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ABSTRACT

Although the polymeric phase Hamilton PRP-1. which is a styrene
divinylbenzene copolymer, is chemically more stable than silica-based reversed phases,
it produces broad asymmetric peaks with certain compounds. such as naphthalene and
other polyaromatics. Slow sorption-desorption rates on PRP-1 are mvestipated s a
possible cause of the inefficiency.

A shallow bed apparatus is designed to measure rates of sorption on
microparticulate HPLC packings. Milligram amounts of sorbent are contained in a
shder valve and are subject to exposure to a flowing sample solution for times greater
than about 0.4 s. A sorption rate curve, a plot of the concentration of sample in the
stationary phase against exposure time, is produced. For sorption of naphthalene on
PRP-1. the curve rises sharply then approaches equilibrium at 60 s refatively slowly . It
is well fit by a tri-exponential rate equation.

An HPLC analytical column containing PRP-1 is modelled by a series of three
hypothetical columns, each corresponding to a separate Kinetic process described by
one of the terms in the tri-exponential rate equation. Each hypothetical column acts on
an tmpulse function to produce a probability distribution referred to as P1. P2, and P3,
corresponding to the broadening caused by the fastest, intermediate and slowest
sorption processes respectively. If a sample is injected into a series of the hypothetical
columns, the overall predicted elution profile is a convolution of the three distributions.

For PRP-1, the observed elution peak of naphthalene is semi-quantitatively
predicted by P1 and P2. The tail of the peak, predicted by inclusion of P3, is not well
modelled because of uncertainties in P3 and because the extent of tailing appears to be
dependent on column history.

The sorption rate curve of naphthalene on Partisil-10 ODS-3, a silica-based



packing is very different from that on PRP-1. There is a marked absence of a very
slow sorption process that, on PRP- 1. is observed to affect the curve mainly after the
10 s time. Because the rates on Payisil are too fast to be accurately measured. the

sorption rate data does not accurately predict real elution profiles in this case.
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CHAPTER 1

Introduction

Modern HPL.C analyses have been made routine and reliable with the
commercial availability of high quality, high efficiency columns. Most analyses are
carried out in the reverse-phase mode on columns containing a non-polar stationary
phase. The vast majority of reverse-phase columns are packed with a silica-based
bonded phase [1.1]. The physical characteristics of the silica support, including
excellent mechanical strength, excellent mass transfer properties in microparticulate
packings and widely available reagents to modify the silica surface, make it a suitable
material for manufacturing chromatographic packings [1.2]. The material does have
some limitations, however, notably its relatively poor resistance to attack in acidic or
basic solutions. The efficiency of silica-based packings also tends to deteriorate with
use of mobile phases which have a high water content, such as are appropriate forion-
exchange separations.

Various alternate materials have been used as the support for bonded phases in
an attempt to overce: .. the problems with the pH extremes. Other supports, such as
alumina [1.3, 1.4] and zirconia [1.2] show greater chemical stability |1.5], but are still
largely experiinental as supports for RP-HPLC.

Non-polar adsorbents represent an alternate family of RP supports. This
includes carbon and organic copolymers. Carbon, in its various forms has been shown
to be energetically heterogeneous and, in the form of graphite, is mechanically fragile
and subject to long term oxidation | 1.2]. One common organic polymer is polystyrene-
divinylbenzene (PS-DVB) which is marketed under trade names such as PRP-1
(Hamilton, Reno, NV), PLRP-S (Polymer Laboratories, Church Stretton, UK) and

Rogel (RSL-Alltech Europe, Eke, Belgiuin). Other types of polymers such as



polyaromatic esters | 1.0] nave been synthesized.

Originally. the copolymers were successfully applied to problems such as the
separation of amines at high pH. which produces ion suppression. and the resulting
separations <howed better efficiencies than the same separations on silica-based
packings [1.7]. The use of macroporous polymers as a stationary phase for liquid
chromatography has recently been reviewed | 1 .8]. They are applicable in areas where
silica-based packings are inadequate and they have been used in the analysis of
biologically active specics such as tetracyclines | 1.9, 1.10. 1.11], penicillins {1.11].
proteins [ 1.12} and erythromycin [1.13]. Some successful assays. such as the
separation of Rheumatoid drugs and their metabolites in blood and plasma [ 1.14} are
carried out at elevated pH, in this case. at pH 11. The packing used in this study. PRP-
[. has been successfully used as a dynamic cation {1.15, 1.16. 1.17} and a dynamic
anion exchanger [1.18. 1.19]. PRP-1 has also been used in the analysis of S-triazine
herbicides | 1.20].

PS-DVB packings are neutral stationary phases which can be easily modified to
produce cation- or anion-exchangers by derivatization with sulphonate or amino groups
[ 1.21]. The underivatized support is stable from pH 1 to 14 [1.22]. The relativelv
high amount of cross-linking makes the supports mechanically rigid. Despite these
ideal characteristics, columns of polymeric packings tend to demonstrate asymmetric
peaks and poor efficiency [1.21,1.23]. The efficiency has been shown to be dependent
on both the identity of the sample [1.23, 1.24] and the solvent {1.23}. For instance, a
planar molecule. such as 9-hydroxymethylanthracene is associated with much lower

efficiency than a compound with similar retention characteristics which is linear.

Aromatic compounds, in general. tend to give poor efficiency on these packings [1.21].

Figure 1.1 shows the elution chromatograms for naphthalene on two different
stationary phases. Partisil-10 ODS-3 is a silica-based bonded phase and the elution

profile associated with this packing is symmetrical and narrow. PRP-1isa PS-DVB
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Figure 1.1 Chromatograms of naphthalene on two different kinds of HP1.C

packing. The time ty, is the retention time of an unretained compound.
The signal eluting from a column containing the silica-based RP packing
(Partisil-10 ODS-3. in this case) is symmetrical and narrow with a small
plate height, H. The signal from a polymeric packing (PRP-1, in this

case) is severely broadened and highly tailed. with a large plate height.



polymienic stationary phase and the elution profile associated with it is severely
broadened and asymmetrical. These peak charactenistics observed with PRP-1 lead to
poor resolution. poor detection limits and anomalously fong analysis times.

Two alternate explanations for this phenomenon have been given. Benson and
Woo initialiy assumed that the poor efftcrency was due to st electrons in the polystyrene
chains of the support. These electrons might interact strongly with orbitals of solute
species. These relatively strong interactions might lead to peak broadening and
asymmetry |1.21] in the same way that compounds that are strongly attracted to
residual silanols in silica-based columns show these elution characteristics.
Copolymers which had been derivatized at the aromatic portion would show decreased
7 electron intcraction and this would lead to decreased tailing. While increased
efficiency has been claimed for PS-DVB derivatized with nitro groups {1.25]. no plate
heights or other similar measures of the quantity were quoted and conclusions are
difficult from published information. Other chemically modified PS-DVB packings
have been reported | 1.21, 1.26}.

An alternate explanation depends on the physical structure of the support. The
physical characteristics. including the pore characteristics have been recently well
studied for the polymeric stems [1.22, 1.24, 1.27]. These packings are termed
"macroporous’. and have rather large pores (>50 nm) due to the heterogeneity of the
polymerization process. The average pore diameter of these packings is in the range of
5 - 10 nm and there are a large number of micropores (< 2 nm) as well [1.28]. The
micropores are due to the spaces between the components of the copolymer. Poor
efficiency has been linked to hindered diffusion of solutes in and out of these
micropores [1.24]. This view explains not only the sample dependence but also the
solvent dependence of column efficiency. For solvents like tetrahydrofuran (THF),
much better efficiencies are generally obtained than if the solvent is methanol (MeOH)

or acetonitrile (ACN) {1.23. 1.29]. There is also evidence that the void volume of a



column changes with the solvent. meaning that the support swells in solvents it is well
wetted by. such as THF. which can interact with the aromatic rings in the polystvrene
chains. As the support swells. the micropore volume increases and. with the larger
pore. the hindered diffusion also decreases. leading to better etficiency.

This proposed effect of micropores on efficiency is supported by studies of
porous polymer packings of varying mean pore dimensions w hich suggest that the
efficiency is generally independent of this quantity |1.24], even though it would be
reasonable to assume that with a larger pore size, diffusion rates would increase. The
quantity however, does not deal with the existence of micropores which exist
necessarily because of the structure of the polymer and which might be the cause of the
rate limiting processes in the partition of solutes between the two phases.

This is not to suggest that only polymeric phases have micropores. Silica-based
supports which are underivatized also have micropores but these are generally smaller
than found in polymers because the functional groups, SiO», are smaller than the
functional groups in the polymers. It is also conceivable that the micropores, which are
already inaccessible to solute molecules in the underivatized support may be filled in the
process of derivatization and/or endcapping. The mechanism of adsorption on silica-
based RP-HPLC packings is probably more of a surface phenomenon than on the
polymeric phases.

Whatever the physical process, there seems to be some excessive resistance to
mass transfer of solutes in these packings which lead not only to peak asymmetry but
also to increased peak widths for certain compounds. It is the origin of the poor
efficiency which is the subject of this study.

Bandbroadening in chromatography is the resuit of physical processes which
occur in the separation process. It is generally considered to be the result of a series of
independent rate processes which affect the sample band, originally injected as an

impulse, as it migrates along the column. The individual processes are examined



briefly in Chapter 2. The processes that may be dominant for the polymeric phases
involve resistance to mass transfer within the particle. Included in this transfer are the
rate of transfer through the stagnant mobile phase which fills the pores of the polymer
and the rate of transfer between the stationary phase and the stagnant mobile phase.
This rate of transfer, termed here the rate of sorption if we are describing the transter of
a solute from the mobile to the stationary phase. is of interest if we are to quantify the
contribution of this transfer processes to the overall process of separation.

This study focuses on the possibility that a slow sorption rate is the major cause
of the bandbroadening and tailing observed on PRP-1 when using polyaromatic sample
species. The development of a technique to measure the rate of sorption is detailed and
a model is used to relate the measured rate to experimental elution profiles of
naphthalene. The results of the study orn PRP-1 are compared to results for a parallel

study on the silica-based packing,. Partisil-10 ODS-3.



CHAPTER 2

Theory
2.1 Bandbroadening in Liquid Chromatography

2.1.1 Introduction

The phenomenon of bandbroadening has been extensively treated in the
literature [2.1 to 2.3]. Only a brief discussion will be included here.

Ideally. sample solutions are injected onto chromatographic columns as an
impulse. Physical rate processes on the column atfect the sample zone and lead to non-
uniform flow profiles and non-equilibrium between the various phases in the column.
The relative magnitudes of these rate processes are affected by the characteristics of the
experiment. such as the particle size of the packing. the diffusion characteristics of the
sample molecule and the linear velocity of the mobile phase. The relative effect of
various parameters on the bandbroadening can be predicted by assuming that several
independent physical processes contribute to the sample zone broadening. The
contribution of each process to zone broadening is equivalent to the relative plate height
contribution of that process to the overall piate height for the column. The usual
treatment, described below assumes that as independent processes. the effect of each is
superimposed on the moving zone centre to describe the overall observed peak shape.

The height equivalent of a thecretical plate is the quantitative measure of the
contribution to zone broadening. This quantity, H, is defined in equation 2.1.

ot

H:Y— eqn. 2.1

The variance produced by the process, 0% , in units of distance, is related to the width

of the chromatographic peak. X is the distance travelled; for a sample eluting from a



column X is equal to the length of the column. Equation 2.1 can be easily converted

into time or volume unt’'s.

2.1.2 l.ongitudinal Diffusion

If the sample zone is initially an impulse of infinitely narrow width. as it moves
down a column, molecules in the band will tend to diffuse along the axis of the column
in two directions, backward and forward. This ditfusion is inversely proportional to
the linear velocity of the mobile phase. uy,; the faster the stream is flowing. the less time
available for the sample molecules to diffuse from the front. The contribution to plate
height is directly proportional to the diffusion coefficient of the sample molecule, Dy:
as the diffusion coefficient increases. the molecule diffuses faster and the longitudinal
diffusion becomes more extreme. The plate height contribution due to longitudinal
diffusion, Hi_p is given by equation 2.2 [2.4].

2yDy,
U, eqn. 22

Hyp=

In packed beds, the longitudinal diffusion tends to be smaller than that found in
open tubes of similar diameters. In packed beds, diffusion is obstructed by the
particles and an unitless obstruction factor, v, is introduced. The value of the
obstruction factor is approximately 0.5 to 0.7. The obstruction factor accounts for the
overall effect of packing on the diffusion characteristics of the sample molecule. More
detailed accounts of the origin of the obstruction factor are available elsewhere |2.5].

In HPL.C, this term tends to be negligibly small [2.6].

2.13 Eddy Diffusion
This term arises from changes to the sample band resulting from non-uniformity
in flow of the mobile phase. The presence of particles in a column creates velocity

differences of various types especially when particles are not uniformly packed or of a
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large distribution of sizes. The different velocity flow streams carry along molecules.
leading to broadening of the zone. The broadening. however, is not as severe as it
would be in an open tube. This is a result of the lateral convective mass transfer of
molecules between the flow streams of different linear velocities which tends to relax
the non-uniform flow profile. The value of the contribution to the plate height can be

calculated from equation 2.3 |2.7].

Heagy=2Ad,, eqn. 2.3

This term is dependent on particle diameter. dp: when the particle diameter is
small. the sample molecule may spend less time in a flow stream which is faster or
slower than average. The packing factor. A. relates to the uniformity of packing of the
bed and generally increases as ihe particle size decreases. Large particles are easier to
pack uniformly in a chromatographic column |2.8]. Modern packing techniques result
in columns which generally have a packing factor much less than 10. It has been
measured to be approximately 2.5 for spherical particles in the particle diameter range

of 5to 35 um [2.9]. However, A can vary significantly from column to column [2.2].

2.1.4 Resistance to Mass Transfer in the Mobile Phase

In the mobile phase. radial diffusion of the sample across the column leads to a
relaxing of the effects of non-uniform flow profile of the mobile phase on the sampie
zone. The finite rate of diffusional mass transfer across the column means that the non-
uniform flow profile will be only partially relaxed. The plate height contribution due to
this effect is calculated by equation 2.4 [2.10].

_ wd%u(,

H
. Dm eqn. 2.4

The process is related to the diffusion characteristics of the sample; as the

diffusion coefficient, Dy, increases, the relaxation of the non-uniform profile is more



efficient . The term depends directly on the linear velocity. u,: if the sample spends
more time in the flowing stream while travelling a given distance along the column.
then diffusion across the column becomes more efficient. For small particle sizes. the
plate height contribution tends to be relatively small. The contribution is also directly
proportional to m ., a packing factor. As the uniformity of the bed increases, o
decreases since the various streams of moving phase become more uniform in velocity.
m 1s dependent on the column packing and can also vary from column to column |2.2}.

In gas chromatography. where the mobile phase is a gas. the vaiue of the
diffusion coefficient is on the order of 102 to 10-! em?/s, the plate height contribution
due to resistance to mass transfer in the mobile phase is considered negligible [2.11].
In liquid chromatography. however. the diffusion coefficient of sample molecules is on
the order of 107© to 10-5 cm?/s and the contribution calculated from equation 2.4 is

much larger.

2.1.5 Coupling of Heddy and Hm in HPLC

These two contributions are associated with lateral convection and lateral
diffusion respectively. Both contribute to relaxation of the flow profile established by
non-uniform velocity profile. These terms are said to be coupled and the overall

contribution, Hcouple. is given by Giddings as equation 2.5 [2.12].

-1
Heoupie = _HTld(; + Hl_m
eqn. 2.5
The validity of the coupling term has been questioned by several researchers
including Giddings himself [2.13] who states that "The coupling expression is simply
an approximation to a very complex interaction between diffusion and convection. The

process has been formulated rigorously but the boundary conditions for real granular

beds are so complex that meaningful solutions have not yet been obtained." Equation

10
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2.5 along with equations 2.3 and 2.4 allow one to predict the relative effect of changing
the variables in the column (for example. dp). The values of the constants y. A and
are only estimates and the value of the plate height calculated from the above equations
may be significantly different from actual plate height of a column. The contribution
due the processes covered in the previous sections can be measured directly in silica
columns for affinity chromatography using totally unretained compounds, which
neither interact with the stationary phase by adsorption or enter the pores. The bands
of these totally unretained compounds will be subject to broadening due to longitudinal
diffusion and to the coupled mobile phase processes. These contributions were
measured on silica gel packings which had been derivatized with an immobilized ligand
for use in affinity chromatography. On 10 um particles. these contributions are on the

order of 10 to 100 um at the usual linear velocities used in HPLC 12.14}.

2.1.6.  Resistance to Mass Transfer in the Stationary Phase

Bandbroadening occurs whenever sampie molecules fail to move with the centre
of the sample plug. The physical or chemical reactions of adsorption and desorption
can be a source of bandbroadening if they requires a finite time. As a sample zone
moves down the column. the mobile phase will contain a concentration of sample that is
higher than the equilibrium concentration. This provides the driving force for
adsorption but if this step takes time, the sample will continue down the column
without reaching equilibrium, causing the front end of the peak to stretch out. The
sample zone in the stationary phase will, at this point contain a concentration less than
that at equilibrium. Once the band centre passes, however, the mobile phase will
contain a concentration of sample less than that predicted by the equilibrium distribution
coefficient. If desorption takes time, this cause the back end of the peak to stretch out.
Overall, the peak is broadened by the non-equilibrium processes associated with slow

sorption-desorption kinetics.



The bandbroadening contribution is related to the rate constant for the sorption
or desorption reaction. The process is often considered in terms of the irreversible

desorption rate constant. kr. The random walk model was used by Giddings to derive

cquation 2.6 |2.15].

Ho=2—k U
(1 +k"? Ke eqn. 2.6

The time associated with this process is only the time necessary to undergo
reaction. not time required to diffuse to the surface. For reverse phase packings used in

HPL.C. this term is often considered to be negligible [2.3].

2.1.7  Resistance to Mass Transfer in the Stagnant Mobile Phase
Porous particles are filled with mobile phase but the solution does not undergo

the various convection processes associated with the flowing mobile phase. The
stagnant mobile phase is probably not quickly exchanged with fresh mobile phase.
Sample molecules which enter the pores of a particle must diffuse into the stagnant
mobile phase to reach the surface of the stationary phase where adsorption actually
occurs. The bandbroadening associated with this process must depend on the diffusion
characteristics of the sample molecule. Equation 2.7 calculates the plate height

contribution for this process [2.16].

fet (f, k") d3 u,,
Hipm = D
¥ Pm eqn. 2.7

The tortuosity factor, y', accounts for the increased path length the sample molecules
must follow due to the winding channels within the particles. It has a value iess than 1.
The variable fct (f, k') is a function of f, the fraction of the mobile phase in the pores of
the packing and of k'. the capacity factor. The function has different forms depending
on the type of stationary phase used. For spherical particles, the function is given by

equation 2.8 |2.16].



(1 -f+kH

3001 - )l + k97? eqn 2.8

fet(f.K') =

Einstein's equation, shown in equation 2.9 which relates the square of the diffusion
distance. 47, to the time of diffusion. tf. can be used to replace 95 and Dy in equation

2.7 with diffusion times as shown in equation 2.10 |2.17].

df = 2Dty

eqn 2.9
2 fet(f k) y'
Hom =2 fet(f.k) y' ty = 2o 8 ¥
Ky eqgn 2,10
Equation 2.10 relates the band broadening due to resistance to mass transfer in the
stagnant mobile phase tc- a first-order rate constant, kf, for diffusion through the pores

of the packing.

2.1.8  Total Plate Height
The previous discussion for the estimation of plate heizhts for chromatographic

columns can be summarized in equation 2.11.

-1
H=H;p+ Hcild +F1L + Hy + Hyp
v m

eqn 2.11

The relative contributions to the plate height have been calcuiated for a
hypothetical HPL.C column containing 10 um spherical, porous particles for a sample
having a k' = 35. The calculations used a linear velocity of 0.4 cm/s which
corresponds to a realistic flow rate of about 2 mi_/min. Detailed calculations are shown
in Appendix 1. Table 2.1 summarizes the results.

The overall plate height for this column then is 0.073 mm, with the majornity of
the band broadening originating with the mobile phase effects in the coupled term. The
parameters discussed in Appendix 1 were chosen to closely parallel parameters for the

polymeric packing PRP-1 and for typical HPLC experiments on that packing.



Table 2.1 Summary of individual plate height contributions in a typical HPL.C

experniment with conditions described in Appendix 2.

term plate height
contribution (cm)
Hi p 3x 105
Heady 0.005
Hpn 0.052
Heouple 0.0046
Hem 0.0027
Hg 4.3 x 10-3
Hiol 0.0073




However. the predicted value of 0.073 mm grossly underestimates the observed plate
height for PRP-1 columns with certain kinds of’ samples. This study will investigate
the possibility that the some combination of the Him term and the Hq term
underestimates the contribution to bandbroadening of slow mass transfer in the porous
structure of the polymer. For certain molecules which are of the molecular dimensions
of the micropores, their behaviour in the micropores may be lead to large values of Hem

and/or H,.

2.1.9  Rate Processes and Bandbroadening

PRP-1 was previously described as a macroporous packing. Each particle has
an extensive network of pores of a variety of sizes. Mercury porosimetry studies on a
related macroporous polymer. Amberlite XAD-2, suggests that micropores are present
[2.18]. The pores probably range in size from macropores to micropores. It has also
been observed that PRP-1 is an exceptionally poor stationary phase for certain kinds of
compounds, especially polyaroiaatics. After eliminating other possible causes for the
severely broadened peaks such as high longitudinal diffusion and a non-uniform flow
profile [2.19], the slow adsorption-desorption kinetics was suspected to be the primary
cause of the inefficiency. Typically, adsorption onio non-polar stationary phases is
considered to be a fast process since there tends to be only a small activation energy
associated with the weak dispersion forces which are the primary retention mechanism.
If, however, we consider the total sorption process to include the diffusion of the
sample through the interior pores of the particle it is not difficult to imagine that the
overall process may be slow and may lead to non-equilibrium between the mobile phase
and the particle phase (including the stagnant mobile and the stationary phases).

The shallow bed method described in this thesis is desi gned to measure the
overall rate of the total sorption process of a sample compound onto a stationary phase.

The measured rate may be limited by slow diffusion through the pores and/or by



adsorption onto the actual surface.

\J

Shallew Bed Theory
Sorption of a sample from a liquid solution onto a porous solid particle involves

several steps as illustrated in Figure 2.1 [2.20. 2.21}. Film diffusion is the diffusion of

sample from the bulk solution across a concentration gradient to the particle surface.

For porous particles. particle diffusion involves the movement of the sample through

the pores in the particle. The final step is the actual physical or chemical reaction
involved in surface adsorption. Desorption can be considered occur as the reverse of
the above steps [2.21].

In chromatographic columns, the manifestation of these processes will be
bandbroadening if the processes are time-consuming. If film diffusion is slow. this
results in a plate height contribution due to slow mass transfer in the mobile phase
according to equation 2.4. In fact. film diffusion relates to only one of the physical
processes included in the Hpy, term. The individual processes refer to mass transfer
over various distances in the column; film diffusion corresponds to so-called "trans-
channel” mass transfer. This is the mass transfer between flow streams of different
linear velocities in the channel between two particles. This contribution is actually
small at nor nal HPL.C linear velocities [2.10]. If particle diffusion is slow. it might be
expected that the contribution from resistance to mass transfer in the stagnant mobile
phase according to equation 2.7 will be large. If the chemical or physical adsorption is
slow. a large contribution due to resistance to mass transfer in the stationary phase
calculated according to equation 2.6 will be expected. The slowest of the three steps
iltustrated in Figure 2.1 is considered to be the rate-limiting step in the overall sorption
process. At this point. however. it may be noted that in the "shallow bed method".
described below, film diffusion is very fast because the particle outer film is very thin

so that only particle (pore) diffusion and surface adsorption-desorption are potentially



Figure 2.1

Particle Outer Film

Particle

Pore surface /.- -]

Schematic diagram of a spherical porous stationary phase particle.
Three steps in the sorption process are illustrated. (1) Sample diffuses
from the bulk solution across the concentration gradient surrounding
the outer surface of the particle. This process is termed "film
diffusion”. (2) Sample diffuses through the stagnant mobile phase
contained in the nore. This process is termed "particle diffusion”. (3)
Physical or chemical adsorption occurs onto the pore surface.

Desorption can be considered to occur by the reverse of these steps.
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invoived. It is not necessary to determine which of these two steps is the slower. and.
for convenience. the terms "sorption™ and "desorption” will be used to refer to the
combined process of pore-diffusion and surface adsorption-desorption.

Whatever the actual rate limiting process, the measurement of the rate of the
overall sorption process is depender 1 on measuring the amount sorbed by an adsorbent
with respect to an exposure time to a solution. For very large particles where the
overall sorption rate is small, the experiment may be as technically simplistic as shaking
a known amount of sorbate in a solution of known concentration for variable amounts
of time and analyzing either phase for changes in concentration. This type of
experiment becomes more challenging as the sorption rate becomes faster and the
necessary exposure times decrease.

The rate of sorption on HPL(  ationary phases has been the subject of
relatively few studies. It has proven to be a bit more technically challenging. Marshall
et.al. |2.22] measured the sorption rate constant in an octadecylsilica, ion pairing
chromatographic system using the pressure-jump relaxation Kinetics method. While the
rate constant for the ion-pairing reaction preceding the adsorption was too fast to
measure with the system, the adsorption step was determined also determined to be
very fast. Reciprocal relaxation times for adsorption on bonded phases were
determined to be of the order of 500 to 700 s°!.

