe and
sample is measured and the effect of the probe on sample sorption and vice versa is shown.
Sorption isotherms for both the probe and the sample are given.

In Chapter 5, the results of the column equilibration study for the case of a cationic
probe and a cationic sample are presented. There are two main sections to this chapter. In
the first section, sorption isotherms for the probe are measured as a function of ionic
strength and are quantitatively described by the Stern Gouy Chapman (SGC) model of the
electrical double layer. Simultaneous sorption of sample and probe is measured as a
function of sample concentration and ionic strength while the probe concentration is kept
constant. The data are treated in terms of SGC theory and the role of the compact part of
the electrical double layer is investigated. In the second section, the simultaneous sorption
data are examined in order to determine how the sample affects probe sorption and the
origin of indirect detection. The sorption of the probe is evaluated in terms of a derived
mu..2]l which includes both a competition for space and an electrical potential effect.

In Chapter 6, coiclizsions are made from the two column equilibration studies,
neutral/ionic and ionic/io.i., as.hey apply to indirect UV detection HPLC. Possibilities for

future work are also discussed.



Chapter 2

Experimental

2.1 Introduction

In this chapter, the details for all the experiments that were done are presented.
Two basic types of experiments were performed. First, elution chromatography and
frontal chromatography were performed on an analytical column using indirect UV
detection in which naphthalene-2-sulfonate (NS-) was the ionic probe. Second, the column
equilibration technique was used to measure the simultaneous equilibrium sorption of probe
and sample in order to determine the origin of indirect detection of the neutral sample
butanol using NS- as the ionic probe and to determine the origin of indirect detection of the
cationic sample tetrabutylammonium ion (TBA*) using the cationic probe 4-
nitrobenzyltrimethylammonium ion (NBTA+). Experimental details for the gas
chromatographic determination of butanol and the solvent extraction/flow injection analysis
(SE/FIA) determination of TBA* are described separately. The octadecylsilyl (ODS)

packing used as the stationary phase throughout this work is also described.

2.2 The ODS Packing

The ODS packing used as the stationary phase in all experiments is Whatman
Partisil-10 ODS-3. It is a reversed phase bonded phase packing (RPBP) with a 10 um
particle diameter. It is described by the manufacturer as being "highly end-capped”.

RPBPs are the most commonly used stationary phases in liquid chromatography

today [10,47]. Their popularity is due to their applicability to a wide variety of separation
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problems and to their high efficiency. They are prerared by covalently bonding an alkyl
group (typically ODS) to the surface silanol groups of silica g2l The reactions commonly
used for synthesizing RPBPs are shown in Figure 2.1a-c [10,11,48-50]. The alkyl group
used as the example in Figure 2.1 is ODS.

The starting materials used in the synthesis reactions are typically chloro- and
alkoxy-silanes. Depending upon the degree of substitution of the silane and reaction
conditions, either a monomeric or polymeric RPBP is produced. Monofunctional silanes
react with only one silanol group on the silica gel surface (Figure 2.1a) to give a single
bond linkage between each :nolecule and the silica. The product is a monomeric RPBP
since the silica gel surface is covered with a monomolecular layer of ODS groups. In the
absence of water, di- or tri-functional silanes also produce monomeric RPBPs (Figure
2.10). On the other hand, in the presence of water, di- or tri-functional silanes can react
with more than one silanol group and can also undergo polymerization reactions to produce
a cross linked layer which is referred to as a polymeric RPBP (Figure 2.1c¢).

It is generally agreed that the surface silanol concentration on most forms of silica is
about 8 umol/m2 (or 4.8 silanols/nm2) [10,11,50]. Due to steric constraints, only about
ha.f of these silanols undergo reaction [50-53]. It is desirable to reduce the number of
unrzacted silanol groups since their presence can lead to severe problems when
chromatography is performed, such as peak tailing and low linear sample capacities
[10,49,54,55]. In order to reduce the number of unreacted silanols, a further reaction is
carried out with a smaller silane which can react with the less accessible silanol groups
[10,49]. Trimethylchlorosilane is most commonly used for this purpose. This procedure
is referred to as "end-capping”. Depending upon the end-capping procedure, there still
may be some residual silanol groups present.

In addition to the synthesis reaction and the type of alkyl group bound to the silica
gel surface, RPBPs are also characterized by the number of alkyl groups bound to the

surface. This can be expressed as either the carbon loading or the surface coverage [10,48-
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Figure 2.1 Synthesis of octadecylsilyl (ODS) reversed phase bonded phases (RPBPs).
(a) Synthesis of a monomeric phase from a monofunctional silane. (b)
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51]. The carbon load is the weight percentage of carbon in the packing material as
determined by elemental analysis. Surface coverage refers to the percentage of available
silanols that have undergone reaction. As stated above, it is desirable to obtain 100%
surface coverage for a well "end-capped” RPBP. Typical values, however, are much
lower than this (= 60%).

Partisil-10 silica gel consists of irregularly shaped porous microparticles with an
average diameter of 10 |im and a surface area of 400 m2/g [56]. The pore size is about 8.5
nm. The ODS packing used in this work was prepared by bonding trichlorooctadecylsilane
to Partisil-10 silica followed by end-capping with trimethylchlorosilane. The final product
is a 10 um chemically bonded C-18 polymeric phase with a carbon load of approximately
10.5% [56]. Its surface coverage as estimated by the manufacturer is at least 95% [56,57].
The specific surface area of the batch of Partisil-10 ODS-3 used in the column equilibration

studies, as measured by the BET method, is 266 m?/g.

2.3 Chemicals, Reagents and Solvents

Sodium naphthalene-2-sulfonate (NaNS) was prepared from 2-naphthalenesulfonic acid
(Eastman Kodak) by converting the acid to the sodium salt by titrating with = 1 mol/L
NaOH past pH 7. The sodium salt was then recrystallized from water.

n-Butanol (A&C American Chemicals, Lot No. 830316), 1-pentanol, 99+% (Aldrich, Lot
No. 06109BW) and hexyl alcohol, 98% (Aldrich, Lot No. 03505KP) were analytical grade
and used as received.

n-Amyl amine, 97% (Aldrich, Lot No. HE 010897) was analytical grade and n-heptyl
amine (Terochem Laboratories, Ltd.) was reagent grade. Both were used as received.
1-pentanesulfonic acid, sodium salt, 98% (Aldrich, Lot No. 03212JW), 1-hexanesulfonic
acid, sodium salt, 98% (Aldrich, Lot No. 05523KW), 1-heptanesuifonic acid, sodium salt,
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98% (Aldrich, Lot No. EX02727JW) and l-oc¢tapesulfonic acid. sodium salt, 98%
(Aldrich, Lot No. 03714TV) were analytical grade and used as received.

p-phenyvlazobenzenesulfonic acid (Pfaltz and Bauer, Lot No. P09080) was used as

received.
4-nitrobenzyltrimethylammeonium chloride, 98% (NBTA+CI") (Aldrich, Lot No. 03327
BP) and getrabutvlammonium_chloride, 96% (TBA+Cl-) (Eastman Kodak, Lot No.

A162070) were used as received. Both materials are hygroscopic, so stock solutions were
standardized by titration with silver nitrate. Stock solutions of TBA*CI- were filtered
before use to remove traces of charcoal evidently left over from the purification process.
Sodium nitrate (BDH Chemicals) was analytical grade and used as received.
Phosphoric acid (McArthur Chemical Co., Fisher Scientific Co., BDH Chemicals) was
analytical grade and used as received.

Sodium chloride (BDH Chemicals) was analytical grade and used as received.

Sodium hydroxide (BDH Chemicals) was analytical grade and used as received. Solutions
were standardized by titrating solutions of potassium hydrogen phthalate with the prepared
sodium hydroxide solution.

Glacial acetic acid (BDH Chemicals) was analytical grade and used as received. Diluted
solutions of acetic acid weré standardized by titration with sodium hydroxide.

Silver nitrate (Terochem Laboratories Ltd.), potassium hydrogen phthalate (Anachemia),
phenolpthalein (Fisher Scientific Co.), potassium dichromate (Anachemia), potassium
ghloride (BDH Chemicals), calcium carbonate (BDH Chemicals) and sodium bicarbonate
(Anachemia) were all used as received.

Picric acid (Matheson, Coleman and Bell) was reagent grade and used as received.
Solutions were standardized by titration with sodium hydroxide.

Chloroform (Fisher Scientific Co.) was analytical grade and used as received.

Methanol (Fisher Scientific Co.) and gthanol (Commercial Alcohol Ltd.) were analytical

grade and were distilled before use.
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Water (Barnstead NANOpure, Boston, MA) was distilled and deionized.

2.4 Indirect UV Detection Elution and Frontal Chromatography

In these series of experiments, indirect UV detection elution chromatography is
performed on an analytical column using NS- as the probe. Various types of samples
(neutral, anionic, cationic) are injected to observe the indirect detection response. Frontal

chromatography is also performed for the case of a neutral sample.

2.4.1 Apparatus and Procedure

A schematic diagram of the apparatus used to perform indirect UV detection HPLC
and frontal chromatography is shown in Figure 2.2. It is a typical HPLC setup. Pis a
Waters Model 590 HPLC pump (Waters Chromatography, Milford, MA), V1 is a six
position selector valve (part no. 7060, Rheodyne, Inc., Berkeley, CA), Fis a 2pm column
inlet filter (part no. 7302, Rheodyne, Inc., Berkeley, CA), V2 is a sample injection valve
fitted with a 20 pL injection loop (part no. 7120, Rheodyne, Inc., Berkeley, CA), C is a
commercial analytical column (25 cm x 0.40 cm i.d.) of Whatman Partisil-10 ODS-3
(Catalog no. 4228-001, Whatman, Inc., Clifton, NJ), D is a Waters Mode! 481 Lambda
Max UV-Vis spectrophotometer (Waters Ckromatography, Milford, MA), and R is a
Recordall Series 5000 recorder (Fisher Scientific Co.).

Valve V2 was thermostatted by circulating thermostatted water (25.00 £ 0.04 °C)
from a water bath (Model R20, Haake, Berlin, Germany) through copper tubing (4 mm
i.d., 6 mm o.d.) that was coiled around the body of the valve. The analytical column was
thermostatted precisely to 25.00  0.01 °C by circulating water from the same water bath
through a specially designed column jacket. A double-walled column jacket constructed of

concentric aluminum and stainless steel tubing shown in Figure 2.3 was used. Stagnant
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Figure 2.2 Indirect UV detection elution and frontal chromatography apparatus. Pis a
HPLC pump, V1 is a six position selector valve, F is a column inlet filter,
V2 is a sample injection valve, C is an analytical column, D is a UV

absorbance detector and R is a recorder.
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water filled the inner jacket and bathed the column contained therein, while thermostatted
water (25.00 £ 0.04 °C) from the constant temperature bath circulated through the outer
jacket. Mobile phases were also thermostatted by placing them in a constant temperature
water bath (25.00  0.04 °C).

The experimental parameters used to perform indirect UV detection are given in
Table 2.1. In all experiments, the coarse zero on the detector was changed from 0 A.U. to
-0.3 A.U. after probe breakthrough to offset the high absorbance to = 0 A.U.

pH measurements were made with a Fisher Accumet Model 320 pH meter using a
Fisher glass electrode (Catalog No. 13-639-3) and a Fisher saturated calomel reference
electrode (Catalog No. 13-620-51). Any off-line absorbance measurements were made on

a Model 8451A Hewlett Packard diode array spectrophotometer.
2.4.2 Mobile Phase and Sample Solutions

The mobile phase in indirect UV detection elution chromatography was 2.00 x 104
mol/L NS- probe in 0.04 mol/L. H3PO4/ 0.03 mol/L NaH;POy4 buffer at pH 2. It was
prepared by dissolving = 92 mg of NaNS§ in pH 2 buffer and diluting to 2.00 L with
buffer. The buffer was prepared by dissolving 10.0 mL of phosphoric acid in = 2 L of
water. Approximately 1 mol/L. NaOH was added to this solution until a pH of 2.0 was
read by the pH meter.

Sample stock solutions were prepared by weighing a certain amount or pipetting a
certain volume of chemical and diluting to volume with the mobile phase prepared above.
Sample solutions to be injected into the indirect detection HPLC system were prepared by
diluting known volumes of the appropriate stock solution with the mobile phase prepared
above. In this manner, the sample solutions to be injected had the same mobile phase

composition as that being pumped through the column.



38

Table 2.1  Experimenial parameters for indirect UV detection elution and frontal

chromatography.
Parameter . _ Value
Flow rate 1.0 mL/min
Detection wavelength 276 nm
Detector range (before probe breakthrough) 20 AUFS. @
Detector range (after probe breakthrough) (b) 0.05 AUF.S. @
Recorder chart speed 0.25 cm/min
Column Temperature 25.0+0.01 °C

@ A.UF.S. = absorbance units full scale

®) For the frontal chromatography experiments, the detector range after probe
breakthrough was 0.2 A.U.F.S. when 1.09 x 10-3 mol/L butanol was present in the
mobile phase and was 1.0 A.U.F.S. when 1.09 x 10-2 mol/L butano] was present in

tiie mobile phase.
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To investigate the role of ionic strength on the elution chromatograms, sample
solutions were prepared containing 2.00 x 104 mol/L. NS- in pH 2 buffer. The ionic
strength was varied by changing the concentrations of H3PO4 and NaH2POy4 in the buffer
while maintaining the pH at 2. In the high ionic strength sample, the concentrations were
0.084 mol/L H3PO4 and 0.063 mol/L NaH,PO4 while in the low ionic strength sample the
concentrations were 0.021 mol/L. H3PQO4 and 0.015 mol/L NaH2PO4.

In the frontal chromatography experiments, the mobile phase was prepared as
described above. In addition, mobiie phases were prepared with the same composition as
that above except that a certain concentration of butanol was also present. The
concentration of butanol present was either 1.09 x 10-3 mol/L or 1.09 x 102 mol/L.

All mobile phases were filtered before use through a 0.45 um pore size Nylon 66
filter (Alltech Associates Inc., Guelph, ON). They were degassed by sparging with helium

(Linde), and then maintaining a blanket of helium over the solutic.».
2.5 Column Equilibration Technique

In these experiments the simujtaneous sorption of a probe and a sample (either NS-/
butanol or NBTA+/ TBAY) is studied by measuring the amount of each component sorbed
on a small amount of the ODS packing at equilibrium. This simulates the situation in the
sample zone during an indirect detection chromatogram and allows the effect of the sample
un probe sorption to be investigated. Sorption isotherms for the sample and/ur probe are

also mmeasured by this technique.
2.5.1 Precolumns

The precolumns were stainless steel guard columns (part no. 84550, Waters

Chromatography) of varying dimensions. They were all dry-packed with Partisil-10 ODS-
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3 bulk packing media (Batch no. 101409, Whatman, Inc., Clifton, NJ). Depending upon
the experiment, different precolumns were used. They are identified by a number and
described in Table 2.2. The holdup volume of each precolumn is determined by a separate
procedure described in Section 2.5.5.

Precolumn #1 was used for the NS- loading and elution experimeats, the NS- plus
butanol loading and elution experiments and the butanol isotherm at low concentrations.
Precolumn #2 was used for a N©- loading and clution experimen’: with butanol present and
for the NS- isotherm = ithout and with butanol present. Precolumn #3 was used for all
other column ¢quilibration experiments dealing with the NS- and butanol case. Precolumn

#4 was used in all the column equilibration experiments for the NBTA+ and TBA* case.

2.5.2 Column Equilibration Apparatus and Procedure

The column equilibration apparatus is shown in Figure 2.4. It consists of a pump
P1 (Model 501, Waters Chromatography) for the probe and/or sample solution, a pump P2
(Model 590, Waters Chromatography) for the eluent, and a precolumn C which contains
the ODS packing. The precolumn is inserted in place of the injection loop of valve V. The
precolumn and injection valve are placed in a water bath whose temperature is maintained at
25.00 + 0.04 °C.

The basic procedure for the column equilibraiion experiment is as follows. With
valve V in the "load" position (indicated by the dashed lines in Figure 2.4), a solution
containing probe and/or sample is pumped through the precolumn to waste until
equilibrium is achieved betwart the ODS packing and solution. This is the loading step.
Valve V is then switched to the "inject” posi:ion (indicated by the solid lines in Figure 2.4)
and eluent is pumped through the precolumn to elute whatever has sorbed on the packing.
‘The eluate is collected for a certain period of time to ensure complete elution. It is collected

in a vclurnetric flask up to the calibration mark or it is collected in a volumetric flask for a



Table 2.2  Description of precolumns used in column equilibration experiments.

Tdentification Number Dimensions | Weight orﬁacking (g) |

1 2.0- x 0.40-cm i.d. 0.1540
2 2.0- x 0.30-cm i.d. 0.0871
3 2.0- x 0.40-cm i.d. 0.1510
4 2.0- x 0.20-cm i.d. 0.0388
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P1—>

Probe/Sample

NG
P2— >
Eluent

Y
Flask Waste

Figure 2.4 Column equilibration apparatus. P1 and P2 are HPLC pumps, V is a
sample injection valve and C is a small precolumn packed with the ODS

packing.
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certain period of time and then diluted to volume with eluent. This is the elution step. The
total amounts of each species eluted from the precolumn, including that in the holdup
volume, are then measured by determining the concentration of each of the species in the

solution in the volumetric flask.

2.5.3 Procedure and Solution for Case I: Neutral Sample (Butanol) and

Ionic Probe (NS°)

For the measurement of the NS- loading curve, a solution of NS was pumped
through the precolumn for various times and at various flow rates (1, 2 or 3 mL/min). For
the measurement of the NS- and butanol loading curves, a solution containing NS- and
butanol was pumped through the precolumn for various times at a flow rate of 3 mL/min.
In both cases, the eluent was pumped at a flow rate of 1 mL/min and collected in a 10 mL
volumetric flask up to the calibration mark.

To determine the volume of eluent that is required to completely elute the sorbed
NS- from the precolumn, a solution of NS- was pumped through the precolumn until
equilibrium was achieved, as determined by the loading experiment. Eluent was then
pumped through the precolumn at a flow rate of 1 mL/min and collected in 1 mL fractions.
Each fraction was collected in a 10 mL volumetric flask, after which it was diluted to
volume with eluent. Three fractions were collected for a total eluent volume of 3 mL. To
determine the volume of eluent required to completely elute both sorbed NS- and butanol
from the precolumn, a solution containing NS- and butanol was loaded onto the precolumn
for 2 hours at 3 mLy/min. Eluent was then pumped through the precolumn at a flow rate of
I mL/min and collected in 2 mL fractions. Each fraction was collected in a 10 mL
volumetric flask, after which it was diluted to volume with eluent. Five fractions were

collected for a total eluent volume of 10 n:l ..
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In the butanol isotherm experiment, solutions of butanol were loaded onto the
precolumn for 2 hours at 3 mL/min. Eluent was then pumped through the precolumn at a
flow rate of 1 mL/min and collected in a 10 mL volumetric flask to which pentanol (GC
internal standard) dissolved in = 1 mL of eluent was added. Eluent was collected up to the
calibration mark of the volumetric flask.

In the NS- isotherm without and with butanol present and in the experiments
determining the effect of NS- on butanol sorption and vice versa, solutions containing NS-
alone or NS- plus butanol were loaded onto the precolumn at a flow rate of 3 mL/min for
20 min (i.e. 60 mL) and then at a flow rate of 1 mL/min for 100 min (i.e. 100 mL) for a
total time of 2 hours and a total volume of 160 mL. In all of these experiments the eluent
was pumped through the precolumn at a flow rate of 1 mL/min for 10 minutes. It was
either collected in a 10 mL volumetric flask up to the calibration mark or it was collected in
a larger volumetric flask and then diluted to volume with eluent. Pentanol dissolved in = 1
mL of eluent was added to the volumetric flask in which the eluent was collected.

The concentration of NS- in all the solutions ccilucted from the various column
equilibration experiments was determined spectrophotometrically at 276 nm on a Modc!
3451 A Hewlett Packard diode array spectrophotometer. The concentration of butanol in
the solutions was determined by gas chromatography using a procedure described in
Section 2.6.

Depending upon the experiment being done, the sample solutions contained various
concentrations of NS- and/or butanol in 0.04 mol/L. H3PO4/ 0.03 mol/L NaH,PO4 buffer
at pH2. For the various experiments, the following concentrations were used: (a) For the
NS- loading and elution experiments, the NS- concentration was 1.01 x 10-4 mol/L and
4.08 x 104 mol/L. (b) Fer the NS- pius butanol loading and elution experiments, the NS-
concentration was 2.00 x 10-4 mol/L when precolumn #1 was used and it was 1.00 x 10-4
mol/L when precoluran #2 was used. ine butanol concentration was 2.18 x 104 mol/L

when precolumn #1 was used and it was 2.18 x 10-2 mol/L when precolumn #2 was used.
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(c) For measurement of the butanol isotherm, the butanol concentration was varied from 0
to 0.654 mol/L. (d) In the study of the effect of NS- on butanol sorption, the butanol
concentration was kept constant at 1.09 x 103 mol/L and the NS- concentration was varied
fro: 1 0t0 0.157 mol/L. (e¢) For measurement of the probe isotherms in the absence and in
the presence of butanol, the butanol concentration was kept constant at 0 and at 2.18 x 10-2
mol/L, respectively, and the NS- concentration was varied from 0 to 3.62 x 103 mol/L. (f)
In the study of the effect of butanol on NS- sorption, the NS- concentration was kept
constant at 2.00 x 104 mol/LL while the butanol concentration was varied from 0 to 4.36 x
10-2 mol/L.

The eluent used in these series of column equilibration experiments was
methanol/water (1:1 v/v). Probe/sample and eluent solutions were filtered before use
through a 0.45 pm pore size Nylon 66 filter (Alltech Associates Inc., Guelph, ON). Eluent
and sample solutions were degassed by sparging with helium (Linde), after which a blanket

of helium was maintained over the solution.

2.5.4 Procedure and Solutions for Case II: Cationic Sample (TBA*) and
Cationic Probe (NBTA+)

Table 2.3 gives the experimental parameters and solution concentrations that were
used to measure the loading curve for NBTA* and to determine the volume of eluent
required to completely elute sorbed NBTA* from the precolumn. Also given in Table 2.3
are the experimental parameters and solution concentrations that were used to measure the
NBTA* and TBA* loading curves when both were present in solution and to determine the
volume of eluent required to completely elute both sorbed components from the precolumn.
Each sc'ution had a constant concentration of sodium chloride present as indicated in
column 2 of Table 2.3 and each had its pH adjusted to 5.0 with 1 x 10-4 mol/L acetic

acid/sodium acetate buffer.
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Table 2.3 Experimental parameters for the determination of loading and elution volumes

in column equilibration experiments for NBTA+ and TBA*.

Eluent Time

‘Experiment| [NaCl] | [NBTA+] | [TBA+] x |Loading Time

(mol/L) x 104 105 (min) () (min) (b)

(mol/L) (mol/L)

NBTA* alone | 0.050 1.97 - varied 10
Loading 0.500 2.09
NBTA+alone | 0.050 1.97 - 30 10 ©
Elution 0.500 2.09
NBTA*tplus | 0.050 9.87 1.00 varied 10@
TBA* Loading | 0.500 9.31 1.00
NBTA* plus 0.050 9.87 1.00 75 10 ()
TBA+ Elution | 0.500 9.31 1.00

@ Loading flow rate was 2.0 mL/min.

®) Eluent flow rate was 1.0 mL/min.

© Five, 2 mL fractions were collected and each fraction was diluted to a final volume of

10 mL. Total eluent volume was 10 mL.

@ The collected eluate was diluted to a final volume of 25 mL.

© Five, 2 mL fractions were collected and each fraction was diluted to a final volume of

25 mlL. Total eluent volume was 10 mL..
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For the measurement of the NBTA* sorption isotherms, five series of five solutions
each were prepared with water as the solvent. Each series contained a range of NBTA*
concentrations from 2.00 x 10-3 mol/L to 2.00 x 10-2 mol/L and was characterized by the
fact that it contained one of the following constant concentrations of sodium chloride:
0.050, 0.070, 0.100, 0.300 and 0.500 mol/L.. Each of these twenty-five solutions had its
pH adjusted to 5.0 with 1 x 10-4 mol/L acetic acid/sodium acetate buffer. Column
equilibration experiments were performed in triplicate on each solution.

In the measurement of the NBTA* sorption isotherms, the solutions prepared above
were pumped through the precolumn for 30 minutes at a flow rate of 2 mL/min (i.e. 60
mL). Eluent was then pumped through the precolumn at a flow rate of 1 mL/min for 10
minutes and collected in a 25 mL volumetric flask, after which it was diluted iv volume
with eluent.

For the studies of the simultaneous sorption of NBTA+ and TBA* in the presence
of one another, another five series of five solutions each were prepared in aqueous 1 x 104
mol/L acetic acid/sodium acetate buffer, pH = 5.0. All five solutions in any one series
cuntained one of the five sodium chloride concentrations listed above. All twenty-five
solutions contained the same concentration of NBTA+, 1.86 x 10-3 mol/L, while within
each series, the TBA* concentration was varied from 5.00 x 10-6 to 5.00 x 10-4 mol/L.
Column equilibration experiments were performed in duplicate on these solutions.

In studying the effect of TBA* on NBTA* sorption, solutions containing both
components were pumped through the precolumn at a flow rate of 2 mL/min for 75 minutes
(i.e. 150 mL). Eluent was then pumped through the precolumn at a flow rate of 1 mL/min
and collected in a 10 mL volumetric flask up to the calibration mark except for the lowest
TBA* concentration used at each NaCl concentration. It was collected for 10 minutes at a
flow rate of 1 mL/min in a 25 mL volumetric flask and then diluted to volume with eluent.

In all of the above experiments, the concentration of NBTAY in the solutions

collected in the column equilibration experiments was determined spectrophotometrically at
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260 nm on a Model 8451A Hewlett Packard diode array spectrophotometer. The
concentration of TBA* in the solutions was determined by ion pair solvent extraction of
TBA*-picrate using solvent extraction/flow injection analysis. The procedure is described
in Section 2.7.

The eluent used in this series of column equilibration experiments was
methanol/water (1:1 v/v) containing 0.010 mol/L sodium chloride [34]. All probe and/or
sample solutions and eluent solutions were filtered through a 0.45 um pore size Nylon-66
filter (Alltech Associates Inc., Guelph,ON) before being pumped through the precolumn.
All solutions were also degassed by sparging with helium (Linde), after which a blanket of

helium was maintained over the solution.

2.5.5 Holdup Volume Measurement

The holdup volume includes the void volume of the pacled bed and frits and the
volume of the connecting tubing. In the holdup volume measurement, water is used as an
unretained component and is determined by gas chromatography in ethanol solvent using

methanol as an internal standard.

2.5.5.1 Apparatus and Procedure

The apparatus used to determine the holdup volume of the precolumns is the same
as that shown in Figure 2.4 and described in Section 2.5.2. In this case, the solution
pumped through the precolumn is water and the eluent is ethanol. With valve V in the
"load" position (dashed lines), water is pumped through the precolumn at a flow rate of 1.0
mL/min for 15 min. Valve V is then switched to the "elute” position (solid lines) and
ethanol is pumped throngh the precolumn at a flow rate of 1.0 mL/min into a 10 mL

volumetric flask which cintains a certain volume of methanol internal standard diluted in =
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1 mL of ethanol. For precolumns #1 and #3, 0.50 mL of methanol was used, for
precolumn #2, 0.40 mL of methanol was used and for precolumn #4, 0.20 mL of methanol
was used. Eluate was collected up to the calibration mark of the volumetric flask. The
concentration of water in the volumetric flask was determined by gas chromatography

which is described below.

2.5.5.2 Gas Chromatography of Water for Holdup Volume Measurement

Gas chromatography was performed on a 2.9 m x 1.6 mm i.d. stainless steel
column pur-ked with 50/80 mesh Porapak Q-S (Waters Chromatography) using a Model
3700 gas chromatograph (Varian Associates) with a thermal conductivity detector (TCD).
The parameters used for the holdup volume determination are given in Table 2.4.

Standards were prepared by diluting known volumes of water, along with methanol
internal standard, with ethanol in 10 mL volumetric flasks. The range of concentrations
used in the standards was O to 0.30 mL of water for precolumns #1, #2 and #3 and O to

0.10 mL of water for precolumn #4.

2.5.6 Calibration

In the column equilibration studies using NS- probe, passage of sample solution
through the precolumn for long periods of time was found to slowly deteriorate the ODS
packing such 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 the
packing in the column 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 the stationary phase
(Ws) in equation 1.2. To monitor the decrease in Wg, a solution which contained 2.00 x

104 mol/L NS- in pH 2 buffer was used as a standard and was run between experiments.



Table 2.4  GC parameters for the determination of water in the measurement of

precolumn holdup volumes.

30

[Parameter Value —
Carrier gas Helium

Carrier flow rate 40 mL/min

Column temperature 110°C

Injector temperature 200 °C

TCD detector temperature 220°C

TCD filament current 250 mA

Injection volume 1uL
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Using the amount of NS- sorbed from this standard at any time, t, the correct weight of

packing (Ws ) to be used in place of Wg in equation 1.2 was calculated as

NS, t
= =W
S,t nNS,O S,O (2. 1 )

where nns ¢ is the amount of NS- sorbed from the standard solution at time t, nNg o is the
amount of NS- sorbed from the standard solution by the freshly packed precolumn, and
W5 o is the actual weight of packing in the precolumn. The amount Wg; is equivalent to
the effective weight of packing in the precolumn, Wesf.

No such calibration was necessary for the column equilibration experiments using

NBTA+* and TBA* since Wg did not change.

2... Gas Chromatography for Off-Line Determination of Butanol

In the column equilibration experiments described above, when butanol was eluted
from the precolumn, a small amount of butanol was present in a large amount of methanol
and water (i.e. eluent). Therefore, a method was required to determine small amounts of
butanol under these conditions. Gas chromatography with flame ionization detection was

found to be a suitable technique.

2.6.1 Apparatus and Procedure

The column used to determine butanol was a 3.0 m x 2.1 mm i.d. stainless steel
column packed with 7% w/w Carbowax 20M (F&M Scientific Corp.) on Chromosorb
WAW-DMCS mesh size 100/120 (Manville). The stationary phase was prepared using a

procedure described in reference 58. Peak areas were measured with a Spectra—Physics
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Autolab minigrator. The parameters used for the determination oi butano! are given in

Table 2.5.

2.6.2 Standard Solutions

Depending upon the concentration of butanol in the solution pumped through the
precolumn, different concentration ranges of butanol were used in the standards and
different concentrations of pentanol were used as an internal standard. All standards were
prepared using methanol/water (1:1 v/v) as solvent. In the measurement of the butanol
isotherm, when the butanol concentration in the solution pumped through the precolumn
ranged from O to 2.18 x 102 mol/L, the standard solutions contained 0 to 4.90 x 10-3
mol/L butanol and 1.84 x 103 mol/L pentanol. When the butanol concentration ranged
from 7.63 x 10-2 to 0.654 mol/L, the standard solutions contained O to 6.54 x 10-2 mol/L
butanol and 0.0110 mol/L pentanol. For the effect of butanol on probe sorption and vice
versa, when the butanol concentration in the solution pumped through the precolumn
ranged from 0 to 1.09 x 10-3 mol/L, the standard solutions contained 0 to 3.27 x 10-4
mol/L butanol and 1.84 x 104 mol/L pentanol. When the butanol concentratior: in solution
ranged from 5.45 x 103 to 4.36 x 10-2 mol/L, the standard solutions contained 0 to 7.63 x
10-3 mol/L batanol and 2.76 x 10-3 mol/L pentanol. Note that iz the col'ccted eluate
solutions from the column equilibration experiments, the concentration of pentanol internal

standard was the same as in the Zorresponding standard solutions.
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Table 2.5 GC parameters for the determination of butanol.