In this laboratory, a technique based on a fixed-bed adsorber, termed the
shallow bed method, has been developed to accommodate exposure times of less than |
s. The basic technique was originally described in 1947 [2.23] and has been used to
study the kinetics of sorption on ion-exchange resins {for example, 2.24]. The design
of the apparatus will be discussed in detail in Section 3.4.1. Briefly, the fixed bed
consists of milligram amounts of HPLC stationary phase material held in a modified
slider valve. This small bed, termed a shallow bed, can be exposed to a flowing sample

stream for variable amounts of time. The sorbed sample is then eluted from the shallow



bed and the sorbed amount is plotted vs expostre time to generate a sorption rate cunve.
The experiment is designed to measure the rate constant for the reversible

sorption of species j from the mobile phase. designated jm onto the stationany phase
where the species is designated js.

kg

Jm — Js egn. 2.12

ky
The forward reaction is the sorption reaction and has an irreversible rate constant of Ky
while the reverse reaction. desorption. has an irreversible rate constant of kr. Under

reversible conditions, the observed rate constant, k can be shown to be the sum of the

two aforementioned irreversible constants [ 2.25] as shown in equation 2.13.

k =ky+k; eqn. 2.13

The success of the experiment depends on achieving so-called shallow bed
conditions. Shallow bed conditions are said to exist when the sample concentration in
the mobile phase is constant at all times including exposure time = 0. To fulfill this
condition, the sample solution passes through the bed at a rapid rate. When sample is
sorbed by the bed, the local concentration in the flowing sample solution will not
decrease because the flow flushes the bed at a rapid rate. Shallow bed conditions
simplify assumptions necessary to data analysis. No concentration gradient exists in
the shallow bed either longitudinally or radially.

The fulfillment of shallow bed conditions is accomplished by the combination
of two experimental conditions. First, a small iength of packing is used in the shallow
bed. This assures that by the time a volume element of solution reaches the lower
portion of the bed, it will not have been in contact with much overlying packing and at
most only a very small amount of solute will have been sorbed. The more sample

sorbed by the bed, the harder it will be to maintain a constant sample concentration in

the flowing phase. A concentration gradient might be established. The second

19



experimental consideration is the use of a high linear velocity of the sample solution
through the shallow bed. This is accomplished using a constant pressure system.
Minimization of resistance to flow is also necessary. The use of a very short (shallow)
bed is therefore indicated.

The shallow bed method can be compared to frontal chromatography [2.26]. In
frontal chromatography. which is schematically illustrated in Figure 2.2. a sample
solution of concentration Cp, is pumped continuously through a column. A plot of the
sample concentration in the effluent. C¢, vs time is called a breakthrough curve. The
shape of the breakthrough curve is often sigmoidal. The variable ty,, illustrated in
Figure 2.2, is the finite time that is necessary to sweep out the void volume of the
column with sample solution. In the shallow bed experiment, this step is assumed to
occur instantaneously because of the very high linear velocity and very small void
volume of the bed. The breakthrough curve in Figure 2.2 continues along the baseline,
then nises in the typical S shaped pattern. In this region. there is a concentration
gradient established longitudinally in the column. At the top of the column, the packing
sorbs sample decreasing its concentration in the flowing phase. As this gradient moves
down the column, the concentration continually decreases due to the sorption process.
As the packing reaches equilibrium with the flowing sample, the concentration of the
mobile pha proaches a constant and the breakthrough curve levels off when all
packing has reached equilibrium. The retention time of the sample, t, is located at the
midpoint of the rising part of the elution curve. In the shallow bed experiment, the
effluent concentration can be considered to be a constant at all times. In other words,
the values of ty, and t; approach zero. The curve in Figure 2.2 would therefore be
inapplicable to the shallow bed. All particles in the shallow bed experience the same
solution conditions at all times and will therefore undergo sorption processes at the

same rate regardless of geographical location in the column.
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Figure 2.2

Cm_————_

N

Time

Column for frontal chromatography and breakthrough curve. A
sample solution of concentration Cy, is pumped continuously through
the chromatographic column and the concentration in the eff] uent. Cgis
monitored. Ce is plotted as a function of time in the breakthrough
curve. The time tp, is the time for the solution to rinse out the void
volume of the column. The time t, is the retention time for the sample
on the column. Equilibrium exists between the stationary and

mobile phases in the plateau region of the breakthrough curve. If the
column is replaced by a shallow bed, breakthrough is assumed to be

achieved instantaneously. On the very short shallow bed, both t,, and t

approach zero.



23 Analysis of Sorption Rate Data

2.3.1 Curve Fitting of Sorption Rate Data
The sorption rate data that result from the experiment described in this thesis can
be fit, using non-linear least squares analysis, to a multi-exponential curve as shown in
equation 2.14.
i
n(t) =n, - Z n;e kit
i=1 eqn. 2.14
The use of a multi-exponential equation was suggested by the shape of the plot of the
experimental data points and not by theoretical considerations. It is important to note
that this curve fitting is empirical. Typical sorption rate data, a piot of moles of sample
sorbed vs sorption time is shown in Figure 2.3. The solid line is a best-fit to a tri-
exponential equation. Multi-exponential curves are observed in luminescence decay
data for species in heterogeneous environments such as inhomogsneous surfaces
[2.27]. In these situations, the various terms are associated with independent kinetic
processes. each associated with different activation energies. Such curves may also be
of the continuous exponential variety. In these types of curves. there is a range of rate
constants instead of a set of discrete rate constants. The statistical considerations
necessary to distinguish the situations are fully explored in Reference 2.28. The
sorption rate data described in this thesis gave good fits to the discrete multi-exponential
function and the possibility of a continuous distribution of sorption rate constants was

not explored.

2.3.2  Calculation of Elution Profiles from Sorption Rate Data
We are primarily interesied in predicting the shape of the profile of a sample

peak eluted from a long chromatographic column packed with sorbent based on
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Figure 2.3 Sorption rate curve for Naphthalene on PRP-1 in 85 % MeOH. The
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information from the sorption rate curve for the sample obtained by the shallow bed
experiment performed on the sorhent. Ir order to correctly predict the shape of the
elution curve, it is necessary to treat each term of the multi-exponential as though it
represented the rate of an independent first-ord.:r sorption process. For most of the
sorption rate curves that will be presented here. there are three terms in the multi-
exponential equation. This number is not imposed arbitrarily but rather is the number
of terms that gives the best fit to the data points. Each of the i individual processes is
associated with a first-order rate constant. kj. and with a pre-exponential multiplier. n;.
which can be considered to be related to the number of sites associated with the ith
process.

One can imagine that a chromatographic column filled with the packing of
interest could be treated as a series of smaller columns in which only one of the
sorption processes occurs. Each of the hypothetical smaller columns will have a length
proportional to ni/ng. the fraction of sites associated with the process given in the multi-
exponential equation. In each of the small columns, only a single first-order sorption
process occurs, associated with a single sorption rate constant. Giddings has given a
general equation which gives the probability di-sribution P(tg); associated with a single

first-order sorption-desorption kinetic process, as shown in equation 2.15 [2.29}.

L. 0.5
P( [\)I = (E(_l_l_l;[_.l[_m) e‘(kfilm + kr llq)ll m
3
eqn. 2.15

The probability distribution plot of P(ty); vs ts corresponds to an elution
chromatogram for a sample on the hypothetical column ass.. iated with the ith process.
Equation 2.15 is expressed in terms of the variable ts, which is time measured

from the time an unretained compounc takes to elute from the column, ty.

L=t-ty eqn 2.16
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In a column. the sample is injected as an impulse. As the sample passes
through the column. any physical process which results in certain molecules moving at
a different velocity than the centre of the sample zone results in zone broadening. In
our imaginary columns, the only source of zone broadening is slow sorption: we

imagine that all other processes are negligible.

233 Data treatment for a Bi-exponential Rate Curve
The data treatment can be more easily understood by first considering the case

where the sorption rate curve is in the form of a bi-exponential shown in equation 2.17.

n(t) = n, - njekit - pyekat eqn. 2.17
We then suppose that there are two independent sorption processes (i = | or 2) and treat
the chromatographic column as if it were two smaller columns in tandem. This thought
experiment is illustrated in Figure 2.4.

In hypothetical column 1, the only sorption process that occurs is one
corresponding to the first term of the bi-exponential. The process has a reversible rate
constant k| (as obtained by non-linear least squares fit of the sorption rate curve). The
value of k| can be used to calculate the irreversible rate constants for sorption and
desorption, kf,; and kr,, which are needed to calculate the probability distribution
given by equation 2.15. Using equation 2.13 and equation 2.18, the values of the two

reversible rate constants can be calculated using data for k' as shown in equations 2.19

and 2.20.
k.
k' =LL
rl eqn. 2.18
So
kry =k —K-

I + k' egn. 2.19

and
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Figure 2.4 Prediction of elution peaks for a sample which has a bi-exponential rate
curve on the packing in the column. The anaiytical column is modelled
by two columns in which the two different sorption processes occur.
The effect of these processes on a sample injected as an impulse is
calculated for each column by equation 2.15, resulting in the profiles 1
and II. The overall elution peak, labelled IlI, is the result of the
convolution of the probability distributions associated with the kinetic
processes. Note that the distributions are a function of tg which is zero
at the time an unretained compound elutes from the column. In order to
compare the peak III with an experimental elution profile, t;, must be
added to the time axis. Details are found in Section 2.3.3.



T+K eqn. 2.20
Also required for calculation of the probability distribution associated with
sorption onto the sites of hypothetical column 1 is a measure of the time the mobile
phase takes to pass through the column, ty ). It is equal to the time the mobile phase
takes to pass through the entire column, tpy, multiplied by a fraction of the number of

sites. ny/ng, as shown in equation 2.21.

n
tn,1 =tm —
. n, eqn. 2.21

An analogous set of equation describes the hypothetical column 2. For the two
columns the sum of (tm,] + tm_ 2) is equal to ty, for the original column.
From equation 2.15. the probability distribution associated with the sorption

process in hypothetical column 1 is shown in equation 2.22.
Ky ik gt 0-5
P(ty) = (_"T"L‘) e(kiitm + ket ]| AR 1K, 1Tt ]
S

Similar calculations can be done for a second column having only sites that

eqn 2.22

undergo the second sorption process which has an observed reversible rate constant
k>.The rate constants kf » and kr 2 can be calculated from k- using equations analogous
to equations 2.19 and 2.20 and the quantity tm, > can be calculated using an equation
analogous to equation 2.21 along with data for n». The probability distribution
associated with slow sorption on the second hypothetical column has the form shown

in equation 2.23.

0.5
e'(kf_:lm + k(.lls)ll v4k“‘2k‘-‘2tstm‘2

Kr 2Ky 2tm 2

P(ts)Z = t.

eqn. 2.23
If these two hypothetical columns are now imagined to be attached in tandem as
illustrated in Figure 2.4 and an injection is made into column 2, the sample band will

undergo broadening in both columns due to the kinetic processes. (Note that the

tJ
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sample band is wiivtially considered to be an impulse of infinitely narrow width.) As the
sample passes through column 2, broadening due to the slower kinetic process results
in profile 1. If the effluent from column 2 is directed into column 1. where broadening
due to the faster kinetic process occurs, the profile exiting column 1 will be the
convolution of the two distributions I and II. This profile is designated I11.

One final correction to this predicted profile must be made before comparison to
real chromatograms. Distribution Il in Figure 2.4 is expressed in terms of t, (defined
in equation 2.16). To be expressed in real time units, the peak must be shifted down
the time axis an amount ty, corresponding to the retention time of an unretained
compound in the original column.

The convolution of the two probability distributions is valid providing the
absolute values of kf | and kf,| are large enough that virtually all molecules in the
sample zone undergo at least one sorption-desorption cycle in each of the hypothetical

columns 1 and 2, as described in Section 2.3.4, below.

234 Assumptions in Generation of Elution Profiles from Sorption Rate Data

The distributions calculated above will be the resulting profile of the effluent
under two conditions:

1. if all other bandbroadening processes are negligible

2. if all molecules in the sample zone undergo the sorption-desorption
processes at least once in each column.

Each of these conditions can be examined separately as follows:

Condition 1:

As was previously mentioned, slow sorption-desorption kinetics is assumed to
be the major contributor to zone broadening. The relative contributions from other
processes such as those described in Sections 2.1.2 to 2.1.5 can be calculated using

equations shown in the above sections.
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Condition 2:

Usually in chromatography, any given sample molecule will undergo the
sorption-desorption cycle many times on a column. However. if sorption is
particularly slow, it is conceivable that, depending on how much time the molecules
spend in the mobile phase of a column. some of the molecnles in the sample zone will
pass through the column without undergoing the stow physical process even once. In
an ideal column, these molecules would then elute as an impulse. having the same
shape as the injected impulse if all other bandbroadening processes are negligible. The
fraction of molecules that do not undergo the ith slow sorption process. ;. is given by

Giddings [2.29].

b, = e-kKutm, eqn. 2.24

The fraction @; is the "non-interacting fraction” of sample on the column in
question. It is related to the adsorption rate constant, Kf,i: as the process becomes
slower and the rate constant decreases, the fraction of molecules that passes through the
column without undergoing the process will necessarily increase. The fraction is also
related to tm,; which is a measure of how long the sample molecules stay in the mobile
phase. As the linear velocity of the mobile phase increases, tm decreases. Because the
sample molecules spend less time in the column, they have less time to undergo the
slow sorption process. On any particular hypothetical column which has a single k;
and nj, equation 2.15 describes the distribution only of the fraction of molecules (1 -
&;) which elutes with a retention time of ts,i- The fraction &®; elutes as an impulse at
time tm j. In the discussion in Section 2.3.3, above, it was assumed that b, ~ 0 for
both hypothetical columns 1 and 2. As this fraction ®; increases in one or both of the
hypothetical columns, the above data treatment will fail to predict reasonable elution
cvr-es. The following section describes the data treatment procedure for a bi-

exponential sorption rate curve where kj and/or tm,i are small in one of the columns so



that a significant fraction of molecules pass through that column without undergoing the

zone broadening process.

2.3.5 iJata Treatment for Bi-exponential Rate Curve where Non-interacting
Fraction for One Sorption Step is Significant.

The discussion in this section draws heavily on the two-site sorption model of
Kinetic tailing developed by Giddings [2.29]. Consider the situation illustrated in
Figure 2.5.a. A single column contains a stationary phase on which the sorption rate is
sufficiently slow as to violate condition 2 described in the previous section. In this
column, the rate constant kf, is small enough to make @, the non-interacting fraction of
a sample zone significant. If sample is injected into this column as an impulse, the non-
interacting fraction passes through the column without being sorbed onto the stationary
phase. These molecules elute in one dead volume of the column (profile I in Figure
2.5.a) at the time tm and the shape of the zone is unchanged except for the height. The
height of this impulse is ® of the height of the original impulse. A second fraction, (1 -
&) is shown as profile Il in Figure 2.5.a. which does interact with the stationary phase
in the column. This fraction will elute as a peak with a distribution P(tg), given by
equation 2.15. Note that as kf and kr decrease, the distribution becomes increasingly
broadened and increasingly asymmetrical.

Now consider the situation illustrated in Figure 2.5.b.The column described
above is designated Column 2 . The characteristics of this hypothetical column are
determined by the constant in the second exponential term of the bi-exponential
equation (ie. n2 and k2). The only process that occurs in this column is the slower
sorption-desorption. The sample exits Column 2 in two zones. The first is an impulse
from the fraction of sample that has not yet undergone sorption. The second is a
broadened zone described by P(t)-> (equation 2.23). Both of these zones enter Column

I which is associated with the faster sorption process and the first exponential term of
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Figure 2.5.a  The output of .. column in which a significant fraction of sample does
not undergo at least sorption-desorption cycle. The non-interacting
fraction elutes as a spike at t. = 0. The profile illustrated I represents
this impulse. assumed to have the same width as the injected impulse
which is considered to be infinitely narrow. Note that the time t, = 0
corresponds to ty, the retention time for an unretained compound in the
column. The interacting fraction has a probability distribution that can
be calculated by equation 2.15. The resulting profile is labelled I} in the
diagram above. The overall profile of a sample is the sum of the two
fractions, labelled I1] above.
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Figure 2.5.b  Prediction of the elution peak for a sampie which has a bi-exponentiai
rate curve on the packing in the analytical where there is some fraction
that does not undergo the slowest sorption process. See Section 2.3.5.
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the tri-exponential equation. Both of the incoming sample zones undergo broadening
which is equivalent to convolution with the distribution P th (equation 2.21). Profile
1 is the result of convolution of the impulse with P(t,)} and protfile 11 is the result of
convolution of F(ty)» with P(ty);.

In order to predict the real chromatogram from the profiles I and I, two
additional calculations are made. First. the profiles are scaled according to the non-
interacting fraction. This scaling is done according to area (ie. if @ = 0.3, the area
under profile I must be 30 % of the total area.) The scaled profiles are then summed to
form IH. Once the time correction is made by adding ty on the time axis (as discussed
in Section 2.3.3), this profile is then comparable to the elution profile of the sample
from a real chromatographic column containing a stationary phase whose sorption rate
curve is modelled by a bi-exponential equation containing one relatively small and one

relatively large sorption rate constant.

2.3.6  Data Treatment For Tri-exponential Rate Curve Where Non-interacting
Fraction for One Sorption Step is Significant.
The data treatment actually used for the majority of rate curves dr . it iin this
thesis falls under this category. Generally, the rate curves are tri-exr-. -+ in nature,

which has the form shown in equation 2.25.

n(t) = n, - nje’kit - pre-kat - e kat egn. 2.25

The thought experiment previously described is modified so that the
chromatographic column is modelled by a series of three columns of varying lengths.
This situation is illustrated in Figure 2.6. In the first column, labelled Column 3. the
sorption rate is the slowest and a significant fraction of a sample zone will not interact

with the stationary phase in this column. The output from the first column is as
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Overall Elution Profile

Ptts)

Figure 2.6.b

3000 0 5000 0 3000
ts (s) ts (s) (s (s)

Prediction of the elution profile for a sample which has a tn-exponential
sorption rate curve on the packing in the analytical column. The profiles
I'and II represe~ the two sample zones which clute from the series of
hypothetical columns. as shown in Figure 2.6.a. Profile I is broadened
due to kinetic processes occurring only on columns 1 and 2. Profile 1
is broadened due to interaction on columns 1. 2 and 3. The peaks are
scaled according to area and added to get the overall profile Hi. After
correction for ty on the time axis, the peak IH may be compared to a

real chromatogram. See Section 2.3.6 for a complete description.
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described in Section 2.3.5. consisting of sample eluting in two zones. Each of these
ronces will enter the next column, Column 2, where they will be modified by slow
sorption-desorption kinetics associated with the stationary phases contained therein.
The zones exiting Column 2 will then enter Column | to be further broadened. Column
I is taken to be associated with the fastest sorption process and the constants n} and K.
Column 2 is associated with the intermediate process and the constants n> and k. Each
of these two columns would therefore act on injected impulses to give the distributions
P(ts); and P(tg)>. In this case, however. the zones entering in these columns are not
impulses, but are sample zones which have already undergone broadening.

In Figure 2.6, distribution I is the output from the series considering only the
non-interacting fraction of sample molecules which eluted from the Column 3 as an
impulse. Notice that the impulse is. in turn. convolved with the distributions P(ts)> and
Pts);. Distribution Il in the illustration is the output from the series considering the
sample zone that was broadened by slow sorption-desorption kinetics in Column 3 as
well as in the Columns 1 and 2. After scaling (as described in Section 2.3.5). the
overall elution profile is the summation of distributions I and II. Once the overall
profile, I, is corrected along the time axis (Section 2.3.3), it is the comparable to the
clution profile of the sample from a real chromatographic column containing a
stationary phase whose sorption rate curve is modelled by a tri-exponential equation

containing one relatively small and two relatively large sorption rate constants.

2.3.7  Description of Elution Chromatographic Peaks by Statistical Moment
Analysis
The ideal elution profile in chromatography follows a Gaussian distribution. If
a profile is Gaussian, it is symmetrical and the peak is easily described or characterized.
The time for elution of the peak maximum is the retention time or centre of gravity of

the peak. The variance is related to the peak width and can be easily calculated by



graphical methods [2.30]. These quantities are used to calculate the overall column
efficiency (see equation 2.1). Most chromatographic peaks are not described by a
Gaussian distribution and various schemes have been developed to adequately measure
the peak characteristics mentioned above. Estimates of the characteristics can be
obtained using graghical methods (summarized in Reference 2.30). For asymmetric
peaks. these have proven to be unreliable. [Instead. asymmetric peaks are best
characterized by their statistical moments. The zeroth, first and second moments,
designated as M. M. and M2 . are integrals defined by equations 2.26, 2.27 and
2.28 respectively. Mg is the area under the peak and is used in the caleulation of other
moments. M| 1s the centre of gravity and M2 is the variance of the peak | 2.31].

x

[
M, = h(t)dt

.Ju egn. 2.26

t * h(t)dt

)
M - "
' My eqn. 2.27

[ (t-M;)* * h(t)dr
M: =0

M, eqn. 2.27
In equations 2.26 to 2.28, h(t) is the pcak height ai time t.

If chromatographic data are collected digitally, the moments can be calculated
either using summations as approximations of the integrals or using the computer
languages which contain integration functions. such as ASYST (see Section 3.5.

I). Results of numerical integration for experimental elution profiles are discussed in
Section 4.2.1.1.
An alternate method of characterizing elution profiles which are asymmetric is to

fit the profile to an exponentially-modified Gaussian (EMG) function. This fit



simplifies the calculation of the moments which characterize the peak because the
moment equations (ie. 2.26, 2.27 and 2.28) can be applied analytically. The EMG

function is shown in equation 2.29 [2.32].

a2
2 ot
hyai(t)y = A(i%ffexp [é«(o—{_’-) - 5%][ exp(-x2)dx

eqn. 2.29

where oG T eqn 2.30

The EMG function is defined by three parameters. The constants tg and oG are the
centre of gravity and the variance of the parent Gaussian peak. The parameter 1 is the
centre of gravity of the modifying exponential function. The factor A in the pre-
exponential term determines the amplitude of the function. The function has been
shown to be a good approximation of chromatographic peak shapes [2.33].

In order to evaluate the integral contaiiied in the EMG function, the identity
shown in equation 2.31 |2.32] is used to take advantage of the built-in error function

(erf) routine in the language.

N
f expi-y2)dy :ﬁzgll + erf(x)]
= eqn 2.31

At values of Z < -3. techniques utilizing the error function have previously been shown
to be inaccurate in evaluating the integral in equation 2.29 {2.32].
The moments of an EMG profile can be calculated from the constants of the

function as shown in equations 2.32 and 2.33.
M=+t eqn. 2.32

-~ -~
M: = 0= + = eqn. 2.33
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CHAPTER 3

Experimental Procedures

3.1 Reagents

Naphthalene. supplied by Coleman and Bell (Norwood. OH). was
recrystallized from methanol before use as the sample. Phloroglucinol (1.3.5-
trihydroxybenzene), obtained form Fisher Scientific Co. (Fairlawn, NI, was
recrystallized from water and was used to determine hold-up volumes and mobile phase
linear velocity in the elution experiments on PRP-1. Analytical reagent grade
Ca(NO3)2.4H-0 was used as supplied by BDH Chemicals (Poole. England) in the

elution experiments on Partisi!- 10 ODS-3 to measure the mobile phase lincar velocity.

3.2 Solvents and Mobile Phases

Doubly-distilled water was obtained from a Barmnstcad (Dubuque. 1A) Nanopure
water filtration/distillation system (part D4741). Reagent grade methanol was obtained
from two suppliers, Anachemica Ltd. and Mallinckdrot and was distilled before use.
Eluents and solvents were made by measuring appropriate volumes of methanol into a
2L volumetric flask and diluting to volume with doubly distilled water. For all
experiments in which the stationary phase was PRP-1, 85% MeOH/H20 was used as
the solvent and eluent. This solvent was made by diluting 1700 ml. of MeOH to a
volume of 2000 ml.. Because Partisil- 10 ODS-3 is not as strong a sorbent as PRP-1,
52.5% MeOH/H20 was used as the solvent and eluent for this packing. This solvent
was made by diluting 1050 mL MeOH to 2000 mL. Before use, the mixed solvents
were vacuum filtered through Nylon 66 membrane filters of 0.45 um porosity (pan

00140, Schleicher & Schuell, Keene. NH).
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3.3 Packings

Two types of stationary phase packings were used in this experiment. PRP-1
(lot 372). a polystyrene-divinylbenzene copolymer, was donated by Hamilton Co.
(Reno. NV). The second material was the silica-based Partisil-10 ODS-3 (part 4128-
010. Whatman, Clifton, NJ, batch 100763). The characteristics of both packings are

shown in Table 3.1.

3.4 Measurement of Sorption Rate using the Shallow Bed Apparatus

3.4.1 Apparatus for Sorption Rate Measurements

Figure 3.1 provides a schematic diagram of the apparatus. The centre of the
system is a slider valve V2, illustrated in Figures 3.2.a and 3.2.b. The basic design of
the valve follows the design of commerciaily available slider valves with some
:mportant distinctions. The valve is constructed mainly of stainless steel. The valve
body. as shown in Figure 3.2.b, is basically a stainless steel box with sides
approximately 1/4" thick. The valve body disassembles to allow access to the slider.
The slider is a 2 mm thick stainless steel plate with four holes of 3 mm diameter drilled
at 3/8" intervals on centres. At the bottom of each of the holes is a stainless steel mesh
screen of 2 um pore size. One of the holes contains the shallow bed, a small "column”
of packing material approximately 0.5 mm in height. The bed is held in place on the
bottom by the metal screen and on the top by a 3 mm diameter Zitex Teflon porous
plug. This material. available in sheets (part K1064-122D, Chemplast, Wayne, NJ), is
approximately 0.6 mm thick and of 30-60 um pore diameter. Typical shallow bed
charactenistics are shown in Table 3.2.

The slider is mounted in a stainless steel assembly between two Teflon face
plates. The Teflon face plates provide low friction for the sliding action. The actual

surface area contacting the slider is decreased by milling grooves along the sides of the



+1

Table 3.1 Packing properties of PRP-1 and Partisil- 10 ODS-3. Properties of the
Partisil marked with an asterisk (*) are data given by the manutacturer
for the underivatized silica gel. Further information about the pore

volume of the derivatized packing is given in Appendix 2.