Parameter Value _ |
Carrier gas Helium
Carrier flow rate 30 mL/min
Air flow rate 300 mlL/min
Hydrogen flow rate 30 mL/min
Injector temperature 200°C
FID detector temperature 200 °C
Injection volume SuL
Temperature program Eold 65 °C for 6 min
Increase 4 °C/min for 2 min
Increase 3 °C/min for remainder of chromatogram
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2.7 Solvent Extraction/Flow Injection Analysis (SE/FIA) for Off-Line

Determination of TBA+

2.7.1 Principles ¢ . /! JA

Ion pair solvent extraction is a technique that is used for the analysis of ionic solutes
in water [7,59]. 1. -~ -olves the formation of an ion pair between an ionic solute and an ion
of opposite charge (i.e. pairing ion) which extracts into a water immiscible solvent (i.e.
organic phase). By using an ion pairing reagent which absorbs UV or visible light, the
amcunt of solute can he determined from an absorbance measurc: ent of the organic phase.
This technique has been used for the determination of amines and ¢uaternary ammonium
ions [60] where picrate is used as the pairing ion -..d dichloromethune is used as the
organic phase. The concentration of ion pairs in the organic phase is d:t:r.ained by
measuring its absorbance at 375 nm.

Liquid-liquid solvent extraction was automutsd into a flow injection analysis
configuration by Karloerg and Thelander [61] and by Bergamin et al [62]) in 1978. This
technique 1s referred 10 as soivent extraction/flow injeciion analysis (SE/FIA) [€3,64]. Ina
sim-’= ion pair SE/FIA system, the ionic sample is introduced via an injec*::n val* :into a
flowing aqueous phase which contains an excess of the ion pairing reagent. The aqueous
phase is then merged with the flowing organic phase, typically at a "tee" junction, to
produce alternating segments of aqueous phase and organic phase. These segments flow
through a length of Teflon tubing (extraction coil) where the extraction occurs. The
sample, which is initially in the aqueous segments, will extract into te adjoining organic
segments as it flows along the extraction coil. After the extraction is «omplete, the two-
phase flow enters a phase separator which allows only a portion of the organic phase 1o
enter a detector where its absorbance is monitored. Porous membrane phase sejarators are

the most popular type of phase separators [63,64]. They are based on selective



55

permeubility to the phase which wets the membrane material. For example, porous Teflon
is wetted by organic solvents while porous paper is wetted by aqueous phases.

In the present study, ST/FIA based on TBA*-picrate ion pair solvent extraction is
used for the off-line determination of TBA* in the solutions collected in the cciumn
equilibraticn experiments. Although NBTA* is also present in the solutions, it has a very

low extraction constant and does not appre. iably extract to create an interference.

2.7.2 Apparatus and Procedure

A schematic diagram of tl:e SE/FIA apparatus is showil is Figure 2.5. The reagent
solution and solvern.s are contained in 2 L reec=nt bottles which are placed inside specially
constructer! sealed aluminum containers. Constant pressure (10 7sig) from a nitrogen
cylinder (Lindc) is applied to the aluminum cylinders to produce sclvent flow. Valves V1
(part no. CAV2031, Laboratory Data Control (LDC), Riviera Beach, FL) are 3-way valves
which are used to stop or start the flow of a particular stream. Valve V2 (part no.
CAV2031, LDC, Riviera Beach, FL) is a 3-way valve which allows either methanol or
chloroform to be selected. Sample is introduced into « water stream first through a sample
ir.jection valve V5 nipped with a 50 pL loop (Cheminert R-6031 SWP, LDC). The
aqueous reagent (i.e. picrate solution) joins the water stream at tee-fitting T1 (part no. CJ-
3031, LDC). The combined aqueous stream then joins the chloroform stream at tee-fitting
T2 and the resulting two-phase flow passes through a 190 cm long extraction coil
constructed of 0.8 mm i.d. Teflon tubing where extraction of the ion pairs from the
aqueous segments to the chloroform segments occurs. After passage through the extraction
coil, part of the organic phase is separated from the aqueous/organic stream using two
layers of Teflon membrane with pore size 10-20 pm (Zitex, part no. E249-122, Chemplast
Inc., Wayne, NJ) inside the membrane phase separator M. Finally, the organic phase

passes through a spectrophotometric detector D (Model 481, Waters Chromatography,
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Milford, MA) whose wavelength is set at 368 nm. A Recordall Series 5000 recorder R
(Fisher Scientific Co.) is used to record the peaks and a Hewlett Packard Model 3390A
integrator I is used to measure the peak areas.

The flow rates used for the determination were as follows. Total chloroform flow
rate: 1.4 mL/min; total aqueous flow rate: 1.0 mL/min; and chloroform flow rate through

the membrane phase separator: 0.50 mL/min.

2.7.3 Reagent and Standard Solutions

Picric acid was converted to sodium picrate by adding an appropriate amount of
srdiem hydroxide to the picric acid solution. The reagent sol.:ion contained 0.005 mol/L
sodivii picrate. The pH was adjusted to 5 with 1 x 10-4 mol/L acetic acid/sodium acetate
buffer and its ionic strength was adjusted to 0.10 mol/L. with sodium chloride.

The solvent used tu prepare the standards was methanol'water (1:1 v/v) containing
0.010 mol/L sodium chloride. The TBA+* concentration in the standards ranged from 5.00
x 10-6 to 1.00 x 10-4 mol/L.

To test if NBTA* interfered in the determination of TBA+ by SE/FIA, four
solutions were prepared and injected into the SE/FIA system, each containing a constant
concentration of 9.86 x 10-5 mol/L TBA+, and one of the following concentrations of

NBTA+: 0, 9.85 x 10-6,9.85 x 10-5 and ¢ 85 x 10~ mol/L.



Chapter 3

Indirect UV De:2ction Chromatography

3.1 Introduction

There are several examples in the literature in which indirect UV detection HPLC
has been used te: detect nor: JV absorbing sample species. A vaiiety of compounds hive
been used as probes and samples. Schill and co-workers primarily used naphthalene-2-
sulfonate and 1-phenethyl-2-picolinium as an anionic and cationic probe, respectively
14,5,26,27,65]. Various straight cbh.’n amines, sulfates, sulfonates and alcohols were used
as sample species.

Naphthalene-2-sulfonate has been used to indirectly detect amino acids {4] and
more complex species such as metheneamine [66]. Amino acids havs been indirectly
detected using copper ions as a p-obe in which the formation of amino acid-copper
complexes brings about the indirect detection [67]. Cationic probes have been used to
indirectly detect carboxylic acids [4] and bile acids [68].

The technique has been applied to inorganic sample species. Inorganic anions have
been detected using both organic cations [69-71] and iron (II) complexes as probes [72)
while lanthanide ions have been detected using various sulfonic acids as probes [73]. |

Although indirect UV detection has mainly been used with ionic probe and sample
species, it has also been applied to nonioric systems. Several neutral probes such as
salicylamide {25,74], benzamide [75,76], anthrac:ne {77], p-nitrophenol [78], toluene
[79], theophylline [80] and benzyl alcohol [81] have been used to detect neutral sample

species such as alcohols, esters and amides.
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In addition to its use in quantitative analysis, the technique of indirect detection has
been used in the study of system peaks [82-91]. System peaks are generally regarded as a
nuisance in quantitative analysis since they can overlap with sample peaks in the
chromatogram as well as inffuence the magnitude of the indirect detection response.
However, several workers are interested in the information that can be obtained from them
[87,88] as well as how they interact with the sample zone to bring about variations in
response and peak shape [82,83,91].

As has been stated previously, the main requirement necessary to carry out indirect
detection is the addition of a detectable component to the mobile phase. Although: this

rimarily concerned with indirect UV detection, the technique has been applied to
aodes of detection and to other forms of chrematography.

The principles for indirect fluorescence detection are the same as those for indirect
UV detection except thai fluorescence rather than UV absorbance is measured [92-96].
Indirect fluorescence detection has primarily found use in micro-column HPLC and in
capillary zone electrophoresis.

One of the earliest applications of indirect detection was ir ion excharge
chromatography where a UV absorbing coion is added to the eluent [97-99]. As the probe
exchanges for sample ions sorbed on the resin, negative peaks appear in the chromatogram
at the sample retention time. Indirect conductivity detection has been used in ion exclusion
chromatography where the sample species alter the conductivity of the the eluent [100].
Neutral sample species reduce the conductivity and give rise to negative peaks in the
chromatogram.

Several different types of RPBPs have been used as the stationary phase in indirect
detection systems [25,65,73,74,101,102]. In some cases it was found that residual silanol
groups play a role in the separation [26]. By using a RPBP with a high surface coverage,

eftects from residual silanol groups can be minimized. Since Whatman Partisil-10 ODS-3
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is reported to have at least 95% surface coverage, it was chosen as the stationary phase in
all studies.

The primary purpose of the research described ir. -:is chapter was to observe
indirect detection in chromatograms obtained using this particular RPBP and to achieve
familiarity with the technique, in the process. The goal was to confirm the response
patterns and other observations that have been dascribed in the literature and that were
presented in Chapter 1. Naphthalene-2-sulfonate was chosen as the probe in these studies
since it has been widely used [4,5,26,27,65,66] and studied [103] as a probe for indirect
UV detection. Both elution chromatography and frontal chromatography were done using

indirect UV detection.

3.2 Theory

3.2.1 Sorption Isotherms

The sorption of a solute i onto a RPBP from a solution is usually presented in the
form of a sorption isotherm [104-107]. A sorption isotherm is a plot of the solute
concentration in the stationary phase, Cs; (mol/kg), v#rsus the solute concentration in the
mobile phase, Cp s (mol/L). A ty}:ical sorption isotherm is shown in Figure 3.1.

The distribution coefficient of a solute, Kp, is defined as follows.

Kp;:=
D= Cmi G.1)

Its value can be determined from the sorption isotherm, for any solute concentration in the

mobile phase, by calculating the slope of the straight line drawn through the origin and the



Cs,j (mol’kg)

Cmj (mol/L)

Figure 3.1 Hypothetical sorption isotherm (solid line) for a solute i{. The distribut.on

coefficient at any point is the ratio Cs ;/Cy ;.
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pei - a the isotherm corresponding to the particular mobile phase concentration. This is
illustrated in Figure 3.1.

There are generally three types of simple isotherm shapes that are observed
experimentally [104-107]. They are shown in Figure 3.2 and are categorized by how the
distribution coefficient varies with solute concentration in the mobile phase. For a linear
isotherm, Kp; is constant at all Cp, ; (Figure 3.2a). In a convex isotherm, Kp,i decreases
as Cp,; increases (Figure 3.2b) while in a concave isotherm, Kp,; increases as Cp,;
increases (Figure 3.2c). It should be noted that both convex and concave isotherms
become linear at very low Cpy;. Chromatography done in the linear region of the isotherm
is referred to as linear chromatography while chromatography done outside the linear
region of the isotherm is referred to as nonlinear chromatography.

A convex isotherm is the m: © common ~ jerm shape observed in
chromatography. It is called a Langmuir i-:-ther n when it reaches a plateau and can be

described by the Langmuir equation [104,105,107):

Cei= K Cs,i.max Cm,i
71+ KCny (3.2)

In the equation K is a constant and Cg ; max is the maximur: concentr:*ion of solute in the

stationary phase. Equation 3.2 can also be written in the following linear form.

1 _ 1 +—1
Cs,i KCsimaxCmi Cs,imax (3.3)

According to this equition, a plot of 1/Cs,; versus 1/Cy ; is a straight line if the
isotherm is Langmuirian. The basis for the Langmuir equation is that there is only a limited
number of sorption sites for the solute molecules. When these sites are all occupied, solute

can no longer sorb and the isotherm therefore approaches a constant value.
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Figure 3.2 Common isotherm shapes in chromatography.
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Convex isotherms can sometimes be described by the Freundlich equation

[104,107}:

Cs,i =4 (Cmy) b (3.4)

where a and b (<1) are constants. Equation 3.4 can be written in the following linear form.

InCsi=lna+bInCpy; (3.5)

A plot of In Cg ; versus In Cyy ; is therefore a straight lir2 if the isotherm follows the
Freundlich equation. A Freundlich isotherm does not approach a limiting value. The

Freundlich equation simply serves as an empirical fitting function.

3.2.2 Rate of Travel of Sample Molecules and of Probe Concentration

Pulses

In indirect detection, a sample is injected onto a column and produces a disturbance
in the probe equilibrium which gives rise to a probe pulse in which the probe concentration
is either lower or higher than its concentration in the absence of sample. Figure 3.3
illustrates the various cases. In Figure 3.3a, a sample is injected onto a colvmn in which
there is no probe present. In Figure 3.3b and Figure 3.3c, a positive probe concentration
pulse (i.e. higher probe concentration) and a negative probe concentration pulse (i.e. lower
probe concentration), respectively, are injected onto a column which has come to
equilibrium with probe. The equilibrium amount of probe in the region outside the injected
zone is designated as Ceq. Figure 3.3d illustrates the case of indirect detection where a
sample is injected onto a column that is at equilibrium with probe. In this particular

example, a positive probe concentration pulse, whose retention time is longer than the
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equilibrium probe concentration on the column, Ceq- (c) Injection of a
probe concentration pulse whose concentration is lower than Ceq- (d)

Injection of sample molecules onto a column which has come to equilibrium

with probe.
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sample retention time, is produced. Recall that both positive and negative probe

concentration pulses can be produced by the injection of sample in indirect detection and

that probe concentration pulses can have a shorter or longer retention time than the sample.
The rate of travel of sample molecules injected onto a column, v, is governed by

the distribution coefficient (Figure 3.1) according to the following equation {108]:

- 1
Koa[2SE) 1
VMmp

Vm X VMmP

(3.6)

where vMp is the rate of ¢ avel of the mobile phase, Wgp is the weight of stationary phase
in the column and Vp is the volume of mobile phase in the column. The ratio Wsp/Vmp
is the so-called phase ratio.

The propagation rate, vp, of a probe concentration pulse which is either injected
onto a column (Figures 3.3b and 3.3c¢) or which is produced by a sample injection (Figure
3.3d) is governed by the slope of the tangent to the isotherm, ACg ;/ACy ;, at Cpy

according to the following equation [108]:

Vp= 1 X VMP

A G (WSP) +1

A Cm,i Vme

(3.7)

The calculation of AC; ;/AC,; is illustrated in Figure 3.4.

It is instructive to compare the migration rate of a zone of (sample) compound i
upon its injection onto a column that initially contains no i with the migration rate of a
puise of the same compound i (now a probe) injected at a lower or higher concentration
onto a column that initially was equilibrated with compound i. Comparing equations 3.6
and 3.7, the rate of travel of sample molecules and of a probe concentration pulse

composed of the same compound will be identical only under the conditions of linear



Cs,; (molkg)

0 Cmj (:nal/L)

Figure 3.4 Calculation of the distribution coefficient for a probe concentration pulse.
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chromatography (i.e. Kp,; is constant). In the case of nonlinear chromatography, the two
rates will not be the same. However, if the probe concentration in the injected pulse is only
slightly different than the concentration of probe at equilibrium with the column, then the

term (AC; /ACp, ;) in equation 3.7 will be constant, but its value will be different from

Kp,; 1n equation 3.6.

3.3 Results and Discussion

3.3.1 Probe Breakthrough

The absorption spectrum of naphthalene-2-sulfonate (NS-) is given in Figure 3.5.
It has a wavelength of maximum absorption at 276 nm and the molar absorptivity at this
wavelength is 4860 L/(mol-cm). Its molar absorptivity is sufficiently high to make it a
good choice as a probe for indirect UV detection.

The breakthrough curve recorded for NS- probe in pH 2 buffer on Partisil-10 ODS-
3 is shown in Figure 3.6. The retention volume of the probe is 138 mL which corresponds
to a capacity factor of 47.3 £ 0.2. A slightly larger volume than this is required in order to
achieve complete probe breakthrough and baseline stability. Since the column is initially
equilibrated with solvent only (i.e. no probe present), when the mobile shase containing
probe is pumped through the column, the probe retention volume is related to its sorption
isotherm in the manner shown in Figure 3.1. The probe capacity factor calculated above is
the value that would be obtained if NS- was injected as a sample into a mobile phase
composed of pH 2 buffer only and if the NS- concentration was in the linear region of its
isotherm.

For the particular concentration of NS- used in the mobile phase (2.00 x 10-4

mol/L), the baseline absorbance after breakthrough is approximately 1 A.U. Since the
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Figure 3.5 Absorption spectrum of 2.00 x 104 mol/L NS- probe in 0.04 mol/L H3PO4/
0.03 mol/lL. NaH,PO4 (pH=2) versus 0.04 mol/L H3P04/0.03 mol/L

NaH7PQOj4. Path lengthis 1 cm.
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Figure 3.6 NS- probe breakthrough curve on Partisil- 10 ODS-3 analytical column. The
composition of the mobile phase is 2.00 x 104 mol/L NS- in 0.04 mol/L
H3P04/0.03 mol/L NaH,PO4 (pH=2). Experim:ntal conditions are given
in Table 2.1.
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change in probe absorbance brought about by a sample injection will be small, the high

absorbance is electronically offzet to a value close to zero for subsequent sample injections.

3.3.2 Temperature Effect

Chromatographic systems used for indirect UV detection must be very stable in
terms of temperature and (puiscless) flow rate in order to achieve good response and
precision [4,6]. Due to the higzh background absorbance, baseline drifting and noise are
inherent problems of indirect UV detection systems [109].

When indirect UV detection is performed by liquid chromatography, the absolute
value of the mobile phase optical absorbance is what constitutes the baseline signal of the
chromatogram. This baseline absorbance is relatively high, while the change in absorbance
which is observed when a sample or system peak elut=s is relatively small. This is because
analytical chromatography is performed under conditions where the sample isotherm is
linear, which requires a low sample concentration. Consequently, the additional number of
moles of probe transferred from the stationary phase to the mobile phase, or vice versa, in
the sample zone usually represents only a small fraction of the moles of probe present in the
mobile phase in the absence of sample.

Another variable, in addition to the presence of sample, which can produce changes
in the amount of probe sorbed from a given mobile phase, is temperature. Since changes in
probe sorption induced by the presence of the sample are small, it is possible that small
changes in temperature, such as the normal fluctuations in a constant temperature bath, can
produce baseline absorbance shifts that are comparable in magnitude to sample and system
peaks.

Previous reports of studies which have used NS- as a probe have mentioned the
need for thermostatting [4,6,77,109], but none have quantified the effect of temperature or

demonstrated how critical the temperature control can be. Under the conditions employed
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in the present study, these temperature effects were profound. Shown in Figure 3.7 are the
baseline charge:. that are brought about bv small temperature changes. The barseline
(dashed line) in Figure 3.7 represents the absorbance of the mobile phase at 25.1 °C, after
the p-obe has achieved complete breakthrough on thz column. At point "a", the column
1emperature is lowered by 1.7 °C and held at the ncw temperature (23.4 °C). This
increases the distribution coefficient of NS~ along the whole column and causes the
absorbance to decrease temporarily. The difference in volume between the descending
front, at 130 mL, and the ascending rear, at 190 mL, of the broad negative plateau
following point "a" is equal to the retention volume of the probe. In this case the retention
volume is shorter than that found from the breakthrough curve in Figure 3.6 since probe is
already present in the mobile phase. The retention volume is determined from the slope of
the tangent to the probe isotherm at Cy N§ = 2.00 x 10-4 mol/L. After the plateau, the
column has been completely re-equilibrated at 23.4 °C. This is indicated by a return of the
signal to the original baseline since this represents the absorbance of the constant
composition mobile phase entering the column. At point "b", the temperature is raised by
0.4 °C to 23.8 °C which decreases the probe distribution coefficient from its previous
value at 23.4 °C and causes probe to desorb into the mobile phase. After the resulting
positive plateau, the signal again returns to its original baseline value.

To show how sensitive the system is to changes in temperature, a plot of the plateau
absorbance at various temperatures is shown in Figure 3.8 and the data are given in Table
3.1. The plot is linear over this small temperature range, with a slope of 0.0220 % 0.0002
A.U./°C. This means that the baseline absorbance will shift by 0.022 A.U. fora 1 °C
temperature change. This is seen to be a significant temperature dependence when it is
realized that sample and systems peaks typically produce absorbance changes of
approximately 0.02 A.U. and that the detector sensitivity is often set at 0.05 A.U.F.S. At

this detector sensitivity, short term temperature fluctuations of + .04 °C will produce

baseline excursions of 2% of the full scale deflection which appears as baseline noise in the
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Absorbance versus volume of solution passed through column with
changing temperature. The dashed line is the baseline absorbance for the
mobile phase composition given in Figure 3.6, after the probe has achieved
complete breakthrough on the column. The initial temperature was 25.1 °C.
At point a, the temperature of the column was decreased to 23.4 °C. At
point b, the temperature was increased to 23.8 °C. Experimental conditions

are given in Table 2.1.
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Figure 3.8 Plateau absorbance versus column temperature. See Figure 3.7 for details.

Experimental conditions are given in Table 2.1.
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Table 3.1 Plateau absorbance versus column temperature data. Mobile phase
composition is 2.00 x 10-4 mol/L NS- in 0.04 mol/L H3PQ4/0.03 mol/L
NaH,PO4 (pH =2). Experimental conditions are given in Table 2.1.

Absorbance (A.U.) Temperature CC) 1
22.0

0.932 £+ 0.002

0.951 £ 0.002 22.9
0.963 £ 0.002 234
0.972 £ 0.002 23.8
1.000 + 0.002 25.1
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chromatogram. Thus, it is desirable to thermostat the system with a precision closer to
0.01 °C. To achieve the necessary high precision temperature control while using a water

bath that is rated at & 0.04 °C precision, a special double-walled water jacket shown in

Figure 2.3 was used.

3.3.3 Sample Injections

The rate of travel of the injected sample will be determined by Equation 3.6. When
the sample is injected into an indirect detection chromatographic system, the change in the
amount of probe sorbed is very small. As a result, the probe concentration pulse that is
created can be treated as a linear perturbation such that the probe distribution coefficient is
constant (i.e. AC ;/ACn ; in equation 3.7).

In the following sections, the chromatographic results for various samples that are
injected and detected in an indirect UV detection mode using NS- as probe are discussed.

The results are summarized in Tables 3.2 - 3.4.

3.3.3.1 Injection of Mobile Phase without Probe as a Sample

With a mobile phase composition of 2.00 x 10-4 mol/L NS- in 0.04 mol/L
H3P04/0.03 mol/L. NaH2POy4 buffer (pH = 2), a solution of 0.04 mol/L. H3P04/0.03
mol/L NaH2POg4 buffer (i.e. mobile phase without probe) is injected as a sample into the
chromatographic system. In the resulting chromatogram (not shown) a single peak in a
negative direction appears at a retention volume of 61.6 mL (k' = 19.5 +0.1).

In this case, there is only one peak. The additional peak of opposite direction
usually observed in indirect detection chromatograms is absent. When a sample of buffer-
only is injected onto the column, some probe desorbs from the stationary phase until

equilibrium is established in the sample zone. The sample zone can simplv be viewed as a
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zone migrating through the column which is deficient in probe compared to the equilibrium
baseline probe concentration when no sample is present. As this zone passes through the
detector it produces a negative peak. Considering the previous discussion in Section 3.2.2,
injection of buffer-only is the same as injecting a negative probe concentration pulse onto
the column (see Figure 3.3c). The retention volume of the negative peak produced in this
case is related to the probe sorption isotherm in the manner shown in Figure 3.4 and its rate

of travel is calculated from equation 3.7.

3.3.3.2 Injection of Probe as Sample

The results for the injection of two solutions, one containing 6.17 x 104 mol/L N§-
and the other containing 1.04 x 10-4 mol/L NS-, both prepared with the same pH 2 buffer
as that used to prepare the mobile phase, are given in Table 3.2. The NS- concentration in
the mobile phase is 2.00 x 104 mol/L in pH 2 buffer. In each chromatogram a single peak,
one in the positive direction and the other in the negative direction, respectively, appears in
the chromatogram at the k' of the probe. The k' is the same as that determined above by
the injection of buffer only. These cases are similar to the injection of buffer-only and can
simply be treated as probe concentration pulses migrating through the column which
contain an excess and deficiency of probe respectively.

When a sample containing several components is injected into an indirect detection
chromatograph, several peaks will appear in the chromatogram, one of which is the probe
system peak. In the concentration range where AC; /ACm ; has a constant value, the
system peak has a constant retention volume, regardless of the sample injected. Therefore, -
injecting a sample of probe, whose concentration is lower or higher than the probe
concentration in the mobile phase being pumped through the column, provides a means of

identifying the probe system peak.
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Table 3.2 Results for the injection of buffer and NS- probe concentration pulses on

Partisil-10 ODS-3. Experimental conditions are the same as in Table 2.1.

Sample Peak System Peak
Buffer - Negative
6.17 x 104 mol/L NS~ - Positive
1.04 x 10 mol/L NS- 19.3 - Negative

(@) Prepared in 0.04 mol/L H3P04/0.03 mol/L. NaH2POy3 buffer (pH=2).
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3.3.3.3 Injection of Inert Electrolyte Samples

To investigate the effect of ionic strength, samples were prepared which contained
the same probe concentration as that in the mobile phase (i.e. 2.00 x 104 mol/L.) using pH
2 buffer as solvent. However, the concentrations of H3PO4 and NaH2PO4 used to
prepare the buffer were different than those used in the preparation of the mobile phase (i.e.
0.04 mol/L. H3PO4/0.03 mol/L. NaH,POy) in order to vary the ionic strngth. The samples
were subsequently injected into the chromatographic system and ti:c results are given in
Table 3.3. A sample of 0.0710 mol/L sodium nitrate prepared with mobile phase
(containing probe) as solvent was also injected. |

Two peaks were observed in the cases of different buffer concentrations. The first
peak was a sample peak due to the unretained buffer comi)bnents and e'uted at the void
volume of the column. The second peak was the system peak due to the probe and cluted
at K'sys.

It is generally observed that when ionic strength is increased, scrption of an ionic
species is increased [110,111]. Injection of a sample whose ionic strength is lower than
that of the flowing mobile phase is therefore the same as the case of a sample which
decreases probe sorption (see Figures 1.5 and 1.6). Similarly, injection of a sample whose
ionic strength is higher than that of the flowing mobile phase is the same as the case of a
sample which increases probe sorption (see Figures 1.7 and 1.8). In bott cases, the
pattern of peaks is consistent with the response pattern of a sample which elutes before the
probe and decreases or increases probe sorption respectively.

Injection of a sample of sodium nitr:te is the same as the case of a higher ionic
strength sample which increases probe sorption. However, the chromatogram in this case
had both sample (NaNO3) and system peaks positive. The positive probe system peak was

consistent with a sample that increases probe sorption. The positive sample peak, on the
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Table 3.3 Results for the injection of inert electrolyte and water samples on Partisil-10

ODS-3. Experimental conditions are the same as in Table 2.1.

Sample K'smp | K'sys | Sample Peak | System Peak
Low lonic Strength 0 [ 178 Positive Negative
(0.021 mol/L H3POg4 /
0.015 mol/L. NaH2PO4)
High Ionic Strength 0 18.1 Negative Positive
(0.084 mol/L H3PO4 /
0.063 mol/L. NaH7POy4)
0.0710 mol/L NaNO03 0 18.0 Positive Positive
Water 0 19.7 Positive Positive/Negative*

* Split peak
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other hand, was due to the inherent absorbance contribution of nitrate at 276 nm which
dominates the (negative) indirect detection contribution of the probe and thus gave rise to a

positive peak with k' = O since sodium nitrate is unretained [4].

3.3.3.4 Injection of Water as a Sample

Injection of water as a sample would be expected to give a result which is a
combination of the buffer-only injection in Section 3.3.3.1 and the injection of a lower
concentration of inert electrolyte in Section 3.3.3.3. The chromatogram obtained is shown
in Figure 3.9. The results are summarized in Table 3.3.

The first peak is a sample peak due to the unretained buffer components which elute
at the void volume of the column (k'smp = 0). The second peak is the probe system peak
since it elutes at K'sys as determined from the probe concentration pulses injected in Section
3.3.3.2 (see Tables 3.2 and 3.3).

Since the sample is deficient in both probe and buffer components, the ionic
strength of the sample zone is lower than that in the surrounding mobile phase. From the
discussion in the previous section, the sample decreases probe sorption and produces a
positive peak at the retention volume of the unretained buffer components.

In the case of the probe system peak, a negative peak should be observed at the
probe retention volume since injection of water as a sample can be viewed as injection of a
negative probe concentration pulse. Instead, a split peak is obtained which is centered at

k'sys (see Table 3.3 and Figure 3.9).
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Figure 3.9 Indirect UV detection chromatogram on Partisil-10 ODS-3 for the injection

of water as a sample using the experimental conditions given in Table 2.1.
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3.3.3.5 Injection of Cationic, Anionic and Neutral Sample Species

Organic ammonium ions, sulfonates and alcohols are injected into the
chromatographic system as cationic, anionic and neutral sample species respectively. The
direction of the sample and system peaks and their capacity ratios are given in Table 3.4.

In all cases, the response pattern discussed in Chapter 1 and given in Table 1.1 is
obeyed. The only exception is p-phenylazobenzenesulfonate (PBS-) in which case both the
sample and system peak are positive. In this particular case, where the sample elutes after
the probe and has the same sign of charge as the probe, a positive system peak followed by
a negative sample peak is expected to appear in the chromatogram. The positive sample
peak that appears is easily accounted for by the fact that PBS- has an inherent UV
absorbance at the detection wavelength of 276 nm. The cverall peak is the sum of the
(negative) contribation from indirect detection and the (positive) contribution from the
inherent absorbancé, with the latter contribution dominating [4).

It should be noted that the variation in k'sys in Tables 3.2 to 3.4 is due to the
deterioration of the column over time as mobile phase is pumped through it, as was
discussed in Section 2.5.6. The samples were not injected at the same time, but they were
run over a period of time and in between several other experiments. Since previous
experiments were run on the column before samples were injected, both the k'smp and K'sys
experimental values are expected to be lower than they would have been on a new column.
Experiments performed on a brand new column gave a value for k'sys = 26.4 £ 0.1.

Therefore, the results in Tables 3.2 to 3.4 are 25 - 35 % lower than the original values.
3.3.3.6 Magnitude of Indirect Detection Response

In the case of the hexanesulfonate sample, a quantitative study was done in which

various concentrations of hexanesulfonate were injected and the sample and system peak
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Table 3.4 Results for the injection of cationic, anionic and neutral samples on Partisil-10

ODS-3. Experimental conditions are the same as in Table 2.1.

Sample K smp K'sys Sample Peak ]| System Peak
5.15 x 104 mol/L 4.33 £ 0.02 19.8 Positive Negative
Pentanesulfonate
6.05 x 10-4 mol/L 13.6 18.2 Positive Negative
Hexanesulfonate
1.32 x 10-3 mol/L. 445 £ 0.2 17.5 Negative Positive
Heptanesulfonate
1.01 x 10-3 mol/L 35.5 17.1 Positive Positive
p-phenylazobenzene-
sulfonate
4.18 x 104 mol/L 6.28 + 0.02 19.6 Negative Positive
Pentyl amine
5.05 x 104 mol/L 614 £0.2 20.8 Positive Negative
Heptyl amine
1.09 x 10-2 mol/L 6.23 £ 0.02 17.9 Negative Positive
Butanol
1.82 x 10-3 mol/L. 20.8 17.7 Negative Positive
Pentanol
1.17 x 10-2 mol/L. 66.7 £0.2 17.7 Negative Positive

Hexanol
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heights were measured. The results are plotted in Figure 3.10 and are given in Table 3.5.
Both the sample and system peaks gave a linear response with hexanesulfonate
concentration which shows that the technique is suitable for quantitative analysis.

An in depth study into the magnitude of the response and how it varies with k'smp
versus K'sys (see Figure 1.3) and sample type was not undertaken as it was not of primary
concern in this thesis. As well, peak areas were not measured in the experiments.
However, from simple observation it was found that much higher concentrations of neutral
samples had to be injected compared to ionic samples in order to achieve the same indirect
detection response. For example, pentyl amine and butanol have similar capacity ratios and
give similar responses in terms of peak area (from visual observation), but the injected
concentration of butanol was 25 times larger than that of pentyl amine (see Table 3.4).
This behaviour is consistent with that generally observed in the literature for neutral

samples.

3.3.4 Frontal Chromatography

Frontal chromatography is performed using indirect UV detection for the specific
case of the butanol sample. Two cases are investigated using a low and a high
concentration of butanol in the mobile phase. Based on the response pattern for the
injection of a butanol sample, obtained by doing elution chromatography above, butanol
decreases NS- probe sorption. On a brand new column, when a 0.109 mol/L. butanol
sample is injected into the chromatographic system, the retention volume of the butanol
sample peak was 27.3 mL (k'smp = 8.51 £ 0.03) and the retention volume of the probe
system peak was 78.5 mL (k'sys = 26.4 £ 0.1). Frontal chromatography was done on the
same new analytical column.

The frontal chromatograms obtained in the presence of a low butanol concentration

(1.09 x 10-3 mol/L) and a high butanol concentration (1.09 x 10-2 mol/L) are shown in
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Figure 3.10 Magnitude of the indirect UV detection response for hexanesulfonate

sample. Experimental conditions are given in Table 2.1.
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Table 3.5 Response magnitude for hexanesulfonate sample on Partisil-10 ODS-3.

Experimental conditions are the same as in Table 2.1.

[Hexanesulfonate] x 103

(mol/L) (mm) (mm)
2.42 3.3 2.0
12.1 17.1 113
60.5 78.6 52.6
121 155.6 96.2

Sample Peak Height

System Pcak Height
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Figures 3.11 and 3.12 respectively. The retention volumes of the various ascending and
descending portions observed in both chromatograms are given in Table 3.6.

At point A in both figures, the mobile phase is changed from one containing 2.00 x
10-4 mol/L NS- in pH 2 buffer to one containing the same NS- and buffer concentrations
and 1.09 x 10-3 mol/L or 1.09 x 10-2 mol/L butanol. Chromatograms #1 (Figure 3.11) and
#3 (Figure 3.12) are subsequently obtained. At point B in both figures, the mobile phase is
switched back to the original mobile phase containing probe only and chromatograms #2
(Figure 3.11) and #4 (Figure 3.12) are obtained. Since butanol decreases probe sorption,
there is a positive plateau absorbance when butanol is introduced in the mobile phase and a
corresponding negative plateau absorbance when butanol is removed from the mobile
phase. Comparison of the retention volumes for the ascending and descending portions of
the frontal chromatograms with those for the sample and system peaks in the elution
chromatogram (given in the footnote of Table 3.6) shows that the initial absorbance
increase or decrease in all chromatograms occurs at a volume close to the retention volume
for butanol and the return to the original baseline in all chromatograms occurs at a volume
close to the retention volume for the probe.

The general appearance of the frontal chromatograms at both low and high butanol
concentrations can be explained as follows. Consider first only chromatograms #1 (Figure
3.11) and #3 (Figure 3.12). Mobile phase containing only probe in pH 2 buffer is pumped
through the column until complete probe breakthrough has been achieved. Then, mobile
phase containing both probe and butanol in pH 2 buffer is introduced into the column. The
introduction of butanol can be viewed as a series of very small increments. When the first
increment containing butanol enters the column, some probe desorbs from the stationary
phase. As this initial increment migrates down the column, probe continues to desorb from
the stationary phase. At some point probe no longer desorbs in this increment because
equilibrium has been achieved between the mobile phase and the stationary phase. This

process occurs for each successive increment containing butanol except that it has to travel
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Figure 3.11 Frontal chromatograms for the low butanol concentration case. At point A,
the mobile phase is changed from 2.00 x 10-4 mol/L. NS- in 0.04 mol/L
H3P04/0.03 mol/L NaHPO4 (pH=2) to 2.00 x 104 mol/L NS- and 1.09 x
10-3 mol/L butanol in pH 2 buffer and chromatogram #1 is obtained. At
point B, tii¢c mobile phase is changed from 2.00 x 104 mol/L NS- and 1.09
x 103 mol/L butanol in pH 2 buffer to 2.00 x 10-4 mol/L. NS- in pH 2

buffer and chromatogram #2 is obtained.
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Figure 3.12 Frontal chromatograms for the high butanol concentration case. At point A,
the mobile phase is changed from 2.00 x 10-4 mol/L. NS- in 0.04 mol/L
H3P04/0.03 mol/L NaH,PO4 (pH = 2) to 2.00 x 10-4 mol/L NS- and 1.09
x 102 mol/L butanol in pH 2 buffer and chromatogram #3 is obtained. At
point B, the mobile phase is changed from 2.00 x 104 mol/L NS- and 1.09
x 10-2 mol/L butanol in pH 2 buffer to 2.00 x 10-4 mol/L NS- in pH 2

buffer and chromatogram #4 is obtained.
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Table 3.6 Frontal chromatography on Partisil-10 ODS-3 for two different butanol
concentrations. The composition of the mobile phase was 2.00 x 10 mol/L
NS- in 0.04 mol/L. H3P04/0.03 mol/L NaH2PO4 (pH = 2) either without or

with butanol present. The experimental conditions are given in Table 2.1.

1.09 x 10-3 mol/L butanol

Mobile Phase

Ascending VR

Descending VR

Area

Comgosition(a) (mL)(b) (mL)(b) (A.U.)(b)
NS- — NS- + butanol 256 0.2 69.1 £ 0.1 1110+ 10

#1
#2 | NS-+ butanol — NS- 722 +£0.3 26.0 £ 0.1 1120+ 10
1.09 x 10-2 mol/L butanol
Mobile Phase Ascending VR | Descending VR Area
Comgosition(a) | (mL)(b) (mL)(b) (A.U.)(D)
#31 NS-— NS- + butanol 21.6+£0.3 595 +0.1 1510 10
#4 1 NS- + butanol — NS- 74.3 £ 0.1 21.8 £ 0.1 1640 £+ 10

@ Indicates how the mobile phase composition was changed in obtaining the frontal
chromatogram.

® Average of duplicate runs.

NOTE: From elution chromatography, VR butanol = 27.3 mL and VR Ns = 78.5 mL.
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a further distance down the column before it comes to equilibrium. When the first
increment exits the column, the absorbance increases and an ascending front is observed in
the chromatogram at the butanol retention volume. Since each successive increment has the
same probe concentration in the mobile phase, the absorbance remains temporarily constant
to give the plateau in the chromatogram. Eventualiy, the entire column comes to the new
equilibrium concentrations such that additional increments entering the column are already
at equilibrium and probe no longer is desorbed from the stationary phase. As a result, the
increments have the same probe concentration as the initial mobile phase containing probe
only, so the absorbance returns to the original value which produces the descending portion
at the rear of the chromatogram. This descending portion occurs at the retention volume of
the probe.

Relating these results to the indirect UV detection elution chromatogram that is
obtained with butanol sample using NS- probe, the positive butanol sample peak is the
same as the ascending butanol front in the frontal chromatogram. Similarly, the negative
probe system peak is a result of the column returning to the original equilibrium before
sample was injected (i.e. descending portion at probe retention volume in frontal
chromatogram).

When the mobile phase is switched back to mobile phase containing probe only in
pH 2 buffer (chromatograms #2 in Figure 3.11 and #4 in Figure 3.12), the reverse process
occurs with probe sorbing back into the stationary phase. A descending front is observed
at the retention volume of butanol and there is an increase in absorbance at the retention
volume of the probe, as seen at the rear of the frontal chromatograms.

In either case (i.e. low or high butanol concentration), the area above or below the
frontal chromatograms, relative to the baseline (dashed line), should be the same since the
amount of probe that is desorbed by butanol should be resorbed when butanol is removed.
The areas below or above the broad plateaus, relative to the baseline, are given in Table

3.6. Atlow butanol concentration, the areas are essentially identical while at high butanol
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concentration there is a bit of discrepancy. This could perhaps be due to the nonlinearity of
the detector as a result of the high absorbance due to desorption of probe in addition to the
concentration of probe that is already present in the mobile phase. The smaller arca
obtained for chromatogram #3 compared to chromatogram #4 is consistent with the
absorbance being out of the linear range of the detector.

Although the general behaviour is the same regardless of the butanol concentration
present, the shapes and the locations of the ascending and descending portions depend
upon the butanol concentration and are related to the butanol sorption isotherm. When a
high concentration of butanol is present in thc mobile phase, the ascending front in
chromatogram #3 and the descending front in chromatogram #4 of Figure 3.12 occur at an
earlier retention volume compared to when butanol is injected as a sample in elution
chromatography and when a low concentration of butanol is present in the mobile phase
(i.e. ascending front in chromatogram #1 and descending front in chromatogram #2 of
Figure 3.11). This can be explained in terms of the butanol sorption isotherm. The higher
concentration of 1.09 x 10-2 mol/L lies on the convex portion of the butanol isotherm (see
Chapter 4), so its distribution coefficient and retention volume are smaller than at the lower
concentration of 1.09 x 10-3 mol/L. The fronts are also sharper, which is evidence of the
"self-sharpening” that is expected to result from a convex isotherm. In the case of the
descending portion at the rear of chromatogram #3 in Figure 3.12, the presence of a high
concentration of butanol displaces more probe such that the probe distribution coefficient is
reduced. Since the NS- probe isotherm is also convex and starting to become nonlinear at
2.00 x 10-4 mol/L (see Chapter 4) the descending portion should occur at a smaller probe
retention volume which is indeed observed. On the other hand when the high concentration
of butanol is removed, the probe distribution coefficient is increased and it migrates at a
slower rate which is why the ascending portion at the rear of chromatogram #4 in Figure
3.12 occurs at a later time than the descending portion in chromatogram #3. In contrast,

when the lower concentration of butanol (1.09 x 10-3 mol/L) is present in the mobile phase,
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the amount of probe which desorbs is small such that the probe distribution coefficient
remains essentially constant. As a result, the retention volume of the descending portion at
the rear of chromatogram #1 and the ascending portion at the rear of chromatogram #2 in

Figure 3.11 are almost the same.

3.4 Conclusions

The results of the indirect detection studies done in this chapter confirm that certain
sample species alter the sorption of the probe and thus give rise to the indirect detection
phenomenon. How the sample affects probe sorption depends upon the sign of charge of
the sample compared to that of the probe. The processes which are responsible for the
change in probe sorption due to the presence of sample are now investigated in the next two
chapters for the case of an anionic probe and a neutral sample and a cationic probe and a

cationic sample.



Chapter 4

Origin of Indirect UV Detection of the Neutral Sample Butanol
Using the Anionic Probe Naphthalene-2-Sulfonate

4.1 Introduction

From the elution chromatography results presented in Chapter 3, it can be seen that
the neutral sample butanol decreases sorption of the anionic probe naphthalene-2-sulfonate
(NS-). Several studies have previously been reported in the literature dealing with indirect
UV detection where the sample is neutral and the probe is either neutral or ionic
[5,21,25,74-76,79,81,109,112,113]. The various explanations that have been given for
the change in probe sorption due to the presence of the sample fall into one or more of the
three categories given in Chapter 1. These are described in more detail below for the
present case.

(1) The sample alters the solvent strength of the mobile phase. The presence of a
neutral sample in the mobile phase has been suggested to alter its strength, including the
possibility of complex formation, when either an ionic probe [109,113] or a neutral probe
is used [25,79,112,115].

(2) The sample competes with the probe for space in the stationary phase. Sorption
of a neutral sarmple may displace sorbed probe from the stationary phase [115,116] or it
may reduce the effective surface area available for probe sorption [74,117,118]. Mixed
Langmuir isotherms [25,26] and interfacial tension effects [81,114,119] have been
suggested to describe this competition. In a contrary sense, the results of one study were
interpreted as demonstrating that no competition occurs when a neutral sample is sorbed

[120].

95
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(3) The sample alters the sorbent strength of the stationary phase. It is possible
that the chemical properties of the stationary phase may be modified by the presence of a
sample [115,117]. Alcohols, in particular, can solvate the stationary phase and alter its
polarity and structure when they are present at significant concentrations in the mobile
phase [121-123]. When an ionic probe is used, the surface potential created by the probe
sorbing onto the stationary phase may also be altered by the presence of sorbed sample
[46,124].

The purpose of the work described in the present chapter is to determine the
processes which cause less NS- probe to be sorbed in the presence of the butanol sample,
than in its absence. NS- was chosen as the probe because it has previously been used in
the literature in 0.05 mol/L phosphoric acid to perform indirect UV detection [4,20,21,26).
It was also used as the probe in the elution chromatography experiments described in
Chapter 3. Similarly, alcohols, including n-butanol, have been used as neutral samples in
indirect detection studies using both ionic and nonionic probes [26,75,76,81,109,113].
They were also used as samples in the elution chromatography experiments described in
Chapter 3.

In the present chapter, the mutual effects of the sample on probe sorption and of the
probe on sample sorption were studied by the column equilibration technique. This
technique allows the measurement of the amounts of both probe and sample that are
simultaneously sorbed at equilibrium. This simulates the situation in the butanol sample
zone during an elution chromatogram. The simultaneous sorption data for NS- and butanol
are then evaluated to determine the reason why butanol sample causes decreased sorption of
the probe. The evaluation is made in terms of the three categories described above. From
the results of these studies, it was possible to identify the reason why the sorption of the
NS- probe is decreased when the sample is present, during indirect UV detection LC. The

results of the work described in this chapter have recently been published [125].
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4.2 Theory

In Section 4.2.1 equations are developed for the situation in which competition for
space (i.e. category 2) is the only one of the three categories listed in Section 4.1, above,
that is operative. In Section 4.2.2 some background concepts on solubility parameter
theory are presented. These concepts are relevant to the situation in which the sample alters

the solvent strength of the mobile phase (i.e. category 1, above).

4.2.1 Competition for Space

If a competition for space in the stationary phase occurs between NS- probe and
butanol sample, then there should be a mutual effect of the sample on probe sorption and of
the probe on sample sorption. Consider the effect of the probe on sample sorption first.
The distribution coefficient for butanol, Kp yoH (i.e. Equation 3.1), can be expressed in

the following form:

Cs,BuOH —__ NBwoH
Cm.BuOH AsCm.BuOH 4.1

Kp,BuOH =

where ngyoH is the moles of butanol sorbed in the stationary phase and Ag is the space
available in the stationary phase for butanol sorption. If NS- and butanol compete for
available space in the stationary phase, then when NS- is also present in the mobile phase,
the available space for butanol sorption is decreased as a result of "blockage" of some of

the surface by sorbed NS-. This is expressed as

As=AT- AgNs (4.2)
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Here, AT is the total space available and AgNs is the space occupied by NS~ which can be

expressed as:
AsNs = ANs nns (4.3)

where ANs is the space occupied per mole of NS- and nys is the moles of NS~ sorbed in
the stationary phase. Combining equations 4.1 to 4.3, the amount of butanol sorbed in the

stationary phase in the presence of NS~ is:
npuoH = (KD,BuOH Cin,BuOH AT) - (KD,BuOH Cm,BuOH ANS) Nins (4.4)

Assuming that the space occupied per NS- molecule is independent of the fractional
coverage of the starionary phase by NS-, and considering a constant vaiue of Cm ByOH and
KD,BuOH; then a plot of ngyoH versus nNs should be a straight line if a competition for
space is occurring. Note that in the presence of NS-, the distribution coefficient for butanol
remains constant because as the space available for butanol sorption decreases, there is a
corresponding decrease in the amount of butanol sorbed. This constancy of Kp yon will
be true provided that the only effect of NS- on butanol sorption is competition for space.
That is, provided that NS- does not significantly alter the solvent strength of the mobile
phase or the sorbent strength of the stationary phase.

The space occupied per mole of NS-, ANs, can be calculated from the slope and
intercept of a plot of npyOH versus nNs according to the following equation:

... _ Slope
A " intercept S (4.5)

where S is the total space available per unit weight of packing. The quantity Wg-S is equal

to AT.
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If a competition for space is occurring, then the effect of butanol on probe sorption

can be derived in a similar manner as the reverse case. A similar equation to equation 4.4 is
derived to describe the amount of NS~ sorbed in the stationary phase in the presence of

butanol.

nns = (KDNS Cm,Ns AT) - (KD,NS Cm,NS ABuOH) NBuOH (4.6)

Assuming that the space occupied per butanol molecule is independent of the fractional
coverage of the stationary phase by butanol, and considering a constant value of Cpy Ns and
Kp,Ns, then a plot of nNs versus ngyoH should be a straight line if a competition for space
is occurring,.

The space occupied per mole of butanol, AguoH, can be calculated from the slope
and intercept of a plot of nNs versus ngyOH according to an equation analogous to equation

4.5.

4.2.2 Extended Solubility Parameter Theory

There are several schemes that have been suggested as measures of solvent strength
in liquid chromatography [123,126,127]. One of the more classical ones is solubility
parameter theory. It is based on regular solution theory, in which the unequal
intermolecular forces between molecules in solution are considered and the heat of mixing
is not necessarily zero, as it is for ideal solutions {128].

The solubility parameter of a solute i, d;, is defined as the square root of the

cohesive energy density [126]:

Vi 4.7
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where E; is the cohesive energy required to transfer one mole of i from the ideal gas phase

to its liquid state and V; is the molar volume. The solubility parameter is a measure of the
intermolecular interactions of the liquid and its value increases with solvent polarity.

In chromatography, the distribution coefficient is a useful measure of retention. An
expression for the distribution coefficient can be derived from solubility parameter theory
as follows [128]. According to regular solution theory, the activity coefficient for solute i,

Yi, dissolved in j , using pure solute standard state, is given by

In; = ok (5 - 8)° (4.8)

In chromatography, the distribution coefficient for nonideal solution systems can be

expressed as the ratio of the activity coefficient in the mobile phase, ¥;,Mp, to that in the

stationary phase, ¥;,sp:

D= Yi MP
"t Yi,SP 4.9)

Combining equations 4.8 and 4.9, the distribution coefficient expressed in terms of

solubility parameter theory is

InKp;= R—Yf.;[(si - SMP)2 - (5 - SSP)z] (4.10)

The solubility parameter of a two component mixture (i.e. water and butanol in the

present study), 8m, is equal to the arithmetic sum of the individual solubility parameters

weighted according to their volume fractions, ¢, in the mixture as follows:

dm = 91,0 OH,0 + ®BuOH SBLOH 4.11)
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Substituting the following equation into equation 4.11

9H,0 = 1 - OBuOH 4.12)

and then substituting 8y, from the resulting equation for Eyvp in equation 4.10 allows
equation 4.10 to be expanded into the following quadratic form by treating 3gp as a

constant.

2
InKp,;= A ¢ByoH + B dpuoH + C (4.13)
Here

V; 2
= ﬁ‘: (8H50 - 9BuOH)

- \
B= % (31120 8BuOH -8,0 -8i SBuOH + 8i 8H,0)

|<|

i [87 - (3 - BP)2 - 28; 81,0 + 8101

C=T

~

In the present chapter, the sorption of NS- is studied as a function of butanol
concentration in the mobile phase. The sorption of NS- in the presence of butanol can be
evaluated in terms of solubility parameter theory according to equation 4.13 in order to test

the applicability of the extended solubility parameter theory to this system.
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4.3 Results and Discussion

NOTE: Due to the large amount of data presented in this chapter, some of the tables which
repeat data shown in the figures, are given in Appendix A. In addition, calibration curves

used in the various determinations are also given in Appendix A.

4.3.1 Determination of Column Equilibration Conditions

4.3.1.1 Precolumn Holdup Volumes

In order to calculate the amount of NS- or butanol sorbed on the ODS packing via
equation 1.1, the holdup volume of the precolumn, Vy,, must be known, Its value is
determined according to the procedure described in Section 2.5.5 using the conditions in
Table 2.4. In the measurement of Vp,, water is pumped through the precolumn until it has
established equilibrium with the stationary phase. According to a similar procedure
described by Liu using the same ODS stationary phase, equilibrium is achieved when less
than 4 mL of water is pumped through the precolumn [129]. To ensure complete
equilibrium, 15 mL was used in all determinations of V.

The holdup volume of precolumns #1i, #2 and #3 which were used in the
experiments described in this chapter are given in Table 4.1 with their 95% confidence
limits. Data for a typical GC calibration curve are given in Table A.1 and are plotted in

Figure A.1.

4.3.1.2 Loading and Elution Volumes for NS-

Since a concentration of 2.00 x 10-4 mol/L NS- was used in the elution

chromatography experiments described in Chapter 3, this was the concentration chosen to
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Table 4.1 Precolumn holdup volumes for column equilibration studies dealing with NS-

and butanol.
Precolumn Weight of Packing (g) | Holdup Volume (mL)®)
#1 0.1540 0.219 £ 0.003
#2 0.0871 0.127 + 0.007
#3 0.1510 0.218 +0.006

() Standard deviation is expressed as the 95% confidence limit.
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be used in the column equilibration experiments. To determine the volume of NS- solution
that must be pumped through the precolumn to establish equilibrium between the solution
and the ODS packing, increasing volumes of a solution of 1.01 x 104 mol/L. NS- and of a
solution of 4.08 x 104 mol/L. NS- both in pH 2 buffer were pumped through precolumn #1
and then eluted. The number of moles of NS- sorbed on the packing was calculated for
each loading volume using equation 1.1. Typical NS- calibration curve data used in the
NS- determination are given in Table A.2 and are plotted in Figure A.2.

The probe distribution coefficient depends upon the linearity of the probe isotherm
around 2.00 x 104 mol/L. NS-. The isotherm is convex and approaches linearity at low
concentration as will be shown in Section 4.3.3. The probe distribution coefficient will
therefore be larger at lower concentration. By using a NS- solution concentration below the
desired concentration (i.e. 2.00 x 104 mol/L), a more conservative measure is obtained for
the minimum loading volume required to achieve equilibrium.

The NS- loading curve obtained using 1.01 x 104 mol/L. NS- in pH 2 buffer is
shown in Figure 4.1 and the data are given in Table A.3. In this case, flow rates of 1, 2
and 3 mL/min were used to obtain the loading curve and data were collected both before
and after equilibrium was established. Regardless of the flow rate used, equilibrium was
achieved after 30 mL of solution had been pumped through the precolumn. This suggests
that, kinetically, the sorption process is rapid and that establishment of equilibrium depends
only upon the volume of solution pumped through the column. In contrast, the NS-
loading curve obtained using 4.08 x 10-4 mol/L NS- in pH 2 buffer and a flow rate of 2
mL/min, shown in Figure 4.2, achieves equilibrium in < 15 mL. The data are given in
Table A.4. No data were collected for volumes < 15 mL. In this case the loading volume
was less that that found at lower concentration which is consistent with the probe isotherm
being convex and having a smaller distribution coefficient as the concentration is increased.

The completeness of elution of NS- was verified as follows. First, precolumn #1

was loaded with NS- by pumping 30 mL of a 1.02 x 104 mol/L NS- in pH 2 buffer
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nys X 108 (mol)
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Figure 4.1 NS-loading curve for 1.01 x 104 mol/L. NS-in pH 2 buffer on precolumn
#1 (Ws = 0.1540 g) at various flow rates. The flow rates are designated by

the following symbols: circles, 1 mL/min; squares, 2 mL/min; and

triangles, 3 mL/min. The data are given in Table A.3.
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Figure 4.2 NS-loading curve for 4.08 x 104 mol/L. NS- in pH 2 buffer on precolumn
#1 (Ws =0.1540 g). The flow rate was 2.0 mL/min. The data are given in

Table A.4.
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through it. Then the sorbed NS- was eluted in three, 1 mL fractions. The NS- absorbance

at 276 nm was measured for each fraction. The results are shown in Figure 4.3 and are

given in Table A.5. Essentially all of the NS- is eluted in the first 1 mL.

4.3.1.3 Loading and Elution Volumes for NS- and Butanol Together

In determining the effect of butanol on NS- sorption or vice versa, solutions
containing both NS- and butanol are pumped through the precolumn. It is therefore
necessary to determine the volume of solution that must be pumped through the precolumn
in order that both NS- and butanol achieve equilibrium between the ODS packing and
solution.

Using precolumn #1, a solution of 2.01 x 10-4 mol/L. NS- and 2.18 x 104 mol/L
butanol in pH 2 buffer was pumped through precolumn #1 for various times at a flow rate
of 3 mL/min and was then eluted. Based on the experiments for NS- alone discussed
above, a flow rate of 3 mL/min was used in order to achieve equilibrium in a reasonable
time. The number of moles of NS- sorbed was determined at each loading volume using
equation 1.1 and the calibration curve in Figure A.2. Data for the loading curve are shown
in Figure 4.4a and are given in Table A.6. It can be seen that when 360 mL of solution is
pumped through the precolumn, NS- equilibrium has been established.

For butanol in the presence of NS, the establishment of sorption equilibrium was
performed in an analogous manner. The amounts of butanol sorbed after various loading
volumes were determined by gas chromatography, employing pentanol as an internal
standard, using the conditions in Table 2.5 and measuring peak height ratios (i.e. P.H.
BuOH/P.H. PeOH). Since it is not necessary to know the actual number of moles of
butanol sorbed, but only to know that the number of moles sorbed is no longer increasing
with loading volume, no standards were injected. A constant peak height ratio is evidence

that equilibrium has been established. Because it was already known that NS- equilibrium
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Figure 4.3 NS-elution curve for a solution of 1.02 x 104 mol/L NS- in pH 2 buffer
which was loaded onto precolumn #1 (Ws = 0.1540 g) for 10 minutes ata
flow rate of 3.0 mL/min (i.e. 30 mL). The eluent was methanol:water (1:1
v/v) pumped at a flow rate of 1.0 mL/min. Each fraction represents 1 mL of
eluent which was collected in a 10 mL volumetric flask and then diluted to

volume with eluent. The data are given in Table A.5.
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Figure 4.4 NS- and butanol loading curves for a solution of 2.00 x 104 mol/L NS-
plus 2.18 x 104 mol/L butanol in pH 2 buffer pumped through precolumn
#1 (Ws = 0.1540 g) for various volumes. The flow rate was 3.0 mL/min.

(a) NS- loading curve. (b) Butanol loading curve. The data are given in

Table A.6.
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was not achieved in less than 120 mL, only the higher loading volumes (120, 270 and 366

mL) were injected into the gas chromatograph. The results for the butanol loading curve
are given in Figure 4.4b and Table A.6. In contrast to NS, butanol establishes equilibrium
< 120 mL. In order to insure that both NS- and butanol establish equilibrium, a loading
volume of 360 mL (i.e. loading time of 2 hours at 3 mL/min) was used in all subsequent
probe isotherm experiments, without and with butanol, and also in the butanol isotherm
experiments, without and with NS-. Although NS- alone establishes equilibrium in 30 mL
and butanol alone also probably establishes equilibrium in a small volume, a 360 mL
loading volume was used in experiments where either NS- or butanol was present alone in
solution.

The completeness of elution of NS- and butanol was determined by pumping the
solution containing NS- and butanol in pH 2 buffer, described above, through precolumn
#1 for 2 hours at 3 mL/min and then eluting the sorbed NS- and butanol in five, 2 mL
fractions. The NS- absorbance at 276 nm and the butanol peak height ratio for each
fraction were determined. The results are given in Figure 4.5 and Table A.7. Both NS-
and butanol are almost completely eluted in 2 mL of eluent. A total of 10 mL was used for
all subsequent experiments.

Since the equilibration time was rather long (i.e. 2 hours), it was thought that
equilibrium could be achieved sooner by using a smaller weight of packing. Precolumn #2
was used for this purpose. The loading and elution experiments for NS- and butanol were
repeated using this precolumn. However, measurements were done only for NS- since
butanol was found above to establish equilibrium faster.

The loading experiment was done in this case using a solution of 1.00 x 10-4 mol/L
NS- and 2.19 x 10-2 mol/L butanol in pH 2 buffer. These conditions were chosen so that
Kp,Ns would be large. The NS- loading curve is shown in Figure 4.6 and the data are

given in Table A.8. The loading curve is similar to that obtained on the larger precolumn
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Figure 4.5 NS-and butanol elution curves for the solution in Figure 4.4
loade onto precolumn #1 (Ws = 0.1540 g) for 2 hours at 3.0 mL/min.
The eluent and eluent flow rate are the same as in Figure 4.3. Each fraction
represents 2 mL of eluent collected in a 10 mL volumetric flask and ;hcn
diluted to volume with eluent. (a) NS- elution curve. (b) Butanol elution

curve. The data are given in Table A.7.
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Figure 4.6 NS-loading curve with butanol present for a solution of 1.00 x 104 mol/L
NS- and 2.18 x 102 mol/L butanol in pH 2 buffer pumped through

precolumn #2 (Ws = 0.0871 g) for various volumes. The flow rate was

3.0 mL/min. The data are given in Table A.8.
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(i.e. precolumn #1) in Figure 4.4a. Two hours was still found to be required to ensure

complete equiiibrium.

Examination of the NS- loading curves with butanol present that were obtained
using precolumns #1 and #2 (Figures 4.4a and 4.6), reveals that the initial rise to
equilibrium in the early stages of the loading curve is rapid and depends only upon the
volume of solution passed through the precolumn. The final approach. to equilibrium in the
later stage of the loading curve, however, is slower and depends upon the length of time
that the solution flows through the column. In 20 minutes, or 60 mL, the amouﬁt of NS-
sorbed has started to plateau. Therefore, in order to reduce the volume of solution pumped
through the precolumn, a flow rate of 3.0 mL/min was used for the first 20 minutes (i.e. 60
mL)), followed by a flow rate of 1.0 mL/min for 100 minutes (i.e. 100 mL) for a total time
of 2 hours and a total volume of 160 mL. These conditions were used for the column
equilibration experiments in which the effect of the probe on butanol sorption and vice
versa was studied.