Packing Property PRP-1 Partisil-10 ODS-3
Matenal Poly(Styrene C 18 groups bonded to
Divinylbenzene) Partisil Silica Gel
Particle Shape spherical irregular
Particle Size 10 + 2 10 um
Packing Density 0.42 o/mL 045 g/ml.*
Avg. Pore Diameter 7.5 nm 6.8 nm*
Specific Pore Volume 0.79 mL/g 0.796 ml ./g*
Specific Surface Area 415 m2/g 467 m2/g*
% C Loading N/A 10.5
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Schematic diagram of apparatus used for sorption rate measurements.
G: Gas cylinder (N2). R1 and R2: solvent and sample solution
reservoirs of constant pressure pumps. F: Millipore solution filter
holders. V1: Rheodyne six-way valve. R1, R2 and the filters F are
immersed in a constant temperature bath. V2: Slider valve. IF:

Rheodyne in-line filter. V3: Rheodyne injection valve. The system is
described in detail in Section 3.4.1.
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Figure 3.2.a  Schematic diagram of slider valve (side view). The valve is more fully
described in Section 3.4.1.
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Fig. . 3.2.b Schematic diagram of slider valve (end-on »iew). A complete

description of the slider valve is given in Section 3.4.2.



Table 3.2 Properties of shallow beds of PRP-1 and Partisil- 10 ODS 3 used in
sorption rate experiments. The weight of the shallow beds are measured
directly and the error is the absolute error. The Vhold-up. 1 and Vi p
are measured as in Section 3.4.3. The error vatues are calculated by
propagation and are expressed as = one standard deviation. All other
characteristics are estimated from manufacturer's information
concerning the packing. The pore volume for the Partisil shallow bed

uses the specitic pore volume calculated in Appendix 2.

Shallow Bed PRP-1 Partisil- 10 OI)S-3
Property
welght packing 1.82 = 0.05 mg 1.UO6 = 0.05 mg
bed height ~ 0.6 mm - 0.3 mm
packing volume* ~43 ul* ~ 23 ul*

Vpore

.44+ 0.04 ulL

0.64 = 0.03 ul .

Vhold-uo_T

13.88 + 0.07 ulL

1517 £ 0.4 ul.

L Vh\ Ad-up

1244 £ 012 ul.

14.53 + 0.6 ul.,

“Based on tulk density




Teflon fuce plates as shown in Figure 3.2.b so that only the small area around the holes
in the slider are contacted. The decreased area of contact leads to a better seal of the
Teflon/stainless steel surfaces.

Screwed to the Teflon plates is a set of stainless steel plates. At four sites,
positioning screws through the valve body contact these steel plates. These four
positic . screws provide the forces necessary to seal the valve. The steel plates
pre ¢ Teflon plates from being deformed by the sealing screws. Pieces of Tetlon
tape are placed between the steel and Teflon plates before attachment to assure a good
seal between them.

The slider valve has 2 inlets. both of which are stainless steel tubes of 3 mm
i.d. which are silver-soldered to the steel plates. The first inlet. shown on the left side
of valve V2 in Figures 3.1 and 3.2.a. is connected to a system of constant pressure
pumps consisting of two aluminum cylinders. R1 and R2. pressurized by N2. R1 and
R2 contain a solvent and sample solution respectively. The solutions pass through in-
line stainless steel filter holders labelled F in Figure 3.1 ( part XX-4 047 00. Millipore.
Mississauga. Ont.) containing Durapore HV membrane filters of 0.45 um pore
diameter (part HVLP 047 00, Millipore. Mississauga. Ont.) before reaching a
Cheminert 6-way valve, V1 (part 414 2530, LDC, Riviera Beach. FA). The setting of
V1 determines which solution enters the first inlet of the slider valve. R1 and R2 are
immersed in a constant temperature bath thermostated by a circulating Haake D3
temperature controller which is set to 25.0 + 0.1 ©C. This 1 ft-side inlet of the slider
valve has an outlet to waste. Moving the slider to the right. from the position shown in
Figure 3.2.a places the shallow bed in the sample flow stream to initiate the timed

"exposure step”. The exposure time refers to the time the shallow bed spends in the

second position, during which the sample stream passes through it.
The second inlet, located on the right side of the slider valve, as shown in

Figures 3.1 and 3.2.a is fed by an SP 8000 HPL.C pump (Spectra-Physics. Santa



Clara. CA) in constant flow mode. When the bed is moved out of the sample flow
stream into this flow stream. any sample which was sorbed in the preyious exposure
step will be eluted and analy zed using comv entional HPLC as follows, The rght hand
outlet of V2 is directed to narrow-bore (.002" i.d.) stainless steel tubing leading 1o a
RFcodyne in-line filter (part 7315, Rheodyne. Berkeley. CA) and an analvtical HPLC
column. The analytical column ( part 086680. Waters., Mississauga. Ont) used in the
sorption rate experiments is packed with Bondapak Phenyland is 15 cmin length and
46 mmid. A Rheodyne injection valve, V3 (part 7010, Rheodyne. Berkeley. CA)
with a sample loop of a previously measured volume of 23.88 + (.02 wl 13.0) s
tocated upstream of the analytical column and is used to construct a calibration cun CLas
explained in Section 3.4.2.

The slider can occupy one of three positions which are illustrated in Figure 3.3
and further described in Section 3.4.2. The exposure time (iliustrated in Figure 3.3.d)
is measured using a small infra-red generator/detector unit which is attached to the lever
system. The exposure time is displayed on a modified Hewlett Packard 53218
clectronic counter set 1o display to = 0.1 msec.

Sample eluted from the shallow bed in the clution step (Figure 3.3.¢) prsses
through the analytical column into a Kratos 757 Variable Wavelength UV detector (2. -
276 nm). The resulting peaks are recorded on a Fisher Recordall Chart Recorder and
integrated by an HP 3390A Integrator.

Good temperature control was found to be of sore importance for reducing
t . er in the sorption rate measurements. The body of valve V1 and connecting tubing
leading from the thermostated reservoirs were both insulated with asbestos tape.
Monitoring the temperature of the flowing streams proved to be problematic. Since the
slider and slider valve body were for the most part metal, heat conduction betwecei the
various valve parts was considered to be good. The temperature of the valve body and

of the metal inlet tubing near the slider were monitored with a contact K-type
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Figure 3.3 The sequence of positions of the slider valve in the sorption rate

expenment as described in Section 3.4.2.
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thermocouple and Digi-Sense JTK thermometer readout tpart N-ORS28 20, Cole
Parmer) set to read = 0.1 °C.

The valve is mounted on an aluminum back plate. not shown in the figures,
which s mounted on the top of a lab bench. Also mounted on the back plate isalever
assembly which is used to move the slider. as shown in Figure 3.4, The shider is
attached at one end to a lever via a brass bar. The ey er uses a higed hook to carch
notches in the bar. To change the position of the slider. the lever is pushed forward (1o
the left in Figure 3.4) until the hook catches the next noteh in the bar. then is pulied
back until it hits a stop. The stop and the notches in the bar are caretully calibrated <o
that the slider falls into a position where the holes are aligned directly under the inlet of
interest. To return the slider to the original position. it is necessary to pull the slider
back manually using a handle (not shown in the schematics) on the lett end of the
slider. At present. this results in some stress on the slider and a tendency for the slider
to twist out of shape. A lever. built i the same principic as the one described aboy e,
attached to this end of the slider would be of great help in prolonging the life of shee
slider.

The valve in its present form provides little back pressure. For example. a fTow
rate of about 12 ml/min can be achieved in the exposure step with 120 psi tor the
shallow bed of PRP-1. An HPI.C pump is used in the elution step because of the
presence of the analytical column which provides most of the back pressure for the
system. Relatively low flow rates of the eluent (eg. 0.4 ml/min) are used. The valve
seals well up to about 600 psi but is more usually used in tl, » range of 300 psi or less.

The slider is made of stainless steel and should be handled carefully to avoid
scratching the polished surface. One persistent problem with the valve is that the
sliding action tends to shave off the Teflon surface of the face plate. The sharp edges
of the holes in the slider drag across the Teflon surface as the slider moves, planing off

flakes of Teflon. The flakes of Teflon become lodged in the empty holes of the slider



Shider Valve Body Notches Hinged Hook —
< lever
Shider T Hinge
Bar connecting Pivot
Slider and Lever (@] <— Point
Materials:
' .
Stainless Steel
s Brass
l | Aluminum
Figure 3.4 Lever System used to move slider in sorption rate experiment. The

lever system is described in detail in Section 3.4.2



and on top of the Zitex retaining screen of the shallow bed. This results in an increase
in back pressure. The edges of the holes on the underside of the stider also produce
flakes of Teflon which tend to lodge in the inlet to the HPLC. Since the outlet tubing to
the HPL.C is narrow bore. even a small picce or amount of Teflon can severely increase
the system back pressure. This problem is prevented by the usce of a stainless steel
mesh sereen with 2 um porosity placed over the outlet to the HPLC in the bottom
Teflon plate. This is illustrated in Figure 3.2.a. The down stream in-line filter also
provides protection against particulate matter but mainly for the analytical column.

The inlets to the slider valve were designed to produce a flow stream han ing the
same 3 mm in diameter as the shallow bed. If the inlet were of 4 smaller diameter than
the shallow bed. a radial flow velocity gradient might be established. The flow through
the bed would probably be too fast to alfow lateral diffusion to completely relax this
gradient. If this were the case, parts of the bed at different radial focations would
expentence different sample concentrations and the criteria for establishing shallow bed

conditions would not be met.

3.4.2 Experimental Procedure

The measurement of the rate of sorption onto a packing involves a series of
experiments in which the shallow bed of the packing of interest is exposed to a
relatively fast stream of a sample solution for variable amounts of time.

In each run of the series, the bed is initially located in the first position of the
slider as illustrated in Figure 3.3.a. The first step in the experiment is the pre-
equilibration of the shallow bed with solvent which is being pumped through the left-
hand inlet to the slider valve. This solvent is stored in R1 and 25 ml. of it is allowed to
flow through connecting tubing to adequately rinse the system. Pre-equilibration of the
shallow bed begins when the bed is pulled into the solvent stream as shown in Figure

3.3.b. The time needed to <ollect 10 ml. of solvent after it passes through the bed is
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mcasured and recorded. The superficial linear velocity. u. through the bed is calculated
from this time. At, using equation 3.1.

10 ml.
T E At egn. 3.1

u=

ris the radius of the shallow bed which is 0.15 ¢cm. €1 is the fraction of bed volume
contained between the particles. For PRP-1. the quantity was calculated using
manufacturer's information concerning the specific interparticle volume and the bed
density. For PRP-1. ¢ was calculated to be 0.31. For the silica-based packing.
similar information was not available and g5, Was assumed to be 0.4 (3.2, 3.3].

Once pre-equilibration is complete. the shallow bed is pulled back into its initial
position as seen in Figure 3.3.¢ and the rotary valve V1 is used to change the liquid
flowing through the left hand tube from solvent to sample solution. The connecting
tubing is flushed with approximately 25 mL of sample solution before the bed is pulled
back into the sample stream to initiate the exposure step (Figure 3.3.d). In the
exposure step, the bed is left in the flowing stream for the desired amount of time. The
slider is then pulled to the third position (Figure 3.3.e) in which the shallow bed is
located in the eluent stream fed by the HPL.C pump. Once elution is complete, the
slider is pulled back to the first position (Figure 3.3.a) and the experiment is repeated
with a different exposure time. The minimum exposure time used in this experiment (>
0.3 s} was detcrmined by the minimum time required by the lever and hinged hook
assembly to move the slider from the position shown in Figure 3.3.d to that shown in
Figure 3.3.e. Each repetition of the sequence shown in Figure 3.3 results in a detected
peak with area proportional. after corrections described below, to the number of moles
sorbed by the shallow bed.

A calibration curve is constructed by injecting solutions of known concentration
into the analytical column using the injection valve V3 (in Figure 3.1) and plotting the

integrated area against the number of moles injected. Next, the area of the peak eluted
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from the shallow bed is used to calculate the otal moles of sample eluted. Negp . In

order to calculate the number of moles sorbed, Ngorb. the number of moles eluted from
the shallow bed must be corrected for Nhold-up. the moles of sample contained in the

hold up volume of the shallow bed (see Section 3.4.3) as shown in Equation 3.2 .

N\urh =N - Nhola up eqn. 3.2

For short exposure times. an additional correction is necessary. The 3 mm hole
to the right of the shallow bed in the slider (see Figure 3.3) is filled with a Tetlon plug
with a very small hole (~0.3 mm diameter and volume 0.37 ul.) drilled through it. The
plug was installed to decrease the volume in this dummy hole. The hole in the centre of
it is necessary to allow flow through the valve when the valve is in any of the positions
illustrate in Figure 3.3. During the step in which the connecting tubing 1s rinsed with
sample solution (see Figure 3.3.¢), this dummy hole is located in the sample stream and
is thus filled with sample solution. When the valve is switched into the next position
(see Figure 3.3.d). the dummy hole lies in the eluent stream and the sample solution it
contains is injected into the analytical column. For very long exposure times, the
sample peak resulting from sample solution in the dummy hole will elute from the
analytical column well ahead of the sample peak resulting from elution from the shallow
bed. However. as the exposure time for the shallow bed is decreased. the two sample
peaks are injected closer and closer together. When the eluent flow rate is 0.4 ml/min.
the two peaks were found to overlap when the exposure time was less than about 20
sec. In this case. the integrator treats them us one peak. The number of moles of

sample contained in the dummy hole, Ndummy. must therefore also be subtracted from

the number of moles eluted from the shallow bed for these short exposure times.

Noorb = Ny - Nhold‘up - Ndumm} eqn 3.3

Once Nsorb is calculated, the data are normalized to Wi, the weight of packing

in the shallow bed.



n(t) = N\nrh
Wit eqn 3.4
The units of n(1) are mol/g. The quantity n(t) is a function of exposure time, 1.
so the experiment results in a sorption rate curve which is the plot of n(t) vs exposure

time. A typical sorption rate curve is illustrated in Figure 2.3.

3.43 Hold-up Volume Measurement

The procedure used for measuring the sorption rate was, with a few
modifications, also used to measure the hold-up volume for the shallow bed. The
sample for these expenments was phloroglucinol in 85% MeOH/H20 which was
shown to be unretained on chromatographic columns of both sorbents. The exposure
time was 60 s. The result of this procedure was a peak of area Ap\d.up. For detector
calibration, the phloroglucinol solution was then injected onto the analytical column
using the injection valve V3 with an injection volume of Vjy; giving a peak of area Ajp;.
The measured total hold-up volume of the bed, Vpo)g.up,T Was calculated by equation

3.5.

Ahold-up

Vhold up. T = Vinj A
in)

eqn. 3.5

The measured hold-up volume was corrected by subtracting the pore volume,
Vp. of the packing in the shallow bed. This correction. shown in equation 3.6. was
necessary because diffusion of the sample into the pores of the packing must be

considered to be part of the overall time consuming process of sorption.

Viold up = Vhold-up. 1 - Vp eqn. 3.6
The quantity Vpgjd-up is the volume associated with interparticle space as well
as space within and below the retaining screen and within and above the porous Teflon
piug in the 3 mm hole in the slider containing the shallow bed. The pore volume Vjis

calculated by multiplying the specific pore volume of the product by the weight of



‘N
‘N

packing used in the shallow bed. The specific pore volume., in mi./g. of Hamilton
PRP-1 is a packing characteristic listed in Table 3.2 and found in the manufacturer's
tnformation accompanying the product. The specific pore volume of Partisil- 10 ODS-3
was calculated according to information described in the literature for silica based
bonded phase packings [3.4] The authors found that as silica was derivatized. the
decrease in the pore volume related only to the carbon loading and not the phase type.
Since the specific pore volume for the original silica and the resulting 7 C loading were
available (see Table 3.2). the specific pore volume, Vp. was calceulated by using the
linear relation described in Reference 3.4, substituting the approprnate value for the
specific pore volume of the silica out of which the Partisil- 10 ODS-3 was synthesized.
Detailed calculations are found in Appendix 2.

Since the concentration of the naphthalene sample solution Cyy. is constant in a
particular shallow bed experiment. the moles of naphthalene present in the hold-up

volume, Nhold—up~ can be calculated according to equation 3.7.

Nhotd-up = Viotd-up Cuy eyn 3.7

This quantity is needed for equations 3.2 and 3.3.

As discussed, the hold-up volume of the Partisil-10 ODS-3 shallow bed is
determined using phloroglucinol in 85 % MeOH/H20 and sorption rates are measured
with naphthalene in 52.5 % MeOH/H20. Ideally, the hold-up volume should be
determined in the same eluent as used for a sample. In this case, that was not possible
since phloroglucinol was retained on Partisil in 52.5 % MeOH/H20. Certain kinds of
packings such as ion-exchangers and agarose swell as the water content of the mobile
phase increases. Swelling would lead to an increase in the hold-up volume of the
packing. Silica-based packings are rigid, however, so the hold-up volume should not

vary with water content of the mobile phase. Therefore, the hold-up volume as



determined with phloroglucinol in 85% MeOH should be applicable when the 52.5 %
McOH solvent is used.

3.4.4  Mecasurement of the Sorption Isotherm

The sorption isotherms for naphthalene on the two packings were studied using
the shallow bed apparatus as illustrated in Figure 3.1 in a procedure developed by May.
Hux and Cantwell [3.1] called the 'column equilibration method'. In the experiment,
the shallow bed is exposed to the sample solution until the stationary and mobile phases
are in cquilibrium. The exposure time in this experiment was 60 seconds. After this
time, the shallow bed is slid under the eluent stream from the HPLC pump and the
number of moles eluted is determined as described above. This quantity must be
corrected for the sample contained in the hold-up volume. The quantity of interest in
this case is the number of moles of sample actually adsorbed on the stationary phase.
(In the shallow bed experiment, the quantity of interest is the amount adsorbed as well
as the amount located in the pores of the packing.) In this case, therefore. the
necessary calculation used the total hold-up volume Vhold-up,T, not Vhold-up which was

defined in Section 3.4.3.

Ny =N - Cmvhuld—up eqn. 3.8

The quantity N differs from Nqrb by the number of moles in the pore volume

of the packing.

Ng = Nyorb + Cmvpurc eqn. 3.9

The sorption isotherm is a plot of Cy, the concentration in the stationary phase,
in mol/g vs Cny. the concentration in the mobile phase. Cy is determined by dividing Ny
by the weight of packing in the shallow bed.

Wt eqn. 3.10

5 =



3.8 Elution Chromatography

3.5.1 Experimental Procedure

The purpose of measuring the sorption rate (kinetic) curves for naphthalene on a
particular packing by the shallow bed experiment is to allow prediction of the
chromatographic peak shape expected when naphthalene is eluted from a long column
of the packing. The experimental elution chromatograms needed for comparison with
those predicted by the calculations given in Section 2.3.7 were collected using the
instrument illustrated in Figure 3.5. The HPi.C pump. run in constart flow mode. the
in-line filter, the injection valve and the UV detector are the same components
mentioned above. The columns used were commercially available HPLC analytical
columns. The PRP-1 column (part 79425 Hamilton. Peno. NV) was 4.6 mm idoand
15 cm long and packed with 10 um spherical particles. The Partisil-10 ODS-3 column
(part 1P9913, Whatman, Clifton, NJ) was 4.6 mm i.d. and 25 cm long and was
packed with 10 um irregular particles. The absorbance signals of the eluted peaks were
fed into an analog-to-digital converter (Lab Master, TM-40-PGL., Tecmar, Cleveland,
OH} in an IBM-XT microcomputer. Peak characteristics were calculated using ASYST
Version 2.0 (McMillan Software Co., New York. NY). The programs. previously
described in detail [3.5] permit the calculation of peak area, peak retention time, tr, and
peak variance, s2, using statistical moment analysis. The experimental plate height is
then determined using equation 2.1. Several problems with the ASYST software had
to be overcome. The problems encountered with the moment analysis for naphthalene
on PRP-1 are discussed in Section 4.2.1.1.

An alternate method of analysis was developed to compensate for some of the
problems encountered in attempting to use numerical methods to calculate the moments

of the elution peaks. Data were collected using the above instrument and the digital data
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was smoothed using the smoothing function in the ASY ST program. Fhe dataoe cre
saved ina data file which was then converted to MS-DOS format UsIng i ro
written in ASYST. This routine can be tound in Appendin 3.1 The DOS file  hen
converted to a MacWrite (Clanis Corp.. 1988) format using Apple File Fxchange
software tApple Computers Inc.. 1990) on a Macintosh Hsi. The data w vre then
copied to an Excel (Microsoft. 1991) data file. The data was casy o manipulate and
view in this format. A data subset was chosen from each data file with limits as
discussed in Section 34.2.1.2 and the sub-et transferred to a home-grown non linear
least squares fit program called EXPGAUSS written in Matlab ( MathWorks. Tne.
Natik. MAL). The program EXPGAUSS then chooses a user specitied number of
cqually spaced data points within the subset w hich are used to tit the elution profile to
an exponentially modified Gaussian tEMG) function. Statistical moments were then
valeulated analytically for the EMG function. as discussed in Section 2.3 7
Discussions of the limitations of this program including the effect of the number of data
points chosen and the effect of uncertainty in the location of the haseline are discussed
in Section 4.2.1.2.

On PRP-1. the linear velocity of the mobile phase. u,,. in the elution
chromatography was measured by injecting a 10-* M solution of phloroglucinol and
calculating the first moment of the eluted peak. The first moment was corrected for
extra-column etfects as described in Section 3.5.2. The corrected first moment, t,,. 1s
the uime to elute the void volume of the chromatographic column. The linear velocity

can be calculated from equation 3.11, where L. is the column length.

tn egn. 3011
On Partisil- 10 ODS-3. the phloroglucinol proved to be retained in 52.5 %

MeOH which was the eluent for this packing. Therefore. a 103 M solution of



CatNO 3> was used as the unretained compound to measure the hinear velocity in this

solvent system.

3.5.2  Correction for Extra-Column Bandbroadening

The contnbution to the centre of gravity and the varance of elution profiles is
cvaluated using the instrument iflustrated in Figure 3.5 with the chromatographic
column removed. Broadening of the sample zone can occur due to effects in the
imjector. deiector and connecting tubing {3.6]. The extra-column con'ributions were
evaluated using approximately 10-5 M naphthalene in 85 % MeOH and collecting data
as described in section 3.5.1. The elution profiles were then analyzed using the
ASY ST program previously discusced and the averages of the first and second
moments were calculated to e-timate tie extra-column effects. At the four flow rates
studied, the contribution was relatively small, as shown in Table 3.3. These
corrections have been subtracted in all values of the first and second moments as

reported in this thesis. no matter what method was used to calculate the moments.

The same data were used to correct for extra-column effects in 52.5 % MeOH.

Some error would be involved in this since the effects are dependent on the diffusion

properties of the sample in the mobile phase. 52.5 % MeOH has a higher viscosity and

the diffusion coefficient will be less. The extra-column effects would therefore be
expected © be lower in this second solvent system. Since the corrections are small in
relation the peak profile characteristics. the error associated with the change in solvent

is expected to be smail.

&)



Table 3.3

6

Corrections for extra-column bandbroadening at four ditferent (Tow
rates. The extra-column contributions are first moments (retention
times) and second moments (variances) that are present due to
compenents of the chromatographic system like the mjector, detector
and connective tubing. The experimental details can be found in Section

~

3.5.2. The confidence limits shown are at the 95 level.

Flow rate Miis) M (s5)
(ml_/min)
2.0 2.153=0.05 | 0.349 = 0.011
1.5 2.56 = 0.07 | 0.459 * ().023
1.0 3.88 = 0.1« 1.81 = Q.20
0.5 735 07 10.3* 0.8




CHAPTER 4

Results and Discussion

4.1 Introdaction

In this chapter. the sorption characteristics of two HPLC packings. the
polvmenc PRP-1 and the silica-based bonded phase Partisil- 10 ODS-3. are measured
and discussed. In Section 4.2. the sorption charactenistics of PRP-1 are considered.
tncluding: the problems involved in characterizing the broadened elution profiles of
naphthalene: the measurement of K’ by two separate methods: the rate of sorption of’
naphthalene onto PRP-1: the relationship between the measured sorption rate and
clution protiles: and comparison to observed chromatographic elution peaks. A similar
series of investigations is discussed in Section 4.3 for the sorption of naphthalene on
Partisil- 10 ODS-3. Finally. in Section 4.4, tlie major differences between the sorption
charactenistics of naphthalene on PRP-1 and on Partisil-10 ODS-3 as found in this

Iy esti galion are sumimarnzed.

4.2 Hamilton PRP-1 as a Sorbent

4.2.1 Characterization of Experimental Elution Profiles On PRP-1

The characterization of elution profiles (ie. elution chromatographic peaks)
was discussed in Section 2.3.7. The details of obtaining the data and analyzing it
according to two methods were described in Section 3.5.1. The fotlowing discussion
presents the results of using these two methods of describing elution profiles collected

from PRP-1.

+.2.1.1 Numerical Integration
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The tirst method was that of numerical integration using the digitally recorded
data and a program written in ASYST. The program uses Simpson's rule [4.1] to
numerically integrate a data set between chosen limits. The progr.a:a performes well for
peaks which are relatively noise-free (some smoothing capability is built inm). For
example. phioroglucinol is the unretained compound and elutes very quichly from the
column. Its chromatogram. an example of which is shown in Figure 4.1 is fronting
and elutes over a short period of time. The signal to noise ratio of phioroglucinol at the
peak maximum is approximately 20 and there was no difficulty in collecting sutficient
data to adequately define both the starting and the ending limits of the peak.
Consequently. no difficulties v-ere encountered in using the ASYST program to
numerically integrate the phiorogiucinol peaks. The first moments or centres of gravity
for  loroglucinol peaks oitained at four different linear velocities of the mobile phase
are shown in Table 4.1. The first moment is useC to calculate the linear velocity of the
mobile phase using equation 3.11. Good precision is obtained using these values and
no other methed v - used to cha=cterize phloroglucinol peaks.