An elution curve for NS- was also obtained using precolumn #2 which had been
loaded with the above solution. The solution was pumped through the precolumn for 20
minutes at 3 mL/min and then for 100 minutes at 1 mL/min. The NS- and butanol sorbed
on the precolumn were then eluted in five, 2 mL fractions. The NS- absorbance at 276 nm
for each fraction was determined. The fesults are shown in Figure 4.7 and the data are
given in Table A.9. As before, most of the NS- is eluted in 2 mL. Hence, 10 mL was

used in all experiments.
4.3.2 Effect of NS- Probe on Butanol Sample Sorption

The butanol sorption isotherm, measured on Partisil-10 ODS-3 in the present study,
is shown as curve a in Figure 4.8, and the data are given in Table A.10 (Curve b and the

vertical arrow in Figure 4.8 will be discussed later). The amounts of butanol sorbed on the
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NS- elution curve with butanol present for the solution in Figure 4.6 loaded
onto precolumn #2 (Ws = 0.0871 g) for 20 minutes at 3.0 mL/min and
then 100 minutes at 1.0 mL/min (i.e. 160 mL). The eluent and eluent flow
rate are the same as in Figure 4.3. Each fraction represents 2 mL of eluent
collected in a 10 mL volumetric flask and then diluted to volume with

eluent. The data are given in Table A.9.
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Figure 4.8 Butanol sorption isotherm on Partisil-10 ODS-3 from pH 2 aqueous
solutions. Curve a is the experimental isotherm obtained by Stineman
interpolation [147] through the experimental points (circles) using Cricket
Graph 1.3. Curve b is the Langmuir isotherm generated from the
Langmuir constants obtained from the straight line in Figures 4.14 and

4.15. The data and precolumns used are given in Table A.10.
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packing were determined by the gas chromatography procedure described in Section 2.6
and using the conditions given in Table 2.5. Two calibration curves were done to cover the
range of concentrations used to measure the isotherm. The data are given in Tables A.11
and A.12 and they are plotted in Figures A.3 and A 4.

At the highest butanol concentration employed (0.654 mol/L), the butanol isotherm
in Figure 4.8 has not achieved the plateau that would indicate complete surface coverage.
Since high butanol concentrations were of no special interest in the present chapter, the
isotherm was not measured above 0.654 mol/L. Sorption of organic modifiers, including
butanol, onto RPBPs las previously been studied {130,131].

To determine how the probe affected butanol sorption, column equilibration
experiments were performed in which the butanol concentration was kept constant at 1.09 x
10-3 mol/L. while the NS- concentration was varied from 0 - 0.157 mol/L. Higher
concentrations of NS- could not be used because the solution was nearly saturated at 0.157
mol/L. The amount of NS- sorbed was determined using the calibration curve in Figure
A.2 and the amount of butanol sorbed was determined by gas chromatographing a known
standard whose butanol concentration was similar to that in the collected eluate. The
amounts sorbed are given in Table 4.2. Column 1 lists the various NS- concentrations that
were used.

The amounts of NS- and butanol sorbed given in Table 4.2 were corrected for the
change in the weight of nacking due to deterioration of the packing caused by pumping
solutions in pH 2 buffer through the precolumn. An effective weight of packing, Wegs,
was determined using the procedure described in Section 2.5.6. A standard containing
2.00 x 104 mol/L NS- in pH 2 buffer was run in between experiments to calculate a Wegr
value using equation 2.1. The Wer values calculated from the standard runs are given in
Table 4.3. The experiments that were run are identified by a number in column 1. Column
2 describes the experiments that were run as being either a standard run or by the

concentration of NS- that was present in pH 2 buffer along with the constant butanol
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Table 4.2  Sorption data for the effect of NS- probe on butanol sample sorption on
Partisil-10 ODS-3 using precolumn #3. The concentration of butanol in
solution was kept constant at 1.09 x 10-3 mol/L. The solvent was pH 2

buffer.

Cm.Ns (mol/L) | nns x 105 (mol) (3) NBuOH X 106 (mol);(a) Werr (El_=

0 0 2.32 0.1208
5.00 x 10-5 0.0753 2.24 0.1203
1.00 x 104 0.128 2.18 0.1181
2.00 x 104 0.207 2.23 0.1159
5.00 x 104 0.362 2.18 0.1197
1.00 x 10-3 0.537 2.07 0.1175
2.00 x 10-3 0.812 2.17 0.1154
5.04x 103 1.28 1.99 0.1130
7.58 x 103 1.58 2.00 0.1122
1.01 x 10-2 1.83 1.92 0.1138
5.02 x 10-2 4.19 1.42 0.1075
9.99 x 10-2 5.96 1.39 0.1063
0.157 7.15 1.25 0.1025

@ These amounts were corrected to the original weight of packing in precolumn #3, Wy

=(.1510 g, using the Wegr values in column 4.
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Table 4.3  Change in weight of packing in precolumn #3 for the study of the effect of
NS- probe on butanol sample sorption. The standard used to determine the

effective weight of packing, Werr, was 2.00 x 10-4 mol/L NS- in pH 2

buffer.

Experiment Number Cm (mol/L) (a) Werr (g)
1 tandard 0.1214
2 0
3 5.00 x 10-5
4 5.00 x 104
5 Standard 0.1191
6 0
7 1.00 x 104
8 1.00 x 10-3
9 Standard 0.1170
10 0
11 2.00 x 104
12 2.00x 10-3
13 Standard 0.1149
14 0
15 1.01 x 102
16 5.04 x 10-3
17 7.58 x 103
18 Standard 0.1100
19 0
20 5.02 x 102
21 9.99 x 10-2
22 Standard 0.1050
23 0
24 0.157

@ This column identifies the experiment as either a standard run (i.e. Standard) or by the

concentration of NS- present in solution in studying the effect of NS- probe on butanol

sample sorption.
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concentration of 1.09 x 10-3 moVL. From Table 4.3, a total of 6 standards were run.
Using the standard data, a plot of Wesr versus experiment number was made and is shown
in Figure 4.9. The Wegr values given in column 4 of Table 4.2 were determined by
obtaining the experiment number from Table 4.3 for the particular NS- concentration used,
and then reading the Wegr value off the plot in Figure 4.9.

The amount of butanol sorbed is plotted versus the amount of NS- sorbed in Figure
4.10 from the data in Table 4.2. The amount of butanol sorbed decreases linearly with the
amount of NS- sorbed. The slope is -0.0148 + 0.0010 moles butanol desorbed/moles NS-
sorbed and the x-intercept is (1.50 £ 0.12) x 10-4 moles NS- sorbed.

Assuming that the space occupied per NS- molecule is independent of the fractional
coverage of the stationary phase by NS-, and considering a constant value of Cpy ByOH. the
linearity of the plot of ngyoH versus nNg in Figure 4.10 suggests, vig equation 4.4, that a
competition for space is occurring. The linearity of the plot also shows that Kp gy0H is
constant and is therefore independent of the concentration of NS- in both the mobile and
stationary phases. This means that neither the solvent strength of the mobile phase nor the
sorbent strength of the stationary phase changes significantly in the presence of NS-.

The space occupied per mole of NS-, ANs, can be calculated from the slope and
intercept of the plot in Figure 4.10 using equation 4.5. In equation 4.5, if "space" is
considered in terms of surface area, then S is 266 m2/g for this particular batch of Partisil-
10 ODS-3 packing. The calculated value of Ans is (27 * 2) x 104 m2/mol. This
corresponds to a molecular area of (45 £ 3) x 10-20 m2/molecule, which is close to the
value of 65 x 10-20 m2/molecule measured on a space-filling model (CPK Models) of NS-,
by taking the average of two possible areas that NS- could present to the surface (flat or
side-on). The standard deviations given for ANs and for the molecular area reflect the

scatter in the data in Figure 4.10.
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Figure 4.9 Change in the effective weight of packing in precolumn #3 for column
equilibration experiments dealing with the effect of NS- probe on butanol

sample sorption. See Table 4.3 for the various experiments performed.
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Figure 4.10 Effect of NS- probe on butanol sample sorption on Partisil-10 ODS-3 using
prccolumn #3 (Wg = 0.1510 g). In the column c:quilibration experiments
the concentration of butanol was kept constant at 1.09 x 10-3 mol/L and the

NS- concentration was varied from O to 0.157 mol/L. The solvent was pH

2 buffer.
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4.3.3 Effect of Butanol Sample on NS- Probe Sorption

Using the column equilibration technique, NS- isotherms were measured without
and with butanol present to demonstrate the effect of butanol on NS- sorption. The
isotherms are shown in Figure 4.11 and the data are given in Table 4.4, Table 4.5 shows
the data for the standards that were used to determine the effective weights of packing for
the probe isotherm experiments, which are given in column 5 of Table 4.4. The Wefr value
used depended upon the date that the particular experiment was done. In both curves a and
b in Figure 4.11, the NS- concentration was varied from 0 to 3.62 x 10-3 mol/L. In curve
a, no butanol was present and in curve b, the butanol concentration was kept constant at
2.18 x 10-2 mol/L. The amounts of NS- sorbed without and with butanol present in
solution were determined using a similar calibration curve to the one shown in Figure A.2.

From visual examination of the isotherms, it is obvious that the presence of butanol
reduces the amount of NS- sorbed. This is expected on the basis of the peak pattern
observed in the elution chromatogram given in Chapter 3. However, the reason for this
effect (i.c. categories 1-3 in Section 4.1) is not clear from the data in Figure 4.11 alone. If
the decrease in NS- sorption in the presence of butanol resu'ts from a decrease in the
distribution coefficient (Kp,Ns) alone, then it would imply that the presence of butanol
strengthens the mobile phase as a solvent for NS- and/or it weakens the stationary phase as
a sorbent for NS-. On the other hand, if the decrease in NS- sorption in the presence of
butanol results from only a decrease in available space in the stationary phase, then it
implies that butanol is exerting its effect by competing for space.

From the results discussed above in connection with Figure 4.10, it is certain that at
least part of the reduction in the amount of NS- sorbed must be due to a competition
between butanol and NS- for space because a competition for space must be mutually
reciprocal. In order to determine how much of the reduction in NS- sorption is due to the

competitive effect, a column equilibration experiment analogous to the one represented in
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Figure 4.11 NS- sorption isotherms on Partisil-10 ODS-3 from pH 2 aqueous solutions
without and with butanol present using precolumn #2 (Wg = 0.0871 g). In
curve a, 0 mol/L butanol is present and in curve b, 2.18 x 10-2 mol/L

butanol is present. Solid lines are empirical while circles are experimental

points.
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Table 4.4 NS- sorption isotherm data on Partisil-10 ODS-3 without and with butanol

present in solution from pH 2 aqueous solutions using precolumn #2.

Experiment | Cpy,Ns x 103 Cs,Ns x 102 Cs,Ns x 102 | Werr (2)
Date (mol/L) (mol/kg) no (mol/kg) with
BuOH (2) BuOH (a)(b)
December 8 0.0212 0.274 0.173 0.06504
December 5 0.100 0.923 0.685 0.07996
December 4 0.200 1.45 1.14 0.08182
December 6 0.501 241 1.96 0.07809
December 6 0.750 3.08 2.55 0.07809
December 7 1.00 3.36 2.88 0.07156
December 7 2.01 5.14 4.28 0.07156
December 8 3.62 7.45 6.26 0.06504

@ The amounts of NS- sorbed were corrected to the original weisht of packing in

precolumn #2, W = 0.08174 g.

®) Concentration of butanol was 2.18 x 10-2 mol/L.
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Table 4.5 Standard data used to determine the effective weight of packing in
precolum:: #2 for the NS- sorption isotherms without and with butanol

present in solution. The standard was 2.00 x 104 mol/L NS- in pH 2

buffer.
I Standard Experiment Date Werr ( g) |
December 4 0.08182
December 6 0.07809
December 8 0.06504
Deceinber 9 0.06359
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Figure 4.10 was performed in which the NS- concentration in the mobile phase was kept
constant at 2.00 x 10-4 mol/L in pH 2 buffer while the butanol concentration was varied
from 0 to 4.36 x 102 mol/L.

The amounts of NS- sorbed were determined using a similar calibration curve to the
one shown in Figure A.2. The amounts of butanol sorbed were determined by
constructing two calibration curves to cover the entire range of butanol concentrations that
were used. Table A.13 and Figure A.S present the data for the calibration curve for low
butanol solution concentrations while Table A.14 and Figure A.6 present the data for the
calibration curve for high butanol solution concentrations.

The amounts of NS- and butanol sorbed are given in Table 4.6. These amounts
were corrected for the change in the weight of packing using the procedure described in
Section 2.5.6 and discussed in the previous section. A standard containing 2.00 x 10-4
mol/L NS- in pH 2 buffer was run in between experiments to calculate a Wegr value using
equation 2.1. The Wesr values calculated from the standard runs are given in Table 4.7.
The experiments that were run are identified by a number in column 1. Column 2 describes
the ex;eriments that were run as being either a standard run or by the concentration of
butanol that was present in pH 2 buffer along with the constant NS- concentration of 2.00 x
10-4 mol/L. From Table 4.7, a total of 4 standards were run. Using the standard data, a
plot of Wer versus experiment number was made and is shown in Figure 4.12. The Wogr
values given in column 4 of Table 4.6 were determined by obtaining the experiment
number from Table 4.7 for the particular butanol concentration used, and then reading the
Werr value off the plot in Figure 4.12.

The amount of NS- sorbed is plotted versus the amount of butanol sorbed in Figure
4.13 from the data in Table 4.6. A linear relationship is observed. The slope is -0.0135 +
0.0005 moles NS- desorbed/moles BuOH sorbed and the x-intercept is (1.57 + 0.06)x 104
moles BuOH sorbed.
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Table 4.6  Sorption data for the effect of butanol sample on NS- probe sorption on
Partisil-10 ODS-3 using precolumn #3. The concentration of NS- in
solution was kept constant at 2.00 x 10-4 mol/L. The solvent was pH 2

buffer.

Cm.BuoH (mol/L) | nys x 106 (mol) (3) | npyou x 105 (mol) (3) | Wy (@ |

0 2.15 0 0.1510
2.18 x 104 2.07 0.0558 0.1498
3.27 x 104 2.13 0.0881 0.1323
4.36 x 104 2.12 0.117 0.1285
5.45x 104 2.12 0.137 0.1423
7.63 x 104 2.11 0.174 0.1262
1.09 x 10-3 2.11 0.298 0.1388
5.45x 103 1.96 1.10 0.1341
1.09 x 10-2 1.78 2.10 0.1294
2.18 x 10-2 1.59 3.65 0.1256
3.27x 102 1.44 5.52 0.1274
4.36 x 10-2 1.32 5.90 0.1315

@ These amounts were corrected to the original weight of packing in precolumn #3, Wy

= 0.1510 g, using the Wegr values in column 4,
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Table 4.7 Change in weight of packing in precolumn #3 for the study of the effect of
butanol sample on NS- probe sorption. The standard used to determine the

effective weight of packing, Wesr, was 2.00 x 10-4 mol/L. NS- in pH 2

buffer.
|_Experiment Number Cm,BugH (mol/L) (2) Werr (g)
1 Standard 0.1510
2 2.18x 104
3 5.45x 104
4 1.09 x 10-3
5 Standard 0.1360
6 5.45x 103
7 3.27x 104
8 4.36 x 10-2
9 Standard 0.1301
10 4,36 x 104
11 1.09 x 10-2
12 3.27x 102
13 Standard 0.1262
14 7.63 x 104
15 2.18 x 10-2

@ This column identifies the experiment as either a standard run (i.e. Standard) or by the

concentration of butanol present in solution in studying the effect of butanol sample on

NS- probe sorption.
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Figure 4.13 Effect of butanol sample on NS- probe sorption on Partisil-10 ODS-3 using
precolumn #3 (Ws = 0.1510 g). In the column equilibration experiments
the concentration of NS- was kept constant at 2.00 x 10-4 mol/L. and the

butanol concentration was varied from O to 4.36 x 10-2 mol/L. The solvent

was pH 2 buffer.
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According to equation 4.6, a competition for space is occurring if a plot of nNs
versus ngyoH is linear. The linearity of the plot in Figure 4.13 indicates that Kp Ns is
constant and, consequently, that neither the mobile phase strength nor the stationary phase
sorbent strength is altered to a detectable extent by the presence of these small amounts of
butanol. That is to say, while the presence of even these low concentrations of butanol
undoubtedly produces some changes in the mobile phase eluent strength (and perhaps also
in the stationary phase sorbent strength), the magnitude of these changes are too small to be
detected in the presence of the large competitive effect. The linearity of the plot in Figure
4.13 also implies that the space occupied per mole of butanol is independent of the
fractional coverage of the stationary phase by butanol.

Also by analogy with the previous case, the area occupied per molecule of butanol
can be calculated using equation 4.5. It was found to be (43 £ 2) x 10-20 m2/molecule
which is close to the value of 35 x 10-20 m2/molecule determined from a molecular model

by taking the average of three possible areas that butanol could present to the surface.

4.3.4 Langmuir Isotherm Behaviour

It is noteworthy that the linearity implied by equations 4.4 and 4.6 and observed in
Figures 4.10 and 4.13 does not require that either the NS- or the butanol isotherms follow a
particular equation (e.g. Langmuir equation). This is because the solution concentrations
of Cm,BuOH, for equation 4.4 and Cy Ns for equation 4.6, are held constant in the
experiments. That is, the experiments represented in Figures 4.10 and 4.13 are conducted
at a fixed point on the butanol or NS- isotherm, respectively, at which Kp pyon or Kp Ns
is expected to be a constant provided that the solvent strength and/or stationary phase
sorbent strength are not changing. This simply means that ngyoH in equation 4.1, for
example, has decreased in proportion to Ag, the amount of space not "blocked" by NS-, so

that Cs gyOH remains constant. Thus, although the experiments represented in Figures
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4,10 and 4.13 were carried out at concentrations falling in the linear regions of the butanol

and NS- isotherms, respectively (as can be seen from Figures 4.8 and 4.11), this was not a
necessary condition to obtain constant values of Kp gyoH and Kp Ns.

Equations 4.4 and 4.6 reveal that the intercepts on the horizontal axes in Figures
4.10 and 4.13 correspond to the maximum stationary phase occupancy of NS~ (nmax NS)

and butanol (nmax,BuOH), respectively. If the butanol and/or NS- isotherms could be

described by an established th-. the Langmuir equation, then the interpretation
of the experimental resu’ts coul:. ~d urther than is allowed by equations 4.4 and
4.6. In particular, the limii*~; v....- . -.icted by curve fitting the Langmuir equation to

the experimental data could be compared with tue values from the intercepts on the
horizontal axes in Figures 4.10 and 4.13. This possibility is now examined.

A previous study showed that butanol sorption onto a polymeric bonded phase
(Whatman Partisil-10 ODS-2) follows the Langmuir equation (equation 3.2) {117]. If the
experimental data from curve a in Figure 4.8 conform to the Langmuir equation, then a
double reciprocal plot of 1/Cs ByoH versus 1/Cm BuoH should be a straight line (equation
3.3). When such a plot is m:2de using the data in Table A.10 (Figure 4.14), the points for
which 1/Cm ByoH 2 12 L/mol (i.e. Cm ByoH < 8 x 10-2 mol/L) describe a straight line,
from the slope and intercept of which may be calculated Kpyon = 13 £ 7 L/mol and
Cs,max,BuOH = 1.1 £ 0.6 mol/kg. However, as shown in Figure 4.15, the points for
which 1/Cm ByoH < 12 L/mol deviate from this line, indicating an apparent deviation from
Langmuir behaviour at high butanol concentrations. When the above values of Kpyon and
Cs,max,BuOH are used in equation 3.2 to generate a plot of Cs gyoH versus Cm,BuOH, the
dashed line curve that is shown as curve b in Figure 4.8 is obtained. Thus, the butanol
isotherm follows the Langmuir equation in the concentration range of (0-8) x 10-2 mol/L
but deviates from it at higher concentrations. In contrast, the experimental isotherm in
curve a of Figure 4.8 (solid line) is not apparently approaching a limiting value of

Cs,max,BuOH at concentrations of Cp ByoH as high as 0.654 mol/L.
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Figure 4.14 Double reciprocal plot of the butanol sorption isotherm shown as curve a in

Figure 4.8 according to equation 3.3. The data are given in Table A.10.
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Figure 4.15 Expansion of the lower left hand corner of the plot in Figure 4.14.
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From the Langmuir constant Cs,max,BuOH obtained above, the value of nmax, BuOH

may be calculated. It is found to be (1.7 £ 0.9) x 104 mol, which agrees within
experimental error with the value obtained from the horizontal axis intercept in Figure 4.13,
i.e. (1.59 £0.07) x 104 mol. The vertical arrow shown in Figure 4.8 indicates the
maximum butanol concentration that was used in studying the effect of butanol on probe
sorption, the results of which study are given in Figure 4.13. Thus, the agreement of the
horizontal axis intercept in Figure 4.13 with the limiting value of the dashed isotherm in
curve b of Figure 4.8 is not surprising since the butanol concentration range studied in
Figure 4.13 lies entirely within the Langmuirian region of the butanol isotherm. Though
the evidence obtained from Figures 4.10 and 4.13 alone in support of a competition model
is conclusive, it is pleasing to find the above agreement, based on the Langmuir equation,
which represents furthcr support for the view that the reduction in the amount of NS-
sorbed when butanol is present is strictly due to a competitive effect, i.e. category 2 in the
Section 4.1,

Different behaviour is observed in the case of the NS- isotherm shown in Figure
4.16 and given in Table A.15. The points in Figure 4.16 correspond to the points in
Figure 4.10 which were measured at a constant butanol concentration of 1.09 x 103 mol/L.
The presence of such a small concentration of butanol has very little effect on the sorption
of NS-, as seen from the very early points in Figure 4.13. Thus, a NS- isotherm which
would be measured in the absence of butanol would be virtually identical to the isotherm
presented in Figure 4.16. A plot of 1/Cs Ns versus 1/Cpm Ns is shown if Figure 4.17. Itis
nonlinear over the entire concentration range, demonstrating that the NS- isotherm does not
exhibit Langmuir behaviour. As a result, a value for Cs,max Ns cannot be estimated from

the data in Figure 4.16 for comparison to the horizontal axis intercept in Figure 4.10.
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Fignre 4.16 NS- sorption isotherm on Partisil-10 ODS-3 from pH 2 aqueous solutions
with 1.09 x 10-3 mol/L butanol present using precolumn #3 (Ws = 0.1510
g). The data were taken from Figure 4.10. The solid line was obtained by
Stineman interpolation [147] through the experimental points (circles)

using Cricket Graph 1.3. The data are given in Table A.15.
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Figure 4.17 Double reciprocal plot of the NS- sorption isotherm in Figure 4.16

according to equation 3.3.
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4.3.5 Changing Eluent and Sorbent Strength

Figure 4.18 is a plot of the natural logarithm of the distribution coefficient for NS-
versus w.. volume fraction of butanol in the - .ule phase, ¢gyoH. The data are given in
Table A.16. The points in Figure 4.18 correspond to the points in Figure 4.13 which were
measured at a constant NS- concentration of 2.00 x 104 mol/L. The line in Figure 4.18
was obtained by nonlinear least squares curve fitting of the polynomial equation 4.13 to the
experimental points. The least squares values obtained for the constants are A = (1.48 £
0.27) x 104, B =-180 £ 10, and C = 4.256 £ 0.004, and the correlation coefficient is r =
0.996.

Current theories on the role of the mobile phase composition in RPLC, such as the
extended solubility paramete: theory [16,126,132,133], the ET solvatochromic theory
[123] and the linear solvation energy relationship (LSER) theory [127], when applied at
low concentrations of "organic modifier" (i.e. butanol, in the present context), predict such
a quadratic dependence of In Kp on modifier concentration. Thus, the quadratic
dependence of In Kp Ns on ¢gyon, When considered in the abs.nce of the correlations
presented in Figures 4.10 and 4.13, might seem to suggest that the decrease in Kp ns with
increasing ccncentration of butanol results from an increase in the mobile phase eluent
strength accompanied, perhaps, by a consequent change in stationary phase sorbent
strength (i.e. categories 1 and 3 in Section 4.1). However, comparison of the
experimentally measured value of parameter A in equation 4.13 with the value predicted by
theory does not support this view. Theory predicts that the value of A is given

approximately as [16,126,132,133]:

A =T\%§(5Hzo - Spuon)f? = 19
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Figure 4.18 Solubility parameter plot of the data in Figure 4.13 based on equation 4.13
to test if a solvent effect is responsible for the decrease in NS- sorption
when butanol is present in solution. ¢pyoH is the volume fraction of
butanol in solution. The solid line is frum nonfinear curve fitting to a
quadratic equation. The circles are experimental points. The daia are given

in Table A.16.
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where Vg is the molar volume of NS- (approximately 78 cm3/mol), 8420 and SgyoH are
solubility parameters (23.4 and 11.4 call/2/cm3/2, respectively, from reference 134), R is
the ideal gas constant (1.9865 cal/mol K) and T is 298 K. If one accepts the solubility
parameter theory as a rough estimate of solution behaviour, then the fact that the
experimentally measured value of A (1.55 x 104) is over three orders of magnitude larger
than that predicted by theory indicates that the quadratic relationship observed between In
Kp,Ns and ¢pyon does not arise from a change in eluent strength but, rather, arises
fortuitously from a combination of the linear dependence of nNs on npuoH (Figure 4.13)
and the curved dependence of ngyoH on Cm BuoH (Figure 4.8) and, therefore, on ¢pyoH at
low Cpo,BuoH- If the effect of butanol on NS- sorption were due to the influence of butanol

on solvent strength only, then the effect would have been very much smaller than the

observed effect.
4.3.6 Adsorption versus Partitioning

Monomeric RPBPs have been studied more extensively than polymeric RPBPs and
the dependence of their alkyl chain conformation upon eluent composition and temperature
suggests that the structure of monomeric stationary phases is more variable than that of
polymeric phases [11,16,135,136). Only a polymeric bonded phase has been employed in
the present thesis. However, it is to be expected that in a highly aqueous mobile phase the
same kind of competitive sorption behaviour would be observed for butanol and NS-on a
monomeric bonded phase as is observed on the polymeric bonded phase. A persistent
theme in the literature on RI'EP sorbents [16], both monomeric and polymeric, is the
dispute over whether “he solute is sorbed by the stationary phase via interfacial adsorption
onto its surface (i.e. onto the interface between the stationary and mobile phases)

[19,130,137-144] or via partition into the st :ionary phase [13-15,139].
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In the present study, it has been demonstrated that the two solutes, NS- (probe) and

butanol (sample), are in direct competition with one another for space in the stationary
phase. However, this should not be interpreted as conclusive proof that these solutes are
sorbed via interfacial adsorption rather than via partitioning, for the following reasons. The
thickness of a bonded layer of C-18 on the silica gel surface, whether monomeric or
polymeric, is not more than about 20 A when methanol is the mobile phase [145]. Witha
highly aqueous mobile phase this thickness would be, if anything, even somewhat less
because of more extensive collapsing of the chains [13]. Even for a solute as small as
butanol [117] the bonded layer is only a few times thicker than the molecular diameter of
the solute so that the fraction of the total stationary phase volume occupied by the solute
molecule, if partitioned, would be highly correlated with the fraction of the total stationary
phase area occupied by the solute molecule, if interfacially adsorbed. Even if the NS- and
butanol were completely “dissolved” in a "bulk liquid" bonded phase, there could be a
competition between these sorbed species with one another for volume in such a thin layer
of bonded phase. If only a limited past of the bonded phase i.steracts with the solute, as has
been suggested [146], then this competition for "volime" would be even more
pronounced. Thus, in this chapter we have chosen to use the more general terms
"sorption" and "competition for space" rather than "interfacial adsorption" and "competition
for area” and to adopt neither side in the adsorption-partition debate. In the next chapter
where electrostatic etfects are important, the additional retention process of exclusion
occurs. The term "sorption” will therefore be used to include this additional effect and the
term "adsorption” will be used to refer to adsorption/partitioning (i.e. sorption in the
present chapter). This will be necessary to make the distinction between an "adsorption”

process and an exclusion process.
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4.4 Conclusions

From the results of the column equilibration experiments described in Figure 4.10
and 4 .3, a competition for space between butanol sample and NS- probe is responsible for
the decrease in probe sorption in the butanol sample zone during an elution chromatogram.
It is likely that the presence of butanol in the mobile phase and/or the presence of sorbed
butanol in the stationary phase also plays a role in affecting the sorption of the probe.
However, under the conditions in the present chapter these effects could not be detected
since the competitive effect dominated. This competition for space in the RPBP is the

origin of 'ndirect UV detection of butanol using NS- as orobe.



Chapter 5

Origin of Indirect UV Detection of the Cationic Sample
Tetrabutylammonium Ion Using the Cationic Probe 4-

Nitrobenzyltrimethylammonium Ion

5.1 Introduction

When two different ions are simultaneously sorbed from the mobile phase onto a
RPBP liquid chromatography packing, it is to be expected that each will exert an influence
on the sorption of the other. For example, when a reagent ion is present in the mobile
phase at a much higher concentration than a sample ion of opposite charge then the
conditions of so-called "ion-pair reversed phase liquid chromatography" (IP-RPLC) are
created and the retention time of the sample ion is markedly greater than it would be in the
absence of the reagent ion [32,148-151]. It is also well known that if the sample ion has
the same sign of charge as the reagent ion under [P-RPLC conditions then the reteution of
the sample ion is decreased compared to its value in the absence of the reagent ion
[32,46,114,120,138,152].

1

It has been suggested that the name "ion-modified reversed phase liquid
chromatography" (IM-RPLC) is more appropriate than the name "ion-pair reversed phase
liquid chromatography"”, whether the sample ion has the same or opposite charge as the
reagent ion, since the formation of ion-pairs has not unambiguously been demonstrated to
occur in either case [32]. It has also been suggested that the reagent ion should be called a
modifier ion. The newer nomenclature wiil be used in the remainder of this thesis.

It is now well established that a modifier ion is sorbed onto or into the RPBP and

thereby establishes an electrical potential gradient and an electrical "double layer” in the

143
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vicinity of the interface between the bonded phase and the mobile phase. Several models

based on electrical double layer theory have been proposed and tested experimentally on
RPBP sorbents. These models have recently been reviewed and compared both among
themselves and with non-double layer models [32]. Speaking generally, any ion which is
sorbed from the mobile phase to the stationary phase in excess over oppositely charged
ions will contribute to the establishment of an electrical potential difference between the two
phases. Such an ion may be called a "potential producing ion" (PPI). The existence of this
potential will, in turn, contribute to the overall free energy (i.e. electrochemical potential)
for sorption of ions - favoring sorption of ions of opposite charge and disfavoring sorption
of ions of like charge.

A version of the Stern-Gouy-Chapman (SGC) theory of the electrical doub's layer
has previously been used to explain the processes responsible both for the sorption of ionc
[34] and for IM-RPLC on ODS bonded phases [37]. In this version of the SGC theory,
modifier ions adsorb onto the RPBP with their charge centers all lying in the same plane,
thereby creating a charge surface having a surface potential ¥,. The double layer region is
tho, ght to be divided into a compact part and a diffuse part. Heretofore, in the application
of this SGC model, it was assumed that when more than one type of ion is adsorbed, the
adsorption occurs in the sarme plane for all adsorbed ions. For example, in a study of ion-
modified retention, an anionic sample ion was considered to adsorb at the very same charge
surface which was created by the adsorption of a cationic modifier ion, and it was the
potential at that plane which was used in calculating the electrochemical potential of the
sample ion [37].

One of the purposes of the study in the present chapter is to test the applicability of
the SGC model to the simultaneous sorption of two ions having the same charge. The ion
tetra-n-butylammonium (TBA+) might be considered the "sample" ion because in most
experiments it is present at lower concentration. Its sorption on an ODS packing has

previously been characterized [34]. The other cation is 4-nitrobenzyltrimethylammonium
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(NBTA*). Experimentally, the column equilibration technique [34,37] is used to measure

simultaneously the amounts of TBA* and NBTA* sorbed at equilibrium. The solution
concentration of NBTA* is held constant while both the concentration of TBA+ and the
ionic strength are varied. The experimental results are evaluated in terms of a modified
version of the previously employed SGC model. The modification which has to be made
to the SGC model is to allow the centers of charge of adsorbed TBA+ and NBTA* to lie at
different planes within the compact part of the double layer.

The second purpose of this chapter is to use the results obtained from employing
the SGC model in order to determine the origin of indirect UV detection of the cationic
sample TBA* using the cationic probe NBTA*. The three general categories that were
presented in Chapter 1 as to how a sample can affect probe sorption are applicable to this
case. The pattern of eluted sample and system peaks that is observed when the probe and
the sample have the same sign of charge reveals that there is a local decrease in the amount
of probe sorbed in the sample zone [22,120]. A number of physicochemical retention
models have been proposed in the literature to explain this decreased sorption of probe ion
in the presence of sample ion, several of which invoke a competition for space in the
stationary phase [26,46,65,101,102,114,120,138,142,152-154].

In some of these models the compeition for space is between ion pairs that are said
to be formed, both by the probe ion and the sample ion, with an oppositely charged ion
from the mobile phase. These ion pairs are saic to exist either only in the stationary phase
or in both the stationary and mobile phases [26,65,101,102,142,153]. The competition for
space is expressed in terms of mixed Langmuir isotherms for sorption onto either one or
two types of surface sites.

Other models invoke an electrostatic repulsion effect, either with or without
competition for space [46,110,120,124,138,152]. Most of these models are formulated in
terms of either the "ion i~*-vaction" theory, which does not explicitly invoke an electrical

potential at the interface between the reversed phase bonded phase (RPBP) and the mobile
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phase [110,114,120]; or in terms of electrical double layer theory, in which the electrical

potential plays a major role [46,152]. The model proposed in the present chapter falls in
the latter category.

Normally in indirect detection systems both the probe ion and the sample ion are
PPIs, so that the sorption of each would be expected to exert an influence on the sorption
of the other. If probe and sample ions have the same sign of charge, then sorption of the
sample ion will alter the electrical potential at the intefface in stch a way as to cause
desorption of some probe. When, as is usually the case, the probe ion is present in the
mobile phase at much higher concentrations than the sample ion, the sorbed probe ion is
largely resgyonsible for development of the potential. However, this does not mean that
sorption of the sample ion makes no contribution to the potential - only that it causes a
small change in potential with consequent desorption of only a small fraction of the prc e,
Here it is important to nc.2 that, under the conditions typically used for indirect detect:on
chromatography, sample- and system- elution peaks correspond to the desorption of only a
small fraction of probe ion. Thus, in terms of electrical double layer models, there are two
likely reasons for a sorbed sample ion to cause a decrease in the sorption of a similarly
charged probe ion - competition for space and contribution to a less favorable electrical
potential [46]. Any one of the several electrical double layer models would correctly
account for the observed signs of sample and system peaks in indirect detection
chromatography of a sample ion with a probe ion of like charge. It is only in their details
that the various double layer models would differ in their explanation of the phenomenon.

The purpose of the research described in this chapter is to determine why the
positively charged sample ion tetra-n-butylammonium (TBA) causes decreased sorption
of the positively charged probe ion 4-nitrobenzyltrimethylammonium (NBTA+) on the
RPBP Partisil-10 ODS-3. The dependence of the moles of NBTA™ probe scrbed is
evaluated as a function of the moles of TBA* sorbed and the ionic strength. TBA+ was

chosen as the sample ion because it is non-UV absorbing and NBTA* was chosen as the
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probe ion because similar quaternary ammonium ions have previously been used as probes

for indirect UV detection [155].

In this chapter the experimental results are evaluated with an equation which
combines both the competition for space model, which was shown in Chapter 4 to explain
the effect of the neutral sample butanol on the sorption of an ionic probe; and a modified
version of the SGC double layer sorption model which takes into account the sorption of

TBA* and NBTA* at different charge surfaces within the compact part of the double layer.

5.2 Theory

5.2.1 SGC Theory of the Electrical Double Layer

In this description of the electrical double layer, it is not critical whether the
presence of ions in the ODS RPBP is due to "partitioning” or "adsorption". However, for
the present purpose, a solute molecule that is in (or on) the ODS phase will be said to be
"adsorbed" in order to distinguish this type of sorption from that associated with the solute
in the diffuse layer (i.e. coion exclusion). In the case of a highly end capped ODS bonded
phase, it is assumed that the amount of residual silanol groups on the ODS surface is
negligible, so there is no coulombic (electrical) interaction between the ODS surface and
adsorbed ions. The description of the electrical double layer presented in this section is
based on references 33, 35 and 36.

For a solution which contains a single adsorbable cation (e.g. NBTA*) present as
its chloride sait in inert electrolyte (e.g. NaCl), the electrical double layer that develops at
the interface between the bonded phase and solution, as a result of adsorption of NBTA+
onto the surface, is shown in Figure 5.1. In this case, NBTA* is referred to as a potential
producing ion (PPI) because its adsorption, in excess over other ions from solution,

produces an electrical potential difference ¥, between the surface and bulk solution. Since
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Figure 5.1
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(a) Diagrammatic representation of the electrical doubl-. layer region for a

RPBP with adsorption of a cationic PPI (oval shaped ions) at the interface
to create the charge surface, having potential Wg. (b) Potential in the
electrical double layer as a function of distance. Circular cations and anions
are from the inert (non-adsorbed) electrolyte. Potential decreases lincarly
over the compact layer (CL) to a value ‘¥gyp at the Outer He!mbholtz Plane,
which is the plane of closest approach of nonadsorbed negative
counterions. The thickness of the diffuse part (DL) of the double layer is
1/x and depends on ionic strength of the bulk solution (Bs). The potential
decays approximately exponentially across the DL toward a value of U Volt
in the BS. The surface excess of adsorbed PPIs (F’;‘D) is counterbalanced
by an equal surface excess of negative ions in the DL, which is due partly
to the attraction of negative counterions into the DL in numbers ¢xceeding
their concentration in bulk solution, and partly to expulsion of cationic
coions from the DL which causcs the cation concentrations in the DL to be
lower than in bulk solution giving a negative surface excess of coions.
These absent cations are shown as stipled "ghosts". PPI ccions are
expelled along with inert coions, which creates a negative surface excess of

PPIs in the DL (I‘?L) and causes the total surface excess of PFIs in the

whole double layer region to be lower than the number that are adsorbed.
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electroneutrality must be maintained, the surface charge created by adsorbed NBTA* is
balanced by an equal amount of opposite charge on the solution side. Ions of opposite
charge, i.e. counterions such as Cl-, are attracted to the charge surface such that their
concentration near the surface is greater than in bulk solution. At the same time, ions
having the same charge as the charge surface, i.e. coions such as Na+ and NBTA*, one of
which is the potential producing ion NBTA*, are repelled from the surfice so their
concentration in solution near the surface is lower than in bulk solution. Duz to random
thermal motion, the counterions are not confined to a single plane, but rather, they are
spread out diffusely in solution.

The concentration of an ion i in the interfacial region is expressed as its surface
excess, I';, which is the number of moles of i per square centimeter of surtace, and in its
adjoining double layer in solution, which are in excess of the moles of the sume species
contairied in an equivalent volume of bulk solution. An equivalent volume of bulk solution
is defined as that volume of bulk solution containing the same total mcles of charg, fall
species as there are in one square centimeter of the surface under consideration. The
equation for calculation of the surface excess (mol/cm?2) is as follows:

P TWsS T AT (5.1)

where n; is the moles of i sorbed, Wg is the weight of packing (g), S is the specific
surface area of the packing (cm2/g) and AT is the total surface area/space available for
sorption (cm?2).

In the version of the SGC theory [156,157] that is used in this thesis, the adsorbed
PPis are considered to be part of the surface and to be true "potential determining ions"
(PDI) in the sense that when the activities of these ions in bulk solution, e.g. aNBTA, are
held constant, then the surface potential ¥, is constant even if the ionic strength of the

solution is altered [32,34,37]. Sometimes the relation between ¥, and solution activity of



PDI obeys the well-known Nernst equation:

=k +(RL
“Po =K+ (ZF)ln ANBTA (5.2)

where ¥ is a constant, L. ', ..« ideal gas constant (8.314 J/(mol:K), T is the temperature
(298 K), Z (equivalents/mole) is the charge on the ion and F is the Faraday constant (96487
Coulomb/moic). 1. the present treatment however, it is not necessary that the Nernst
equation be valid, but only that ¥, is constant at a consiant ajyBTA.

Since the hydrated counteirons have a finite size, they can only approach the
bonded phase to within a certain distance which is usually taken us the radius of a hydrated
counterion. This plane of closest approach is referred to as the Outer Helmholt: Plane
(OHP). It is possible for counterions or coions with :ost or all of the hydrated water
molecules being absent to be "specifically adsorbed"” to ihe surface in an inner Helmholtz
Piane (IHP) which lies between the charge surface and the OHP. Accordirs to SGC
theory, there may or may not be ions in the IHP depending upon the nature of the ions and
the nature of the bonded phase and solution phase. ’

The electrical double layer can be divided into two parts. The comnpact pare of the
electrical double layer extends from the charge surface up to, but not including the OHP.
In this region the potential decays linearly. It can be treated as an electrical capacitor of
constant thickness 8 (cm) and capacitance Cy (Farad/cm2) where one plate is .ne charge

surface and the other plate is the OHP.

Cp=—>00
¥, - Youp (5.3)

In the equation 65 (Coulomb/cm?2) is the surface charge density of the PDI and Wonp

(Volt) is the potential at the OHP. The compact layer thickness is given by
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§=—E&
4rnCy (5.4

where € is the permittivity of solution which is equal to the product of the unitless diele- tric
constant ang the constant 1.12 x 10-12 Coulomb/(Volt.cm) [156].

The diffuse part of the electrical double laver extends from the OHP to bulk
solution. Since the ions arc rendomly spread out in this region, there is an exponential
decrease in potential to a value of zero in bulk solution. This rez.¢n can also be treated as

an electrical capacitor with the OHP as one pla:' «r.. . I'ypothetical plate located in the

diffuse layer at a distance 1/x from the OHP as the other plate. 1/x is the distance at+ hich
the potential has decayed to a value of Wopp/: (e =2.718) and it is taken as the thickness

of the difis: layer. The value of 1,k varies with the ionic strength of the bulk solution,

decreasing as the ionic strength of the bulk solution is increased.

For the electrical double layer shown in Figure 5.1, electroneutrality requires that
Co =- ODL (5.5)

wlers opL is the ch- -+ density in and beyond the OHP due to a positive surface excess of
counterions and a negative surface excess of coions. From SGC theory for a univalent

electroiyte,

- O'DL = 2c1,'2 _g-R_L)l /zsinh (—ZI IOHP)

2000w 2RT (5.6)
where ¢ (mol/L) is the ionic strength. It can be shown that
2 ( eRTc )1/2 =(_e£) 2RT)

2000x 4rn/\ ZF 5.7
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where 1 has the value

K= (B_EZ :____C_:‘Fz 1=
1000eRT (5.8)

Substituting equations 5.5 and 5.7 into equation 5.6 gives

0 = (£5) (2RT) sinh {ZE¥ote)

2RT (5.9
The capacitance of the diffuse part of the double layer, C5, is defined as
Cy="90L - _GCo
Wour Your (5.10)
Substituting equation 5.9 into equation 5.10,
Ca =sinh (Z%%) (&) (Z%(%ﬂg ] (5.11)

Solving for WoHp in equation 5.3, substituting into equation 5.10 and combining with

equation 5.11 yields the following important equation.

11 . 1 '
Co ZF%oup ) P
° C¥ Hagx10ty, c"z[{—@%ﬂ) sinh (ZF;?T)H (5.12)

According to this equation, under conditions where ‘¥, is constant, the following straight

line plot is predicted
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L versus 1 -

Go [(zm’ )" ZF, )
12 |[ZF¥onp| " . . [ZF¥onp
¢ 3RT | SPMTSRT

From this plot it is possible to obtain ¥ and C; from the slope and intercept.

slope = )
2.28 x 104 ¥, (5.13)
intercept = l -
Ci ¥, (5.14)

In the present study the sorption isotherm of NBTA+ is measured as a function of
ioriz sirength. In order to apply equation 5.12 to the experiment.: data, the surface charge
densiiy 1aust be determined from the experimentally measured surface excess. Surface
charge arises from only those NBTA* ions that are adsorbed on the bonded phase while the
experimentally measured surface excess, INBTA, includes all the NBTA* in the entire

double layer region. That is, 'NgTA includes the NBTA+ adsorbed on the bonded phase,

FﬁgT A» and in a negative sense (i.e. its value is negative), that which is expelled from the
diffuse layer, l"g',;T A
AD DL
I'NaTA=I'NBTA + INETA (5.15)
The charge density is directly proportion.! to l"ggT 4 by the following equation

Go= Z.F TRBTA (5.16)

The following iterative process is used to calculate oo,

(1) As a first approximation assume
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rrf}gTA =I'NBTA 5.17
(2) Calculate the charge density by the eq..tion
Co = Z,F I'npTA (5.18)

(3) For symmetrical Z:Z type electrolytes (e.g. NBTA+CI- or Na+Cl-), the value of Wopp

can be evaluated from the equation

QHP) - 8 53 des o-1/2
smh( SRT =8.53 x 10°G,c (5.19)

where Z is the absolute value of the ch: 21 number.

(4) The ratio of the surface excess of positive ions in the ““.use layer (Na* and NBTA+),

I'EL, to the surface excess of negative ions in the diffuse layer (Ci-), I‘?L (at 25 °C) is

calculated from the following equation [33]:

2" exp(-19.47%opp) - 1
= exp(19.47%onp) - 1 (5.20)

(5) Next, a better estimate of the charge density is obtained from the equation

Co = Z,F'NpT M—]

o.-R(1 - a) (5.21)

where
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c (5.22)

r* (5.23)

The new estimate of 0, from equation 5.21 is used iteratively in steps 3 to S until a constant

value of G, '+ obtained. Woyp can then be calculated from equation 5.19.

5.2.2 Modified SGC Theory for Simultaneous Sorption of Different Ions

of the Same Charge

~or the simultanecus sorptict- of tw.. ions of the same charge (i.e. NBTA+ and
'tAY in the present chapter), a diagrammatic representation of the electrical double layer
which is consistent with tlie evidence is shown in Figure 5.2. The inert electrolyte is
sodium chloride. The adsorption of NBTA+ and TBA* produces two separate charge
surfaces. That is, the charge centers of the two ions do not lie in the same plane.
Adsorbed TR A+ produces a charge surface with charge density oTpA and a potential that is
denoted ¥o. Adsorbed NBTA+ produces a charge surface with charge density onpTa and
a potential denoted ¥]. These designations are consistent with the nomenclature that is
usually used in discussing electrical double layer theory.

In Figure 5.2 TBA* ions are adsorbed in such a way that their charge centers lie
somewhat farther into the bonded pl.ase than those of NBTA+. The OHP is still the plane
of closest approach of hydrated, nonadsorbed counterions (Cl-). The locations of th::
TBA+, NBTA+ and OHP planes are considered to be fixed, independent of solution
composition.

The definition of the diffise part of the double layer is the same as that defined in

the previous section. The compact part of the double lay ~r, however, now extends from
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(a) Diagrammatic representation of the electrical double layer region due to
the adsorption of NBTA* and TBA* on an ODS RPBP. Wavy lines
drawn from the silica gel surface are the C-18 chains of the bonded phase.
Large circular cations and oval shaped c::.ons are TBA* and NBTA+ ions,
respectively, while small circular cations and anions are from the inert
electrolyte (i.e. NaCl). Not illustrated in the figure are the NBTA+ and
TBAY ions present in solution and the coions (Na*, NBTA+, TBA*) that
are expelled from the diffuse part of the double layer. (b) Potential in the
electrical double layer region as a function of distance. The inner region of
the compact layer has an integral capacitance Kinner which produces a linear
decrease in potential across this region. The outer region of the compact
layer has an integral capacitance Koyier Which produces a different linear

decrease in potential across this region.



159
the T3 :\* charge surface up to, but not including the OHP and ir:"udes the NBTA* charge

surf 2o, The compact layer is further divided into two regions. The region extending from
the TBA* charge surface to the NBTA* charge surface is referred to as the inner region of
the compact layer and that extending from the NBTA+ charge surface to the OHP is
referred to as the outer region of the compact layer.

In the present case, electroneutrality requires that

OT = - OpL = ONBTA + OTBA (5.24)

where OT is the total charge density due to both adsorbed NBTA+ and TBA+ and opL is
the charge density in the diffuse layer which arises from a combination of positive surface
excess of counterions (e.g. Cl-) and a negative surface excess of coions (Na+t, NBTA*,
TBAY) in the diffuse layer.

Following the derivation in the prev. - 's s ction for the sorptior of a single ion

(equations 5.5 to 5.11), the following equation is derived from SGC theory.

1 1 1
A= +
oT !
CY, 2.28 x 104 ¥, c12 [(.Z_I;{%H_P_) sinh ZF;;(%HP) (5.25)

This equation is similar to equation 5.12 except that Cy, which is still the capacitance of the
whole compact part of the double layer, i> now composed of two parts. [t is assumed that
when the ionic activities of NBTA+ and of TBA+ are both constant, then ¥, will have a
constant value even if ionic strength is varied. The following straight line plot is then

predicted

L versus — 1 —_—

1
or cln2 [(ZF‘PQHP’ sinh ‘ZF‘I’QHP)

2RT 2RT
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From the slope and intercept ‘¥, and C; are obtained as given in equations 5.13 and 5.14.

The total charge density can be calculated from the following expression which is

equivalent to equation 5.24
D AD
or= ZJ’I"':‘ = Zﬁﬁ:ﬁm + I TBA) (5.26)

where I~ represents the positive surface excess due to the sum of both types of adsorbed
. ' l..AD l,.AD T . .
cations, while I'ygra and I'pg 4 represent the individual contributions of the two types of
cations, each adsorbed at its respective charge surface.
Experimentally, it is not the adsorbed surface excesses that are r.casured, but rather
the overall surface excesses I'NgTA and I'TpA (and their sum I",.), v..iich have smaller
values than the corresponding adsorbed surface excesses. For the suni of the two PT s,

the overall excess is
D l_.DL
= r‘f +1, 5.27)

where F{\,_D is a positive surface excess which is equal to the moles/cm? of adsorbed ions
and F?_L is a negative surface excess (i.e. its value is negative) which is associated with the
moles/cm2 of both NBTA+ and TBA* t'1..t have been expelled, as coions, from the diffuse
layer. The values of I‘:‘_D and I"EL are calculated from the experimentally measured value of
I’y by an iterative process "vhich follows the same steps as described in the previous

section for a single PDI (equations 5.17 to 5.23). The modifications needed to adapt the

iterative process to the case of two PDIs are #s follews: Replace ¢, with 61; replace

I'NnpTA With Iy; replace I “NB‘ETA with I“iD ; redefine o in equation 5.22 as:

[TBA*] + [NBTA*]
c (5.28)

o=
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and define the relationship:

TNera _[NBTAY]
+
ri5,  [TBAY (5.29)

N : . D DL
From the iterative process, values are obtained for the following parameters: I‘:\L s, 0T

and Wonp. The latter two can be used in equation 5.25 to calculate Cy and ¥,

In the derivations of equations 5.12 and 5.25, an expression for the capacitance of
the diffuse layer is combined with an expression for C;. Equations 5.12 and 5.25 have the
same form whether there is oniy one PDI (e.g. NBTA+ or TBA+); whether there are two
PDIs which are adsorbed at the same charge surface; or whether there are two PDIs each
of which is adsorbed at a different charge surface as in the present case. What is different
among these three cases is the significance of the capacitance C;. When ions are adsorbed
at only one charge surface in the compact layer, then the compact layer itsclf is accurately
represented as one capacitor with charge o1 = G and there is no difference between the
integral capacitance and the differential capacitance [156-158].

Howsever, when, as in the present case, PDIs can be adsorhed at two charge
surfaces, then there is a difference between the differential- and integral-capacitance across
the whole compact layer. The compact layer itseif can now be thought of as two
capacitors. The individual integral capacitances of the inner and outer capacitors in the

compact layer are defined as follows [157]:

Kinncr = OB
o - V¥ (5.30)
and
Kouter = or

¥ - Youp (5.31)
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(In this and subsequent discussions integral capacitances will be represented as "K" and the

differential capacitance will be represented as "C"),

The potential difference across the whole compact layer is:

(o - onup) = (¥, - ¥)) + (%1 - Woup) (5.32)

Substituting equations 5.30 and 5.31 into equ- ion 5.32 gives:

- Wapp) = STBA | _OT_
(%0 - Wonp) = T4, T (533)

The ceciprocal of the differential capacitance Cy across the whole compact Iz er is obtained

by differentiating equation 5.33:

A d(lpo - \POHP) __1 dGTBA) +1
C dor Kinner ! dor Kouter (5.34)

The differentiation is performed with respect to oT because it is the experimental value of
7 that is used in equation 5.25 to cbtain the value of Cy. A key point here is that the
:citance C which is obtained experimentally from equation 5.25 is a differential
.+ :irance. Furthermore, taking equation 5.34 together with equation 5.24 shows that the
value of Cy will vary as the ratio of the adsorbed charges in the twe charge surfaces varies.
The values of the integral capacitances Kinner and Koyter can be obtained via
equation 5.34 as follows. First, for each combination of constant values of both aTBA and
aNBTA, OTBA is plotted versus 6. The slopes of these straight line plots provide the
values of (doTga/doT) that are neeced in equation 5.34. Values of C1 at the same
combinations of constant aNgTA and aTg are available from plots based on equation 5.25,

as described above. Then, as equation 5.34 shows, Kinner and Kqyuer can be obtained from
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the single straight line plot of 1/Cy versus (dotp 4/doT).

These integral capacitances, in turn, can be used to calculate the thickness of the

two capacitors:

Binner = g=gF— (5.35)
and

Bouer = ggE— (5.36)

where Sinner is the distance between the TBA+ charge surface and the NBTA* charge
surface, Qouter is the distance between the NBTA+ charge surface and the OHP, and € is the
permittivity of the medium between the charge surfaces in cach capacitor. The integral
capacitances Kinner and Kqyeer are constant properties of the system whose values are set by
the physical constants on the right hand sides of equations 5.30 and 5.31.

The remaining parameter to be evaluated is ‘¥y, the potential at the NBTA+ charge
surface. To evaluate ¥, the compact layer must be treated as though the inner and outer
capacitors were connected in series, for which the following equation can he written:

11, 1
Kc  Kinner  Kouter (5.37)

where K is the integral capacitance across the whole compact layer. (Equations 5.30 and
5.31 cannot be used to evaluate W[ because they are valid for two isolated capacitors. They
will generally not both yield the same value for \F}.) If the compact layer is to be treated as
two capacitors in series, then it is necessary to employ a formalism, which can be
understood as follows. For real capacitors in series in an electrical circuit the magnitude of

charge on every plate would be equal. {Signs would be opposite across each capacitor.) It
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is this condition of equal charge that leads to the familiar sum of reciprocals equation such

as that in equation 5.37. Thus, the formalism which allows the compact layer to be treated
as capacitors in series is to employ an "effective charge”, o'T, in place of both oA and
oT in equations 5.30 and 5.31. The magnitude of the effective charge can be calculated

from the expression:

Ke=—2JT
W, - Yonp (5.38)

Substitution of 6"t in equations 5.30 and 5.31 and rearranging gives:

o
= Yopp + —-

Yi=Y,-
I ° Kinncr KOUle (5'39)

5.2.3 Sorption of NBTA+ Probe Ion

In determining the origin of indirect UV detection, the interest is in explaining how
the sorption of the sample ion TBA+ reduces the sorption of the probe ion NBTA*. In
order to do this, the distribution coefficient of the probe must be considered. Equations
based on electrical double layer theory have been developed which describe the retention of
an ionic species on a charge surface [36]. Here, the relevant equations are adapted to the
present case and are given below.

There are two processes which control the retention of NBTA*+: coion exclusion
and adsorption. The concept of coion exclusion is impnrtant when converting the
experimentally measured amounts of NBTA+ and of TBA* sorbed in the entire electrical
double layer into the amounts of NBTA+ and of TBA+ adsorbed on the ODS bonded
phase. The amounts adsorbed are required in order to develop a model for the effect of

TBA+ on NBTA* sorption which includes both a competition for space and an electrostatic
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potential effect. Each process will now be considered separately below.

5.2.3.1 Coion Exclusion of NBTA+

Adsorption of NBTA* and TBA* gives rise to a positive electrical potential at the
OHP which causes some NBTA+ and TBA* to be excluded from the diffusc of the
electrical double layer. The moles of NBTA*+ excluded from the diffuse layer, nNBTA,DL,

can be calculated from the expression [36]:

1
nNaTA,DL=KNBTA,IExC‘l’z(Z»,F)’IES%% /z[ P( SRT ) J(CmNBTAAT) (5.40)

where Cm NBTA is the molar concentration of NBTA+ in the mobile phase and KNBTA,EX
is a selectivity constant for "coion exchange" of NBTA+ over Na+* in the diffuse layer.
Sodium ion is the coion of the swamping electrolyte (NaCl). In equation 5.40, KNBTA,IEX
is assumed to be approximately equal to 1 which assumes that there is no selectivity in the
diffuse layer. Also, there is no competition for space between NBTA* and TBA* in the
solution of the diffuse layer. Adsorbed TBA+ affects the amount of NBTA+ excluded from
the diffuse layer only by its effect on Wopp and vice versa.

Since the exponential term in equation 5.40 has a value less than 1, it follows that
nNBTA,DL Will be negative. This is consistent with the fact that it z1isas from a negative
surface excess of excluded ions.

To develop an equation which includes both a competition for space and an
electrostatic potential effect, only the NBTA* adsorption distribution coefficient,
KNBTA,ADS, is used (see next section). To calculate only KNBTA,ADS, it is necessary to
know the amount of NBTA+ adsorbed. Expc-i-nentally, the amount of NBTA* sorbed in
the entire double layer s measured, I'NgTA. This includes the amount of NBTA+ which is

adsorbed at the interface, Fﬁg-r A» and in a negative sense, the amount which is excluded
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from the diffuse layer, FﬁléT A- This can be expressed as
AD DL
I'NBTA= T'NBTA + TNRTA (5.41)

or in terms of moles, it is expressed as

NNBTA= NNBTA,ADS * NBTA,DL (5.42)

where nNBTA is the amount sorbed in the entire electrical double layer and NNBTA,ADS i$
the amount adsorbed. The amount nNBTA,DL calculated from equation 5.40 can be
subtracted from the experimentally measured nNgTA to obtain NNBTA,ADS. Since
NNRTA,DL has a negative value, the experimentally measured nNgTA is smaller than
NNBTA,ADS. That is, the experimentally measured value reflects the loss of NBTA* from

the diffuse layer.
5.2.3.2 Adsorption Distribution Coefficient of NBTA+

A dimensionless equilibrium constant for the adsorption of NBTA* in the bonded

phase can be written as follows:

AD
103 T'NBTA YNBTA.ADS
CmNBTA YNBTA 4 (5.43)

KnpTaADS =

where 103 is a factor which converts cm3 to L, YNBTA,ADS is the activity coefficient of
NBTA* on the surface, YNBTA is the bulk solution activity coefficient and d is a thickness
(cm) in the bonded phase. The value of d is somewhat arbitrarily chosen [32]. For

example, d may, but need not necessarily, be taken as equal to the thickness of the bonded
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phase, the thickness of the compact layer, or the thickness of the outer capacitor in the

compact layer. In general, if a larger value is chosen for d, then a smaller value of
K'NBTA,ADS will be obtained and the value of the product dK'NBTA,ADS Will be

unchanged.

The thermodynamic expression for the dimensionless K'NpTA,ADs is [32]:

: Z. F ¥i + Bygraas |
KngTa,aps = €xp |- RT | (5.44)

where UNBTA,ADS is the standard chemical poténtial in J/mol for the transfer of NBTA+
from bulk solution to the bonded phase when V1 = 0 V. The extrapolated infinite dilution
standard state is used for both the solution phase and the bonded phase. The standard state
is extrapolated from infinite dilution to a concentration of 1 mol/L. The reference state for
the solution phase, in which YNBTA = 1, is pure water with no ions present, i.e. infinite
dilution. The reference state for the bonded phase, in which YNBTA,ADS = 1, is the bonded
phase that is free of all ions (i.e. NBTA+ and TBA*), that is, "infinite dilution" on the
surface. Note that it is the potential at the NBTA+* charge plane, ¥, which appears in
equation 5.44 since it is ‘P1 which influences the adsorption of NBTA*.

An adsorption distribution coefficient for NBTA+ with units of L/cm2 is defined as

follows:

[\BTA

KNBTAADS = C
m,NBTA (5.45)

or

TINBTA,ADS

KNBTAADS =
As CmNBTA (5.46)

Combination of equations 5.43 to 5.45 yields the following equation for the NBTA+



adsorpticn distribution coefficient :

ex (_ HNBTA,ADS + £+ F ¥

103 wBTA d
KNBTAADS = (———l-N——— RT (547
5.47)

\ YNBTA,ADS

The term (L°NBTA,ADS + Z.F\¥]) in equation 5.47 is the "electrochemical potential
for adsorption of NBTA*. It is via this term that W1 influences the adsorption distribution

coefficient of NBTA+. Adsorption of NBTA* is discussed in the next section.

5.2.3.3 Adsorption of NBTA+

An expression for the amount of NBTA+ adsorbed can be obtained by substituting

into equation 5.46 for KNBTA,ADS from equation 5.47 and rearranging to give:

10-3 ynpTA d)ex (- HnBTA,ADS * Z+ F ¥
YNBTA,ADS RT (5.48)

NNBTA,ADS = Cm,NBTA As (

The two parenthetic terms on the right hand side of equation 5.48 are equal to
KNBTA,ADS 50 that equation 5.48 reveals how a change in ‘¥ due to adsorption of TBA+
will affect nNBTA,ADS via KNBTA,ADS. The second way in which adsorption of TBA+
might produce desorption of NBTA* is via a competition for space. This effect is not
mediated via a change in KNBTA,ADS, but rather through a decrease in the space available
for adsorption.