The numencal integration mcthod proved less successful for charactenzing the
clutr ' peaks of naphthalene. a compound which is retained on PRP-1. Naphthalene
peaks were difficult to characterize fora variety of reasons Because the compound s
highly retained and the resuiting peaks are tailed. as show . ... Figure 4.2, data had to
be collected over a long period of time so that the signal was affected by baseline drift.
Data sets were plagued by an uncertainty in the location of the baseline in the tailing
portion of the peak because of problems with prematui. .ermination of data collection
and because of the presence of noise, especially for low concentrations. For the profile
shown 1n Figure 4.2, the signal to noise ratio is 10 at the peak maximum, which is only
a factor of 2 below the S/N ratio of the phloroglucinol peak. Nevertheless, there were
major dii"culties in using the ASYST program, with less than half of the collected

profiles leading to successful moment analysis. It was difficult by visual inspection to
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Table 4.1

First moments of phioroglucinol elution profiles on PRP- | and
calculation of linear velocity of the mobile phase. w,. The sample
concentration was S92 * 0.12 x 103 M in 85% MeOH. Other
conditions are described in Section 3.5.1. The confid~: ce limits shown
for the first moment values are cawulated at the 95 % confidence level.
The variable s is the standard deviation in the finear velocity, calculated

by propagation of error.

' (0.1 ml/min) | repetitions

Flow Rate number of Mi(s) u, (em/s)

s{em/s)

2.0 ) 37.32 + 0.92 0.40 .03
1.5 4 49.68 + 0.40 0.30 0.02
1.0 74.56 + 0.86 0.20 0.01

0.5 5 148.2 + 1.1 0.101 0.006
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predict which data sets could be successfully analyzed. These problems were not
unexpected. Numerical iniegration methods have been shown to be sensitive to noise
[4.2 to +.4]. baseline drift |4.2]. premature termination of data collection [-4.2 o 4.6
and number of data points [4.5]. The higher moments are most sensitive to problems
with data in the 1ailing portion of the peak {4.2]. A more refiable method of peak

characterization was sought.

+.2.1.2  Non-linear Least Squares Curve Fitting

The second method described in Section 3.5.1 to characterize chromatograms
involved first using a non-linear least squares program to fit the experimental elution
profiles to an exponentially-modi ..ed Gaussian (EMG) function (equation 2.30). An
example of the result of using such an approach is shown in Figure 4.3. The EMG
curve gives a good fit for the tailing portion of the peak. The very early data in the
rising part of the peak are not very well fit by the EMG function. There are two
possible reasons for this. First, the elution peaks mzy not have a truly Gaussian parent
profile. In fact. the phloroglucinol peak in Figure 4.1 shows that fronting profiles may
be expected. Alternatively. the reason for the poor fit in the rising part of the peak may
lie in the use of the identity given in equation 2.31. Use of an error function in EMG
curve fitting has been shown to lead to inaccuracies when Z < -3 12.32]. To test this
possibility, the Z values were calculated for the subsets of data used for the curve fit.
The results of this calculation are shown in Table 4.2. The values of Z;, early in the
peak. are, indeed, less than the ; =scribed value of -3.

Regardless of its origin. the poor fit in the early portion of the cufve is not much
of a concemn since the peaks are so asymmetrical that the variance is due mainly to the
broad tailing portion and the EMG function seems to adequately describe the peaks in
this region.

The EMG curve-fitting program was evaluated for sensitivity to various user
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Figure 4.3
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Elution profile of 1.002 x 10-3 M Naphthalene in 85 % MeOH on PRP-
1 at u, =0.30 cm/s. The solid line shows the experimental data points.
The open circles illustrate the data points chosen by the EXPGAUSS
program to fit to an EMG function. The dashed line is the resulting
EMG function. The EMG constan:s for this function are shown in
Table 4.5 where the number of data peints is 40.
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Table 4.2 Calculated Z values at the beginning and end of the subset used for
fitting experimental elution profiles o naphthalene in 85 % MeOH on
PRP-1. t, is the ime of the first data point included in the subset and Z,
is the value of Z at this time as calculated from equation 2.30 using the
EMG constant tg. og. and T which are defined in Section 2.3.7. Zpis
the Z value calculated from equation 2.30 at time t;. the time of the last
data point included in the data subset. Results for two concentrations C'.
of naphthalene are si,own. The standard deviation of the concentration
is given in brackets following the concentration values. Other
information regarding the chromatographic experiment is given in
Section 3.5.1.

Run | C Y t 4 tg(s) | oGg(s) | T(s) Z, Z
no. (s. 7 J(x1.0558)]|1£1.055%)
1 1.002 (.003) | 964.20 | 2013.15 1157 | 42.01 143.8 | -4.9 20
2 1.002 (.003) | 987.83 | 2030.43 1i54 | 41.92 | 141.5 | -4.3 21

W

1.002 (.003) | 988.52 | 2066.87 | 1176 | 43.06 | 141.2 | -4.7 20

2.504 (.099) | 1051.65 ] 1921.05| 1258 | 5798 { 128.7 | -4.0 11

2 2.504 (.099) | 107797 ] 189097 | 1248 | 52.16 | 144.5 | -3.6 12

3 2.504 (.099) | 1088.29 | 1912.54 | 1248 | 5089 | 132.5 | -3.5 13
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input parameters. Two key parameters are of interest. First of all. the raw data
collected by the ASYST program described in Section 3.5.1 must somehow be
truncated into a data subset. The criteria for choosing points for this subset are
examined below. Secondly, the user speciiies the number of equally-spaced data
points within the subset which the program will use to fit the EMG curve. The
sensitivity of the goodness of fit to the numiwer of these data points is also discussed.

The elution data were collected for each peak over a relatively long period of
time so some of the data points at the beginning and end of the raw data set lie on the
baseline. In transferring the data from the raw set into a subset to be used in the the
curve-fitting program, a decision about the initial and final points of the subset had to
be made. The fit was shown to be greatly affected if a very large number of data points
in the tailing portion of the profile were included in the subset. For instance. Figure
4.4 shows the results of the analysis of the same raw data using two subsets which
differ in the times chosen to limit the set. The peak shown is for the elution of
naphthalene from PRP-1 at a linear velocity of 0.40 c/s. Curve A is the EMG curve
fit when the 40 data points are chosen from a subset which begins at 987.83 s and ends
at 2050.43 s. The curve is weli fit except for the beginning of the peak: the portion of
the peak of greatest interest in this discussion, the tailing portion, is well-fit. The
constants of the fit curve are shown in Table 4.3. Curve B in Figure 4.4 is the result of
the EMG curve fit when the 40 data points are chosen by the routine from a subset
which begins at 987.83 s and ending at 2363 s. The fit is very poor and the constants
in Table 4.3 are radically different from results of the first analysis. The EMG
constants were originally defined in Section 2.3.7. The fit is therefore sensitive to
employing data points that lie too far out along the baseline on the tiailing edge of the
peak.

Some criteria must therefore be estzolished for chocsing points 10 inciude it the

subset. If including too many poiriin k.2 . portion iZa. s e poort, i s
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Figure 4.4 EMG fit of an elution profile of 1.002 x 10-3 M Maphthalene on PRP-1
at 0.40 cm/s. The solid line represents the experimental profile while
the dashed line is the EMG function fit to the chosen data points (o).
Figure A and B are the same peak encept that fewer data points in the
tailing section of the profile are included in the data set in Curve A.



Table 4.3

Effect of incorporating a large number of data points in the subset used
for EMG curve-fitting from the tailing portion of the clution profile.
The fit profiles are shown in Figures 4.4.a and 4.4.b. The subsets are
taken from the same elution profile of 1.002 x 10-5> M naphthalene in 85
% MeOH on PRP-1 with a linear velocity of 0.40 cm/s. The variables
ht(t;) and ht(ty) are the signal values at times t, and t, respectively. Other
variables are defined in the Section 2.3.8.

Figure 4.4.a 4.4.b
t, (x 1.050 s) 987.83 987.83
ht(t;) 0 0
ty (£ 1.050 s) 2050.43 2363.00
ht(t;) 5.4874 0.024
G (s) 1154 1029
OG (s) 41.92 524 x 10715
T (3) 141.5 5133
M;i (s) 1296 1542
M- (x 105s) 2.178 2.634
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possible that using too few data points in the subset will also result in a poor fit. The
cffect of choosing different limiting times for the subset was evaluated for the elution
curve shown in Figure 4.3, obtained at a linear velocity of 0.30 cm/s. The data
forming the profile in Figure 4.3 were chnsen from the raw daia set as being bounded
by the last occurrence of zero signal before the peak maximum and the first occurrence
of zero signal afiter the peak maximum. This corresponded to all data between times
1353.97 s and 2968.34 s inclusive. It should aiso be noted that the original raw data
were gathered between times 1130.3 s and 3492.8 s inclusive. The fit was also
conducted on subsets with limits of 0.1 %, 1%. and 5% of the peak maximum signal.
‘The results of these analyses are shown in Table 4.4. The parameter t. which is the
characteristic time of the exponential function that modifies the parent Gaussian peak. is
most sensitive to the limits but not by much. The signal chosen for this exercise was a
data set with little noise and with no evidence of baseline drift. In general. subsets
were chosen with limits as close to the zero signal values as possible. The presence of
noise and baseline dnft complicated this choice and therefore the first data point in the
subset was chosen usually taken to be the first point before the peak maximum after
which the signal only increased with increasing time. The last data point included in the
set was a little more difficult, but not impossible to choose. If zero signal was found in
the data in the tailing portion, the first occurrence of zero signal after peak maximum
was taken as initial estimate of the last data point. However, as poor fits often resuited
in these cases. the data set was truncated by steps until a good fit was produced. In this
case. a "good fit" means that the EMG function visually overlapped with the observed
peak. The above exercise demonstrates that the choice of data points to limit the subset
is not crucial for a good fit except in the case of including too many data points from the
tailing portion of the profile in the subset. Comparison of values in the horizontal rows
in Table 4.4 for the parameters tg, 0G. T. M| and M- reveals that, within reason,

premature truncation of the data subset at the tailing end of the peak produces minimal



Table 4.4 Effect of decreasing size of subset with times defining the subset chosen
according to as a % of peak maximum. The clution profile is that of
1.002 x 103 M naphthalene in 85 % MeOH on PRP-1 at a linecar
velocity of 0.30 cm/s. The ht(t,) and hi(ty) are the signal values at times
ti and ty respectively. These times are the first and last tiies included in
the data subset. The raw data set originally consists of data collect from
1130.3 s to 3492.8 s after injection.
% peak max. 0 0.1 1 5
ti (= 1.575) 1353.97 1388.74 1427.995 1475.245
ht(t;) 0 1.781 17.4057 83.8444
ty (x 1.575) 2968 34 2721.07 2568.295 2292.67
ht(ty) 0 1.9304 177.5843 83.0824
G (s) 1597 1597 1597 1597
oG (s) 55.64 55.86 55.45 55.64
T(s) 195.8 196.2 196.7 196.4
M, (s) 1793 1793 1794 1793
M- (x 104 s) 4.14 4.16 4.18 4.17




scatter compared with other problems which introduce scatter.

Once the truncated data subset has been chosen, the user specifies the number
of equally-spaced data points within the subset to which to the program will perform
the curve fitting procedure. The sensitivity of the resulting fit to the number of points
chosen was examined for the data shown in Figure 4.3. The number of data points
chosen from the subset was varied between 10 and 200. The constants generated by
the curve-fitting routine are shown in Table 4.5 with all other parameters remaining the
same. The table shows that tg. the centre of gravity of the parent Gaussian peak.
reaches a constant value when 30 or more data points are chosen. Both og and t show
somne variability but reach relatively constant values when 30 or more data points are
used. For all subsequent curve fitting, 40 data points were chosen. The curve fit in
Figure 4.3 employed 40 data points in the calculation which are shown as open circles
superimposed on the data >ci.

The precision of the curve fitting procedure was evaluated using three replicate
injections of sample at each of four linear velocities. First, however, the effect of
sample concentration was studied at one of the linear velocities (0.40 cny/s or 2.0
mi/min). The results are shown in Table 4.6. For the higher concentration, the values
of the constants calculated by the curve-fitting routine show good precision, with RSD
values of about 1% for each parameter. For the lower concentration the calculated
values show poorer precision, with the exception of the parameters tg and M), which
have about the same uncertainty as the same parameters for the higher concentration.
For the lower concentration, the RSD values of oG and t are relatively high. This
could be due to the lower signal to noise ratios obtained for these profiles which could
complicate the curve fitting procedure. These large uncertainties are reflected in the
large RSD value for M> which depends on the square of these two EMG constants.

Table 4.7 shows the results of the evaluation of elution profiles of naphthalene

in 85 % MeOH injected at the lower concentration, for all four linear velocities,



Table 4.5 Effect of number of data points used by the EXPGAUSS routine from
the data subset to be used in the curve-fitting procedure. Data shown in
the table is from the elution profile of 1.002 x 10~ M naphthalenc in 85
% MeOH on PRP-1 at a lincar velocity of 0.30 cm/s. The data subsel is
bounded by data points acquired at times 1353.97 s and 2968.3 s after
injection. The signal at each of these times is 0. Chromatographic
conditions are discussed in Section 3.5.1. Unfortunately. as the

rogram is written, no error estimates for the EMG parameters are
o

available.
# data points ts (s) oG (s) T(S) M (s) M-
from subset (x 104s2)
10 1606 62.79 188.5 1669 3.947
20 1594 56.22 199.1 1650 4.280
30 1597 55.96 195.3 1653 1.147
40 1597 55.64 195.8 1653 4.143
50 1597 55.79 1959 1633 4.149
60 1597 55.74 196.5 1653 4.172
70 1597 55.73 196.4 1653 4.168
80 1597 55.78 196.2 1653 4.160
160 1597 55.72 196.2 1653 4.160




Table 4.6 EMG characteristics of elution profiles of naphthalene in 85 % MeOH
on PRP-1 at a mobile phase velocity of 0.40 cm/s for two
concentrations.

Run no. Conc. tG (s) oG (s) T (S) My (s) M-

(x10-3M) ( x 104s2)

| 1.002 1176 43.1 141 1315 2.18

2 " 1157 42.0 144 1299 2.24

3 " 1154 42.0 142 1293 2.18
avg 1.002 1162 42.3 142 1302 2.20
RSD (%) - 1.0 1.5 1.0 0.887 1.7
1 0.2504 1258 58.0 129 1384 1.99

2 " 1248 52.2 144 1390 2.42

3 " 1248 50.5 132 1378 2.01
avg 0.2504 1254 53.5 135 1384 2.14
RSD (%) - 0.46 7.3 6.1 0.43 11.4
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Table 1.7 EMG characteristics of elution profiles of 2.504 x 104 M naphthalene in
85 % MeOH on PRP-1 at four mobile phase linear velocities, u,,. The
data for u, = 0.40 cm/s was presented in the Table 1.6.

u, (cm/s) 0.40 0.30 0.20 0.10
tG (s) 1251 1704 2564 5197
RSD tG (%) 0.46 0.64 1.4 1.2
oG (s) 43.5 69.1 93.6 169
RSD og (%) 7.3 7.4 1.4 5.9
T(s) 135 190 273 530.1
RSD (%) 6.1 7.7 7.6 8.7
M (s) 1384 1892 2833 5697
RSD M, (%) 0.43 1.3 1.7 0.24
M- (x10452) 2.14 4.09 8.35 311
RSD M- (%) 11 13 i3 IS




including the one discussed above and dewcribed in detail in Table 4.6. In most cases.
the RSD values for v are greater than those for the other EMG constants in the fit
cquation. ‘This is not unexpected: the T parameter represents the exponential
modification of the Gaussian peak. It is this function that describes the tailing portion
of the peak and as such is most sensitive to errors such as baseline drift. noise and
uncertainty in basclisie location. The relatively large RSD figures for the variance (Ma)
reflects the higher uncertainty in the T parameter.

From the detailed evaluation revealed in Table 4.1 through 4.7. it can be
conciuded that the Exponentially Modified Gaussian function gives an acceptable fit to
experimental data, with RSD values of all fit parameters better than 15 % even at the
lower concentrations. The EMG function ¢ equation 2.30) obtained by non-linear least
squares curve fit is an analytical function which gives a much more accurate and precise
representation of the experimentally observed elution peak than does the alternative
“numerical integration” approach. For this reason, all fuiure discussions of peak shape
in this thesis will employ the appropriate EMG equation as a representation of the

experimentally observed peak.

4.2.1.3 Efficiency of PRP-1 HPLC Columns

A measure of efficiency of a chromatographic column is the height equivalent of
a theoretical plate. H. which is defined by equation 2.1. The plate height is related to
the central statistical moments of a chromatographic peak by equation 4.1 [4.7].
M.

-

My eqn. 4.1

H=1L

M| and M» are the first and second statistical moments of the peak. L isthe
length of the chromatographic column. For the profiles fit to an EMG function, the

EMG constants are used to calculate the moments.



eqgn. 4.2

For the chromatograms of naphthalene at the lower concentration which were
previously fit to EMG functions. the plate height was caiculated and the results plotted
against mobile phase linear velocity in Figure 4.5, There is. unfortunately ., a large
amount of scatter and the shape of the curve is indeterminate. However.,
unambiguously. it should be noted that the plate height associated with this part:cular
column is exceptionally large. Hamilton includes a brochure with the column in
question citing i ke Seight as being 0.003 em. This is measured with
monoaromatic ccyipoii:ds such as phenol. i sene ww! cumene in an unspecified
solvent and at an unspecified mobile phase linexi velocity and so the efficiencies may
not be directly comparable. It is obvious. however. that the measured efficiency for the
polyaromatic compound on the column is much less than expected for a
microparticujate packing.

A plot of the plate height against linear velocity is often termed a "Van Deemter”
plot. Because of the large amount of scatter in the data in Figure 4.5, any conclusions
on the shape of the graph are questionable. The dependence of the plate height on the
linear velocity is generally expressed in terms of an empirical equation originally
proposed by Van Deemter [4.8] and modified by several researchers. Thorough
discussions of the form of this relationship may be found elsewhere [for example, 4.9].
The plate heights are approximately two orders of’ magnitude higher than more typical
results for HPLC columns [4.10].

The calculated RSD values for both the number of theoretical plates and the
plate height are in the range from 10 to 16 %. This is similar to the RSD range
observed for Ma values calculated from the EMG characteristics of the elution profiles.
The major source of error can therefore be assumed to be problems in the EMG curve

fitting process.
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Figure 4.5
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Plot of height equivalent of a theoretical plate against mobile phase linear
velocity for naphthalene on PRP-1 in 85 % MeOH. The plate height.

H. is calculated from equation 4.2. The data shown represent the
averages of three injections at each iinear velocity. The error bars are

12.3 % of the average plate height at each linear velocity.
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4.2.2 Equilibrnum Sorption of Naphthalene on PRP- |

4.2.2.1 Measurement of the Sorption Isotherm of Naphthalene on PRP.

The isotherm for the sorption of naphthalene on PRP- 1 from 83 % McOH was
measured by the so-called column equilibration method described in Section 344
Figure 4.6 illustrates the sorption isotherm for naphthalene on PRP 1 in the
concentration range from 0 to approximately | x 10~ M. The isotherm is not linear
over the entire concentration range and is concave at the higher concentrations. Figure
+.7 shows only the linear portion of the isotherm. in the concentration range O to
approximately 2 X 10-5M. The linear regression constants for this portion of the curve
are shown in the caption to Figure 4.7 including the confidence limits. Note that for the
shallow bed kinetics experiment. naphthalene solutions having concentrations about 5 x
10-® M were used. Since this concentration is well within the linear portion of the
isotherm. the concentration is expected to have little effect on the measured sorption
kinetics.

The slope of the linear region of the isotherm. D. in 1/g, is related to the
capacity factor of a compound on an HPL.C column. k' by the phase ratio of the
column, which is the ratio of the weight of the stationary phase in the column, W. in
grams, to the hold -up volume of the column, Vm. in litres. The latter includes the

interparticle and pore volumes.

k=DW.
Vm eqn. 4.3

The value of D obtained from the column equilibration experiment was used to
predict the capacity factor for the HPLC column used in subsequent elution
experiments. A nominal hold-up volume of 1.30 mi. is included in the manufacturer's
information. The actual value of Vm for this column was measured by injecting the

unretained compound, phloroglucinoi (Table 4.1). The value of Vy, is the product of
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Figure 4.6 Sorption isotherm for naphthalene on PRP-1 in 85 % MeOH.
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Figure 4.7 Linear region of the sorption isotherm from Figure 4.6 for naphthalene

on PRP-1 in 85 % MeOH. The linear region has zn intercept of 2.223 +
8.543 x 10 mol/g and a slope of 5.36 + 0.20 x 10-2 L/g.



the flow rate (ml/min) times M| in minutes. The average V, from the flow rates in
Table 4.1 1s 1.24 ml. with an error of 0.06 mL. . The weight of stationary phase is
determined from the manufacturer’s information concerning the pore volume of the
column and the specific pore volume. The amount of packing. W. in the column is
0.8335 g with an error of + 0.016 g. The error in the weight is calculated by
propagation of errors. assuming that both the pore volume and the specific pore volume
have errors of * 1 in the last quoted decimal place. This is probably an underestimation
of the errors in these quantities.

The siope of the isotherm. D. has a value of 5.36 + 0.20 x 10-2 L/g. Therefore.
the capacity factor calculated from equation 4.3 is 36.0 = 4.3 at the 95 % confidence
level. In the following section, this value is compared to the k' measured from a second

method of determination, using the EMG characteristics of elution profiles.

+4.2.2.2 Calculation of k' from Elution Profiles of Naphthalene on PRP-1

The capacity factor, k', can also be determined from the experimentally
measured chromatographic elution profiles. As previously indicated. the elution profile
will be represented by its EMG function. The first moment, My, of the elution profile,
is calculated using equation 2.27 and is the centre of gravity of the peak, once it is
corrected for extra-column effects as described in Section 3.5.2. The capacity factor

can be calculated from equation 4.4.

K = Ml - tm
tm eqn. 4.4

The quantity ty,. is the time that the unretained compound. phloroglucinol, takes to
clute from the column. also corrected for extrz-cclumn effects. The extra-column
effects were measured as described in Section 3.5.2.

Results for the elution profiles discussed in Section 4.2.1 are shown in Table

-+.8. For peaks injected at the lower concentration. there is good agreement in k'’



Table 4.8

Values of k' calculated from the EMG characteristics of elution
profiles of naphthalene in 85 % M=OH from PRP-1 at two different
concentrations. Data is given for four mobile phase linear velocities. u. .

and is based on three injections at each linear velocity. The quantity s is

the standard deviation for k' at that linear velocity.

Cone u, {cm/s) k' s
( x 103 M)

0.2504 0.10 37.3 0.3
" G.20 37.0 0.6
! 0.30 37.5 0.5
" 0.40 35.8 0.4
1.002 0.10 36.1 0.8
" 0.20 34.1 0.3
" 0.30 35.7 0.4
" 0.40 33.9 0.3




among all flow rates except for w. = 0.40 cm/s. A t-test of the k' obtained at this linear
velocity shows that it is significantly different than the k' obtained at other velocities.
When the mean k' at 0.40 cm/s is t-tested against the mean values measured at 0.10,
0.20 and 0.30 cm/s. the t statistic is 7.22, 2.93, and 4.78 respectively. All cf these
values are larger than the tabulated value of t at the 95 % level. which is 2.78.
Considenng the data from the three lowest linear velocities for the 0.2504 x 103 M
injected naphthalene. the capacity factor of naphthalene in 85 % MeOH on PRP-1 is
calculated to be 37.3 + 0.4 at the 95 % confidence level. If data at all four linear
velocities are considered. the measured k' is 37.0 £ 0.6 at the 95 % confidence level so
the inclusion of the data at the highest linear velocity makes little difference to the k'
value measured by this method.

Table 4.8 also shows the k' values calculated from the EMG characteristics of
the elution profiles obtained by injection of 1.002 x 10-3 M naphthalene at four different
lincar velocities. There is greater scaiter ainong these k' values. However, if ali data
arc used. the k' for naphthalene at this concentration is calculated to be 34.9 + 0.8 at
the 95 % confidence level. The apparent difference in the k' value measured at the two
concentrations may be associated with the non-linearity of the sorption isotherm.
Because of the large degree of bandbroadening observed on this particular packing.
relatively high concentrations, in the range of 104 to 10-3 M, must be injected to be
detected at the other end of the column. When a sample is injected onto a column, the
sample is immediately diluted by the mobile phase and its dilution becomes greater as it
progresses down the column. At the top of the column, therefore, the sample is present
in the mobile phase with a concentration outside the linear region of the isotherm.
Because the sorption isotherm is concave at higher concentrations, the distribution
coefficient and therefore the capacity factor are expected to be smaller.

The k' values evaluated by the two different experimental methods agree

within experimental error. The k' of 37.0 + 0.6 measured from the elution



chromatograms at the lower concentration. at which more of the sample migration
would have occurred at concentrations in the linear part of the isotherm. is not
significantly different than the value of 36.0 + 4.3 calculated from the sorption

isotherm.

4.2.3 Sorption Rate of Naphthalene on PRP-1

Figure 4.8 shows results of the shaliow bed expenment for the measurement of
the rate of sorption of naphthaiene on PRP-1 from a 5.225 x 10-6 M solution in 85 <
MeOH on PRP-1. The linear velocity of the sample solution through the shallow bed
was measured to be about 15 cm/s, calculated according to equation 3.1. The shallow
bed used in this experiment is described in Table 3.2. The expenmental data points are
overlaid by the solid curve that is the result of a non-linear least squares fit in the form

of a tri-exponential, previously described in equation 2.25.

n{t) = n, - nje’kil - pye-kat - ekt eqn. 2.25
The constants generated by this curve fit are shown in Table 4.9 along with the
standard deviation computed by the least squares program. Notice that the term
showing the smallest rate constant is associated with the largest RSD.

Figure 4.9 illustrates the relztive contributions of each of the three terms of the
exponential to the overall sorption rate curve. The term with the largest rate constant,
ki, defines the steeply rising portion of the curve. This curve reaches 1/e¢ of its ltmiting
value in less than 0.4 s. The second term of the exponential contributes to the less
steeply rising portion of the overall curve. This curve reaches 1/e of its limiting value in
less than 2's. The remainder of the sorption curve is a slowly rising portion defined by
the terms containing the smallest rate constant, k3. This curve reaches 1/e of its limiting
values in approximately 17 s.