In this section the concept of a competition for space is similar to that discussed in
Chapter 4 for the neutral sample butanol and the ionic probe NS-. When no TBA+ sample
is adsorbed then the area available for NBTA* adsorption, Asg, is equal to the total area
available for adsorption, AT. On the other hand, when TBA* is adsorbed the value of As

depends on the amount of TBA+ adsorbed. This can be expressed as follows:
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A§ = AT - ATpa NTBA,ADS (5.49)

where K:rB » is the area per mole of TBA * (¢cmZ/mol) that is effectively "occupied” by

TBA* in the NBTA* charge plane. Since the center of charge of TBA* lies in the TBA+
charge plane and not in the NBTA* charge plane, it would be expected that K:rB A would be
smaller than ATga, the area per mole occupied by TBA* in its own charge plane.
Substituting As from equation 5.49 into equation 5.48 gives the final equation
which describes NBTA+ adsorption when both a competition for space and an electrostatic

potential effect are occurring due to the presence of TBA*+.

= 103 d MNBTAADS * 2+ F 1
NNBTA,ADS = Cm,NBTA (AT - ATBA nTBA,ADs) ‘T;%,Bfgs—) exp ( =T

(5.50)

At a fixed ionic strength and a fixed NBTA+ concentration, Cm,NBTA, AT, NBTA,
Z,F, R, and T have known and constant values. The parameters uoNBTA,ADS, KTB A and

d have constant but unknown values. The parameter YNBTA,ADS has an unknown but
presumably constant value [36,37]. Therefore, the variables in the above equation are
NNBTA,ADS, N'TBA, ADS and W¥1. Tiie manner in which NTBA,ADS is obtained for use in
equations 5.49 and 5.50 is similar ;o the manner in which NNBTA,ADS Was calculated above
and is described in Section 5.2.4, below. The way in which ¥} is obtained was described
in Section 5.2.2, above. To test if equation 5.50 is valid, nonlinear least squares curve

fitting of the equation to the experimental data is done.
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5.2.4 Adsorption of TBA+

In equation 5.50 it is necessary to know the value of nTga aps. This value can be
calculated in a similar manner to that described above to calculate NNBTA,ADS. Since TBA+
also experiences coion exclusion when it sorbs, a similar equation to equation 5.40 can be

written for TBA+ as shown.

1 o 5
nTBADL = KtBA,IEX ¢VAZ, F) (2000 n) Z{CXP 1| (CmBAAT) (5.51)

As for NBTA*, the experimentally measured amount of TBA* is that which is
sorbed in the entire electrical double layer, ITga. This includes the amount of TBA+
which is adsorbed at the interface, I“f}g A» and in a negative sense, the amount which is

excluded from the diffuse layer, I‘% A- Equations similar to equations 5.41 and 5.42 can

be written for TBA+ as shown:

AD DL
I'rBa=I'TEA + T'TBA (5.52)
ATBA= NTBA,ADS + NTBA,DL (5.53)

The value of ntga,DL calculated from equation 5.51 is subtracted from nTga in order to

obtain the value of nTBA ADS.
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5.3 Results and Discussion

NOTE: Due to the large amount of data presented in this chapter, some of the tables, which

repeat data in figures, are given in Appendix B , rather than being interleaved with the text.

Calibration curves are also given in Appendix B.

5.3.1 Determination of Column Equilibration Conditions

5.3.1.1 Precolumn Holdup Volume

The holdup volume of precolumn #4, which was used in all column equilibration
experiments discussed in this chapter, was determined according to the procedure described
in Section 2.5.5 and discussed in Section 4.3.1.1. The holdup volume and its 95%

confidence limits are 70.7 + 4.0 uL. The GC calibration curve data used in this
determination are given in Table B.1 and are plotted in Figure B.1. The plot is linear (r =
0.999) with the slope equal to 12.3 + 0.3 (mL)! and the intercept equal to 0.09 £ 0.02

(mL)-1. The curve does not pass through zero due to the presence of some water in the

ethanol solvent.
5.3.1.2 Loading and Elution Volumes for NBTA+

In order to measure the sorption isotherms of NBTA*, the volume of solution that
must be pumped through the precolumn to establish equilibrium between the solution and
the ODS packing has to be determined. Since the sorption isotherms are measured at
different concentrations of NaCl in solution (i.e. ionic strength), the loading and elution
experiments were conducted at the lowest and highest NaCl concentrations that were going

to be used.
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At low ionic strength, various volumes of a solution of 1.97 x 104 mol/L NBTA+
in 0.050 mol/L NaCl and 1 x 104 mol/L HOAc/NaOAc buffer (pH = 5) were pumped
through the precolumn and then eluted. The number of moles of NBTA* eluted for each
volume .vas determined using equation 1.1. Typical NBTA* calibration curve data are
given in Table B.2 and are plotted in Figure B.2. A similar procedure was done at high
ionic strength using a solution of 2.09 x 104 mol/L. NBTA* in 0.500 mol/L NaCl and 1 x
104 mol/L. HOA¢/NaOAc buffer (pH = 5).

The NBTA* loading curves at low and higl. ionic strength are shown in Figure 5.3
and Figure 5.4, respectively. The corresponding data are given in Tables B.3 and B.4. At

low ionic strength, equilibrium is achieved in < 30 mL while at higk ionic strength
equilibrium appears to be achieved rapidly (< 2 mL). No data were collected before
equilibrium in the high ionic strength case. To ensure that equilibrium would be
established in all cases a voiume of 60 mL was used in all NBTA* isotherm experiments.
To verify that NBTA+ was completely eluted, the solutions described above at low
and high ionic strength were pumped through precolumn #4 for 30 minutes at 2 mL/min
(i.e. 60 mL) and then eluted in five, 2 mL fractions. The NBTA+ absorbance at 260 nm
for each fraction was measured. The elution results for loadings done at low and high ionic
strength are shown in Figure 5.5 and Figure 5.6, respectively. The corresponding data are
given in Tables B.5 and B.6. In both cases, NBTA* is completely eluted in 2 mL.

Therefore, 10 mL was used in all subsequent experiments.

5.3.1.3 Loading and Elution Volumes for NBTA* and TBA+ Together

In determining the effect of TBA+ on NBTA* sorption, solutions containing both
NBTA* and TBA* are pumped through the precolumn. It is therefore necessary to
determine the volume of solution that must be pumped through the precolumn in order that

both NBTA+ and TBA* achieve equilibrium between the ODS packing and solution. Since
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Figure 5.3 NBTA* loading curve for 1.97 x 104 mol/L NBTA+ in 0.050 mol/L NaCl

and pH 5 buffer. The flow rate was 2.0 mL/min. Data are given in Table
B.3.
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Figure 5.4 NBTA* loading curve for 2.09 x 104 mol/L NBTA* in 0.500 mol/L NaCl
and pH 5 buffer. The flow rate was 2.0 mL/min. Data are given in Table

B.4.
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Figure 5.5 NBTA* elution curve for the solution in Figure 5.3 loaded onto precolumn
#4 for 30 minutes at a flow rate of 2.0 mL/min (i.e. 60 mL). The eluent
was methanol:water (1:1 »/v) containing 0.010 mol/L NaCl pumped at a
fiow rate of 1.0 mL/min. Each fraction represents 2 mL of eluent collected
in a 10 mL volumetric flask and then diluted to volume with eluent. Data

are given in Table B.S.
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Figure 5.6 NBTA* elution curve for the solution in Figure 5.4 loaded onto precolumn
#4 for 30 minutes at a flow rate of 2.0 mL/min (i.e. 60 mL). The eluent and

experimental conditions are the same as in Figure 5.5. Data are given in

Table B.6.
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the effect of TBA* on NBTA* sorption was studied as a function of NaCl concentration
(i.e. ionic strength), the loading and elution volumes were determined at the lowest and
highest ionic strengths that were going to be used, as in the case above for NBTA* alone.

At low ionic strength, a solution of 9.87 x 104 mol/L NBTA* and 1.00 x 10°5
mol/L TBA+ in 0.050 mol/L NaCl and 1 x 104 mol /L HOAc/NaOAc buffer (pH = 5) was
pumped through precolumn #4 for various volumes and then eluted. The amount of
NBTA* eluted was analytically determined as described in Section 5.3.1.2 and the amount
of TBA* eluted was determined by SE/FIA as described ir Section. 2.7. A similar
procedure was done at high ionic strength using a solution of 9.31 x 104 mol/L NBTA+
and 1.00 x 105 mol/L TBA* in 0.500 mol/L NaCl and 1 x 104 mol/L HOAc/NaOAc
buffer (pH = 5).

To test if NBTA* would produce an interference in the SE/FIA system, a series of
solutions in which the TBA+* concentration was kept constant and the NBTA+
concerntration was varied over three orders of magnitude was injected into the SE/FIA
system. The results are given in Table 5.1. For all solutions the peak areas had the same
value within experimental error and the value was the same as that for the biank (i.e. only
TBA* present). Only the solution having the lowest concentration of NBTA* showed a
slight deviation. From the results of these experiments, it was concluded that under the
conditions used in the SE/FIA apparatus NBTA+ does not appreciably extract as ar. ion pair
and therefore it does not interfere in the determination of TBA+. Typical calibration curve
data used in the SE/FIA determination of TBA* are given in Table B.7 and are plotted in
Figure B.3.

The NBTA* and TBA™* loading curves at low and high ionic strength are shown in
Figure 5.7 and Figure 5.8, respectively. The corresponding data are given in Tables B.8
and B.9. The shape of the NBTA* loading curve in both figures is interesting in that it
illustrates the fact that TBA+ does reduce NBTA+ sorption. The NBTA+ loading curve

initially rises and then slowly decreases and plateaus as more TBA* sorbs, as indicated
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Table 5.1 Interference of NBTA+-picrate on the determination of TBA*-picrate by
SE/FIA. The experimental parameters were: chloroform flow rate, 1.4
mL/min; aqueous flow rate, 1.0 mL/min; chloroform flow rate through the

membrane phase separator, 0.50 mL/min; and detection wavelength, 368 nm.

[NBTA*] (mol/L) (@ [ Peak Area x 107 (A.U) (®)
0 2.64 £ 0.22
9.85 x 106 3.66 + 0.53
9.85 x 105 2.68 +0.32
9.85 x 104 2.63 +0.15

(3 9.86 x 10-5 mol/L TBA+ was present in each solution.

(b, Average and standard deviation of five replicate injections.
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Figure 5.7 NBTA* and TBA* loading curves for a solution of 9.87 x 10-4 mol/L
NBTA* and 1.00 x 10-5 mol/L TBA* in 0.050 mol/L NaCl and pH 5

buffer. The flow rate was 2.0 mL/min. Data are given in Table B.8. (a)
NBTA* loading curve. (b) TBA+loading curve.
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Figure 5.8 NBTA+ and TEA+ loading curves for a solution of 9.31 x 10-4 mol/L
NBTA+ and 1.00 x 10-5 mol/L TBA* in 0.500 mol/L. NaCl and pH 5

buffer. The flow rate was 2.0 mL/min. Data are given in Table B.9. (a)
NBTA¥ loading curve. (b) TBA* loading curve.
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from the TBA* loading curve. In contrast, the NBTA* loading curve, when it is the only
sorbable ion present in solution, has the typical loading curve shape as shown in Figure
1.12 (see Figures 5.3 and 5.4). The TBA* loading curve with NBTA* present, on the
other hand, does not show an increase and then a decrease. Instead, it has the shape that
would be expected for a single sorbable ion (i.e. Figure 1.12). This is due to the fact that
TBAY is much more strongly sorbed than NBTA+, as will be shown in Section 5.3.2. At
low ionic strength, both NBTA* and TBA* achieve equilibrium in 120 mL. At high ionic
strength, both achieve equilibrium in 150 mL. A loading volume of 150 mL was therefore
used in all subsequent experiments when both NBTA* and TBA+ were present in solution.

To verify that both NBTA* and TBA* are completely eluted, the above solutions at
low and high ionic strength were pumped through precolumn #4 for 75 minutes at a flow
rate of 2 mL/min (i.e. 150 mL) and then eluted in five, 2 mL fractions. The NBTA+
absorbance at 260 nm and the TBA+-picrate peak area of each fraction were measured as in
the loading experiment. The results at low and high ionic strength are shown in Figure 5.9
and Figure 5.10, respectively. The corresponding data are given in Tables B.10 and B.11.
In the case of the TBA* elution curves at both ionic strengths, the peak areas determined
for fractions 2 to 5 were the same as the blank value within error. Therefore, it may be
concluded that both NBTA* and TBA* are completely eluted in 2 mL at low and high ionic

strength. A volume of 10 mL was used in all subsequent experiments.
5.3.2 Sorption of NBTA+ Alore

It has previously been shown that the sorption of TBA+ on Partisil-10 ODS-3 could
be quantitatively described by the SGC model [34]. In the present work, the sorption
behavior of NBTA* on Partisil-10 ODS-3 is studied and is interpreted in terms of the SGC
model. Shown in Figure 5.11 are five sorption isotherms for NBTA*, each measured at a

different constant concentration of the inert electrolyte NaCl. The isotherm data at each
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Figure 5.9 NBTA*and TBA* elution curves for the solution in Figure 5.7 loaded onto
precolumn #4 for 75 minutes at 2.0 mL/min (i.e. 150 mL). The eluent and
eluent flow rate are the same as in Figure 5.5. Each fraction represents 2
mL of eluent collected in a 25 mL volumetric flask and then diluted to
volume with eluent. Data are given in Table B.10. (a) NBTA* elution

curve. (b) TBA* elution curve. The peak area for the blank was (0.623 +
0.046) x 106 A.U.
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Figure 5.10 NBTA* and TBA+ elution curves for the solution in Figure 5.8 loaded onto
precolumn #4 for 75 minutes at 2.0 mL/min (i.e. 150 mL). Experimental
conditions were the same as in Figure 5.9. Data are given in Table B.11.
(a) NBTA* elution curve. (b) TBA* elution curve. The peak area for the
blank was (0.505 £ 0.057) x 106 A.U.
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Figure 5.11 NBTA* sorption isotherms on Partisil-10 ODS-3 from pH 5 aqueous
solutions at five concentrations of NaCl in solution. The concentrations
of NaCl in solution were (a) 0.050 mol/L, (b) 0.070 mol/L, (c) 0.100
mol/L, (d) 0.300 mol/L. and (e) 0.500 mol/L.. Data are given in Table
B.12.
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NaCl concentration are given in Table B.12. The amount of NBTA* sorbed increases with
increasing ionic strength. The solid lines in Figure 5.11 represent empirical fits, having
been obtained by fitting the Freundlich equation (equation 3.4) to the data in each isotherm.
Comparison of these NBTA+ isotherms to the TBA* isotherms obtained at the same ionic
strengths [34] reveals that NBTA™ is less strongly sorbed than TBA*+.

When there is only one type of PDI then there is only one charge surface, whose
charge density is represented as G, rather than o, and whose surface potential is
represented as ‘Po. It is to be noted that when TBA+ and NBTA+ are both adsorbed, then
the potential at the TBA* charge surface will be designated as ¥, and that at the NBTA+
charge surface will be designated as '¥'j, for consistency with the nomenclature usually
employed with equations 5.12 and 5.25.

According to the SGC theory, if NBTA* is the only adsorbed ion then the surface
potential ¥, is a constant for a constant activity of NBTA*, aNBTA, in bulk solution. As
discussed in Section 5.2.1, the criterion of conformity to the SGC model is linearity of the
plots based on equation 5.12. The following steps are used to construct these plots. (i)
The ionic activity coefficients of NBTA* in the aqueous phase were used to convert molar
concentrations, [NBTA*], into activities, aNgTa. Ionic activity coefficients of NBTA*,
| YNBTA, needed for these calculations were obtained as follows: For ionic strengths greater
and equal to 0.1 mol/L, YNBTA was assumed to be equal to the activity coefficient of
benzyltrimethylammonium, which can be found in reference 159; for ionic strengths less
than 0.1 mol/L, YNBTA Was estimated from the extended Debye-Huckel equation, using an
ionic size parameter of 3.0 x 10-8 cm for NBTA* [160]. (1)) At a fixed activity of NBTA+,
a value of 'NBTA Wwas read from each of the five isotherms in Figure 5.11, corresponding
to five different ionic strengths. This was repeated for five different aNgTA values. (iii) A
value of 0, was calculated via the iterative process described in Section 5.2.1 for each of
the twenty-five values of 'NgTA. (iv) For each of the five anBTA values a plot was made

of 1/6 versus ¢-172 [(ZF¥oup/2RT)-! sinh (ZF¥oup/2RT)]! according to equation 5.12.
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These plots are shown in Figure 5.12. The data used to construct the plot at each angTA

are given in Table B.13. (v) For each straight line, the values of ¥4, Cy and r were
calculated. They are presented in Table 5.2.

Using the average value of Cy, (1.1 £0.4) x 10-3 Farad/cm?, the thickness of the
compact layer, 0, is calculated via equation 5.4 to be 0.6 £ 0.2 A when NBTA* is the only
PDI. This may be contrasted with the thickness of 12 A (there is an error in reference 34)
which was found when TBA+ was the only PDI on Partisil-10 ODS-3 [34]. This is an
interesting observation. When SGC theory is applied to traditional electrode surfaces, such
as that of mercury, it is usually found that the thickness of the compact layer is
approximately equal to the radius of the hydrated counterion [156,157|. For NBTA* and
TBA* on Partisil-10 ODS-3 the counterion was Cl- in both cases (hydrated radius ca. 3 A)
but there was an ca. ten-fold difference in 8. This suggests that perhaps the plane of
hydrated CI- counterions (i.e. the OHP) is at approximately the same location for both
NBTA* and TBA* on Partisil-10 ODS-3 in an aqueous medium, but that the plane of
adsorbed PDI (i.e. the charge surface) is at different locations for NBTA+ and TBA+. That
is, whereas a metal electrode surface is essentially two dimensional so that the electronic
charges at the electrode surface are at a fixed location, the ODS bonded phase is three
dimensional so that some types of PDI can penetrate more deeply than others into the
bonded phase. Thus the location of the charge surface on the ODS bonded phase depends
on the nature of the adsorbed PDI. The TBA* ion is a symmetrical tetraalkylammonium
ion whereas the NBTA* ion has a longer nitrobenzyl substituent group in one position on
the nitrogen, with the less hydrophobic methyl groups in: the other three positions. Thus,
an adsorbed TBA* can readily be envisioned with its charge center, and thus its charge
surface located more deeply in the bonded phase than those of an adsorbed NBTA*.

When NBTA* and TBA* are sorbed simultaneously, the situation shown
diagrammatically in Figure 5.2 might be expected. Based on the observed 12 A and 0.6 A
values of & for TBA+ and NBTA* alone, the values of 8jpner and Spyer might be expected
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Figure 5.12 Plots of data from Figure 5.11 for NBTA* at five activities of NBTA+
according to equation 5.12 to show SGC behavior. The activities of
NBTA* are (a) 2.00 x 10-3 mol/L, (b) 4.00 x 10-3 mol/L, (c) 6.00 x 10-3
mol/L, (d) 8.00 x 10-3 mol/L and (e) 1.00 x 10-? mol/L. Data are given in
Table B.13. |
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Table §.2 SGC behavior of NBTA*on Partisil-10 ODS-3 from linear plots of 6,7

versus c-1/2[(ZF¥ oup/2RT)-! sinh (ZF¥oup/2RT))-1 at five activities of

NBTA in soluticn (see Figure 5.12).

anBTA X 103 (mol/L)] r (a) Wo x 103 (V) |Cy x 106 (Farad/cm?) (b)
2.00 0.998 14.8 £ 0.5 426 + 82
4.00 0.999 21.1+0.4 1130 £ 278
6.00 1.000 26.7+03 1530 £ 310
8.00 1.000 316 £ 0.2 1400 £ 154
10.0 1.000 36.2+0.3 1130 + 144

Mean =1100 £ 400 (b)

@ r=correlation coefficients of linear regression of plots in Figure 5.12.

(®)  Uncertainties of ¥, and C; values are standard deviations.
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to be about 11.4 A and 0.6 A, respectively. Simultaneous sorption of both NBTA* and

TBA+* are discussed in the next section.

5.3.3 Sorption of Both NBTA+ and TBA+

Presented in Figure 5.13 are plots of the total surface excess of NBTA* plus
TBA+, I',, versus the concentration of TBA* in bulk solution, [TBA+], measured at five
different concentrations of NaCl in solution. The sorption data are given in Table B.14.
Among all of these twenty-five solutions the concentration of NBTA* was held constant at
1.86 x 103 mol/L. The solid lines in Figure 5.13 represent empiri- ~! fits of the Freundlich
equation to the data. These data were evaluated in terms of the SGC model, as discussed
above in Section 5.2.2. According to th= model, Py is a constant at a constant aNgTa and
atBA. The criterion of conformity to the SGC model is linearity of the plots based on
equatior: 5.25. The following steps are used to construct these plots. (i) The ionic activity
coefficients of NBTA+ and of TBA* in the aqueous phase were used to convert molar
concentrations, [NBTA*] and [TBA*], into activities, aNBTA and aTa 4. Activity
coefficients used for NBTA+ were as described in Section 5.3.2 and those used for TBA*
were as tollows. For ionic strengths 2 0.100 mol/L the values are available in the literature
[161] while at ionic strengths < 0.100 mol/L, the values were calculated using the extended
Debye-Huckel equation and an ionic size parameter of 3.0 x 10-8 cm [160]. (ii) T, was
calculated for five combinations of constant aNgTa and arpa. The steps used in this
calculation are given in Appendix C. Twenty-five values were obtained. (iii) A value of
oT was calculated via the iterative process described in Section 5.2.2 for each of the
twenty-five values of I",.. (iv) For each combination of constant aNBTA and aTBa, a plot
was made of 1/0T versus c'V2[(ZF¥oup/2RT)"! sinh(ZF¥oup/2RT)]"! according to
equation 5.25. These plots are shown in Figure 5.14. The data used to construct the plots

are given in Tables B.15 to B.19. The corresponding amounts of nNBTA ADS, NTB A,ADS;
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Figure §5.13 Surface excess of NBTA+and TBA+, I'y, on Partisil-10 ODS-3 from pH 5
aqueous solution at five concentrations of NaCl in solution. The
concentration of NBTA* in solution was kept constant at 1.86 x 10-3 mol/L
while the cor.zentration of TBA* in solution was varied from 5.00 x 106 to
5.00 x 104 mol/L. The NaCl concentraticns were the same as in Figure

5.11. Data are given in Table B.14.
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Figure 5.14 Plots of data from Figure 5.13 for the sum of NBTA+ plus TBA* ata
constant activity of NBTA+ (1.50 x 10-3 mol/L) and five activities of TBA+
according to equation 5.25, to show SGC behavior. The activities of
TBA+ are (a) 3.84 x 106 mol/L, (b) 7.86 x 10-6 mol/L, (c) 3.84 x 10-5
mol/L, (d) 7.86 x 10-> mol/L and (e) 3.84 x 104 mol/L. Data are given in

Tables B.15 to B.19.
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NNBTA,DL and nTBA,DL are given in Table 5.3. (v) For each straight line, the values of

W, C1 and r were calculated. They are presented in Table 5.4.

It is notable that C is not a constant, but decreases monotonically as aTBA is
increased. This behavior is consistent with the view that NBTA+ and TBA* are adsorbed
at different locations and that C; is a differential capacitance.

The idea of ions sorbing in individual planes has recently been applied to ion
exchange resins [162-164]. Unlike the present case, the surface charge in an ion exchanger
is due to the fixed charge sites on the resin, which are located in a single plane. This
surface charge is neutralized by counterions, each type of which, according to the model, is
located in a different plane within the compact layer rather than being spread out in a diffuse
layer. The sequence of the planes reflects the selectivity of the resin toward the different
types of counterions. The entire compact layer in this case is treated as a series of
capacitors. By contrast, in the present model the surface charges arise from adsorption of
ions in planes within the compact layer while the counterions (anions) occupy the diffuse
layer.

Evaluation of the integral capacitances Kinner and Koyier via equation 5.34 requires
a knowledge of the differential quantity (doTpa/doT) for each pair of aTpa and aNBTA.
Plots of OTBA versus OT at constant aNgTA, in combination with five different constant
values of aTBA, are shown in Figure 5.15. The charge densities used to construct the plots
are given in columns 9 and 10 of Table 5.3. The plots are all linear as seen from the
correlation coefficients in Table 5.5. Values of (doTpa/doT), obtained as the slopes of
these plots, are presented in Table 5.5 where it can be seen that as aTga increases,
(doTpa/doT) increases. This is because more TBA+ gets adsorbed as aTgp is increased,
making a greater contribution to 6T. Also presented in Table 5.5 are the reciprocals of the
value of C; taken from Table 5.4. Equation 5.34 predicts that a plot of 1/Cy versus
(dotBA/doT) should be linear with a slope equal to 1/Kjnner and intercept equal to 1/Kgyser.

Such a plot is indeed linear, as shown in Figure 5.16. Its correlation coefficient, slope and



193

e’y 81S°0 'y 660 XAA 80°[- ey 1422\ 0050
L9°¢ 1Tv°0 €6’ 0Sy°0 86'C- el £6'¢ LevQ 00€0
90°¢ SST0 8Tt eLTO £9°G- YA LTt 1SC°0 001°0
£8°C (A% A £0e 6vC0 6L'9- 9T e (44A\] 0L00
L9°C (1] YA 98°C 6820 ¥T'8- (A4S €8°C £61°0 000 14: 8%
19°C SYL0 6LC 86L°0 16€°0- 8v8°0- 6L'C 06L0 00S°0
(A4 009°0 6v°'C w90 Ly 0- SO'1- 6v'C 2e9°0 00¢°0
061 S9¢€°0 £0°C 06€°0 ¢68°0- 6L'1- €0'C €LE0 001°0
VL'l SEL0 98°1 6S€0 60°'1- [ANA 98’1 8¢€€°0 0L0°0
291 ¥62°0 vL'1 SIg0 (A% s 8¢°¢C- vL'l 6820 0s00 89L°0
60'C LT80 {4 9880 LS1°0- 09L°0- (A4 8L8°0 00¢°0
98’1l vL9°0 661 Lo 112°0- 6£6°0- 66’1 1A TA) 00¢c0
1671 810 19°1 Lo 00v°0- 09°1- 19°1 1eV°0 001°0
Le'1 68¢°0 vl 9140 L8Y°0- 06'1- L'l L6€0 0L0°0
LT'1 Sve0 9¢'1 69¢€°0 £65°0- 1€°¢C T 9v€0 0500 ¥8¢°0
ot’1 901 8I't 14! 9v20°0- $65°0- 8I'1 €'l 0050
1860 €L80 SOt v£6°0 87€00- 8CL0- S0°'1 LT6'0 00€°0
€9L°0 65S°0 L18°0 665°0 1090°0- 0c'1- L18°0 L8S°0 001°0
8L9°0 61S0 92L0 660 veL00- evi- 9TL0 1vS°0 0L00
£19°0 19v°0 9690 v6v'0 ©880°0- €L1- 9690 9LY"0 0S0°0 89200
18L°0 140 9¢8°0 [AAN 0110°0- £es0- 9¢8°0 1T°1 005°0
20L°0 1260 asLo 9860 ok10'0- 059°0- asLo 0860 00€0
veSo 660 1LS°0 9€9°0 ¥920°0- 90'1- ILS°0 $79°0 001°0
LSY'0 6560 681°0 865°0 12€0°0- sT'I- 681°0 9860 0L0°0
£0V°0 861°0 AN Al eSO €8€0°0- 0S'1- Zev0 6160 0S0°0 $8£0°0
ANEU\ As.._-u
quoino))|/quoino))
s01 111) 4 (tow) 401 | (row) 401 | (tom) 01| (10m) 401 ] (fom) 401 | (jow) ,01 ('1/10m)
x Vilg x Y1ENgp x sav'valiyg [ x Sav‘vidng x Ta'vélg | x 10'VidNg x Yalg x Y1dNg A‘-\—QEV 27,01 X vilg
+Vdl
JO SINIATOR AP JAY PUB /]0W ¢.0T X 0S'T = +V.LEN JO ANANIE JUEISUOD © 18 (SAV'VeLy ‘SAV'VLENU) 1ohe]

3[quOp [edL33]3 Ay Jo wred yoedwod ay) ur paqlospe pue (1A'VaLly
SSTYJIP 3y woyy papnjoxa ‘(VELu “V1ENu) 1akej 3[quOop [BILRII[A 3

“IQ'VLENu) 194e] 9]qnop [es1noape ays Jo wred
[ U1 p3qI0s + VL JO Pue 4+ VLEN JO slunowy €°S 3[qe],



194

Table 5.4 SGC behavior of NBTA*+ and TBA*+ on Partisil-10 ODS-3 from linear plots
of o1 versus ¢-1/2 [(ZF¥oup/2RT)! sinh (ZFWoup/2RT)]! at a constant

NBTA* activity and five activities of TBA+ in solution (Figure 5.14).

aNBTA X 103 atpa x 104 r@ 1 g, (mv) Cq x 106
(mol/L) (mol/L) (b) (Farad/cm2)
1.50 0.0384 0.999] 223 +0.6 174 £ 11
1.50 0.0768 0.9991 276+ 0.8 145+8
1.50 0.384 0.998] 45.0x 1.6 1035
1.50 0.768 09971 547122 935+45
1.50 3.84 0.996] 84.0+4.0 79.4 + 3.7

@  r= correlation coefficients of linear regression of linear plots in Figure 5.14.

(®) Uncertainties of ¥, and Cj values are standard deviations.
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Figure 5.15 TBA+ charge density versus total charge density at a constant activity of
NBTA* (1.50 x 10-3 mol/L) and five activities of TBA*+. The activities of

TBA+* were the same as in Figure 5.14.
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Table 5.5 Values for (doTpa/doT) at a constant aNpTA = 1.50 x 10-3 mol/L and five

activities of TBA*+ from Figure 5.15.

aTpa x 104 | r (@) I dotpa/doT)®) | Intercept x 108(b) 1/Cy !
(mol/L) (doTBA/doT) (Farad/cm2)-1
0.0384 0.992 1 0.368 +0.027 9.08 £ 3.71 5750 % 360

0.0768 0.997 1 0.443 £0.020 15.2+3.1 6900 + 380
0.384 0.9991 0.623 +£0.017 279+3.8 - 9710+ 470
0.768 0.999 1 0.679 £ 0.014 33.6+3.7 10700 £ 510

3.84 1.000 |} 0.821 #0.010 31.8+3.6 12600 + 590

@ r= correlation coefficients of linear regression of plots in Figure 5.15.

®)  Values for slopes and intercepts and their respective standard deviations were obtained

from the straigat line plots in Figure 5.15.
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intercept are 0.999, (1.53 £ 0.01) x 104 (Farad/cm?2)-! and 150 + 196 (Farad/cm?2)-!,

respectively. The integral capacitances are therefore Kinner = (6.5 £ 0.1) x 10-5 Farad/cm?2
and Koyter = (7 £ 9) x 10-3 Farad/cm2.