The sorption rate curve was characterized by calculating the first three statistical
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Figure 4.8
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Sorption rate curve for Naphthalene on PRP-1 in 85 % MeOH. The
experimental data point (o) are overlaid by a solid line representing the
tri-exponential function that fits them. The tri-exponential constants for

this sorption rate curve are shown in Table 4.9.
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Tabie 4.9 Tri-exponential constants describing the Replicate 1 sorption rate curve
of 4.716 x 10-® M naphthalene in 85 % MeOH on PRP.1. The
constants shown are for the curve which fits the experimental data in
Figure 4.8. The standard deviation for the constants is calculated by the
curve fitting routine. The relative standard deviation (RSD) is expressed
in terms of percent and is calculated by dividing the standard deviation
by the value of the constant of interest.

constant value standard relative standard
deviation deviation (%)
n, (x 107 mol/'g) 2.75 0.017 0.62
nj (x 10-7 mol/g) 1.70 0.26 15.6
n> (x 10-% mol/g) 0.697 0.217 31.1
n3 (x 10-8 mol/g)* 0.353 0.49 139
ki (s!) 2.79 0.38 13.6
ko (s 0.642 0.270 41.9
k3 (s 1) 0.0572 0.0166 28.0

* n3 is determined by difference where N3 =n;,-nj-no.



Amount sorbed ( x 10E-7 mollg)

Figure 4.9

Time (seconds)

Contributions of the three exponential terms tc the overal] sorption rate
curve of naphthalene on PRP-1 in 85 % MeOH. The curves are !abelic
as follows: (1) the overall tri-exponential curve; (2) the contribution to
the curve from the first term in the tri-exponential; (3) the contribution to
the curve from the second term in the tri-exponential; (4) the
contribution to the curve from the third term in the tri-exponential.

91



()2

moments. The moments are used to compare results of replicate experiments. Because
the sorption rate curve is fit to a tri-exponential equation in this case. the moments can

be solved analytically as shown in equations 4.5 to 4.7.

K| S ¥ eqn. LS

M. = /KT + no/k3 + ny/k]
| =
My eqn. 4.6

3 3, A 3
Ma = 2n/ky + 2!:\43/}: + 2ny/ky M3 —,
) eqn. 4.7

The rate measurement experiment was repeated four times under identical
conditions and the results were fit to the tri-exponential equations. The analytical
moment analysis of these equations yielded result: hown in Table 4.10. The moments
of the curve obtained in Replicate 4 were discarded as they fail the Q test. The average
of the moments for the remaining repetitions are shown in the last row of the table
along with the RSD obtained for each moment. The RSD values for the zeroth and first
moments are relatively low. having values less than 5 %. The RSD value for the
second moment is largest . The reason for this is discussed below.

This method of characterizing the sorption rate curves was found to be of
limited value for reasons shown in Table 4.11. If the sorption rate curve shown in
Figure 4.8 is broken down into the component curves. as in Figure 4.9, the statistical
moments of the overall curve is related to the statistical moments of the constituent
curves. Each of the three terms in the tri-exponential contribute to the overall statistical
moments. The contribution from the ith term of the tn-exponential to the moments can
be described in terms of the moments associated with the individual constituent curves.
The moments for the ith constituent curve determined by the ith exponential term are

calculated from equations 4.8 to 4. 10.

Mg =
UK eqn 4.8



Table 4.10
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Results of statistical moment analysis of the sorption rate curves from
four replicates of the experiment to measure the sorption rate of
naphthalene in 85 % MeOH on PRP-1. The average of the moments
and the relative standard deviation (RSD) is shown for Replicates 1. 2,
and 3. The results of the statistical moment analysis for Replicate 4 are
rejected on the basis of the Q test. The experimental conditions for the

measurements are described in the text.

replicate number M (x 10-7 s x mol/g) M; (s) M- (s2)
1 7.92 14.0 285
2 7.94 14.5 318
3 7.79 13.2 248
4* 20.6* 42.6* 2250*
avg. 7.88 13.9 35.3
RSD (%) i.0 4.5 12.5

*rejected on basis of Q-test



Table 4.11

The contributions of each ith term of the multi-exponential to the
statistical moments of the overall sorption curve. The analysis is shown
for the curve fit shown in Figure 4.8 and previously termed Replicate

1: these constants are shown in Table 4.9 along with the standard

deviation associated with each constant. The variable 1 is the number of

the exponential term in the multi-exponential equation. The

contributions are calculated according to equations 4.8 to 4.10. The last
row shows the summation of the terms Moi. My, and M. The

sums are equal to the statistical moments for the overall sorption rate

curve as shown in Table 4.10 for experiment Replicate 1.

i Mo, ( x 10-7 mol/g) My, (s) M-, (s7)
i 0.61 0.028 019
2 1.09 0.213 0.70
3 6.22 13.7 285
X 7.92 14.0 286

(SN



M, = n,/kl2
T ™ML eqgn 4.9
2n/k; /k n/k;
B ()
0 eqn 4.10

The moments for the overall rate curve are given by the sum of the individual

moments. For instance.
My =My + Moo + Mo 3 eqn. 4.11

Here. Mg is the zeroth vyoment of the overall sorption rate curve and My 1. M ». and
M) 3. are the zeroth mernents of the curves determined by the first, second and third
exponertial terms in the »guation. These are determined by equation 4.8. By
inspection, the sum of the individual first and second moments equal the first and
second moments of the overall sorption rate curve, defined by equation 4.6 and 4.7.

Table 4.11 shows the individual contributions of each term (i = | to 3) in the tri-
exponential equation that describes the sorption rate curve in Replicate 1 (constants are
shown in Table 4.9). The results in Table 4.11 show that the statistical moments of the
sorption rate curve are determined mainly by the smallest rate constant, that is, by the
very slowly rising portion of the curve at relatively long times. Statistical moment
analysis gives little information ubout the more steeply rising portions of the curve and
is therefore of limited value. The results from Table 4.11 also show why the RSD
values increase with the number of moment under consideration. A large standard error
is attributed to the smallest rate constant and the second moment is almost entirely due
to the cube of that rate constant. Any error associated with the smallest rate constant
will therefore result in large uncertainties in the second moment. Since the smallest rate
constant has the greatest uncertainty in the experiment (Table 4.9), characterization of
the sorption rate curve by statistical moments is virtually useless.

For this reason, moment analysis was abandoned and, instead, the constants

describing the sorption rate curves for replicate experiments were considered on an
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Table 4.12

9%

A comparison tri-exponential constants of four rephicate runs of the
measurement of the sorption rate of naphthalene on PRP-1 from 85

MeOH. The relative standard deviation. as a percentage. is shown in

brackets below the value of the constant. Col umn 2 (the data for

Replicate 1) contains the same information as found in Table 4.9).

Replicate i 2 3 -+
n, (x 107 mol/g) 2.75 2.72 2.77 2.85
(0.62 %) ( 0.60 %) (0.70 %) (3.9 %)
ny (x 107 mol/g) 1.70 1.75 1.26 1.81
(15.6 %) (7.7 %) (24.0 %) (5.3 %)
na (x 10-7 mol/g) 0.697 0.652 1.12 0.682
(31.1 %) (153 %) (22.9 %) (11.6 %)
n3 (x 107 mol/g)* 0.353* 0.318* 0.390* 0.358%
(139 %) (79.3 %) (148 %) (80.9 %)
Ky (sl 2.79 2.65 6.05 2.43
(13.6 %) (7.4 %) (51.7 %) (6.3 %)
k2 (s h 0.642 0.525 0.846 0.413
(41.9 %) (29.3 %) (31.4 %) (21.5 %)
k3 (s71) 0.0572 0.0560 0.0617 0.0209
(28.0 %) (29.5 %) (26.7 %) (64.6 %)

*n3 is determined by difference where n3 =nq,-nj - no.
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individual basis. The results of the replicate experiments are shown in Table 4.12. In
this table, the relative standard deviation of each constant, calculated by dividing the
standard deviation (as calculated by the curve fitting program) by the value of that
constant, is shown in brackets below the value for each constant. The sorption rate
experiment appears to be reproducible in that the four replicate experiments all fit tri-
exponential functions and the constants are of the same orders of magnitude in all four
experiments. The constants in and of themselves probably have no physical
significance. The differences in the values of the constants between the three replicates
may be due to irreproducibility of the experiment or to the curve fitting procedure.
Note that because the constants are not independent of each other, they cannot be
independently averaged. At present, there is no real direct method for evaluating the
robustness of this experiment.

The reproducibility of the shallow bed method can be further evaluated once the

results are used to predict elution profiles as discussed in Section 2.3.6 and in Section

The sorption rate measurement also provides a method of measuring k'. At
long exposure times. the shallow bed experiment basically becomes a modification of
the column equilibration method because the amount of sample sorbed approaches that
sorbed at equilibrium. The amount adsorbed at equilibrium can therefore be derived
from the value ng in the muiti-exponential equation that fits the sorption rate curve.
This value can be used to calculate D = C¢/Cy,. Note that the quantity C deals only
with the amount actually adsorbed (the sample located only in the stationary phase).
The quantity ng describes the equilibrium amount of sample in the stationary phase and
the amount of sample in the pores of the packing. In order to get the quantity D (and
derive k’ from equation 4.3 for the HPLC column of interest), the quantity ng must be

corrected for the number of moles of sample in the pores at equilibrium. This can be



done by assuming that. at equilibrium, the pores are filled with a solution of
concentration equal to Cp,. which is the concentration in the mobile phase.

v, C
Ce=ng - =L
"0~ 600 eqn. .12

The units of C. and ng are in mol/g. The variable vp is the specific pore volume (0.79
ml./g for PRP-1) and the factor 1000 converts the units t¢ [/g to agree with the units of
Cm-

From the average of the four replicate sorption rate ex periments discussed
above. ny = 2.77 + 0.09 x 10-7 mol/g at the 95 % confidence level. In this case. Cpy =
4.716 X 10-® M and D calculated by this method is 5.80 x 10-2 L/g. Forthe HPI.C
column discussed above, the k' calculated by equation 4.3 is therefore 38.9 with an
error of 2.2. At the 95 % confidence level, the value for k' is therefore 38.9 + 3.6.
The large error is due primarily to propagation of the uncertainties in the packing and
column properties.

This quantity compares well to the values of k' measured by the other two
methods. The k' measured from the sorption isotherm was 36.0 + 4.3, while that
measured from the elution peaks was 37.0 + 0.6. Measuring the capacity factor from
chromatographic data gives the best precision. The other two methods give comparable
precision, due mostly to the propagation of error from packing characteristics used in
the calculations. But for packings which show very slow sorption, the method that
uses the data from the shallow bed experiment could save a considerable amount of
time if the sorption rate curve can be relatively accurate defined using only data points at

short exposure times.

4.2.4  Sources of Error
Shallow bed conditions were previously defined as the conditions under which

the concentration of the sample solution in the bed was constant at all times including an



exposure time of zero. There are two possible problems in meeting these conditions.
which would be sources of error in the rate measurenient. both of which are discussed
below.

First. ever when no sorption occurs. there should be a physical limitation in
rinsing out the nold-up volume of the shallow bed in a finite time. The hold-up volume
of the shallow bed. including the space in the top and bottom retaining screens, and in
the area above the top screen takes a finite time to rinse with sample solution. The
overald hold-up volume of the shallow bed. including the spaces described above. is on
the order of 15 ul.. Fora volumetric flow rate of 0.3 ral/s through the bed, which
was a typical volumetric flow rate in the exposure steps. approximately 800 hold-up
volumes pass through the shallow bed in 0.4 seconds, which is close to the shortest
exposure time employed. There is therefore a rather large quantity of sample solution
passing through the shallow bed in a very short time, enough to adequately rinse the
void volume.

A second, more probable source of error in the rate measurement method occurs
when the sample is sorbed. Sorption will decrease the concentration of the sample in
the mobile phase in the shallow bed. In order to maintain a constant sample solution
concentration at all times and locations throughout the bed. a fast solution flow rate and
a very short bed of packing are used in the experiment. [f the flow rate through the
shailow bed is not fast enough to instantaneously rinse the solution of decreased
concentration from the bed. a concentration gradient would be established in the bed
along the axis of flow. Particles located farther along in the bed would be in contact
with a solution of lower concentration of naphthalene.

One way to determine if the constant concentration condition is being
maintained is to measure the effect on the sorption rate curve of changing the solution
flow rate through the shallow bed. At low flow rates, the sample stream flow will be

insufficient to "instantly" sweep out the solution in which the concentration has
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decreased by the process of sorption . The effect on the sorption rate curve will be
greatest at the low exposure times where the initial slope of the curve will be
erroneously low. If the flow rate of the sample solution through the bed is increased.
the initial slope of the sorption rate curve will increase until the flow rate is "fast
enough” to maintain the constant concentration. If the flow rate of the sample solution
1s increased beyond this point. the sorption rate curve should not vary with tlow rate.

Figure 4.10 shows the effect on the sorption rate curve of changing the
superficial linear velocity of the sample solution through the shallow bed. The sorption
data are normalized to the value of n, for each rate curve. The linear velocity is
calculated using equation 3.1. As the linear velocity increases, the initial slope of the
curve also increases. It is imporiant to note that the rate curves in Figure 4.10 show
only sorption data for exposure times up to 2 s. After about 8 s however. the curves
become indistinguishable: at the high exposure times. even at slower flow rate. the flow
is fast enough to sweep out the bed with a sufficient volume to maintain a constant
concentration.

Figure 4.11 shows the slope of the initial part of the sorption rate curve for four
different flow rates through the shallow bed. In order to calculate the initial slope. the
functions fitting the sorption rate curves were used to generate data at exposure times
between 0 and 0.5 s at intervals of 0.05 s. Data which fit a straight line with a
correlation coefficient of 0.999 were used. The steeply rising portion of the four curves
shown in Figure 4.10 are plotted in Figure 4.12 along with the linear regression lines
that fit them. Notice that the sorption rate curve rises in a straight line only for a very
short time. For the fastest linear velocity through the bed, the sorption rate curve starts
to deviate perceptibly from linearity after only 0.10's.

A plot such as Figure 4.11, which displays the initial slope of the sorption rate
curves collected at four different linear velocities, would be expected to flatten at high

linear velocities where shallow bed conditions are met. Also, when shallow bed
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Sorption rate curves for naphthalene on PRP-1 in 85 % MeOH as a
function of superficial linear velocity of sample solution through the
shallow bed. Three curves are shown; each curve is the tri-exponential

curve describing experimental data (not shown) at each linear velocity.

The curves have been normalized to their value at infinite exposure time.
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Figure 4.11  Initial slope of the sorption rate curve at four different superficial linear
velocities through the shallow bed. The siopes are calculated from the
plots shown in Figure 4.10.
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Plot of linear region of sorption rate curves for naphthalene on PRP-1 in
85 % MeOH at four different superficial linear velocities through the
shallow bed. Notice the very small exposure times shown in this plot.
The data points are generated from the multi-exponential equations that
fit the sorption rate curve at each linear velocity and the line shown is the
result of a linear regression on data which fits the straight line with a
correlation coefficient of 0.999.
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conditions have been established. the initial slope is expected to become independent of
the linear velocity. However. it is observed that the initial slope plotted in Figure 4.1 1
continues to increase with linear velocity through the shallow bed rather than flattening
out. This indicates that while we may be approaching shallow bed conditions, they are
not met for data obtained early in the rate experiment. The linear velocity through the
shallow bed was the fastest possible in the apparatus used (approximately 14 cm/s).
This is limited by the relatively high viscosity of the solvent system and the upper limit
of the gas regulator on the constant pressure system.

Because shallow bed conditions were not met. the slope of the initial portion of
the sorption rate curve is presumably erroneousiy low. This results in an
underestimation of the rate constant. k. in the first term of the tri-exponential. There is
also the possibility of underestimation of the rate constant for the second term of the
multi-exponential. since the curve may not solely be defined in this regton by the fastest
sorption term. Also subject to error will be the multipliers n| and n- in the tri-
exponential equation. When the sorption rate data are used to predict elution profiles.
an underestimation of rate constants would result in anomalously wide distributions

predicted by these rate constants. This possibility is explored further in Section 4.2.6.

4.2.5 Prediction of Elution Profiles from Sorption Rate Curve of Naphthalene on
PRP-1

A method for predicting the elution profile of a sample from its sorption rate
curve was discussed in Chapter 2. Under the experimental conditions described here.
the sorption rate curve for naphthalene fits a tri-exponential equation and the method
described in Section 2.3.6 can be used to predict its elution profile on PRP-1. as
discussed below.

The four replicate sets of constants describing the replicate sorption rate curves

(shown in Table 4.12) were used separately to predict four replicate elution profiles.



The chromatographic column was assumed to be 15 ¢cm long and packed with PRP-1
stationary phase identical to 1.2 matenial used in the shallow bed for the sorption rate
measurements. The constants of the tri-exponential equation were used to calculate the
probability distributions according to equation 2.15 for each rate constant and the
overall elution profile was calculated in the manner described in Section 2.3.6. The
following discussion describes the modeiling process using the tri-exponential curve fit
data from Replicate 1 (the constants are shown in Table 4.9 and in column | of Table
4.12). Results from the other replicates will be discussed later.

Briefly. the elution column is modelled by three hypothetical columns, each
associated with only one of the three types of sorption processes. In the first
hypothetical column the fastest sorption process, associated with k_occurs while in the
second, the process associated with ka occurs and in the third, only the slowest
sorption process, associated with k3, occurs. The fractions ®; of the sample which will
pass through each of the hypothetical columns without being sorbed are presented in
Table 4.13. Note that the subscripts indicate the term of the tri-exponential used to
calculate the fraction. For example, ®; is the non-interacting fraction in a hypothetical
column which models the sorption described by the first term of the tri-exponential
equation. In general the non-interacting fraction decreases with linear velocity. It can
be seen that only @3 is significantly greater than zero at the linear velocities of interest.
The data treatment is described in Section 2.3.6 is therefore appropriate.

It should be noted at this point that one source of error in the data treatment is
the assumption that both ®; and & are essentially zero. As the linear velocity
increases, these fractions increase (since there is less time for the sample to interact with
the stationary phase). Even at the highest linear velocity studied the values for these
fraction remain very small. As seen in Table 4.13, even in the worst case, ® is only
about 0.3 % which is expected to add little error to the data treatment. In terms of other

experimental errors, the error due to this factor is negligible.
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Table <4.13 The non-interacting fractions. ®,. tor the three hypothetical columns
which are predicted by the sorption rate data from Replicate 1 (see Table
4.9). The three fractions are calculated at four different mobile phase
linear velocities according to equation 2.24. The subscripts indicate the
term of the tri-exponential equation.
u, (cm/s) 0.40 0.30 0.20 0.10
Nl 6.10 x 1028 1.62 x 10-36 4.25 x 10-55 ~0
Do 2.70 x 10-3 4.19 x 104 7.40 x 10¢ 6.34 x 107
P 0.764 0.702 0.584 0.3<14




The distributions associated with the broadening occurring in each hypothetical
column, designated P1. P2 and P3, can be calculated from the tri-exponential
constants. An injection of a sample will elute from the series of columns in two zones.
The first. consisting of sample which passes through the series of column after
undergoing sorption only in hypothetical columns 1 and 2 but not undergoing the
slowest sorption in column 3, will have a distribution designated P1/2. The second
zone consists of sample which passes through the series of columns after undergoing
all three types of sorption. This zone is designated P1/2/3. In each case, the profiles
result from convolution of the individual distributions from the columns in which
sorption actually occurs. In order to get the final elution profile. the two peaks are
scaled on the basis of area. The ratio of the area of the distribution P1/2 to that of the
total area under the two curves will be the same as @3, the fraction of sample which
does not interact with the third column. The scaled peaks are then added. To compare
to real chromatograms, the predicted peak is then corrected along the time axis by
adding ty, for the original column.

The data treatment described in brief above and in detail in Section 2.3.6 was
performed using the tri-exponential constants describing the sorption rate curve for
Replicate | and assuming a linear velocity of 0.10 cm/s. The value of t, was taken to
be 148.2 s and the k', as determined from elution experiments, was 37.3. Figure 4.13
illustrates the predicted profile. The discussion in this section of the thesis will be
restricted to how well the EMG function describes the predicted profiles and how the
elution profiles predicted by the replicate experiments compare among themselves.

The three-column model was used to predict the elution profiles for the
remaining sets of tri-exponential constants shown in Table 4.12. The resulting profiles
are illustrated in Figure 4.14 where Curve A is the profile predicted from Replicate: 1
and Curves B. C, and D are the profiles predicted from Replicates 2, 3 and 4
respectively. All of the predicted profiles were subject to an EMG curve fit. The EMG
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Figure 4.13
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The predicted elution profile for naphthalene on PRP-1 at a mobile

phase linear velocity of 0.10 cm/s. The profile is predicted using the tri-

exponential constants that describe the sorption rate curve for Replicate
1 (see Table 4.9).
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The predicted profiles from the four replicate sorption rate

measurements (Table 4.12) for naphthalene on PRP-1 at u, =0.10

cm/s. The curve A is the predicted profile using the tri-exponential rate

constants for Replicate 1 and has already been illustrated in Figure 4.13.

Curves B, C, and D are the profiles predicted by the constants for

Replicates 2, 3, and 4 respectively.
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characteristics for the predicted profiles are shown in Table 4.14. Since the constants
associated with Replicates 1 and 2 are so similar, the peaks predicted by the model have
a similar shape and similar EMG characteristics. Note that the data treatment for
Replicates 1. 2. and 4 was based on predicting the probability distribution for cach
hypothetical column using equation 2.15. Because the K1 value for the Replicate 3
experiment was so large the distribution associated with this process, Pl was
calculated using equation 4.13 an approximation of the equation which is discussed in
more detail in the next section.

In general. the EMG characteristics for the elution profiles are highly
reproducible. despite some values which seem extreme. For instance. while the
relatively small value of k3 for Rzplicate 4 is, as expected, reflected in the longer tail in
Curve D. itis not reflected in the value of T. One would expect to see a larger value of
T for Replicate 4. This discrepancy results because the EMG function gives a rather
poor fit to the predicted profile. For all other profiles. the fit was satisfactory. The
contrast is clear in Figure 4.15 which shows the EMG fit to the predicted profiles as
dashed lines. In graph A, which is the peak predicted by Replicate 1, the dashed !ine
overlaps the predicted profile so well it is visually indistinguishable. In graph B,
however. the EMG function (the dashed line) is visible and does not visually give a
good fit to the profile, predicted. in this case, from Replicate 4.

The RSD values shown in Table 4.14 are an expression of the precision of the
overall experiment, including contributions from the sorption rate measurement
experiment, contributions from the routine used to predict the elution profile and
contributions from the EMG curve fitting routine. Overall, the precision is surprisingly
good, better than 10 % for ali of the constants. Considering the number of steps in the
data processing that is used to convert the raw experimental sorption data into a
predicted elution profile, this relatively low uncertainty in the peak characteristics i«

encouraging.



Table 3,14

The EMG characteristics of the profiles predicted by the Replicate
measurements of the sorption rate of naphthalene on PRP-1 at a mobile
phase linear velocity of 0.10 cm/s. The observed values are for the

elution profiies resulting from injection of 2.504 x 104 M naphthalene
in 85 % MeOH on a 15 ¢cm column of PRP-1.

Replicate tg (s) oG (s) T (s)

! 4667 426.7 1048

2 4700 448.2 1008

3 5473 448.5 1094

4 4485 459.1 883.9

avg. 4831 445.6 1008
RSD (%) 9.1 3.0 8.9

Observed 5133 157.4 581.3
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The EMG fits to predicted elution profiles at 0.10 cm/s of the tri-
exponential constants of Replicates 1(Curve A) and 4 (Curve B). The
predicted peaks are represented by the solid line while the EMG fits are
represented by the dashed lines. For Curve A, the EMG fit is so good
that the dashed line is impossible to distinguish from the curve predicted
by the data treatment.



4.2.6 Comparison of Predicted and Observed Elution Profiles on PRP-1

In the previous section. the reproducibility of the shallow bed experiment was
evaluated in terms of how the profiles predicted by replicates of the experiment
compared with each other. This section examines how the predicted profiles compare
with actual elution profile;. We begin by using one set of sorption rate data (Repiicate
1) and one set of elution conditions (u, = 0.10 cm/s). The effect of the uncertainty in
the tri-exponential constants is examined in order to try to predict the effect of the
sources of error in the shallow bed experiment on the predicted profile. The profiles
predicted by Replicate 1 at other elution conditions and those predicted by the other
Replicate sorption rate experiments are also examined.

Figure 4.16 shows the profile that is predicted by the sorption rate experiment
for elution conditions of u, = 0.10 cm/s as well as an actual experimentally observed
clution profile. The observed elution profile was collected under conditions described
above by injection of 2.504 x 10~ M naphthalene in 85 % MeOH. The predicted peak
1s much wider than the observed peak. which may mean that the effect of the sorption-
desorption Kinetics is overestimated by this data treatment. The times of the peak
maxima are relatively close but are not coincident. The shape of the tailing portion of
the observed profile is not well maiched by the shape predicted from the rate constants.

In order to better understard the origin of the predicted peak shape, each of the
distributions predicted for the three hypothetical columns which were used to model he
overall elution cofumn were investigated. The tri-exponential constants used in this
calculation were previously shown in Table 4.9.

Figure 4.17 shows the distributions, P1, P2 and P3, calculated from the three
terms of the tri-exponential. The first ierm, P1, which is associated with the largest rate
constant and the greatest number of sorbing "sites" generates a profile which is the
narrowest of the three and. due primarily to the larger number of sites, located the

farthest down the time axis. As the number of sites associated with a term decreases,
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The predicted elution profile for naphthalene on PRP-1 at a mobile
phase linear velocity of 0.10 cm/s compared to the observed peak.
which is obtained by injection of 2.504 x 10-* M napthalene on PRP |
in 85 % MeOH. The predicted profile (previously seen in Figure 4.13)

is predicted using the tri-exponential constants that describe the sorption

rate curve for Replicate 1 (see Table 4.9).
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The probability distributions P1. P2 and P3 which are calculated from
equation 2.15 using the tri-exponential constants for Replicate 1 (see
Table 4.9) and u,, = 0.10 cm/s. The distribution P1 is associated with
the hypothetical column in which only the rate processes described by
the first term in the tri-exponential equation describing the sorption rate
curve occurs. The distributions P2 and P3 are associated with columns

in which processes described by the second and third terms occur.



the distribution associated with that process also shifts farther teft on the time HANES
Thus. the distribution decreases in width for a decrease in n, and an increase in k. The
shape of P3. predicted by the third term. is mainly exponential as a result of the small
rate constant associated with this term. Because n3 is so small. the distribution P3 has
a centre of gravity which is smaller than those associated with P! and P2.

As previously discussed. further manipulation of the distributions is NECCSSary
to predict the elution profile from a chromatographic column. All three distributions,
Pi. P2 and P3, must be convolved to form P1/2/3. one of the distributions shown in
Figure 4.18. This is the distribution due to sample molecules in a band which elute
from the hypothetical columns after interacting at least once with each type of site. In
addition. P1 and P2 are convolved to give P1/2. which is alsc shown in Figure 4.18.
This is the distribution due to the sample molecules which elute from the hypothetical
columns after interacting after undergoing only the fastest and intermediate sorption
processes. The two peaks shown in Figure 4.18 are added to get the final predicted
elution profile shown in Figure 4.16. Note that P1/2 and P1/2/3, s illustrated. have
already been scaled. as described in Section 2.3.4, as is required before addition. The
ratio of the area of P1/2 to the total area under the two curves is D3, which. in this
case, was calculated to be 0.34. Inspection of Figure 4.18 shows that indeed 34 % of
the total area under the curves is contained beneath P1/2 which represents the
distribution of the fraction that does not interact with Column 3.

The profiles in Figure 4.17 are interesting in terms of their contributions to the
shape of the final profile. The major source of the tailing shape of the profile is the
contribution from the probability distribution due to the slowest process, P3. The
distribution due to the intermediate process, P2. is likely to be the major source of the
width of ihe profile, assuming that the fastest process, P1, predicts a very narrow,
nearly Gaussian profile. The distribution P2 is shown, along with the observed

profile, in Figure 4.19. The distribution has been artificially shifted down the time axis
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- probability distributions P1/2 and P1/2/3 calculated from the tri-
exponential constants of Replicate 1. The distribution P1/2 is the
convolution of P1 and P2 (see Figure 4.17) and represents the
distribution of sample which passes through the series of three
hypothetical columns undergoing only the fastest and intermediate
sorption processes. The distribution P1/2/3 is the convolution of P1,
P2 and P3 and represents the distribution of sample which passes
through the hypothetical columns after undergoing all three sorption
processes. To get the overall elution profile (as shown in Figure
4.13), P1/2 and P1/2/3 are scaled and added together.
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so that the times of peak maxima coincide. The distribution P2 matches the main pan
of the observed peak fairly well although the observed width is still shightly
overestimated by P2. The shapes of the tailing part of the profiles don't match since the
distribution P2 is fairly symmetrical. This implies that "kinetic tailing” [2.29], although
overestimated by the inclusion of P3 (see below). is not entirely absent.

Figure 4.20 shows P1/2. the distribution predicted by the convolution of P1
and P2. the distributions for the fastest and for the intermediate processes. This peik
represents the fraction of the sample molecules that pass through all three hypothetical
columns without interacting with any sites associated with the slowest process. The
distribution P1/2 shown in Figure 4.20, which, again. has been artificially shifted
down the time axis so that the time of its maximum coincides with that of the observed
peak. is wider than the observed peak. Since the addition of P1/2/3 to P1/2 to get the
overall profile, which was seen in Figure 4.16. contributes primarily to the tailing
portion to the overall predicted profile, sources of errors in the experiment which lead
to the anomalously wide distribution in P1/2 probably contribute most to the predicted
profile that is wider than observed experimentally.

The sources of error in the shallow bed experiment were discussed in Section
4.2.4. One possible source of error was the fact that shallow bed conditions were not
established. Not meeting shallow bed conditions is expected to have the largest effect
on the first part of the sorption rate curve. where the curve is steeply rising. Errors in
the exposure time for this region would likely lead to an underestimation of ky, the rate
constant associated with the fastest sorption process. It may also lead ‘o an
underestimation in ny, although that effect is less obvious. (It is probably not entirely
correct to discuss the rate constants and number of sites associated with each term in
isolation of each other since the six variables calculated by the non-linear least squares
fit are probably dependent on each other to some extent.) For a larger k). Pl is

expected to narrow; the limit of P1 is a spike of infinitely narrow width which occurs at
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The probability distribution P2 shifted along the time axis so that the
peak maximum overlaps with that of the observed elution signal. P2 is
calculated by equation 2.15 using the tri-exponential constants of
Replicate 1. The observed elution signal is the result of injection of

2.504 x 104 M naphthalene in 85 % MeOH on PRP-1 at a mobile phase
linear velocity of 0.10 cm/s.
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Figure 420  The distribution P1/2 shifted along the time axis so that the peak
maximum overlaps with that of the observed elution signal. P1/2is the
convolution of P1 and P2 which are calculated using the tri -exponential
constants of Replicate 1. The observed elution signal is the result of
injection of 2.504 x 10"4 M naphthalene in 85 % MeOH on PRP-1 at a
mobile phase linear velocity of 0.10 cm/s.



a retention time appropriate to the k' and tm value (determined by the value of n: see
cquation 2.21) of the hypothetical column. In this limiting case for P1. the convolution
of P1 with P2 would add no width of the distribution predicted by the intermediate
process, but would only shift the centre of the peak.

Figure 4.21 shows how Pl changes with increases in k. The distributions in
this figure are calculated from an approximation of equation 2.15. This approximation.
shown in equation 4.13, uses the first term of the asymptotic expansion of the Bessel

function and is valid under the same conditions as when & is negligibly small [4.11].

P(t.) (ki ke t)' * e (FRT - )
24 ts? eqn. 4.13

The profiles predicted by equation 4.13 are well fit by EMG functions. The
variables. OG, the square root of the variance of the parent Gaussian function and <, the
characteristic time of the exponential modifying function. are plotted in Figure 422 as a
function of k). The width characteristics of the predicted profiles decrease at an
exponential rate with increasing k). After the rate constant reaches a value of 10571,
the rate of change in the width characteristics is small. Noitice that T in this case is small
compared to OG. an indication that the profile is relatively Gaussian.

From the above discussion it follows that if there is a systematic (determinate)
error in the measurement of ki, so that k is, in fact, considerably larger than would be
allowed by the random (indeterminate) error of + 13.6 %, then the profile P1 will be
significantly narrower than predicted. Since it is likely that shallow bed conditions
were not met in these sorption rate experiments (see Figure 4.11 and the discussion in
Section 4.2.4), it is reasonable to assume there is some underestimation of k}, although
the magnitude of this systematic error is difficult to assess. A rate of sorption of 48 51,

the highest rate constant for which a distribution was calculated, may not be

unreasonable. Marshall et.al. |2.22] measured the rate of sorption on silica-based
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Figure 4.21  The probability distribution. P1. as a function of n; as calculated using
equation 4.13. The values of k) for the four distributions are as
follows: (1) ky =2.79s 1. (2)k; =3.93s!. (3)k; =6.0s!. (4 k| =
48 s"l. The value of nj used in these calculation was 1.70 x 10-7 mol/g.
The EMG characteristics associated with the width of the distributions
are plotted in Figure 4.22.
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EMG characteristics of the probability distribution P1, which is due to
the fastest sorption term in the multiexponential equation describing the
sorption rate curve, as a function of the rate constant, k;. The EMG
characteristics shown are those related to the square root of the width,
namely, o. which is the standard deviation of the parent Gaussian peak
and T, which is the characteristic time of the exponential modifiying
function. The first point in both sets of data are the characteristics of the
distribution as predicted by experimental values of k|. For the observed
elution peak, 0 = 157.4 sand t = 581.3 s.
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reverse phases as having inverse characteristics time of 300 s-! or larger. It may be
that the mechanism of sorption on the two phases is similar in some respects and that
the rather large value of k; that appears to be necessary to obtain a sufficiently narrow
profile is not outrageous.

The effect of changing ny, the number of sites attributed to the Process is
iltustrated in Figure 4.23. where the Pl is plotted at three different values of ny. As nj
increases. the profile shifts along the time axis to longer times, since ty, |. the retention
time of an unretained compound in the hypothetical column associated with this
process. also increases. [t should be noted that the effect of changing ny on the peak
shape is not necessarily less drastic than the effect of changing k. The range over
which ny is varied is smaller than the range over which k| was varied in the previous
discussion. The range of reasonable errors for ny is smaller than the same range for k.
From Figure 4.23, the small changes in n do not profoundly affect the peak width.
This is supported by data in Figure 4.24 showing the EMG width characteristics for Pl
as a function of nj. The graphs show that any reasonable error, as expressed by the
standard deviation in the non-linear least squares fit of the sorption rate curve, results in
a relatively small change in the width characteristics.

Figures 4.25 and 4.26 show the width characteristics of distribution P2 as
functions of k> and no, respectively. The distributions P2 were calculated from
equation 2.15. The variables in these figures, k> and n2, . re changed by multiples of
their standard deviations as reported in Table 4.9. The way the shape of the
distribution P2 changes with increasing k- (Figure 4.25) is similar to the way the shape
of P1 changes with increasing k| values (Figure 4.22). That is, the peak gets narrower
but has the same peak maximum. The range of k> values studicd was smaller than for
P1 because the determinate error in ka is probably smaller. The error in the value of k-
may reasonably be expected to be on the order of magnitude calculated for the

uncertainty by the non-linear least squares program. Points corresponding to the
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The probability distribution, P1 as a function of n;. The values of n|
for the three distributions are as follows: (1) n; = 1.70 x 10-7 mol/g.
(2)n3 =196 x 107 mol/g. (2)n; =2.12x 107 mol/g. These
distributions were calculated using k| = 2.79 s-! using the approximate
equation 4.13. The EMG characteristics of the profiles are plotted in
Figure 4.24.
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Figure 4.24  EMG characteristics of the probability distribution P1, which is due to
the fastest sorption term in the multiexponential equation describing the
sorption rate curve, as a function of ny, the number of sites associated
with the process. The EMG characteristics shown are those related to
the square root of the width, namely, o, which is the standard deviation
of the parent Gaussian peak and t. which is the characteristic time of the
exponential modifiying function. The first point in both sets of data are
the characteristics of the distribution as predicted by experimental values
of nj. For the observed elution peak, o = 1574 sand Tt = 581 .3 s.
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EMG characteristics of P2, which is due to the sorption term of
intermediate speed in the multiexponential equation describing the
sorption rate curve. as a function of the rate constant. k>. The EMG
characteristics shown are those related to the square root of the width,
namely. o, which is the standard deviation of the parent Gaussian peak
and v, which is the characteristic time of the exponential modifiying
function. The first point in both sets of data are the characteristics of the

distribution as predicted by experimental values of k>. For the observed
elution peak. o =157.4sand Tt = 581.3 s.
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EMG characteristics of the probability distribution P2. which is due to
the sorption term of intermediate speed in the multie xponential equation
describing the sorption rate curve, as a function of the number of sites
associated with the process. n>. The EMG characteristics shown are
those related to the square root of the width, nzmely. . which is the
standard deviation of the parent Gaussian peak and v. which is the
characteristic time of the exponential modifiying function. The last point
in both sets of data are the characteristics of the distribution as predicted
by experimental values of k|. For the observed elution peak, 0 = 157.4
sand v = 581.3 s.
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observed values of o and T from Table 4.14 (row 1) are located on the far left in this
figure. The decrease in the width parameters is again noted. The decrease in width
parameters is. however. not very large within the standard deviation calculated by the
lcast squares program.

The effect of increasing n- on the width characteristics of the predicted profile is
shown in Figure 4.26. The o parameter increases with increasing n- at a faster rate
than dues the tailing component . Points corresponding to the observed values of G
and T from Table 4.14. (row 1) are located on the far right in this figure. This figure
shows the quantitative effect of changing n» from the experimental values.

These studies give ballpark estimates of what the values of the four parameters
under study here should have in order to predict the shape of the observed elution
profile. These studies were primarily done because the effect of four variables on the
characteristics of the convolved profile P1/2, which is probably primarily responsible
for the width of the main part of the overall predicted peak, is difficult to imagine
intuitively.

In all subsequent simulations, if the coefficients n» or n3 are decreased. the
number of sites associated with the first process, nj is increased to keep the total
number of sites constant.

The profile P1/2 that is predicted using the experimentally determined values of
Ky. k2. ny and n> was previously shown in Figure 4.20. The profile shown in Figure
+4.27 is the convolution of a distribution P1. which was calculated using equation 4.13
with the corstants ny = 1.917 x 107 mol/g and k; = 48 s-!, with the distribution P2
using the constants, n» = 0.480 x 10-7 mol/g and k2 = 0.642 s-!. This value of k» is
the experimentally determined value (shown in Table 4.9) while this value of n>is the
experimentally determined value minus one standard deviation. The value of niis
therefore the experimentally determined value plus one standard deviation of n», in

order to maintain a constant number of sites. The choice of the vaiue of ki was
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The distribution P1/2 which is the convolution of P1 and P2 . - od
using modified values of the constants k. n; and na. Plis cale sated
by equation 4.13 withk; =48 s und n; = 1.917 x 107 mol/g. P2 s
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mol/g. The distribution P1/2 has been shifted along the time axis to
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discussed above.

The EMG characternistics of the predicted distribution P1/2, based on modificd
constants and shown in Figure 4.27. and of the predicted distribution P1/2. based on
the unmodified constants from the rate curve of Replicate 1 and shown in Figure .20,
are found in Table 4.15. These can be compared to the same features for the observed
clution profile. found in Table 4.16. The term oG obtained from the modified constants
15 eloser to that of the observed peak but it is still larger by nearly 71 %. The parameter
T. which represents the exponential modifying function and is representative of the
amount of tailing is much less for P1/2 under these conditions than for the observed
peak. This is not surprising since the slowest sorption-desorption process has been
omitted in the data treatment to this point.

At this point. it might be useful to consider the chromatographic peak as
consisting of two sections, the main portion. and the tail. This division is based on
observation and is mainly for simplification in the following discussion. The divisions
are defined mainly by their extremes. For example. in Figure 4.27. the predicted
profile P1/2 consists of a slightly asymmetric n.1ain portion with little or no tail. The
observed signal, however. consists of a slightly asymmetric main portion with a
pronounced tail.

With this distinction in mind, it can be concluded that the main portion of the
clution peak can be approximated by P1/2, which results from the two fastest sorption
processes. The following discussion will probe the contribution of the slowest
process, associated with the third term in the rate equation, to both the main portion and
to the tail of the predicted profile.

The effect of the slowest process is accounted for by inclusion of the
distribution P3 in the data treatment. The term is incorporated into the process by
convolving the distributions P1, P2 and P3 together to form P1/2/3 and adding the

result, after scaling. to the distribution P1/2. It is, however. useful to first look at how



Table 4.15 The EMG characteristics of the probability distribution P1/2 predicted
from a set of tri-exponential constants that has been modificd. The
values used in this calculation are as follows: ny = 1.9i7x 107 mol/g:
ki =48 571 n2 = 0.480 x 107 mol/g: k> = 0.642 51, Also shown in
this table are the EMG characteristics of the distribution P1/2 caleulated
from the unmodified tri-cxponential constants found for Repiicate 1.
These can be compared to the same features observed for the real elution

profile at a mobile phase linear velocity of 0.10 cmi/s which can be

found in Table 4.16.

Profile characteristic

moditied constants

Replicate 1

g (s) 4741 4711

oG (s) 268.8 +13.5

TG (s) 269.5 295.6

My (s) 5010 5154.5
M>

(x 105 s2) .45 2.84

7]
te




Table 4. 16

The EMG characteristics and confidence limits for the elution of
naphthalene on PRP-1 from 85 % MeOH at u, =0.10 cm/s. The
confidence limits are based on three replicate injections and are
calculated at the 95 % level. The information in this table can be

compared to data found in Tables 4.15 and 4.17.

Profile Characternistic

Avg. + 95 % confidence

limit
LG (s) 5500 + 162
ag (s) 169 + 25
T(S) 530+ 116
M (s) 5697 + 34
M-
( X 10°52) 311+ 1.17




the uncertainties in the tri-exponential constants Kz and nz affect the distribution, P3.

Figure 4.28 is an illustration of the effect of the value of nz on the shape of the
distribution P3 predicted by equation 2.15. The solid line corresponds to the
experimentally measured vatue of n3 (for Replicate 1). It should be noted that in Table
+.9. the error associated with the term n3 is very large because n3 is determined by
difference. This large degree of uncertainty leaves a great deal of freedom in attempting
to find values of the constants, within experimental error. that will adequately described
the observed elution profile. To a first approximation. P3 is an exponential function in
k3 only. (This is not strictly true because the variable tm 3. which is a function of na,
appears in the exponential term of equation 2.15. which describes P3). The curves in
Figure 4.28 show that as n3 is decreased the urve decreases in height but the basic
exponertial shape of the curve is not changed much, even if n3 is decreased by as much
as 75 %.

"This type of behaviour contrasts sharply with the effect that changing k3 has on
P3. which is shown in Figure 4.29. As k3 decreases. the signal predicted by this term
at early times decreases but. at later times. the signal in the tail actually increases. The
tail also extends to longer and longer times. From Curve (6) in Figure 4.29B, it can be
seen that. in the extreme, an almost horizontal tail is predicted if k3 is very smail.

From these two figures, it is not difficult to imagine the effect of uncertainties in
n3 and k3 on the overall predicted distribution. Because P3 is not added directly to the
distribution due to the other processes but is convolved with P1/2. decreasing the value
of n3 within experimental error will have two effects. First. the influence of P3 will
dc=rease in the main portion of the peak (especially in its rear half), resulting in a
narrower and more symmetric main portion. Second. the influence of P3 in the tail will
also decrease and the tail will extend to smaller times. Likewise, decreasing the value
v a3 -1l also have two effects. First, decreasing k3 within experimental error will

re . adecrease in the effect of P3 on the main portion of the peak analogous to the
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Figure .28  The probability distribution. P3 as a function of n3. The values of n3
for the three distributions are as follows: (1) n3 = 0.353 x 10-7 mol/g.
(2) n3 = 0.265 x 1077 mol/g. (2) n3 = 0.177 x 107 mol/g. (4) n3 =
0.089 x 10-7 mol/g. These distributions were calculated using k3 =
0.0572 5! according to equation 2.15.
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The probability distribution P3 as a function of k3. The values of kz for
the six distributions are as follows: (1) k3 = 0.107 s-!. (2) k3 =0.0738

s'l. (3) k3 =0.0572 s°1. (4) k3 = 0.0406 s-!. (3) k3 =0.0240 s'!. (6)
k3 =0.0074 s-1. Graph (3) represents P3 predicted using the constants

from Replicate 1. In these calculations n3 = 0.353 x 10-7 mol/g. Graph
B is a magnification of Graph A at long times Curve (2) is deleted for

clarity .
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effect of n3. Second, in contrast to the effect of n3. as k3 decreases. the effect of P3
on the tail increases, as can be seen in Figure 4.29 and a tail extending te longer and
longer times is expected.

It should be mentioned that the magnitude of error in the constants n3 and k3.
which appears to be quite large. is not unreasonable in terms of experimental
considerations. This term is associated with the portion of the sorption rate curve with
exposure times greater than approximately 20 s (see Figure 4.8). In this region, the
slopes of tangents to the curve are extremely small and a small degree of scatter in the
experimental data can lead to large changes in the constants. Although the amount of
scatter in the sorption rate data is small. it cannot be eliminated and relatively large
uncertainties in the constants will always be expected.

The errors in these constants mean that there is a large uncertainty in the effect
of the slowest kinetic process(es) on predicted peaks. Even in real columns, there is
some evidence that the observed effect of the slowest sorption rate process varies with
the history of the column, even for a constant set of experimental conditions. For
instance. it was observed that, occasionally, chromatograms of naphthalene on PRP-1
were so tailing that the tailing portion appeared to be a nearly horizontal line that was
vertically displaced above the baseline which was established before the peak. Such a
chromatogram is shown in Figure 4.30. This type of peak was observed for the first
injection in a series after the chromatographic column had been idle. at least overnight.
If we assume that there are "sites" associated with each of the three sorption processes
indicated by the rate curve, such behaviour is consistent with essentially "irreversible”
sorption (ie. reversible but very slow to to desorb) on the slowest sites. This would be
analogous to the situation in GC where a column may be "primed" by injection of a
compound which will bind to strongly sorbing sites, resulting in an improvement in
peak asymmetry in injections that follow [4.12]. The difficulty in relating the sorption

rate experiment and the tail portion of the elution profile may be, then, a difficulty in
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Figure 4.30  Observed elution profile of 1.002 x 10-3 M naphthalene on PRP-1in 85
% MeOH. This profile illustrates the vertically offset horizontal baseline
that was observed in the first run in each series after the PRP-1 column

had been out of use at least overnight.
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correctly estimating n3 for a chromatographic column because the number of "sites"
which are availabic depends not only on the packing itself but on the history of the
cofumn.

Assuming that we are attempting to predict the shape of peaks that do not
display this sort of baseline. the examination of the individual distribution P3 can give a
ball park estimate of the value of the constants that would more accurately predict the
clution peak. If the experimental value of k3 is used, the value of n3 should be
decreased. since the original set of sorption rate constants tends to overestimate the
contribution of the slowest term. A modified set of sorption rate constants is
contrasted, in Table 4.17, to those for Replicate 1. The major differences in the two
sets of sorption rate constants are the much larger value of k| and much smaller value
of nz in the modified set. The overall elution profile predicted using the modified set of
tri-exponential constants is <hown in Figure 4.31. This provides a much better fit to
the observed profile than did the profile predicted from the rate constants associated
with Replicate 1.

Also found in Table 4.17 are the EMG constanis for the elution profiles
predicted by the modified set of constants and by the sorption rate constants from
Replicate 1. The most dramatic difference is the decrease in the T parameter for the
peak predicted by the modified set of constants. This peak is much more symmetrical.
It also has a oG value which is lower by about a factor of 2. These EMG constants can
be compared to data in Table 4.16 which show the same parameters for the
experimentally observed elution peaks of naphthalene on PRP-1 at the linear velocity of
0.10 cm/s. Both the tg and T values for the peak predicted by the modified constants
fall within the confidence interval of the same constants describing the observed si gnal.
The agreement for the oG value is not as good.

There are several conclusions that can be drawn from the preceding discussion

regarding the prediction of elution peaks from sorption rate measurements on
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Table 4.17 The iri-exponential constants of Replicate 1 + one standard dev iation are
contrasted with the modified tri-exponential constants which are used to
generate a reasonable (ie. comparable to the observed profile) elution
profile for naphthalene on PRP-1. Also shown are the EMG
characteristics for the profiles predicted by these sets of constants. The

EMG characteristics of the observed profile are shown in Table 4.16.

type of constant Replicate | modified
ng (x 107 mol/g) 2.75 + 0.017 2.75
ny (x 107 mol/g) 1.70 + 0.26 2.182
n2 (x 10-7 mol/g) 0.697 + 0.217 0.480
n3 (x 10-7 mol/g) 0.353 + 0.49 0.088
Ky (s'h 2.97 + 0.38 48
ko (s 1) 0.642 + 0.270 0.642
k3 (s 0.0572 + 0.0166 0.572
tG for predicted profile (s) 4667 5245
oG for predicted profile (s) 426.7 254.2
1 for predicted profile {s) 1048 419.8
M for predicted profile (s) 53715 5499
My for predicted profile
(x 10°s2) 12.80 2.408
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Figure 431 The overall distribution described in Section 4.2.6 using the modified
values of the tn-exponential constants that describe the sorption rate
curve. The actual and modified constants are shown in Table 4.17

along with the EMG parameters which fit the peaks predicted by them.

Also shown in that table are the EMG parameters of the observed peak.
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microparticle HPLC packings. First. the accuracy and precision of the sorption rate
data currently imposes the limit for using the proposed model. The shallow bed
experiment provides accurate data for sorption reactions with intermediate rates but at
both high and low exposure times. experimental errors can lead 1o inaccuracies and
uncertainties in the constants desceribing the sorption rate curve. Because of the
accuracy and precision limits. the model did not adequately predict the elution cur es of
naphthalene on PRP-1 using the experimental rate constants. 1t was show n. how ey er.
that using a modified set of tri-exponentiai constants. a reasonably accurate profile
could be predicted. The imaginary rate curve that would be associated with the
modified set of data and the experimental rate curve associated with Replicate 1are
compared in Figure 4.32. The major difference between these curves is the absence of
the very slowly rising portion of the curve at long exposure times. which is not seen in
the rate curve for the modified set of constants. This may mean that the influence of the
slowest sorption process on real chromatograms is actually very small.

What the above discussion also reveals is that, taken alone. P2, which is
calculated from the region for which data in the rate curve is most accurate. more or less
accurately predicts one of the two peak characteristics of interest. That is. naphthalene
gives experimentally observed elution peaks that are characteristically highly
asymmetric and severely broadened. The constants associated with the intermediate
sorption process accurately predict the observed broadened profiles in the main portion
of the peak for naphthalene (see Figure 4.19). This gives unambiguous evidence that
slow sorption-desorption is the major contributor to bandbroadening for naphthalene on
PRP-1. The asymmetry of the peak. however. is not adequately predicted using the
sorption rate data from the shallow bed experiments.

The data treatment method was also used to predict elation profiles at different
linear velocities. The elution profiles predicted by the experimental tn-exponential

constants from Replicate 1 are overlaid over observed naphthalene elution profiles in
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Figures 4.33 10 4.35. These represent the peaks at the linear velocities 0.20. 0.30 and
0.40 cmv/s respectively. In all cases. the predicted profile has a time of peak maximum
less 11 n the observed peak and is much wider and has more tatting. Also illustrated n
these figures are the P2 distributions at each lincar velocity. Once again, the
distribution has been artificially shifted down the time axis so that the peak maximum
coincides with the maximum for the observed signal. P2 in all cases gives a better
estimate for the main part of the observed peak but the estimate is not perfect. From
these figures it is difficult to tell if the agreement between P2 and the observed peak s
linear velocity dependent.

In Figure 414, it was shown that the elution profites predicted at u, = 0.10
cm’s from the four replicate sorption rate constants were very similar. Although it has
not been shown in the Figure. because all the curves are so similar. it can be concluded
that. like the profile predicted by the results of Replicate 1o which was discussed in
detail above, all are substantially wider than the observed chromatographic peak and ali
have peak maxima which occur at shorter times than in the observed peak. In Figure
4.36. the distributions P2 calculated from each of the Replicates are shown along with
the obsen ed profile at a mobile phase linear velocity of 0.10 cmi/s. In all cases. this
distribution is a reasonable approximation of the main part of the observed elution peak.