From equation 5.35 the thickness of the inner capacitor between the TBA+ and
NBTA*+ charge surface is 11 £ 1 A. This is in good agreement with the value of 11.4 A
predicted as the difference between the value of 3 obtained from the sorption of TBA+
alone (12 A) and the value of 8 obtained from the sorption of NBTA* alone (0.6 A). From
equation 5.36 the thickness of the outer capacitor that is obtained when TBA+ and NBTA+
are simultaneously sorbed is 0.1 + 1.3 A. This, likewise, is in agreement with the value of
0.6 £ 0.2 A obtained from the sorption of NBTA* alone. Evidently, both in the presence
and absence of co-adsorbed TBA*, the ion NBTA* is adsorbed with its charge center quite
close to, or at, the OHP. The asymmetric shape of this ion gives it a hydrophobic "tail"
and a charged polar head, thus making is likely that this ion is surface active and, therefore,
sorbed closer to the OHP than is the symmetrical TBA* ion.

The permittivity, €, employed in equations 5.35 and 5.36, and implicitly in equation
5.25, is 8.79 x 10-11 Coulomb/(Volt-cm), which is the value for bulk water at 25 °C. It
may reasonably be argued that the permittivity of water near the C-18 groups would be
lower than that of bulk water [165,166). However, since there are no accurate values for
it, the bulk water value has been chosen, as usual [33,34,36]. While this choice may lead
to somewhat inaccurate values of Oinner and Oguter, it Will likewise lead toc the same
inaccuracies in the values of 8 measured in the TBA+- alone and NBTA*- alone systems,
with which Ojnper and Souter are compared. Thus the comparisons remain valid and such
inaccuracies do not invalidate the main conclusions. These conclusions are that TBA*+ and
NBTA* are adsorbed in different charge planes and that the compact layer on the ODS
bonded phase exhibits the classical behavior of capacitors in series.

The integral capacitance, Kc, is calculated from equation 5.37 to be (6 + 8) x 10-5

Farad/cm2. The large uncertainty in K¢, of course, arises because Koyeer is much smaller
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than Kinner and it has a large uncertainty. The total effective charge, o', is calculated
using the tabulated values of ¥ and Wopup, given in columns 3 and 4 of Table 5.6, in
equation 5.38. The resulting 6'T values are given in column 5 of Table 5.6. They are used
in equation 5.39 to calculate the value of Py at the NBTA+ charge surface. Values of ¥
are tabulated in column 6 of Table 5.6. Comparison of the calculated values of ¥ with the
corresponding values of Wopp in Table 5.6 shows that the two are nearly identical which,
of course, is a direct consequence of the fact that the position of the NBTA* charge surface
is within experimental error of the position of the OHP.

The fact that NBTA* happens to be located very close to the OHP is an accidental
consequence of the properties of this particular ion. Presumably, other adsorbed ions
would lie at various other positions within the compact layer than those occupied by either
NBTA* or TBA*+ and, when co-adsorbed with, for example, TBA*, would exhibit
behavior consistent with the capacitors in series model of the compact layer. What is
important to note here is that if, in contrast to the present model, different types of sorbed
ions are all assumed to lie in the same plane, then the consequences would be the
following: (i) oTBA + ONBTA =OT =00; (ii) the compact layer would be considered as a
single capacitor whose measured value C) would be treated as an integral capacitance; (iii)
the decrease in the measured value of C; with increasing sorption of TBA* (Table 54)

would then be inconsistent with the SGC model.
5.3.4 Effect of TBA* on NSTA* Sorption

In the previous section, the sorption of NBTA* and of TBA+ was treated in terms
of electrical double layer theory. The results from that section, in particular the potentials
calculated at the NBTA+ charge plane, the TBA+ charge plane and the Quter Helmholtz

Plane, are now used to determine how TBA* influences the sorption of NBTA+,

Figure 5.17 shows plots of I'NgTA versus TBA* concentration at five different
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Table 5.6 Calculation of potentials at NBTA* charge plane at five ionic strengths and a

constant aNBTA = 1.50 x 10-3 moV/L.

c atga X 104| w, mV) | Youp o't x 105 ¥ (mV)
(mol/L) | (mol/L) (mV) | (Coulomb/cm?2)

0.050 0.0384 22. 17.3 0.324 174 x 0.2
0.0768 27.6 20.5 0.462 20.6 +£ 0.8

0.384 45.0 29.8 0.981 300+ 1.6

0.768 54.7 34.8 1.29 35,0+ 2.2

3.84 84.0 48.8 2.28 49.1+ 4.0

0.070 0.0384 22.3 16.5 0.376 16,6 £ 0.6

0.0768 27.6 19.4 0.536 19.4 + 0.8

0.384 45.0 27.8 1.12 2791 1.6

0.768 54.7 32.2 1.46 324122

3.84 84.0 44.8 2.54 45.1 +£ 4.1

0.100 0.0384 22.3 15.4 0.450 154 +£0.6

0.0768 27.6 18.0 0.624 18.1 £ C.8

0.384 45.0 25.6 1.26 258+ 1.6

0.768 54.7 29.7 1.62 299+22

3.84 84.0 41.3 2.76 41.8+ 4.1

0.300 0.0384 22.3 12.8 0.614 129+ 0.6
0.0768 27.6 14.6 0.842 14.8 £ 0.8

0.384 45.0 19.8 1.63 200t 1.6

0.768 54.7 22.6 2.08 230122

3.84 84.0 30.8 3.44 314+ 4.1
0.500 0.0384 22.3 11.8 0.684 119+ 0.6
0.0768 27.6 13.3 0.928 1341+ 0.8

0.384 45.0 17.7 1.77 180+ 1.6

0.768 54.7 20.2 2.23 20.6 + 2.2

3.84 84.0 27.5 3.66 2801 4.1
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Figure 5.17 Surface excess of NBTA+ as a function of TBA* concentration and NaCl
concentration (i.e. ionic strength) in solution. The concentrations of

NBTA+, TBA+* and NaCl were the same as in Figure 5.13. Data are
given in Table B.14.
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concentrations of NaCl in solution (i.e. ionic strength). Here, the surface excess of
NBTA* is due to the experimentally measured amount of NBTA* sorbed in the entire
electrical double layer (i.e. the amounts have not been adjusted for coion exclusicn). The
data are taken from Table B.14. The solid line curves were fit to the experimental points
with the aid of French curves. The data for each curve were obtained by performing the
column equilibration experiment with solutions containing a constant concentration of
NBTA* and increasing concentrations of TBA*. Since the concentrations of NBTA+ and
TBA* were small in comparison to the NaCl concentrations, the [NaCl] was taken to be the
ionic strength. In the remainder of this chapter [NaCl] is equivalent to the ionic strength.
For a constant bulk solution concentration of NBTA* and a constant ionic strength, it is
obvious from these curves that the amount of sorbed NBTA* decreases with increasing
solution concentration of TBA*. In addition, as the ionic strength is increased, more
NBTA is sorbed, so each curve is shifted upward.

The behavior shown in Figure 5.17 is expected based on previous results observed
for indirect detection of an ionic sample with the same charge as an ionic probe [20-
22,26,65,101,102,114,120,124138,142,153,154]. In fact, plots similar to those in
Figure 5.17 have been reported in the literature when the sample ion has the same sign of
charge as the ion adsorbed on the bonded phase [22,65,114,118120,124,138,142). Plots
such as these constitute a demonstration of the phenomenon in which probe sorption is
decreased in the presence of a sample which has the same sign of charge. The main
purpose of the work described in this chapter is to provide an explanation for the cause of

this phenomenon.
5.3.4.1 Coion Exclusion of NBTA+ and of TBA+

The potentials at the Quter Helmholtz Plane, Woyp, were calculated in Section

5.3.3 at a constant activity of NBTA* and various constant activities of TBA*. They are
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given in column 4 of Table 5.6. These values were used in equations 5.40 and 5.51 to

calculate the amounts of NBTA+ and of TBA*, respectively, that are excluded from the
diffuse layer. These amounts, nNBTA,DL and nTg A.DL, are given in columns S and 6 of
Table 5.3. Note that the values in Table 5.3 are grouped according to a constant aTg with
ionic strength being the variable. The values are negative as expected. At a constant ionic
strength, *Yoyp increases as aTga increases, such that more NBTA+ and TBA™ ions are
excluded. On the other hand, at a constant arga, fewer ions are excluded as the ionic
strength is increased. There are two reasons for the latter behavior. First, an increase in
ionic strength causes a compression of the diffuse part of the electrical double layer with a
consequent decrease in Woyp [33,167]. Second, the fraction of coions represented by
NBTA* (and TBA+) decreases as the concentration of Na* is increased. This appears as a
decrease in ¢ in equation 5.28 and it brings about a decrease in the moles of NBTA+ (and
TBA+*) excluded.

Shown in columns 3 and 4 of Table 5.3 are the experimentally measured amounts
of NBTA+ and TBA* sorbed in the entire electrical double layer. In columns 7 and 8 are
presented the corresponding amounts of adsorbed NBTA+ and TBA+. These were
calculated via equation 5.42 and 5.53, respectively, by subtracting the amounts excluded
(determined above) from the corresponding experimentally determined amounts in the

entire double layer.

5.3.4.2 Testing of the Competition for Space and Electrical Potential
Effect Model

Knowing the amounts of NBTA* and of TBA+ adsorbed, it is now possible to test
if both a competition for space and an electrical potential effect are responsible for the
decrease in NBTA* sorption when TBA* is present. The physicochemical model which is

proposed to explain the effect of the adsorption of TBA+ on the adsorption of NBTA*+ is
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embodied in equation 5.50. A test of the validity of the proposed model is performed by
fitting equation 5.50 to the variables NINBTA,ADS» NTBA,ADS and ‘¥'1. The previously

calculated values of W1 are given in column 6 of Table 5.6. For the purposes of curve

fitting, equation 5.50 can be expressed in the following form:

— Z.FY¥]
NNBTA,ADS = Cm,NBTA YNBTA (AT - ATBA“TBA.ADS)”‘ exp ( RT (5.54)

where

m=( 103 4 )exp (_ NNBTA.ADS)
YNBTA ADS RT

Before attempting to curve fit equation 5.54, the assumption was made that no
competition for space was occurring. That is, the change in ‘¥ (i.e. potential effect) due to
adsorbed TBA* was solely responsible for the decrease in adsorbed NBTA*+. Equation
5.48 with Ag = AT applies in this case. To test if only a potential effect was occurring, a
plot of nNBTA,ADSs versus exp(-Z,.F¥|/RT) was made. The plot is shown in Figure 5.18
and the values of the correlation coefficients, slopes and intercepts for each straight line are
given in Table 5.7. The data used to construct the plots are given in Table B.20.
According to equation 5.48, if no competition for space is occurring then the plots should
be linear with a zero intercept. The plots are linear, but the intercepts do not go through
zero. At low ionic strength the intercepts are positive and they become smaller as ionic
strength is increased until they have negative values at high ionic strength. Since the results
do not agree with theory it was concluded that an additional effect must be occurring (i.e.
competition for space).

To test if both effects were occurring, curve fitting of equation 5.54 was performed

with a nonlinear least squares program which uses a Newton-Raphson procedure described
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Figure 5.18 Plots according to equation 5.48 for a potential effect only at five
concentrations of NaCl in solution. The NaCl concentrations were the same
as in Figure 5.11. Data are given in Table B.20. Slopes, intercepts and

correlation coefficients of the straight lines are given in Table 5.7.



206

Table 5.7  Results of the linear plots in Figure 5.18 for a potential effect only at five

ionic strengths.

| c_(mol/L) r (:L slope x 106 (mol) (M) | intercept x 107 (mol) (b)
0.050 0.999 0.872 £ 0.020 0.955 £ 0.070
0.070 0.999 1.00 £ 0.02 0.755 £ 0.068
0.100 0.998 1.06 £ 0.03 0.617 £0.124
0.300 0.998 1.77 £ 0.05 -0.800 £ 0.247
0.500 0.998 2.29 £ 0.07 -2.25 + 0.35

(@ Correlation coefficient

®) The erroris given as the standard deviation.
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in reference 168. Only K:TB A and m were allowed to vary in the curve fitting process.

Values obtained for the floating constants K:rB A and m are presented in Table 5.8 for each

of the five ionic strengths employed. These results are discussed below.
The goodness of fit of the data to equation 5.54 is illustrated graphically by the
linearity of the plots shown in Figure 5.19. To make these plots, equation 5.54 is

rearranged as follows:

NNBTA,ADS ‘ Z+F‘I’1)
= m expl|- —t-—
RT

Cm,NBTA YNBTA(AT - KTBA"TBA,ADS) (5.55)

The values of 7\-:,.3 A from Table 5.8 are employed in evaluating the left hand term in

equation 5.55. This left hand term is equal to KNBTA,ADS(YNBTA)™! as can be seen by
comparison with equations 5.46 and 5.47. In Figure 5.19 the left hand side of equation
5.55 is plotted versus the exponential term on the right hand side. The data used to
construct the plots are given in Table B.20. The slopes, intercepts and correlation
coefficients from linear least squares regression analysis of these plots are given in Table
5.9. Near unity values of the correlation coefficients along with zero intercepts for these
linear plots demonstrate the goodness of fit of equation 5.54 (i.e. of equation 5.50) to the
data.

The values of KTB A reveal how much of the change in NBTA* sorption is due to an
alteration of available space. Looking at the values obtained in Table 5.8, the negative
values at low ionic strength are initially quite surprising. Since the values are not zero
within error, the effect is real and agrees with the result obtained from Figure 5.18.
Negative values for KrB A suggest that the area available for NBTA+ sorption, Ag, is
increased in the presence of TBA*. To understand how this is possible it is important to
remember that NBTA+ and TBA* do not adsorb in the same charge plane, but that the

TBA* charge plane lies further within the bonded phase. In addition, when TBA*+ adsorbs
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Table 5.8 Nonlinear curve fitting of equation 5.54 to fit the constants XTB A and m at

five ionic strengths. In equation 5.54 Cpy NBTA = 1.86 x 10-3 mol/L and

AT =1.03 x 105 cm?2.

¢_(mol/L) | A'TRA X 10-9 (cm?2) (2) I m x 109 (L/cm2) (a)

0.050 -173+24 6.35 £ 0.11
0.070 -9.74 £ 1.23 7.29 £0.07
0.100 -6.11 £ 1.57 8.05x0.11
0.300 2.56 + 0.67 14.9 £ 0.1
0.500 4.29 + 0.45 20.5 0.1

(3 The error is given as the standard deviation.
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x 10%(L/cm?

INBTA,ADS
(At- ATBanTBA,ADY CoNBTAYNBTA

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

exp | - zw,)

RT

Figure 5.19 Plots according to equation 5.55 for a competition for space and an
electrostatic potential effect at five ionic strengths. The ionic strengths (i.e.
[NaCl]) are the same as in Figure 5.11. The data are given in Table B.20.

The slopes, intercepts and correlation coefficients are given in Table 5.9.
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Table 5.9  Results of the linear plots in Figure 5.19 for a competition for space and an
electrostatic potential effect at five ionic strengths.
¢ (mol/L) | r (@ | slope x 10 (mol/cm2) (b) intercept x 1010

(mol/cm?2) (b)

0.050 0.999 6.34 £ 0.16 0.0586 + 0.573

0.070 0.999 7.27 £0.13 0.0421 + 0.481

0.100 0.998 7.58 £0.39 2.18 £ 1.57

0.300 0.999 149 £ 0.4 -0.144 + 2.05

0.500 0.999 205+ 0.5 -0.216 + 2.67

® Correlation coefficient.

() The error is given as the standard deviation.
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it affects ‘¥'; which causes some NBTA* to desorb. This loss of some NBTA+ (due to a
change in ¥'1) will produce an increase in the available space for NBTA+ adsorption.
However, this effect is not great enough to produce the large negative KTB A values in Table
5.8. What is more likely to be happening is that adsorption of TBA+ changes the nature of
the bonded phase (i.e. the arrangement of the alkyl chains) such that the area available for
NBTA+ sorption is in fact increased. That is, the value of Ag in the NBTA+ adsorption

plane is increased in the presence of large ions in the TBA+ adsorption plane.
The trend in the values of KL]‘B A in Table 5.8 is such that as the ionic strength is

increased, KI'B A becomes larger until it is positive at the higher ionic strengths. Positive

values mean that the space available for NBTA+ sorption is decreased, which is generally
the type of behavior expected when a competition for space occurs. At high ionic strength
a decrease in available space for NBTA+ adsorption is expected to occur since more TBA+
ions are adsorbed. The trend in Table 5.8 is consistent with this.

In light of these results, TBA+ adsorption affects NBTA+ adsorption in three ways:
(i) it changes the value of ¥p; (ii) it competes for space by decreasing As; and (iii) it
changes the nature of the bonded phase in the NBTA+ charge plane such that Ag increases.
In the case of the latter two effects (i.e. alteration of available space), at low ionic strengths
the third effect is greater than the second while at high ionic strengths the second effect is
greater than the third.

It is possible to estimate whether alteration of available space or change in
electrostatic potential is the overall dominating effect. To do this it is necessary to look at
how nNBTA,ADS changes with the competition for space term, Ag (=<AT-ATBANTB A,ADS);
and with the electrostatic potential term, exp(-Z,F'¥Y/RT). These two terms are given in
Table 5.10 along with nNBTA, ADS and nTga,ADS. The value of NNBTA,ADS is relatively
insensitive to ATB A+ The term A’I‘B ANTBA,ADS is small, never being higher than about
20% of the quantity from which it is subtracted, .. AT, and also the relative change in the

value of the whole multiplier term (AT - _A_'TB A'NTBA,ADS) With a change in nTg A,ADS is
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Table 5.10 Values of the competition for space term, Ag, and the electrostatic potential

effect term, exp(-Z,F¥|/RT), in equation 5.54 at five ionic strengths.

c NNBTA,ADS X 106 | nTga ADps x 106 | Ag x 10-5 ZF¥ )
e el ol Bl B
0.050 0.534 0.432 1.10 0.509
0.494 0.656 1.14 0.449
0.369 1.36 1.27 0.311
0.315 1.74 1.33 0.256
0.225 2.86 1.52 0.148
0.070 0.598 0.489 1.08 0.525
0.555 0.726 1.10 0.470
0.416 1.47 1.17 0.338
0.359 1.86 1.21 0.283
0.249 3.03 1.33 0.173
0.100 0.636 0.571 1.06 0.548
0.599 0.817 1.08 0.495
0.447 1.61 1.13 0.367
0.390 2.03 1.15 0.312
0.273 3._28 1.23 0.173
0.300 0.986 0.752 1.01 0.604
0.934 1.05 1.00 0.563
0.722 1.99 0.979 0.459
0.642 2.49 0.966 0.410
0.450 3.93 0.929 0.295
0.500 1.22 0.836 0.994 0.630
1.14 1.18 0.979 0.593
0.886 2.24 0.934 0.496
0.798 2.79 0.910 0.449
0.554 4.43 0.840 0.336

@ As = AT - App,NTBAADS
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smaller than the relative change in the multiplier term exp (-Z,F¥/RT). Comparison of the
last two columns in Table 5.10 suggests that the change in ¥ makes a larger contribution
to the decrease in nNBTA,ADS than does As. Therefore, the conclusion is that an
electrostatic potential effect is primarily responsible for the reduction in NNBTA,ADS When

TBA* adsorbs.
The value of 4.29 x 109 cm2/mol that is obtained for the effective area contribution

of TBA+ to the NBTA+ charge surface at the highest ionic strength is only about one-fourth
as large as the value of 2 x 1010 cm2/mol which was obtained for ATga, the area
contrivution of TBA* 1o its own charge plane in an earlier study [34]. The relationship
K:TB A< ATBA is consistent with the qualitative picture of the compact part of the electrical
double layer shown in Figure 5.2.

The other term that is obtained from curve fitting is m. Its value is expected to be
constant and independent of ionic strength. Looking at the values in Table 5.8, they are not
constant. Instead, they increase with ionic strength. Considering the constants that make
up m, the chemical potential is constant since it is defined for standard state conditions.
The value of d is defined to be a thickness in the bonded phase. While the choice of d is
arbitrary, once the value is chosen it is fixed. The arbitrariness of d is reflected in the
product d-exp(-UONBTA,ADS/RT). If 4 is chosen to be smaller of larger, then UONBTA,ADS
will change accordingly in order that the product d-exp(-U°NBTA,ADS/RT) stays the same.
Therefore, it is not likely that the change in m with ionic strength is due to a change in d.

The remaining constant that makes up m is YNBTA,ADS. The possibility of this
value changing with ionic strength will now be addressed. The surface activity coefficient,
YNBTA,ADS:; i$ a nonionic activity coefficient. That is, it is not related to the ionic strength
or the electrical potential [35]. In equation 5.47, it can be combined with the

electrochemical potential to give the following expression:
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UNBTA.ADS + Z, F ¥
RT (5.56)

KNBTA,ADS = 103 ynpTA d €xp |-

where

HNBTA,ADS = HNBTA,ADS + RT In YNBTA,ADS (5.57)

In equation 5.57, YNBTA,ADs accounts for the fact that the value of the chemical potential
may change due to a change in the nature of the bonded phase. In the present case, as more
large TBA* ions adsorb at high ionic strength, there will be more rearrangement of the
alkyl chains. It was already shown above how this rearrangement leads to an increase in
the space available for NBTA+ adsorption. Therefore, it is quite likely that the change

observed in the value of m with ionic strength is due to a change in YNBTA,ADS-
5.3.4.3 Indirect Detection Chromatography

The preceding section has revealed the origin of the change in the amount of
NBTA™ probe (i.e. the decrease in nNBTA,ADS) With increasing amounts of adsorbed
TBA* sample. This change in the moles of adsorbed NBTA*, AnNBTA,ADS, and therefore
in its contribution to the magnitude of the sample (and system) peak, can be calculated from

the equation:

AnNBTA,ADS= nNBTA,ADS(TBA+ present) - nNBTA,ADS(TBA+ absent) (5.58)

in which nNBTA,ADS(TBA* present) and NNBTA,ADS(TBA* absent) are calcuiated from
equation 5.50 for concentrations that prevail at the top of the column just after and just

before the moment of injection of a TBA* sample dissolved in the mobile phase « .itaining
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NBTA* probe. Since the former is smaller than the latter, the quantity AnNBTA ApS has a
negative value. However, the magnitude of the sample (and system) peak depends also on
any change that the presence of TBA+ sample causes in the amount of NBTA+ excluded
from the diffuse part of the double layer (i.e. a change in nNgTA,pL). This change,

AnNBTA,DL, €an be calculated from the equation:

AnNBTA,DL= nNpTA,DL(TBA" present) - nypra pL{TBA* absent) (5.59)

In the presence of TBA*, Wonp will have a larger positive value (see Table 5.6) so that
nNBTA,DL(TBA* present) has a larger negative value than does nygTa,DL(TBA* absent)
and consequently AnNpgTA DL has a negative value,

The overall change in sorbed NBTA* is given by the expression:

AnNBTA= AnNBTA,ADS + ANNBTA,DL (5.60)

The two terms on the right are negative (25, of Course, is the term on the left) meaning that
in the presence of TBA* the amount of adsorbed NBTA* decreases and the amount of
NBTA* in the diffuse layer also decreases. Both terms contribute to decreased sorption of
NBTA* in the presence of TBA*+. For the conditions employed in this study the absolute
magnitude of AnNBTA,ADS is much larger than the absolute magnitude of AnNBTA DL Such
that AnNBTA,ADS is largely responsible for the indirect detection response. This can be
seen in Table 5.3 by inspection of the way in Which nNBTA,ADS and NINBTA,DL change
with increasing amounts of added TBA+ at a constant ionic strength,

Another feature of an elution chromatogram is the sample capacity factor, e.g.

k'TBA, which is related to the total amount of sorbed TBA* as follows:
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' n NTBA,ADS * "TBA,DL
Krpa = TBA . :
Cm,TBAVm CmTBAVm (5.61)

Here, V'n is the void volume of the column containing the zone of ntga moles of sample.
The quantities nTga,DL and nTBA, ADS come from equations 5.51 and 5.53, respectively.

The conditions used in this study were chosen to produce a relatively large change
in nNBTA, nTBA and the electrical potentials, for the purpose of testing the proposed model.
If elution chromatography for analytical purposes was performed under these conditions,
unacceptable behavior would be observed. In the conditions of this study ¥y and Woup
depend significantly on ntga,aDs. As a TBA+ sample zone migrates along a column its
concentration decreases and its concentration profile tends to become non-constant (e.g.
perhaps Gaussian). The decreased and spatially varying Cm, TBA leads, in turn, to
decreased and spatially varying nTga,ADS, 1, WOHP. nTBA and k'TBA. At high TBA+
concentration, its sorption isotherm would be nonlinear and the sample peak would be
highly asymmetric. The indirect detection response, AnypTa, would not be linearly related
to the amount of TBA+ sample injected.

To avoid these undesirable effects in analytical indirect detection chromatography of
a sample ion in the presence of a probe ion, conditions are employed for which Nprobe, ADS
>> Nsample,ADS SO that adsorption of the sample ion produces only very small relative
changes in ¥| and Wonp. In this case W, W] and WoHp remain essentially constant
(small change) for a given amount of sample injected, and k'smp becomes essentially
constant, independent of the amount of sample injected. The magnitude of the indirect
detection response, Anprobe, is considerably reduced under these conditions but it becomes

linearly proportional to the amount of sample injected.
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§.4 Conclusions

The results obtained in Sections 5.3.2 and 5.3.3 dealing with the SGC theory for
two potential determining ions are significant to the interpretation of the sorption of ionic
species onto RPBPs. The electrical double layer treatment as it applies to the sorption of
ions onto RPBPs is different than the treatment for an electrode surface since the RPBP is a
three-dimensional surface as opposed to a two-dimensional surface. The sorption of two
different ions of the same charge onto a RPBP cannot be treated as though both ions lie in
the same charge surface. The location of the charge surface depends on both the size of the
ion and the nature of the ion. Charge centers of symmetrical ions having more non-polar
groups present are expected to penetrate more deeply within the bonded phase while charge
centers of asymmetrical ions having more polar groups are expected to lie closer to the ends
of the alkyl chains.

When indirect detection is done with ionic species, the change in electrical potential
that is created by the sorption of sample ions is largely responsible for the change in probe
sorption. Sorption of a positively charged sample ion with the same sign of charge as the
probe increases the potential and changes the electrochemical potential of the probe such
that it disfavors further probe sorption (equation 5.47). On the other hand, a negatively
charged sample ion with opposite sign of charge to the probe decreases the electrical
potential and changes the electrochemical potential such that it favors further probe
sorption. The contribution of the sample to the potential, although relatively small, is
significant enough to alter the sorption of the probe by a small amount, such as is observed
in indirect UV detection elution chromatograms.

An alteration of the space available for adsorption was found to play a minor role in
the present study since the electrostatic potential effect dominates. The alteration of
availabie space was such that at low ionic strength, TBA+ adsorption increased the

available space for NBTA+ adsorption by changing the structure of the bonded phase while
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at high ionic strength it decreased the space available for NBTA+ adsorption by occupying

more space. Another model has recently been proposed in the literature for indirect
detection in which equations have been derived that include both a competition for space
and an electrostatic potential effect [46]. It has been tested using previous literature data
and agreement was found only when the effect of competition for space was neglected.
This suggests that competition for space has only a minor effect and that the electrostatic

potential effect dominates, which is in agreement with the results obtained in this chapter.



Chapter 6

Conclusions

6.1 Summary of Results

The experiments in this thesis have demonstrated how a sample can affect the
sorption of a probe. It is this effect which is responsible for the indirect detection
phenomenon. There are three general ways in which a sample can affect probe sorption.
These were presented in Chapter 1. The way in which a sample affects probe sorption
depends upon the charge of the sample relative to that of the probe. In the case of a neutral
sample and an ionic probe, a competition for space between the two is primarily
responsible. It is possible to reason that when both the sample and the probe are neutral, a
competition for space would also occur.

These results are significant since the presence of organic modifiers, in particular
alcohols, in the mobile phase and/or stationary phase is usually treated i, terms of a solvent
effect or a change in the nature of the stationary phase. The results of Chapter 4
quantitatively show that a competition for space can aiso occur. As a result, a competition
for space shouid also be considered in addition to solvent and sorbent effects when dealing
with systems in which there are several components in the mobile phase.

Chapter 5 dealt with an ionic sample and an ionic probe having the same charge.
The electrostatic potential has previously been found to play a large role in IM-RPLC. The
significance of the results in Chapter 5 to indirect detection is in the effect that the sample
has on the electrostatic potential. In the electrostatic theories of IM-RPLC the small
contribution of the sample to the electrostatic potential is often neglected. This was not the

case in the present thesis. In Chapter 5 the contribution of the sample to the electrostatic
219
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potential was considered and it was found that when two different ions sorb, they each
produce thci. swn charge surface and give rise to the potentials at each charge surface.
These results are very important to the understanding of how ionic species sorb on RPBPs.
Sorption cannot be treated as occurring in the same charge plane, as has previously been
thought. This is a significant advancement in the interpretation of the electrical double layer
that develops when ionic species sorb on RPBPs.

The significance of this result to indirect detection is that when the sample sorbs on
the stationary phase it can produce a small change in the potential which will affect the
sorption of the probe. Electrical double layer theory has been suggested previously in a
model for indirect detection in which the sample alters the electrical potential [46]. The
results in this thesis clearly show that the sample can affect the potential and bring about the
small changes in probe sorption that are observed in indirect detection.

Another interesting result from Chapter 5 is that when two species sorb on a RPBP,
the alteration in the space available for sorption is such that there may be either an increase
or a decrease in the space available. The behavior that is observed depends upon ionic
strength and on how the structure of the bonded phase is changed by sorption and/or
desorption of the spe:‘es competing for space.

A conclusion which can be made from the column equilibration studies and which
| is related to indirect detection is the dependence of the magnitude of the indirect detection
response on sample type (i.e. neutral or ionic). Ionic sample species produce a larger
response compared to a similar concentration of a neutral sample species. The results of
the column equilibration studies verify this observation. Rather than dealing with
concentrations though, the column equilibration technique measured the actual amount of a
particular mponent sorbed on the stationary phase. Considering the results of the two
studies presented in Tables 4.6 (nes¥t#% sample) and B.14 (ionic sample), it can be seen that
to produce approximately the ¢ ifjie change in the number of moles of probe sorbed,

approximately ten times more neutrat sample (i.e. butanol) had to be sorbed than ionic
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sample (i.e. TBA*). The larger response is due to the stronger effect of the electrostatic
potential. It can also be reasoned that when both the sample and the probe are ionic, the
presence of two effects (i.e. competition for space and electrostatic potential) leads to a

larger response compared to neutral systems where only a single effect (i.e. competition for

space) is occurring.
6.2 Directions for Future Work
6.2.1 Sample and Probe with Opposite Charge

A logical continuation of the research done in this thesis is to do a column
equilibration study for the case where the sample and the probe have opposite signs of
charge. This case has previously been studied for IM-RPLC where the sample was present
at "trace concentrations” and its contribution to the electrostatic potential was neglected
[37]. The emphasis would be different now since the contribution of the sample to the
potential would be the important variable. By using sample concentrations which are not at
trace conditiors, the contribution of the sample to the potential can be considered. In
addition it would be possible to test if both a competition for space and an electrostatic
potential effect occur when the sample and probe have opposite charges. It would be
interesting to see if a competition for space occurs in this case since the electrostatic
potential effect is expected to be large when the sample and probe have opposite signs of

charge.
6.2.2 Role of the Compact Layer

A further study which could be done on the role of the compact layer is one in

which TBA* is still the sample ion, but various types of cationic probe ions are used. This
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would make it possible to see how the compact layer changes as the size of the probe ion
and/or the nature of the probe ion changes. In particular, if the two ions are similar, then
the assumption that both ions sorb in the same charge plane could be tested. On the other
hand, if the two ions are different, then it would be possible to see how the location of the
charge planes changes with the size and/or nature of the ion. For example, if another
quaternary ammonium ion such as tetraethylammonium (TEA+) was used, it might be
expected that the TEA+ charge plane would lie further within the bonded phase compared to

the NBTA* charge plane, but not as much as the TBA+* charge plane.
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Appendix A
Tables and Figures for Chapter Four
In \his appendix data which was presented in some of the figures in Chapter Four
are tabulated. The corresponding figure in which the data were plotted is indicated in the

tables. In addition, calibration curves not shown in Chapter Four are presented in this

appendix.
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Table A.1 GC calibration curve data for the determination of the holdup volumes for
precolumns #1, #2 and #3. Experimental parameters are given in Table 2.4.