This section has demonstrated that it is possible to generate elution profiles
based on the hypothetical three column model. The profiles, in this case, do not match
the obser=«.* elution profiles well either in width or asymmetry characteristics. If the
tri-exponential constants are modified either within the random error calculated by the
non-linear least squares curve fitting program or. in the case of ki. considering the
systematic error in the shallow bed experiment, the predicted profile can be made to
better match the observed profile. It appears that the effect of the slow sorption -
desorption Kinetics associated with the second term in the equation describing the

sorption rate curve more accurately predicts the width of the main part of the peak. At
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The overall distribution predicted from the tri-exponeniial constants of

Replicate 1 at a mobile phase linear velocity of 0.20 cm/s. The
probability distribution P2. calculated for Replicate 1 at this linear
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coincides with that of the observed peak. The observed signal is the
result of injection of 2.504 x iU+ M naphthalene on PRP-1 in 85 %

MeOH.
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probability distribution P2, calculated for Replicate 1 at this linear
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coincides with that of the observed peak. The observed signal is the
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MeOH.



147

300
100
300
'g 4
20
)

2000

1) =

Predicted Signal

il"

Obsernved Nignaf

Figure 4.35

1000

T T
2000 3000

Time (seconds)

4000

SO00

The overall distribution predicted from the tri-exponential constants of

Replicate 1 at a mobile phase linear velocity of 0.40 cm/s. The

probability distribution P2, calculated for Replicate 1 at this linear
velocity. is illustrated shifted down the time axis so that the maxima
coincides with that of the observed peak. The observed signal is the
resuft of injection of 2.504 x 10-* M naphthalene on PRP-1 in 85 %

MeOH.



Signal

Figure 4.36

300
1 3 —— Replicate 2
i S Rephicate 3
400 i
P S et Rephicate 4
1 : : -t Obsers ed Siznal
P
RINIES
200
100 -
0 - T
(3] 2000 J000 OO0 ROOO 1 OO0 1 2000

Time (seconds;

The probability distribution P2 calculated from the vorption rate data for
Replicates 2. 3 and 4 at u, = 0.10 cin/s. The P2 signals have been
artificially shified down the time axis so that their peak maxima coinoide
with that of the observed signal. The observed siznal is obtained by

injection of 2.504 x 10-* M naphthalene on a {5 cm long column.



149

present the evaluation of the model is limited by the accuracy of the sorption rate data.

4.3 Partisil-10 ODS-3 as a Sorbent

4.3.1 Introduction
A study parallel to those discussed above wis conducted with a silica-based
stationary phase. The silica-based packing. as previously discussed is a microparticle

with characteristics shown in Table 3.1.

+.3.2 Characterization of Elution Profiles on Partisil-10 ODS-3

Figure 4.37 shows a typical chromatogram for naphthalene from a column of
the silica-based packing. The peak was obtained at a linear velocity similar to the one
used to measure the elution peak of naphthalene from PRP-1. as shown in Figure 4.2.
These signals are the output of the ASYST data processing and collecting program.
The solvent system used is 52.5% MeOH: an eluent weaker than that used on PRP-1
was necessary to maintain a relatively high k'. as Partisil is a weaker sorbent than the
polymeric packing. A discussion of the measured k' value is found in Section $.3.3.

In comparing the peaks in Figures 4.2 and 4.37, it is pertinent to note that the
time scales are different. The naphthalene peak on Partisil is a relatively narrow and
symmetric peak compared to the very broad and asymmetric peak on PRP-1. Itis
interesting that while the peaks eluted from PRP-1 were largely impossible to process
using the moments analysis program previously described, no such difficulty was
encountered with peaks eluted from Partisil. For comparison's sake, however. the
profiles were fit to an EMG function in the manner described in Sections 2.3.8 and
+4.2.1.2. Table 4.18 shows the EMG constants and the first and second statistical
moments for the elution of a sample of 2.574 x 10~* M naphthalene at a mobile phase

linear velocity of 0.167 cm/s. Table 4.19 gives the same information for three mobile
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Table 4.18 EMG characteristics of elution profile of 2.574 x 10~ M naphthalene in
52.5 % MeOH on Partisil-10 ODS-3 at a mobile phase velocity of 0.167

cm/s.
Run no. tG (s) oG (s) T (s) M (s) Ma (s2)
| 3357 32.53 20.33 3373 1472
2 3375 32.59 19.9] 3391 1454
3 3375 32.59 19.86 3391 1455
avg. 3368 32.54 20.03 3385 i
RSD (%) 1.0 0.05 1.3 0.30 0.67




Table 4.19 EMG characteristics of experimentally ouserved chromatograms of
2.574 x 10* M naphthalene in 52.5 % MeOH on Partisil- 10 ODS-3 at
three mobile phase linear velocities. u,,. shown as + one standard
deviation. The information for u, = 0.167 cm/s was given previously in
Table 4.18.

U, (cm/s) 0.167 + 0.009 0.27 = 0.01 0.35 + 0.01
tG (s) 3368 2062 1633
RSD tG (%) 1.0 0.17 0.29
oG (s) 32.54 21.89 18.1
RSD oG (%) 0.05 0.29 2.2
T (s) 20.03 13.31 11.53
RSD t (%) 1.3 i.5 3.3
M (s) 3385 2072 1643
RSD M, (%) 0.30 0.14 0.28
M- (s2) 1460 648 164
RSD M (s2) 0.67 0.33 0.13




phase linear velocities. In general, the constants are highly reproducible. with RSD
values for each being under 4 %.

A comparison of Table 4.7, which shows the EMG parameters of elution
profiles on PRP-1, and Table 4.19, which shows the same paramete:s of elution
profiles on Partisil-10 ODS-3, shows that the EMG fitting routine gives better precision
with the relatively narrow, symmetrical profiles eluted from the silica-based packing.
Because bott the k' of naphthalene and the linear velocity of the mobile phase are
different for the two columns, direct visual comparisons of the peaks in Figure 4.2 and
4.37 do not reveal the relative bandbroadening experienced by naphthalene on these
two coiumns. Nor do direct comparisons of the parameters oG and t between Tables
4.7 and 3.19. Qualitatively, though, the width of the parent Gaussian peak is larger on
the PRP-1 profiles at comparable linear velocities. There is also an approximately order
of magnitude difference in the degree of tailing, as expressed by the parameter t. The
two packings can be directly compared by exaniining the plate heights as calculated by
equation 4.2. A plot of H vs u,, for PRP-1 was shown in Figure 4.5. A comparable
plot for the Partisil column is shown in Figure 4.38. This plot illustrates the good
precision associated with the EMG characteristics of the profiles eluted from Partisil.
Notice the difference in the vertical axis in the two plots. There is almost two orders of
magnitude difference in the plate heights. These plots illustrate the large difference in

efficiency obtained on the two packings.

+4.3.3  Equilibrium Sorption of Naphthalene on Partisil-10 ODS-3

+4.3.3.1 Measurement of the Sorption [sotherm of Naphthalene on Partisil-10 ODS-3
The isotherm for the sorption of naphthalene on Partisil-10 ODS-3 in 52.5 %
MeOH was measured by the column equilibration method described in Section 3.4.4.

The isotherm, illustrated in Figure 4.39, is linear in the region studied, for the
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Plot of height equivalent of a theoretical plate against mobile phase lincar
velocity for napthalene or Partisil-10 ODS-3 in 52.5 % MeOH. The
plate height, H, calculated from equation 4.2. The data shown represent
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1.5 % of the average plate height at each linear velocity.



concentration range from 0 1o at feast 4 x 10-° M. The linear regression constants are
shown with confidence Himits in the caption o the figure.

The stope of the isotherm. D in [Jg. was used to calculate the capacity factor.
K" tor ine chromatographic column deseribed above using ecuation 4.3,

W
i eqn. 4.3

K' =i

I thix case. Wothe weight of stationary phase in the chromatographic cotumn,
1s determ - ed from the packire density. whicli is. according to the manufacturer's
iformation. "approximately” 0.55 g/ml.. The accuracy of this figure is not known: the
value 1s quoted for all bulk Partisil packings. Specific information for the column is not
available. The error in this term was assumed to be + 0.0! g/mL.. W was calculated by
multiplying the density by the volume of the overall column (calculated from column
dimensions). An errorof 1 % in each of the column dimensions was assumed. W
was therefore calculated to be 2.28 g with an error of + 0.G7 g. calculated by
propagation

A nominal hold-up volume, V. was quoted by the manufacturer as 2.67 m!..
The hold-up volume for the column was measured by injection of CatNO3)» to be 2.39
ml. with an error of 0.12 mlL..

From the isotharm, D = 3.47 £ 0.08 x 10~ L/g. Therefore, k' was calculated
to be 33.1 with an error of 2.0. Therefore. the value of k' measured from the sorption
isotherm is 33,1 + 4.3 at the 95 % confidence level. The relatively large uncertainty is

aretiection of propagauon of error from the column characteristics.

+4.3.3.2 Cualeulation of k' from Elution Protiles of Naphthalene on Partisil- 10 ODS-3
Flution profiles of naphthalene on Partisil-10 ODS-3 were fit to an EMG
function as pre iously discussed in Section 4.2.1.2. The capacity factor as calculated

according to equation 4.4 has a value of 21 81 + 0.06. The high degree of precision
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indicates that the EMG curve titting routine gives reliable values of the profile
charactenstics,

The agreement between the two calculated values of k' is rather poer. The
capacity factor of 33.] = 4.3 determined from the sorption isothernt is higher than that
calculated from the elution profiles. This may be duc to inaccurate column
charactenstics such as the manufacturer's "approximate”value of the packing density .

which is not known to the user with any accuracy.

4.3.3.3 The Effect of Changing the Solvent Composition on the Diffusion
Characteristics and Bandbroadening of a Naphthalene Saniple Zone

The use of a weaker eluent on 3DS than on PRP-1 was designed to maintain a
relatively high K’ on the reversed-phase packing. The large k' value is necessary so
that mass transfer characteristics which are k' dependent will be comparable for the
compound on the two packings. One difficulty in changing the solvent composition is
that diffusional characteristics of the solute are affected. which could affect the
bandbroadening. MeOH/H2O solvent mixtures have a viscosity which varies with
composition. The viscosity changes for MeOH/H>O mixtures are shown in Figure
440 [4.13]. The viscosity of a solvent, 1), is related to the diffusion coefficient Dy, by

the Wilke-Chang ejuation, shown as equation 4.14 [4.14].

7.4 x 108 M) ST
Dm =

(v, Lo eqn. 4.14
The factor, y. is the "association fuctor” of the solvent S. which has a value of 2.6 for
water and 1.9 for MeOH. M, is the molecular weight of the solvent. For mixed
solvent systems. the term (,My) is equal to he average values of Y M for each
constituent solvent weighted according to their volume fractions. The diffusion

coetticient is temperature dependent: T is the teraperature in Kelvin. V, is the molar

-
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volume of the solute a. which was calculated from the density . o', of the solute and
MW the moleculiar werght of the solute according to equation 4.15.

v, = MW
* ' cgn. 415

Naphthalene. with a molecular weight of 128.19 g¢/mol and a density of 1.0253
o/ml. as measured at 20 ©C [4.15]. has a calculated molar volume of 125 ml/mol. The
diffusion coetficient of naphthalene. as calculated by equation 4.14 is shown in Figure
4.41. The diffusion coefficient of naphthalene in 52.5 % MeOH is read off the curve
as 0.64 x 10 S cm/s and in 85 % MeOH. it is read off the curve as 1.04 x 10-5 cmZs.
The mass transfer terms in the overall bandbroadening equation that depend on the
diffusion coefficient are the longitadinal diffusion contribution (equaiion 2.2). the
resistance to mass transfer in the mobile phase term (equation 2.4), and the resistance to
raass transfer in the stagnant mobile phase (equation 2.7). Previously. the longitudinal
diffusion term was shown to be negligible for HPLC conditions. The plate height
contribution due to the resistance to mass transfer term in the mobile phase is inversely
proportional to the diffusion coefficient. In 52.5 % MeOH. this contribution is
expected to be larger than in 85 % MeOH. The resistance to mass transfer in the
stagnant n,obile phase is also inversely proportional to the diffusion coefficient. The
value of this term ts expected to increase with a decreasing diffusion coefficient. In
other words. the rate of diffusion through the stagnant mobile phase should be
proportional to the diffusion coefficient. As discussed in the previous section, the plate
height for Partisil columns is much smaller than for similar polymeric columns, even
when using a solvent with higher viscosity. This is the opposite of whac is predicted
simply on the basis of the change in diffusion coefficients. Thus, the observed
dramatic decrease in column efficiency between Partisil and PRP-1 is not due to the fact

that the diffusion coefficient in 52.5 % MeOH is lower than that in 85 % MeOH.
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4.3.4 Sorption Rate of Naphthalene on Partisil-10 ODS-3

In order to measure the sorption rate of naphthalene on Partisil- 10 ODS-3 using
the techmque described in Section 3.4, some additional considerations were necessary .
Because of the increased viscosity of the solvet in comparison to that used tor the
PRP-1 sorption experiments. the possibility of not meeting shallow bed conditions
increased. The pump used to deliver the sample solution was a constant pressure
pump. himited by the regulator on the nttrogen source tank to 120 psi. For 85 7%
MeOH. this pressure was sufficient to deliver solvent at a rate of approximately 0.3
ml /s to the shallow bed. As seen in Figure 4.40. the viscosity of MeOH/H-O mixtures

FXars

reaches a maximum a«<und *AeOH content. implying that a lower flow rate will
be achieved with 7. ¢« caistiuil yessure system set at the same pressure. Therefore. in
an attempt to mee. ikeev - - oG conditions. the height of the shallow bed was decreased
- decreasing the weight of packing used) in order to minimize the resistance to flow
4 to minimize the possibility of axial concentration gradicnts during exposurce. The
characternistics of the shallow bed used for the experiments discussed below are shown
in Fable 3.2.

A typical sorption rate curve measured on Partisil is shown in Figure 4.42. The

rate curve fiis a bi-exponential equation of the form given in equatic.. 2.17.

n(t) = ng - nyekd - pye-kat eqn. 2.17
Assuming for the moment the the sorption rate is independent of solvent
composition, the contrast between this curve and the curve for sorption ¢n PRP-1
(Figure 4.8) is striking. First of all, as previously mentioned, the curve on Partisil can
be fit to a bi-exponential equation of the form shown in equation 2.17. The bi-
exponential rate constants and their relative standard deviations are given in Table 4.20.
These may be comped to the tri-exponential constants of the rate curves on PRP-1

shown in Table 4.12. In the case of sorption on Partisil. the curve appears to reach the
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Table 4.20 Bi-exponential constants describing the sorption rate curve of 5.255 x
10-© M naphthalene in 52.5 % MeOH on Partisil-10 ODS-3. The
constants shown are for the curve which fits the experimental data in
Figure 432 The standard deviation is the error in the constant of
interest as calculated by the curve fitting routine. The relative standard

deviation is expressed in terms of percent .

constant value standard relative standard
deviation deviation (%)
n, (x 10-7 mol/g) 1.910 0.031 0.78
ny (x 107 mol/g) 1.707 0.089 5.2
n> (x 10-7 mol/g)* 0.203* 0.120 58.1 %
ki (s 1) 6.76 1.30 19.2
| Ko (s 0.39 0.27 62.8

“n> is determined by difference where n> = ng - nj.

163



104
limiting value of n, much faster than the curve of the polymeric phase. Examination of
the "rate constants” in Table 4.20 shows that the smallest rate constant. w hich
contributed the gently sloping portion of the rate curve is absent for Partisil. The
equilibrium value is reached relatively quickly on Partisil. The relative contributions of
the two terms to the overall rate curve on Partisil are shown in F; e b3,

Although the first two rate constants are not very different on the two packings.
the relative contribution of each to the overall sorption curve is very different. This can
be seen in comparing the fractional "number of sites” associated with each tern.

For Partisil: n;/ng =089 and na/ng = 0.1 1

For PRP-1: ny/ng =0.62  and n-/ngy = 0.25
The relative contributions of the two terms to the overall rate curve on Yartisil are
shown in Figure 4.43. The majority of sites are associated with the faster process and
the majority of the sorption rate curve is determined by the term containing the laroer
rate constant. Before comparing the rate constants for the two rate curves. an
examination of the experimental errors in the sorption rate measvrement on Partisil is
indicated.

Itis unlikely that shallow bed conditions were met in this experiment. In
Section 4.2.4, the initial rate of sorption was measured at different linear velocities
through the shallow bed on PRP-1. On PRP-1 using a solvent of 85 % McOH. a u of
approximately 14 cm/s was achievable. At that linear velocity, it was not possible to
demonstrate that shallow bed conditic ;s hud been achieved. Because a solvent system
of 52.5 % MeOH was used for the Partisil, the fiow rate achievable through the
shallow bed is much less. A maximum u of about 9.8 cm/s is achievable in this
system. Other works [2.22] suggest that the sorption on reversed-phase packings is
much faster than the slowest sorption time possible. The consequence is that the
sorption will change the solution concentration and a concentration gradient may well

be established along the axis of the shallow bed, causing error in the rate curve at Jow



mount sorbed { x 10E-7 mol/g)

Figure 4.43

)

Time (seconds)

Contributions of the two exponential terms to the overall sorption rate
curve of Napthalene on Partisil-10 ODS-3 in 52.5 % MeOH. The

curves are labelled as follows: (1) the overall bi-exponential :urve; (2)

the contiibution to the curve from the first term in the bi-exponential; (3)

the contribution to the curve from ihe second term in the bi-exponential.
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exposure times.

Figure 4.42 suggests another experimental difficulty in using Partisil as the
packing mawrial. The smallest cxposure time that is accessible is approximotely 0.35«,
a time limited by how quickly the shallow bed can be moved in and out of the flowing
sample stream by the lever system. At this time. the amount sorbed is approximatels
85 % of the limiting value. Even if shallow bed conditions were met, because much of
the sorption rate curve is inaccessible, the errors associated with the curve fitting
process can be expected to be relatively large. For sorption on PRP-1. the r saction
proceeded only to about 50 % of the limiting value at the shortest possible exposure
times. As in the case of sorption on PRP-1, the experimental uncertainty in the fastest
term of the bi-exponential equation may be large. Because the variables are not
independent, the second term is also likcly to be affected by this error. in Table 4.21,
for the three replicate experiments. the random error associated with k> in the curve
fitting alone is over < - zse factors combine to cause a negative bias and a
relatively large uncertaunty in the sorption rate measurements. That is, the actual
sorption is faster than the measured rate.

Bearing in mind the above possible sources of error associated with the
measurement of sorption on the silica-based packing, the ciution profiles were predicted
using the model described in Chapter 3. This exercise is described in the next section.

The sorption rate data was also used to calculate the capacity actor of
naphthalene on the reversed phase packing as discussed in Section 4.2.3. The value of
ng is the amount of naphthalene sorbed at infinite exposure tirae, or at equilibrium.
Table 4.21 shows the ng values for three replicate sorption rate experiments where the
weight of the shallow bed is 1.06 + 0.05 mg. The average ng value is 2.01 x 107
mol/g. The quantity C, was determined from equation 4.13 where vp = 0.57 ml/g (see
Appendix 2) and C;, = 5.255 x 10 M. The quantity D is from the ration CyCy; to be
3.77 x 10-2 with an error of 0.28 x 102 L/g. Forthe HPLC column discussed above,
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Table 4.21 A comparison of the bi-exponential constants of three replicate
runs of the measurement of the sorption rate of naphthalene on
Partisil from 52.5 % MeOH. The relative standard deviation is shown

in brackets below the value of the constant.

Replicate 1 2 3
ng (x 1007 mol/g) 1.908 1.910 2.21
(1.1 %) ( 0.78 %) (0.62 %)
n; (x 1007 mol/g) 1.69 1.71 2.08
(2.7 %) (5.2%) (1.5 %)
n> (x 10-7 mol/g)* 0.218* 0.200* 0.130*
(30.6 %) (52.0 %) (21.8 %)
Ky (sh) 7.25 6.76 4.46
(18.1 %) (19.2 %) (5.7 %)
ka (s h) 0.164 0.394 0.147
(66.5 %) (62.8 %) (56.3%)

*n3 is determined by difference where na = ng - nj
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k' calculated by equation 4.3 is therefore 35.4 with an error ot + 3.4, The 95

confidence limit is + 8.34. The large degree of uncertaingy ir the result of propagation ot

error from the packing characteristics and the relativ - small number of replicate
measurements.
Itis impossible to distinguish a statisti- M, aficant difference between the

value for k' evaluated in this manner and the vi ..o- +3.1 + 4.3 determined trom the
sorption isotherm. The value 21.81 + 0.06 dcierined from e chromatograms is
significantly different than these two value:. .lution chromatography does, however.,

provide the most precise rmeasurement of k'.

+.3.5  Prediction of Elution Profiles from Sorption Rate Curves of Naphthalene on
Partisil-10 ODS-3

The results of the three replicate sorption rate experiments shown in Table .21
were used to predict the profile of naphthalene eluting from a Partisii- 10 ODS-3 column
according to the model discussed in Chapter 3. In this case, the elution column is
modelled by two hypothetical columns. In the first column, the sorption process is
described by the constant k. Ii the second column, the sorption process is described
by the constant k. In each column, the non-interacting fraction of sample, ®, passing
through the column, can be calculated. It is found, as discussed in detail below. that
only ir. the second column does a significant fraction of sample molecules pass through
without undergoing at least one sorption-desorption cycle. The complete data treatment
is therefore that which is appropriate for the case described fully in Section 2.3.5.

Briefly. the distribution due to the sorption process in the first column, P1 is
calculated using the approximation equation 4.13. This is approprniate, as k is
relatively large and < approaches zero at all linear velocities of interest. The
distribution P2, due to sorption is calculated using equation 2.15. For the three

replicate runs of the sorption rate experiment, these distributions are illustrated in
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Figure 4.44. Note that although k- for the second term is on the same order of
magnitude as found on PRP- the distributions P2 on the two packings appear to be
much different. This is due primarily to the small fraction of sites associated with this
term on the ODS. The distribyiions P1 and P2 are then convolved to get P1/2. the
distribution profile of sample that passes through both columns after undergoing at least
one sorption-desorption cycie of each type of process. However. because some sample
will pass through the column without undergoing ihe slowest process. the distribution
Pl is scaled and added to P1/2 (o obtain the final predicted elution profile.

Table 4.22 shows the - values for the three replicate experiments at the lowest
linear velocity studied. 0.167 cm.s. For Replicates | and 3. 7 and 29 % of the sample
respectively will not interact with the second column and for Replicate 2 only 0.26 %
does not interact with the second column. As the value of §- decreases. the method of
predicting elution profiles wijj still be valid because of the scalirg of the area of the
profiles. If &2 is very small, almost all the sample will undergo both sorption
processes and. because of the scaling of the profiles P1/2 and P1 before addition. the
overall profile will approach that of P1/2. This is illustrated in Figure 4.45 where
graph A shows the scaled distribution P1 and P1/2 for Replicate 1 where ®» = 0.07
and graph B shows the same distributions for Replicate 3 where ®» = 0.29. By
inspection, it is obvious that the addition of Pl in either of these cases alters the shape
of P1/2 very little. Note that ag u,, increases, the fraction d- will also increase because
at higher linear velocities, the samples stay in the column for less time and are therefore
less likely to be sorbed.

The overall elution profiles calculated from these sorption rate curves show the
same basic characteristics as those predict by the sorption on PRP-1 in comparison to
actual observed elution peaks, The profile predicted using the constants for Replicate 2
(see Table 4.21) is shown in Figure 4.46 along with the observed elution profile. Once

again, the predicted profile is much wider than the observed signal. While the time of
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Table 4.22 The fraction ®:. which represents the fraction of sample which does

not undergo at least one sorption-desorption cycle in the hypothetical
column 2 representing the slowest sOrpfion process at u,, = 0.167 cm/s.
The sorption process discussed here is for naphthalene on Partisil-10
ODS-3. The values of the fraction are significant and the data treatment

process is therefore applicable at this lowest linear velocity studied.

e
Replicate [ 5] ]
l 0.0707
2 | 0.00257
3 0.293
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respectively. The non-interacting fraction ®- for Curves A and B are

0.707 and 0.293 respectively.

The probability distributions P1 and P1/2 for napthalene on Partisil.

Curves A and B uses the exponential constants for Replicates 1 and 3
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The predicted elution profile for naphthalene in 52.5 % MeCGH on
Partisii- 10 ODS-3 at a mobile phase linear velocity of 0.167 cm/s. The
profile is predicted using the bi-exponential constants for Replicate 2 as
shown in Table 4.21. The observed signal results from the injection

of 2.574 x 104 M naphthalene under the same elution conditions.



peak niaxima are not coincident. they are close although this time is consistently shitted
to the left for the predicted profile. It should be recalled that the profile was predicted
on the basis of the actual elution conditions. that is, for a 25 cm long column packed
with the same stationary phase as was used in the sorption rate experiment) at s linear
velocity of 0.167 cm/s.

The three replicate rate curves predict elution profiles having somewhat
differing shape. This is.llustrated in Figure 4.47. for a mebile phase linear velocity of
0.167 cm/s. The elution profile predicted by Replicate 1 is less symmetrical and more
tailed than the other profiles. This may be associated with the relatively small k- value
combined with the relatively large n>. The tailing of the profile predicied by Replicate 2
is much less because the value of k> here is relatively large. The profile of Replicate 3
is intermediate; although the value of k- is relatively small. the fraction of "sites"
associated with the slow process (expressed by the fraction no/ng) is much less than for
the other two replicates (by about a factor of 2). As a result the influence of the second
slower process is less.