The data are plotted in Figure A.1.

Volume of Water (mL) | ﬁ{%ﬁ% (a) |
0 0.028 + 0.007
0.15 0.743 £ 0.002
0.20 1.001 £0.010
0.25 1.270 + 0.009
0.30 1.519 + 0.004 ]

(@) Average and standard deviation of 4 replicate injections.
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P. H. Water
P. H. Methanol

0.3

Volume of Water (mL)

Figure A.1 GC calibration curve for the determination cf tae holdup volume for
precolumns #1, #2 ana #3. Methanol is an iniernal standard. The data are
given in Table A.1. For ths straight line the slope is 4.98 + 0.07 (mL)-],
the intercept is 0.0160 % 0.0150 and the orrelation coefficient is U.999.
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Table A.2 NS- calibration curve data for the determination of the amount of NS- sorbed
on the precolumn. The NS- absorbance at 276 nm was measured, A276. The

solvent was methanol:water (1:1 v/v). The data are plotted in Figure A.2.

[NS-] x 104 (mol/L) e A276 (A. U.)
0.0820 0.0390
0.164 0.0810
0.246 0.120
0.410 0.200
0.820 0.402
1.23 0.603
1.64 0.796
2.05 0.994
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20

Ayrg (AU

[NS°] x 104 (mol/L)

Figure A.2 NS- calibration curve for the determination of the amount of NS- sorbed on

the precolumn. The NS- absorbance was measured at 276 nm, A276. The
solvent was methanol:water (1:1 v/v). The data are given in Table A.2. For
the straight line the slope is 4850 = 10 A.U./(mol/L), the intercept is (1.39
+1.45) x 10-3 A.U and the correlation coefficient is 1.000.
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Table A.3 NS- loading curve data for 1.01 x 104 mol/L NS- in pH 2 buffer pumped
through precolumn #1 (Ws = 0.1540 g) for various volumes and at various

flow rates. The data are plotted in Figure 4.1.

(a) 1.0 mL/min

Volume of Solution (mL) n x 106 (mol)
0.383
6 0.593

8 0.785
10 0.910
12 0.974
15 1.04
20 1.10
30 1.15
40 1.16

(b) 2.0 mL/min

Volume of Solution (mL) nNs x 106 (mol)
w .1 7
4 0.366
8 0.770
12 0.958
16 1.03
20 1.08
30 1.14
40 1.15

(¢) 3.0 mL/mia

VYolume of Solution (mL)

nNs x 106 (mol)

3 .263
6 0.562
9 0.838
15 1.01
21 1.08
3 1.12
36 1.14
45 1.16
60 1.13
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Table A.4 NS- loading curve data for 4.08 x 10-4 mol/L NS- in pH 2 buffer pumped

through precolumn #1 (Wg = 0.1540 g) for various volumes. The flow rate

was 2.0 mL/min. The data are plotted in Figure 4.2.

Volume of Solution (mL)

nNS X 106 (mol)

16
20
24

2.75
2.77
2.77




239

Table A.5 NS- elution data for a solution of 1.02 x 104 mol/L NS- in pH 2 buffer

loaded onto precolumn #1 (Wg = 0.1540 g) for a volume of 30 mL. The data

are plotted in Figure 4.3. Experimental parameters are given in Figure 4.3,

Fraction Aa76 (A. U.) (8) ]
1 0.580 + 0.008
2 0.011 £ 0.001
3 0.002 = 0.001

(@ Average and standard deviation of 3 runs.
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Table A.6 NS- and butanol loading curve data using precolumn #1 (Ws = 0.1540 g).
The composition of the sclutiofi pumped through the precolumn for various
volumes was 2.00 x 104 mol/L. NS- and 2.18 x 10 mol/L butanol in pH 2
buffer. The flow rate was 3.0 mL/min. The data are plotted in Figure 4.4.

Volume of Solution (mL) nns x 106 (mol) %.‘%',‘%3(%[ (a)
15 1.29
30 1.39
45 1.43
60 1.45
90 1.47
120 1.48
180 1.49 0.208 £ 0.010
270 1.50 0.219 £ 0.008
300 1.51 0.212 £ 0.006

(@ Average and standard deviation of 4 replicate injections.
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Table A.7 NS- and butanol elution data using precolumn #1 (Wg = 0.1540 g). The

solution composition is the same as in Table A.6. The solution was loaded

onto precolumn #1 for a volume of 360 mL. The data are plotted in Figure

4.5.
Fraction | Az76 (A. U.) (1) %ﬂ (b)
Run 1 Run 2
1 0.694 + 0.001 0.179 £ 0.009 0.188+0.015
2 0.032 + 0.001 0.006 £ 0.008 0.001 + 0.008
3 0.010 £ 0.001 -0.004 £0.010 -0.003 + 0.008
4 0.005 + 0.001 -0.002 £ 0.009 -0.008 £ 0.008
5 0.003 + 0.001 -0.006 + 0.008 -0.009 + 0.009

\#) Average and standard deviation of duplicate runs.

(®) Average and standard deviation of duplicate injections.
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Table A.8 NS- loading curve data with butanol present using precolumn #2 (Ws =
0.0871 g). The composition of the solution pumped through the precolumn
for various volumes was 1.00 x 10-4 mol/L NS- and 2.18 x 10-2 mol/L

butanol in pH 2 buffer. The flow rate was 3.0 mL/min. The data are plotted

in Figure 4.6.
Volume of Solution (mL) nns x 107 (mol)
15 5.12
45 5.41
90 5.45
180 5.63
270 5.54
360 5.79
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Table A.9 NS- elution data with butanol present using precolumn #2 (Ws = 0.0871 g).
The solution composition is the same as in Table A.8. The solution was
loaded onto precolumn #2 for 20 minutes at 3.0 mL/min and then 100

minutes at 1.0 mL/min (i.e. 360 mL). The data are plotted in Figure 4.7.

Fraction A276 (A. U.) (a) _
1 0.248 £ 0.003
2 0.006 + 0.002
3 -0.002 £ 0.001
4 -0.002 £ 0.001
5 -0.002 + 0.001

(@) Average and standard deviation of duplicate runs.
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Table A.10 Butanol sorption isotherm data on Partisil-10 ODS-3 from pH 2 aqueous

solutions. The data are plotted in Figure 4.8.

Cm,BuOH
(mol/L)
2.18 x 1042
5.45 x 10-4{)
2.18 x 10-3(d
1.09 x 10-2(2)
2.18 x 10-2(2)
7.63 x 10-2(b)
0.109()
0.218(b)
0.327()
0.545()
0.654(b)

ngyoH x 104

(mol)

0.00496
0.0126
0.0479

0.201
0.366
0.879
1.15
1.77
2.30
3.17
3.61

Cs,BucH 1/Cm,BuoH | 1/Cs,BuoH
(mol/kg) (mol/L)-1 (mol/k&_‘___:=
3.22x 103 4590 3
8.15 x 10-3 1840 123
3.11 x 10-2 459 32.2
0.131 91.7 7.66
0.237 45.9 4.21
0.582 13.1 1.72
0.765 9.17 1.31
1.17 4.59 0.854
1.52 3.06 0.657
2.10 1.83 0.476
2.39 1.53 0.418

@ Precolumn #1 was used. Amounts of butanol sorbed in column 2 were corrected to

the original weight of packing in precolumn #1, Ws = 0.1540 g. The effective weight
of packing used was 0.09849 g.

®) Precolumn #3 was used. Amounts of butanol sorbed in column 2 were corrected to

the original weight of packing in precolumn #3, Ws = 0.1510 g. The effective weight

of packing used was 0.1025 g.
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Table A.11 Butanol calibration cune data for the determination of the butanol sorption
isotherm at low concentrations of butanol in the solution pumped through

the precolumn (2.18 x 104 to 2.18 x 10-2 mol/L). The data are plotted in

Figure A.3.
[BuyH] x 105 (moVE) | P POH @
0.765 0.374 % 0.003
0.981 0.466 * 0.006
2.94 1.485 + 0.009
4.90 2.479 + 0.003

@) Average and standard deviation of four replicate injections.
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Figure A.3 Butanol calibration curve for the determination of the butanol sorption
isotherm at iow butanol concentrations in the solution pumped through the
precolumn (2.18 x 104 to 2.18 x 10-2 mol/L). The data are given ir. Table
A.11. For the straight line the slope is 511 £ 3 (mol/L.)-! and the intercept
is -0.024 + 0.009.
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Table A.12 Butanol calibration curve data for the determination of the butanol sory:tion

isotherm at high concentrations of butanol in the solution pumped thrcugh

the precolumn (7.63 x 102 to 0.654 mol/L). The data are plotted in Figure

A4,

[BuOH] x 102 (mol/L) ] _ l; ;P{l g:(())g (a)
0.763 0.639 +0.007
0.981 0.812 £ 0.001
1.09 0.912 £ 0.008
1.64 1.321 £ 0.001
2.18 1.738 + 0.003
3.27 2.614 +0.030
6.54 5.064 = 0.050

(@) Average and standard deviation of duplicate injections.
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Figure A.4 Butanol calibration curve for the determination of the butanol ¢ “rpion
isotherm at high butanol cencentrations in the solution pumped throcugh the
precolumn (7.63 x 10-2 to 0.654 mol/L). The data are given in Table
A.12. For the straight line the slope is 76.6 £ 0.4 (mol/L)-1 ~nd the
intercept is 0.070 £ 0.013.
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Table A.13 Butanol calibration curve data for the determinario«: of the amount of butanol
sorbed on precolumn #3 in ihe study of the effect of butanol sample on NS-
probe sorption at low concentrations of but 1} in *":; s0lition pumped

through the precolumn {2.18 x 10 to 1.05 x 102 snoi/L). The data are

plotted in Figure A.S.
[BuOH] x 164 (mol/L) %ﬁi&%{'
0 0
0.272 0.110
0.545 SRR
0.818 0.335
3.27 1.363
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Figure A.S Butanol calibration curve for the determination of the amount of butanol
sorbed on precolumn #3 in the study of the effect of butanol sample on NS-
probe sorption for the following range of butanol concentrations in
solution: 2.18 x 104 to 1.09 x 10-3 mol/L. The data are given in Table
A.13. For the straight line the slope is 4170 £ 10 (mol/L)-! and the
intercept is -0.0019 * 0.0021.
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Table A.14 Butanol calibration curve data for the determination of the amount of butanol
sorbed on precolumn #3 in the study of the effect of butanol sample on NS-
probe sorption at high concentrations of butanol in the solution pumped
through the precolumn (5.45 x 10-3 to 4.36 x 10-2 mol/L). The data are

rloned in Figure A.6.

[BuOH? x 103 (mol/L) | HA éB EQQE
0 0
0.981 0.287
2.83 0.853
5.45 1.526
7.63 2.122
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Figure A.6 Butanol calibration curve for the determination of the amount of butanol
sorbed on precolumn #3 in the study of the effect of butanol sample on NS-
probe sorption for the following range of butanol concentrations in
solution: 5.45 x 103 to 4.36 x 10-2 mol/L.. The data are given in Table
A.14. For the straight line the slope is 277 £ 5 yrol/L)-! and the intercept
is 0.022 + 0.022.
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Table A.1S NS- sorption isotherm data on Partisii-10 OCS-3 from pH 2 aqueous
soluti~ns with 1.09 x 10-3 mol/L butanol present. The data are plotted in

Figure 4.16.

LCmNs 1) ] Cong (mol/kg) | 1/Cm s (mol/L)-1|1/Csns (mol/kg)-1
5.7 4.99 x 10-3 20000 200
1.0C 8.46 x 10-3 10000 118
2.00x 104 1.37 x 10-2 5000 73.0
5.00 x 104 2.40 x 10°2 2000 41.7
1.00 x 10-3 3.56 x 10-2 1000 28.1
2.00 x 10-3 5.38x 102 500 18.6
5.04x 103 8.46 x 102 198 11.8
7.58 x 10-3 0.104 132 9.57
1.01 x 102 0.121 99.0 8.25
5.02 x 102 0.278 19.9 3.60
9.99 x 10-2 0.395 10.0 2.53

0.157 0.474 6.37 2.11
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Table A.16 Solvent effect of butanol on NS- sorption using solubility parameter theory.

Data are taken from Table 4.6. The d:ta are ploited in Figure 4.18.

Cm,ByoH (mol/L) | nns (mol) | ¢uon x 103 | Kpng |In Kp ng

0 2.15 0 71.19 4.265
2.18 x 104 2.07 i n.0200 68.54 4.227
3.27x 104 2.13 <9299 70.53 4.256
4.36 x 104 2.12 0.0399 70.20 4.251
5.45 x 104 2.12 0.0499 70.20 4.251
7.63 x 104 2.11 0.0698 69.87 4.247
1.09 x 10-3 2.11 0.0997 69.87 4.247
5.45x 103 1.96 0.499 64.90 4.173
1.09 x 10-2 1.78 0.997 58.94 4.077
2.18 x 102 1.59 2.00 52.65 3.964
3.27x 102 i.44 2.99 47.68 3.865
4.36 x 10-2 1.32 3.99 43.71 3.778




Appendix B
Tables and Figures for Chapter Five
In this appendix data which was preserited in some of the figures in Chapter Five
are tabulated. The corresponding figure in which the data were plotted is indicated in the

tables. In addition, calibration curves not shown in Chapter Five are presented in this

appendix.
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Table B.1 GC calibration curve data for the determination of the hcldup volume of

precolumn #4. Experimental parameters are given in Table 2.4. The data are

plotted in Figure B.1.

P. H, Watr

Volume of Water (mL) _r. 4, Metha,,.i ()
0 J.19£0.015
0.020 0.308 £ 0.010
0.060 0.803 +£ C.012
0.080 1.087 £ 0.021
0.10 1.328 + 0.007

®  Average and standard deviation of 4 replicate injections.
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P. H. Metihanol

0-0 LN v LI v T Y
0.00 0.05 0.10 0.15

Voiume of Vvater (mL)

Figure B.1 GC calibration curve for the determination of the holdup volume of

precolumn #4. Datz are given in Table B.1.
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Table B.2 NBTAY calibration curve data for the determination of the amount of NBTA+
sorbed on precolumn #4. The NBTA* absorbance at 26() nm was measured,
A260. The solvent was methanol:water (1:1 v/v) containing 0.010 mol/L

NaCl. The data are plotted in Figure B.2.

[NBTA+] x 104 (mol/LL Azeo (A.U.)

0.0419 0.0462
0.105 0.115
0.210 0.219
0.419 0.434
0.629 0.650
0.838 0.871
1.05 1.083
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Figure B.2 NBTA+ calibration curve for the determination of the amount of NBTA+
sorbed on precolumn #4. The NBTA* absorbance was measured at 260
nm, A260. The solvent was methanol:water (1:1 v/v) containing 0.010
mol/L. NaCl. Data are given in Table B.2. For the straight line the
correlation coefficient is 1.000, the slope is 10290 + 30 A.U./(mol/L) and
the intercept is (4.07 £1.71) x 10-3 A.U.



Taklle B.3 NBTA* loading curve .-aiz for 1.97 x 10-4 mol/L NBTA+ in 0.050 mol/L
NaCl and pH 5 buffer pumped through pi:column #4 for various volumes.

The flow rate was 2.0 1nl/min. The data are plotted in Figure 5.3.

Volume of Solutior (mL) nngra X 108 (mol)
2 3.46
10 9.09
30 9.72
60 9.32
120 9.44




Table B.4 NBTAt loading curve data for 2.09 x 104 mol/L NBTA* in 0.500 mol/L
NaCl and pH 5 buffer pumped through precolumn #4 for various volumes.

The flow rate was 2.0 mL/min. The data are plotted in Figure 5.4.

Volume of Solution (mL) nnpTA X 107 (mol) ()
2 1.55 £ 0.01
10 1.55 £ 0.01
30 1.57 £ 0.01
60 1.56 £ 0.01
120 1.57 £ 0.01

@  Average and standard deviation of duplicate runs.
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Table B.S NBTA* elution data for the solution in Table B.3 loaded onto precolumn #4
for a volume of 60 mL. The eluent was methanol:water (1:1 v/v) containing
0.010 mol/L. NaCl pumped at a flow rate of 1.0 mL/min. Each fraction
represents 2 mL of eluent collected in a 10 mL volumetric flask and then

diluted to volume with eluent. The data are plotted in Figure 5.5.

Fraction Asgo (A. U.) (3)

1 0.112 £ 0.001
0.002 £ 0.001
0.002 £ 0.001
0.001 £ 0.001
0.000 + 0.001

A WN

(@  Average and standard deviation of duplicate runs.
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Table B.6 NBTAY elution data for the solution in Table B.4 loaded onto precolumn #4
for a volume of 60 mL. The eluent and experimental parameters are the same

as in Table B.5. The data are plotted in Figure 5.6.

Fraction A0 (A. U.) () .
1 0.178 £ 0.001
2 0.002 £ 0.001
3 0.000 £ 0.001
4 0.002 £ 0.001
5 0.001 + 0.002

@ Average and standard deviation of duplicate runs.
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Table B.7 TBAT* calibration curve data for the determination of the amount of TBA*+

sorbed on precolumn #4. The SE/FIA parameters were: chloroform flow

rate, 1.4 mL/min; aqueous flow rate, 1.0 mL/min; chloroform flow rate

through the membrane phase separator, 0.50 mL/min; and detection

wavelength, 368 nm. The solvent was methanol:water (1:1 v/v) containing

0.010 mol/L. NaCl. The data are plotted in Figure B.3.

[TBA+] x 104 (mol/L)

0.0473
0.0946
0.473
0.946
1.89
2.84

Peak Area x 10-7 (A.U.) (2)

0.119 + 0.004
0.242 £ 0.001
1.29 £ 0.01
2.66 = 0.05
5.60 £ 0.12
8.16 + 0.03

@  Average and standard deviation of 5 replicate injections.
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Figure B.3 TBA+ calibration curve for the determination of the amount of TBA*
sorbed on precolumn #4. Experimental parameters and data are given in
Table B.7. For the straight line the correlation coefficient is 0.999, the
slope is (2.91 £ 0.03) x 1011 A.U./(mol/L) and the intercept is (-3.96
5.01) x 105 A.U.
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Table B.8 NBTA+* and TBA* loading curve dara for a solution of 9.87 x 10-4 mol/L

NBTA* and 1.00 x 10-5 mol/L. TBA* in 0.050 mol/L NaCl and pH 5 buffer

pvmped through precolumn #4 for various volumes. The flow rate was 2.0

mL/min. The data are plotted in Figure 5.7.

Volume of Solution nNeTA X 107 (mol) (@) | ntpa x 107 (mol) (@)
(mL)
2 3.41 +£0.03 0.880+0.119
10 3.36 £ 0.01 1.18 £ 0.10
3C 3.01 £ 0.08 3.22+0.24
60 2.40£0.03 5.85+0.23
90 2.23+0.01 6.66 + 0.47
120 2.23 7.07
180 2.22 6.85
240 2.22 7.15

@ Average and standard deviation for 3 runs. Where no standard deviation is reported,

only a single run was dore.
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Table B.9 NBTA* and TBA+ loading curve data for a solution of 9.31 x 104 mol/L
NBTA+ and 1.00 x 10-5 mol/L TBA* in 0.500 mol/L. NaCl and pH 5 buffer
pumped through precolumn #4 tor various volumes. The flow rate was 2.0

mL/min. The data are plotted in Figure 5.8.

Volume of Solution nNBTA X 107 (mol) ntpa x 107 (mol)
(mL)
2 5.96 0.872
10 5.79 1.19
30 5.54 2.86
60 5.18 5.57
90 4.34 10.8
120 4.22 11.6
180 4.36 11.5
240 4.33 11.5
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Table B.10 NBTA* and TBA* elution data for the solution in Table B.8 loaded onto

precolumn #4 for 150 mL. The eluent was methanol:water (1:1 v/v)

containing 0.010 mol/L. NaCl pumped at a flow rate of 1.0 mL/min. Each

fraction represents 2 mL of eluent collected in a 25 mL volumetric flask and

then diluted to volume with eluent. The data are plotted in Figure 5.9.

Fraction Azgo (A. U.) (8) | Peak Area x 10-6 | Peak Area x 10-6
(A.U.) (a) (A.U.) @ ()
1 0.125 £ 0.003 6.88 = 0.04 6.26 + 0.09
2 0.0001 = 0.0004 0.512 £ 0.100 -0.111 £ 0.146
3 0.0006 % 0.0001 0.558 £ 0.054 -0.065 £ 0.100
4 0.0001 £ 0.0001 0.528 + 0.074 -0.095 £ 0.120
5 0.003 £ 0.004 0.567 £+ 0.001 -0.056 + 0.047

@  Average and standard deviation of duplicate runs.

® Blank value was subtracted, (0.623 £ 0.046) x 106 A. U.
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Table B.11 NBTA* and TBA™* elution data for the solution in Table B.9 loaded onto
precolumn #4 for 150 mL. The eluent and experimental parameters are the

same as in Table B.10. The data are plotted in Figure 5.10.

Fraction Az60 (A. U.) (b) | Peak Area x 10-6 | Peak Area x 10-6
' (A.U)) (a) _ (A.U.) @ ()
1 0.207 13.1+£1.2 126+ 1.3
2 -0.001 0.523 £ 0.043 0.N18 £ 0.100
3 0.001 0.502 £ 0.044 -0.003 £ 0.101
4 -0.002 0.510 £ 0.079 0.005 £0.136
5 0.001 0.471 £ 0.085 -0.034 £ (.142

@ Average and standard deviation of 4 replicate injections.

®) Blank value was subtracted, (0.505 * 0.057) x 106 A. U.
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Table B.12 NBTA¥ sorption isotherm data on Partisil-10 ODS-3 from pH 5 aqueous

solutions at five different concentrations of NaCl in solution. The data are

plotted in Figure 5.11.

a
| oy | a6y [T T T B
0.050 0.197 0.621 * 0.008 0.601 £ 0.008
0.494 1.15 £ 0.02 1.11 £0.02
1.04 1.86 £ 0.01 1.80 £ 0.01
1.55 2.36 £ 0.05 2.28 £ 0.05
2.07 2.90 £ 0.04 2.81 £0.04
0.070 0.186 0.694 £ 0.006 0.672 £ 0.006
0.465 1.28 £ 0.01 1.24 £ 0.01
0.931 1.99 + 0.01 1.93 £ 0.01
1.40 2.54 £ 0.08 2.46 = 0.08
1.86 3.07 £ 0.07 2.97 £ 0.07
0.100 0.186 0.754 = 0.004 0.730 = 0.004
0.465 1.41 £0.01 1.36 £ 0.01
0.931 2.21+£0.01 2.14 £ 0.01
1.40 2.83 £0.04 2.74 £ 0.04
1.86 3.48 £ 0.08 3.37 £ 0.08
0.300 0.186 0.957 £ 0.007 0.926 = 0.007
0.465 1.94 £+ 0.01 1.88 £ 0.01
0.931 3.16 £ 0.01 3.06 £ 0.01
1.40 4.12+0.10 3.99 £ 0.10
1.86 494 +0.11 4.78 £ 0.11
0.500 0.197 1.14 2 0.01 1.10 £ 0.01
0.352 1.81 £ 0.02 1.75 £ 0.02
1.04 3.94 £0.03 3.81 £0.03
1.39 4.72 £ 0.02 4.57 £0.02
2.07 5.85 £ 0.05 5.66 * 0.05

@ Average and standard deviation of three column equilibration experiments.
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Data for plots in Figures 5.18 and 5.19. The values for the following
parameters were used: Cm NBTA = 1.86 x 10-3 mol/L and At = 1.03 x
105 cm2. The following values were from previous tables: nNBTA,ADS

came from column 7 of Table 5.3, nTBA,ADS came from column 8 of
Table 5.3, ¥| came from column 6 of Table 5.6 and ATB A came from

column 2 in Table 5.8.

¢ (mol/L) wBTA [|MNBTA,ADS NNBTA,ADS ( ZFV¥
K x 106 As Cm,NBTA YNBTA  |®XP " RT
(mol) x 109 (L/cm2) (a)
0.494 2.89 0.449
0.369 1.95 0.311
0.315 1.58 0.256
0.225 0.988 0.148
0.070 0.783 0.598 3.81 0.525
0.555 3.46 0.470
0.416 2.44 0.338
0.359 2.03 0.283
0.249 1.29 0.173
0.100 0.733 0.636 4.38 0.548
0.599 4.07 0.495
0.447 2.90 0.367
0.390 2.48 0.312
_ 0.273 1.63 0.173
0.300 0.587 0.986 8.94 0.604
0.934 8.53 0.563
0.722 6.75 0.459
0.642 6.08 0.410
0.450 4.43 0.295
0.500 0.513 1.22 12.9 0.630
1.14 12.2 0.593
0.886 9.95 0.496
0.798 9.19 0.449
0.554 6.92 0.336

@ Ag=AT-Ap,NTBAADS



Appendix C

Calculation of T,

Experimentally, it is a relatively simple matter to measure I'rga, INBTA and Iy
under conditions where the concentrations [TBA+] and/or [NBTA*] are held constant while
the ionic strength is varied by changing the concentration of NaCl. However, in order to
utilize equation 5.25 to obtain W, and C; it is necessary to employ values of surface excess
that prevail at constant activiries, aTA and/or aNBTA, While the ionic strength is varied. A
problem arises from the fact that activity coefficients change with ionic strength so that the
same activity corresponds to different concentrations of PDI at different ionic strengths.
An unattractive way of meeting this constant activity criterion wculd be to measure surface
excesses at a much larger number of concentrations of PDI. However, when there is only
one type of PDI present, such as NBTA alone, it is easier to fit a curve to the sorption
isotherm, as in Figure 5.11. Each isotherm corresponds to a different ionic strength. It is
then a simple matter to interpolate between the experimental points on each isotherm to
obtain values of surface excess at the concentrations of PDI which correspond to the same
activity at each ionic strength.

The problem is more formidable when there are two different PDIs present, such as
NBTA* and TBA*, and when it is desired to vary their activities independently of one
another and to evaluate I'y at several ionic strengths with both angTA and atga held
constant. One approach to this problem would be to vary the solution concenirations of
both TBA+ and NBTA* in the mixture and to plot curves of I';, versus [TBA+] using one
curve for each combination of [NBTA*] and ionic strength. The number of curves
required would be the number of curves that presently appear in Figure 5.13 times the
number of different concentrations of [NBTA*] that it is necessary to use. Then, in order

to find the value of I'; corresponding to a given combination of aTpa, aNBTA and ionic
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strength for use with equation 5.25, it would be possible, first, to interpolate within a given

curve in the set of curves of I", versus [TBA+] at a given combination of [NBTA+] and
ionic strength; and then to interpolate berween the curves in that set which have the same
ionic strength but different [NBTA+]. The number of experiments required to generate
such a large number of curves is unattractive. Therefore an alternative approach has been
taken in the present thesis.

In this study [NBTA™*] has been held constant throughout all of the experiments in
which both NBTA+ and TBA+ are present. The following steps have been used to
calculate I',. at any combination of constant aNgTA and aTga:

(i) At a constant aTpa, values of I', are first interpolated from each of the five
curves in Figure 5.13 as if only one PDI (i.e. TBA*) is present. Since [NBTA*] is the
same for all of these measurements but the ionic strength varies among the curves, the
value of aNgTA Will not have been constant among this set of measurements, even though
aTBA is constant. The interpolation just described yields the correct values for I'Tga
corresponding to the selected arga. However, the values of I'NgTA obtained are not the
desired ones because they correspond to several different values of aNngTA. Thus the
measured value of I",, which is the sum of I'Tga and INBTA. iS not accurate because
I'NBTA is not accurate,

(ii) For each point described above, an estimate is made of the difference,
AI'NBTA, between the value of I'lNBTA obtained and the value of I'ygTA that would have
been obtained if anpTA had been at the value of interest. To calculate each AT'NBTA the
following steps are performed: (a) The concentration, [NBTA+]2, which would be needed
to give the desired aNBTA at a particular ionic strength is calculated from the expression
[NBTA+*]2 = anBTA(YNBTA)!. (b) From the isotherm measured for NBTA+ alone at the

appropriate ionic strengih (see Figure 5.11) the following ratic is calculated:
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fo IneTA2
I'NBTAL (C.1)

whiere I'NBTA, 1 is the surface excess of NBTA*+ sorbed at the concentration [NBTA*]; that
was actually used in the NBTA+/TBA+ mixture experiment (i.e. read from Figure 5.11 at
[NBTA+] = 1.86 x 10-3 mol/L) and I'NBTA,2 is the surface excess of NBTA+ sorbed at the
concentration [NBTA], that would be needed given the desired angTa. (There will be a
different value of "f" for each aNBTA at each ionic strength). (c) Plots of INBTA versus
[TBA+], at each of the five ionic strengths, are made using the data obtained in the
NBTA+/TBA+ mixture experiments (see Figure 5.17). (d) The correction terms are

calculated from the expression:
A'npTA = I'NBTA (f - 1) (C.2)

where I'NBTA is the surface excess of NBTA+ which is read off the appropriate INBTA
versus [TBA*] plot at the value of [TBA+] which corresponds to the desired aTpA.

(iii) Finally, for each point of interest on the I, versus [TBA+] curve in Figure
5.13 the appropriate calculated value of AT'NBTA is added to I, in order to obtain the
corrected value of I';. corresponding to the specified combination of aTgA and anNBTA.

In this scheme for correcting Iy it is assumed, in combining step (d) with step (b),
that NBTA+ and TBA+ do niot compete significantly with one another for space in the ODS
bonded phase. Evidence ihat this is a good approximation comes from the results in
Section 5.3.4.2 where it is shown that, at the surface excesses involved, the mutual effect
of NBTA+ and TBA+ on one another arises mostly from their contribution to the potentials
¥y and W] rather than from a competition for space. Furthermore the relative magnitude of

the correction, (AI'NBTA/T+), is generally small, being in no case greater than 18%.
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Therefore small errors in the estimated values of ATNBTA Will cause negligible errors in

|