The magnitude of these differences can be seen in the EMG characteristics of
the predicted profiles. For u, = 0.167 cm/s, these characteristics are shown
individually in Table 4.23. For all u,, of interest, the averages from the peaks predicted
by the three replicates are shown in Table 4.24. In general, the characteristics
describing the character of the parent Gaussian peak are fairly reproducible, with the
centre of gravity having less than 4 % RSD at all three flow rates. Less reproducible is
the tailing characteristic, T, which has a RSD greater than 25 %. This leads to a large
uncertainty in the M> values which depend on the square of =. It is not surprising that
the tailing portion of the peak is associated with the most uncertainty, considering that it
is determined mostly by the slowest rate constant and also the relatively large error in

that quantity as calculated by the non-linear least squares fit program.
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Figure 447  The elution profiles predicted by the three replicate bi-exponential
sorption rate curves for naphthalene on Partisil-10 ODS -3 in 52.5 %
MeOH. The individual sets of constants are shown in Table 4.21. The
profiles are predicted for a mobile phase linear velocity of 0.167 cm/s in
a 25 cm long column. The EMG characteristics of these three profiles
are shown in Table 4.23. This plot illustrates the difference in ihe shape
of the overall profiles.
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Table 4.23 EMG charactenistics of the elution profifes predicted by the three
replicate bi-exponential sorption rate curves for naphthalene on Partisil-
10 ODS-3 in 52.5 % MeOH for 2 mobile phase linear velocity of 0.167
¢m.s. The elution profiles are modelled on a column which is 25 cm
long containing a stationary phase identical to that used in the shallow
bed experiment. Also shown are the observed values for a real elution
profile acquired by the injection of 2.574 x 10+ M naphthalene. See
Table 4.24 for error estimates. The data in this table can be compared to
data in Table 4.18 which shows the EMG characteristics of real elution
profiles of naphthalene on Partisil-10 ODS-3.
Replicate 1 2 3 Observed
1G (s) 3052 3223 3141 3270
oG (s) 168.2 185 165.8 29.25
T(S) 373.1 184.5 262.9 14.52
M; (s) 3425 3408 3404 3286
M- (x 104 s2) 16.75 6.826 9.661 0.1128




+4.3.6 Comparison of the Predicted and Opserve Flution Profijes of Naphthalene on
Partisil-10 ODS-3

Tables 4.19 and 4.2 show the EMg characterisicS Of the observed and
predicted elution profiles of naphthalene on Partisil-10 ODS-3 respectively. The only
parameters which are comparable are the ¢apres of 2VilY Which are fairly close. The
parameters which are associated with the Width of the main pan of the peak. namely 0¢
and with the asymmetry 2nd tailing, Namely, r, are much larger for the predicted
profiles at all flow raiez: { #ve ygin. the sources of €T Which include the possibility
of not meeting shallow bed congiions, iDabijity o e Bre tanpst sorption rates
and the possible overestimation of the effecy of slow somliomdesorption kinetics on
elution profiles using the proposed model, ;e consisten! With the farge width

characteristics for predicted profiles.

+.4 Summary

The work presented here has demgpgrated that PRP-1 and Partisii-10 ODS-3
differ as sorbents in at least two major areas First, the effiCiency of PRP-1. as
demonstrated by the elution of naphthalene‘ s much lower than (he efficiency of the
silica-based packing. Secondly, the SOTPlioy rate of naPthdene on the polymeric
phase was much slower than the rate on Ops, as meast™€d by the shallow bed method.
Specifically, the ODS packing reaches €quiljprium with 8 "dbthalene solution fairly
quickly, at measured times of about 10 secopds whereds PRP- approaches equilibiium
asymptotically after 60 seconds. In the abgepce of other differences in these packings
and using information from the model yge here to predict the shape of elution profiles
on the two packings, the difference in efﬁciency in the tWO Packings is due primarily to

the difference in rate of sorption. In other \,ords, the S1OW Sorption (whjch includes
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Table 4.24 Average EMG characteristics of elution profiles predicted by the three
replicate bi-exponential sorption rate curves for naphthalene on Partisii-
10 ODS-3 in 52.5 % MeOH. The characteristics are shown for three
different mobile phase linear velocities. u,,, which is shown * one
standard deviation. The information in this table can be compared to
that found in Table 4.19 which shows the analogous quantities for real
elution profiles of naphthalene on Partisil-10 ODS-3.

u, (cm/s) + s 0.167 + 0.009 0.27 + 0.01 0.35 = 0.01

1G (s) 3155 1864 1451
RSD G (%) 2.9 3.25 3.27
ag (s) 173 116.74 98.09
RSD oG (%) 6.0 15.3 17.4
T (5) 274 211 180
RSD t (%) 34.6 31.3 26.6

M (s) 34i2.2 2074.9 1634.7
RSD My (%) 0.33 0.42 0.41

M- ( x 105s2) 1.1079 0.61209 0.43891
RSD M2 (%) 46.1 42.3 35.2
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adsorption and diffusion through the pores of the polymeric packing) is the primary
cause of the broadened and tailed elution profiles observed when naphthalene is eluted
oif PRP-1. At this point, however, it is not possible to use the sorption rate
information as measured to accurately predict the shape of the elution profile. It is
unclear whether this is the result of inaccurate sorption rate determinations (due to
failure to meet shallow bed conditions and to the inability to measure sorption at very
short exposure times) or whether this is the result of failure of the model. This

question and a possible approach to its solution are addressed in Chapter 5.
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CHAPTER 5

Conclusions and Future Work

The work presented in this thesis concentrated on three major areas including:
(1) the characterization of elution peaks: (2) the development of the shallow bed
apparatus an its use to measure sorption rates on HPL.C stationary phases: and (3) the
use of a model based on probability theory to predict elution profiles based on sorption
rate data acquired in the shallow bed experiment. The conclusions and future work
associated with these areas are discussed below.

First. experimental HPLC peaks which were broadened and severely tailed,
such as those of naphthalene on PRP-1, were shown to be well fit by an EMG
function, despite problems with baseline errors such as noise. The EMG characteristics
of peaks can be used to characterize the efficiency of an HPLC column. One
improvement to the data processing as described in this thesis would be the
development of a data collection system for the Macintosh, where the EMG curve fit
program is used. The current system requires transfer of data between an IBM clone to
a Macintosh, which is tedious and prone to errors in translation.

The major undertaking of the research was the design and development of the
shallow bed apparatus. This apparatus has been shown to give reproducible sorption
rate data for reasonably fast reactions,which occur in the time range of approximately
0.4 to 60 s. The measured sorption rate curves were shown to be well fit to multi-
exponential equations. The accuracy of the method is currently limited by the failure to
meet shallow bed conditions with the apparatus. This systematic error in the
experiment has the greatest effect on the steeply rising portion of the sorption rate
curve. A possible solution to this problem is the use of solvent systems of lower

viscosity or a solution delivery system capable of higher pressure. Both of these



measures would result in a higher linear velocity through the shallow bed. The weight
of packing could also be reduced as long as a radially uniform bed is formed within the
slider.

A second major source of error is the limited ability of the apparatus to measure
sorption at very short exposure times. The smallest exposure time. limited by the lever
system which moves the slider containing tiie shallow bed is about 0.4 5. Sorption
reactions that are complete or near-complete before this time are inaccessible. For the
sorption rate curves studied here. if one of the processes is fast, the steeply rising
portion of the curve will be poorly defined. resulting in erroneous rate constants in this
region. A modification of the lever system might make shorter exposure times
possible.

One obvious avenue open for investigation is the link between diffusion
characteristics of solute molecules and their rates of sorption on polymeric packings as
measured by this experiment. The slow sorption of naphthalene on PRP-1 is suspected
to be a result of slow diffusion within the micropores of the polymer. If the sorption
rate of a sample which is large enough to be excluded from the micropores were found
to be larger than that of naphthalene, this could be taken as evidence to support this
concept. The study of sorption rates of compounds which have much larger and much
smaller diffusion coefficients than naphthalene could be undertaken. Also of interest is
the correlation of the measured sorption rates to observed efficiencies. Polyaromatic
species are observed to give especially poor efficiencies on PRP-1. Sorption rate
measurements for molecules with similar diffusion characteristics to those of
naphthalene but which are not polyaromatic are therefore appropriate.

The shallow bed apparatus could also be used to measure sorption rates for
materials on other types of packings. The sorption rates associated with ion-exchange
or affinity chromatography might be investigated by this method, assuming that the

rates are in the range accessible by the shallow bed technique.



The third major area of investigation was the development of a model which
uses the results of the shallow bed experiments to predict elution profiles. The model
was successfully applied only qualitatively or semi-quantitatively. However. by using
only one of the three sorption terms measured. the main portion of the elution profile of
naphthalene on PRP-1 was successfully mocelled. Poor accuracy of sorption
measurements at short-exposure times means that the first term in the tri-exponential is
probably underestimated. Poor precision in the curve fit at long exposure times leads to
large uncertainties in the constants describing the slowest process. Improvements in the
shallow bed experiment that were suggested above, which may result in meeting
shallow bed conditions. may also improve prove the quantitative accuracy of the model.
Another possibility in testing the model is increasing the accuracy of the shallow bed
expeniment by studying slower sorption processes. If sorption is a diffusion-limited
process. the rate can be decrease by increasing the particle diameter, effectively
increasing the diffusion distarce. This work is currently underway in this laboratory.

The application of sorption rate data to HPLC columns using the Giddings type
model also appears to be limited because of the apparent difference in availability of the
slowest "sites”. depending on the column history. In columns that are "primed", that
1s. where sample has been injected and is occupying the "sites” associated with the
slowest Kinetic process. the fraction of sites available in subsequent injections is
probably not the same fraction as measured by the sorption rate experiment. For the
most part. except where elution occurs off of an "unprimed”column. the effect on the
chromatogram of the siowest sorption process measured in the sorption rate may be

small.
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APPENDIX 1

Calculation of Contributions to the Total Plate Height from Individual Rate Processes

The contributions to the plate height that have been calculated for an HPL.C
column containing 10 um spherical. porous particles are shown in the following
discussion.

The diffusion coefficient was calculated from the Wilke-Chang equation |-4.14]
for naphthalene which was assumed to have a molar volume of 125 mi/mol. Dp is
assumed to have a value of 1.0 x 10> cm?/s. The mobile phase is considered (o be 85
% MeOH. Section 4.6.3.3 describes the calculation for the diffusion coefficient of this
sample molecule under these circumstances. The k' of the molecule is assumed to be

35 under these conditions. The linear velocity of the mobile nhase, ug, 15 0.4 cm/s.

1. Plate Height Contribution due to Longitudinal Diffusion
Using equation 2.2 and using an obstruction factor, v, of 0.6 [2.5], Hi ) is

calculated be

2vD 2 (0.6) 107 2/s <
Hip= Yu“m= ( O)4cm/csm =3x10%cm

2. Plate Height Contribution due to Eddy Diffusion

Using equation 2.3 and a column packing factor of 2.5 2.9}, Heddy is
calculated to be

Heddy = 2Adp = 2(2.5)(0.001 cm) = 0.005 cm

The packing factor was determined experimentally by Endele et.al. using
spherical silica particles in the range of 5to 35 um. The value of the packing factor is
calculated from a plot of plate height vs linear velocity at relatively high linear velocity.
Equation 2.11 reduces to a linear function with an intercept equal to 23dp. Thisis an

estimate, as the packing factor is expected to depend on the quality of packing as well
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as the particle diameter.

3. Plate Height Contribution due to Resistance to Mass Transfer in the Mobile
Phase
Using equation 2.4 and a packing factor of 1.3 [2.8]. Hp, is calculated to be

_ odju, _ 1.3(0.001cm)*0.4 cm/s)

H,. = =0.052 cm
" D 10->cm /s

This term is fairly large due to the small diffusion ceoetficient for the sample in the liquid

mobile phase.

4. Plate Height Contribution due to Coupled Term

Using equation 2.5 and results shown above, Hcouple is calculated to be

-1
— | 1
chuplc = [ Hc(kjy +Hm

1
_ 1 1 _
Heouple = [0.005 cm 0052 cm ] = 0.0046 cm

5. Plate Height Contribution due to Resistance to Mass Transfer in the Stagnant
Mobile Phase
In order to use equation 2.7, the fraction of mobile phase locate in the pores, f,
must be calculated. This is given by the ratio of the pore volume of the column to the
total pore and intraparticle volume. For PRP-1, the specific pore volume and the total
specific volume are given by the manufacturer.

_ pore vol. _0.79ml/g
pore vol. + interparticle vol. ~ 1.53 mL/g

= 0.52

The fct(f k') can then be calculated using equation 2.8
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(I-t+KkY»  (1-0.52+35)7°

feufk') = —= -
3001 - 1 + kDT 3001 - 0.52) (1 + 35)°

= 0.067

This result can be used in equation 2.7 assuming y' is 1.

fet (f. kD df; U,
Y'Dm

Hsm =

_{0.067) (0.001 cm)*0.4 cmi/s)

- =.0027 cm
(107> cm?2/s)

6. Plate Height Contribution due to Resistance to Mass Transfer in the Stationary
Phase
Equation 2.7 was used to calculate this contribution, assuming that the

desorption rate constant was the inverse relaxation time found by Marshall et.al. to be

on the order of 500 s-! [2.22].

H o=2—k' Yo
(1 + k)2 ka
=235 (0.4 cm/s) _

43 x 10° cm
(1 +35)2 500 st

7. Total Plate Height
The total plate height is therefore the sum: of the above individual contributions.
H = Hjp + Heoupie + Hsm + Hg
=(3 x 103 + 0.0046 + 0.0027 + 4.3 x 10%) cm

H=0.0073 cm



APPENDIX 2

Calculation of Specific Pore Volume for Partisil-10 ODS-3

Sander et.al. |3.4] used size exclusion chromatographic techniques to determine
the specific pore volumes of a variety of bonded phase. They describe the synthesis of
phases of different chain lengths in so-called monomeric and polymeric (which results
in cross-linking of the stationary phase) syntheses. They demonstrate that the decrease
in pore volume associated with surface derivatization of silica is independent of the type
of synthesis used and is dependent only on the percentage carbon loading, % C. From
their published data. equation /.2.1 relates the pore volume of the bonded phase to %
C.

Ve = v - 0:0169 mL(% C)
L g Si eqn. A2.1

Here, vp Si is the specific pore volume of the original, underivatized silica. This is
usually the only information available about pore volume for commercially available
bonded phases. As further explained below, Vpis the pore volume of the bonded phase
with respect io the weight of the original silica in the bonded phase.

For the Partisil-10 ODS-3 used in the experiments, vp S; is approximately 0.8
ml/g Si and the % C loading is 10.5 %. Therefore, Vpis 0.62 mbL/g Si. In orderto
calculate the pore volume with respect to the weight of the stationary phase as a whole.
it is necessary to calculate the relative weight of original silica in the bonded phase.

In the derivatization process. octadecyl-silyl groups, Si-CgHz37, are bonded to
the stlica surface by Si-O-Si linkages. The derivatization process is assumed to be the
only source of C. In 100 g of derivatized packing, there are 10.5 g of carbon,
corresponding to 0.874 mol. The amount of H added by the derivatization can be
calculated from the ratio of C:H in ODS and is 1.8 g. Some silica is added in the

derivatization process, in this case 0.049 mol or 1.4 g. In 100 g packing, the amount
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of original silica is then given by equation A2.2

eSiinpkg=100g-gC-gH- o added Si eqn A2.2
For Partisil-10 ODS-3. there are 86 g of origi: <ain 100 g of packing. The pore

volume with respect to the weight of the bonded phase is calculated using A2.3

Vp = v g Siin phg
¢ pkg eqn A2.3

For Partisil-10 ODS-3, vp is calculated to be 0.54 mL/ g pkg. A typical
shallow bed with a weight of 1.06 + .04 mg will have a pore volume of (.57 ul..
PRP-1. the porous polymeric packing, has a specific pore volume of 0.79 mlJ/g

pkg. A typical shallow bed with a weight of 1.82 + .04 mg will have a pore volume of

1.43 pl..



APPENDIX 3.1

The program shown below, written in MATLAB by David Gowanlock is referred to in
the text as EXPGAUSS and caiculates the Exponentially-modified Gaussian function
that best fits data from an elution curve. The data are entered with their time values in

the brackets following the Data command.

echo off

cle

clear

Data = ...

{:

numberofpoints = 40;

t = Data(:.1);

y = Data(:,2);

[Ymax,indexYmax| = max(y):
{Yminl.,indexYminl] = min(y(1:indexY max));
tYmin2.index ] = min{y(indexYmax:length(y)));
indexYmin2 = index + indexYmax - 1

IMOM1.M2M3]| = moments(t,y):

retenttime_¢’.p = (M3 ./ 2) .A 03333
retenttime_gaus = M1 - retenttime_exp
variance_exp = retenttime_exp . 2

variance_gaus = M2 - variance_exp

fit_indecies = linspace(1.length(y),numberofpoints);

round(fit_indecies);
global FitData_t

FitData_t = t(fit_indecies);
global FitData_y

FitData_y = y(fit_indecies) ./ MO:; % area of dist. normalized to unit area

axis([t(1) t(length(t)) O (Ymax ./ MO .* 1.05)});
plot(t,y ./ MO,FitData_t,FitData_y,'0");
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lam = [retenttime_gaus retenttime_exp (vanance_gaus .M 0.5)]":

lam = fmins('fitmy'.lam..1)

FitData_y = y(fit_indecies):

global lam_global
lam_global = lam:

lin_scaling_factor = tzero(‘exp_fit_diff’.MO0)

mintime = min(t):
maxtime = max(t);
miny = 0.0:

maxy = max(y);

t_curvefit = mintime: 10:maxtime;:

y_curvefit = lin_scaling_factor .* (exp(lam(3).A2 ./ (2 .* lam(2).A2)) .* ...
exp((lam(1i) - t_curvefit) ./ lam(2)) ./ (2 .* lam(2)) .* ...

(1 + erf((t_curvefit-lam(1)-lam(3).A2 ./ ilam(2)) ./( sqrt(2) .* lam(3)))));
axis({mintime maxtime miny (maxy .* 1.05)]);

plot(t,y,FitData_t,FitData_y,'o',t_curvefit,y_curvefit);

xlabel{'Time [seconds]');
ylabel('Counts');
text(.65,.8,'numeric','sc")
text(.8,.8,'fit','sc")

text(.5,.7,'gaus tr'.'sc’)

text(.5,.65,'gs sd.dv.','sc")
text(.5,.6,'exp tr','sc’)
text(.65,.7,num2str retenttime_gaus).'sc’)

text(.65,.65,num2str(variance_gaus .» 0.5),'sc’)

text(.65,.6,num2str(retenttime_exp),'sc’)
text(.8,.7,num2str(lam(1)),'sc")
text(.8,.65,num2str(lam(3)).'sc")
text(.8,.6,num2str(lam(2)),'sc’)
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APPENDIX 3.2

The program shown below, called FITMY , is referred to in the EMG curve fitting
routine shown in Appendix 3.1 and is written in MATLAB by David Gowanlock.

function f = fitfun(lam)

T FITFUN is used by FITDEMO. Fitfun(lam) returns the error
Te between the data and the values computed by the current
% function of tam. FITFUN assumes a function of the form

Ty = lam(4).*(exp(lam(3) A2 ./ (2 .* lam{2) .*2)) .* exp((lam(]) - t) ...
% J1lam(2)) /(2 .* lam(2)) .* ...

T 1 + ed((t-lam( 1)-lam(3) A2 ./ iam(2)) ./( sqrt(2) .* lam(3)))):

% Gilobal Data

t = FitData_t: y = FitData_y:

A = zeros(length(t).1);

orj=1:1

A(:j) = (exp(lam(3).22 ./ (2 .* lam(2).72)) .* exp((lam(1) - 1) ...

J tam(2)) /(2 .* lam(2)) .* ...

(1 + erf((t-lam(1)-lam(3).A2 ./ lam(2)) ./{ sqrt(2) .* lam(3)}))):

end
c = Auwy:
z=A%*c:

f = norm(z-y):

%o Statements to plot progress of fitting:

%plott,z t.y.'o')

Joxt = max(t)/2;

Joyt = max(y)/2;

Totext(xt,1.2*yt.['lambda(1,2) = ' num2str(lam(1)) ' " num2str(lam(2))})
Totext(xt,1.0*yt.['lambda(3) = ' num2str(lam(3))j}

%Dtext(xt.0.8*yt.{'err norm = ' num2str(f)])
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APPENDIX 3.3

The program shown below. FZERO., is written in MATL.AB by David Gowanlock and
is referred to in the program peakshape shown in Appendix 4.1, It is used to find the
minimum of a function.

function b = fzero(FunFcn.x. tol.trace)
%FZERO Zero of a function of one variable.
Yo FZERO(F X) finds a zero of f(x). Fis a string containing the

% name of a real-valued function of a single real variable. X is
Y% a starting guess. The value returned is near a point where F

% changes sign. For example. FZERO('sin'.3) is pi. Note the

% quotes around sin. Ordinarily. functions are defined in M-files.
% An optional third argument sets the relative tolerance for the

Yo convergence test. The presence of an nonzero optional fourth
% argument triggers a printing trace of the steps.

% C.B. Moler 1-19-86

%o Revised CBM 3-25-87. LS 12-01-88.

% Copyright (c) 1986-88 by the MathWorks. Inc.

% This algorithm was originated by T. Dekker. An Algol 60 version,

% with some improvements, is given by Richard Brent in "Algorithms for
% Minimization Without Derivatives", Prentice-Hall, 1973. A Fortran

% version is in Forsythe, Malcolm and Moler, "Computer Methods

% for Mathematical Computations”, Prentice-Hall, 1976.

% Initialization

if nargin < 3, trace = O; tol = eps: end
if nargin == 3, trace = 0; end

if trace, clc, end

if x ~=0, dx = x/20;

else. dx = 1/20;

end

a = x - dx; fa = feval(FunFcn.a);

if trace, home, init = {a fa}], end

b = x + dx; fb = feval(FunFcn,b);



if trace. home, init = |b fo}, end

% ¥Find change of sign.

while (fa > 0) == (fb > 0)
dx = 2*dx:
a=x -dx: fa = feval(FunFcn.a):
if trace, home. sign = |a fa], end
if (fa > 0) ~= (fb > 0). break, end
b = x + dx; fb = feval(FunFcn,b):
if trace, home. sign = |b fb}]. end

end

fc = fb:
% Main loop, exit from middle of the loop
while fb ~=0

% Insure that b is the best result so far, a is the previous

- value of b, and c is on the opposite of the zero from b.

if (fb > 0) == (fc > 0)

¢ = a; fc =fa;

d=b-a; e=d;
end
if abs(fc) < abs(fb)

a=b; b=c: c=a;
fa=1{b; fb=fc; fc =fa;
end

% Convergence test and possible exit

m = 0.5*%(c - b):

toler = 2.0*tol*max(abs(b),1.0);

if (abs(m) <= toler) + (fb == 0.0), break, end

% Choose bisection or interpolation
if (abs(e) < toler) + (abs(fa) <= abs(fb))
% Bisection

d=m; e=m:

else
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% Interpolation
s = fb/fa:
if (a==c¢)

% Linear interpolation

p = 2.0¥m*s:
q=1.0-s:
else

% Inverse quadratic interpolation
q = fa/fc:
r = fb/fc;
p =s*2.0*m*q*(q - r) - (b - a)*(r- 1.0));
q=(q- 1L.OY*(r- 1.0)*(s - 1.0):

end:

if p>0.q=-q:;else p=-p: end:

% ls interpolated point acceptable

if (2.0%p < 3.0*m*q - abs(toler*q)) * (p < abs(0.5*%e*q))
e=d: d = p/q:

else
d=m: e=m:

end;

end % Interpolation
% Next point

a=b;

fa = fb;

if abs(d) > toler,b="b + d;

else if b> ¢, b = b - toler;
else b = b + toler:

end
end
fb = feval(FunFcn,b);
if trace, home, step = |b b}, end
end % Main loop
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APPENDIX 3.4

The program shown below. written in MA't LABby David Gowanlock is called
EXP_FIT_DIFF and is used in peakshape. the program shown in Appendix 3.1 to
determine the difference between the experimental data points and those calculated by

the fit equation.

function differ = exp_fit_diff(linscale)

% Global Data
t = FitData_t: y_experimental = FitData_y;

lam = lam_global:

y_fit = linscale .* (exp(lam(3).A2 ./ (2 .* lam(2).72)) .* exp((lam(1) - t) ...

Jlam(2)) ./ (2 * lam(2)) .* ...
(1 + erf((t-lam(1)-lam(3).A2 ./ lam(2)) ./( sqrt(2) .* lam(3))))):

differ = sum(y_expenmental - y_fit);
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APPENDIX 4.1

The program shown in Appendix 4.1 ts written in MATLAB by David Gownalock and
uses information from the sorption rate curves to calculate the elution chromatogram.
The program is called PEAK SHAPE CALC. It is based on the data treatment
discussed in Section 2.3.6.

% ELUTION CHROMATOGRAM FROM KINETIC CURVE
% David Gowanlock May 31. 199]

% The following is written to predict elution chromatogram profiles
% from shallow bed kinetic plots. In this case the shaliow bed kinetic

% plots have been fit to a triexponential of the following form:

%%

% absorbance =n0 - (nl * exp(-k1 *t)) - (n2 * exp(-k2 * t))
% - (n3 * exp(-k3 * t))

%

% | = fast sites

P 2 = intermediate sites

% 3 =slow sites

% The equation used to produce the elution profiles corresponding
% to each of the above type of sites is given in the following reference
% (see function probdist):

% equation (1), page 1999

% J. C. Giddings, Anal. Chem., Vol. 35, Page 1999, Dec. 1963
%

% Variable List

% k_prime =k’

% k = rate constant from Kinetic curve

% n = fraction of a particular type of site

% ord = order of bessel function

% ts=t-tm

% tm = time for mobile phase



IJ
o]
N

% t =time from injection

7 ka = adsorption rate constant

%  kd = desorption rate constant

%  Pts = probability distribution with respect to time

% nanalrt = used to detect NaN wamings that can arise in the

% calculation of bessel values in the function probdist

% stepsz = stepsize along the time axis

% fr_no_sl = fraction not interacting with the slow sites

% (fraction not slow)

% fr_sl = fraction interacting with the slow sites

2 (fraction slow)

% theor_ratio = theoretical ratio of solute iteracting with slow sites to
Yo solute not interacting with slow sites

% act_ratio = theoretical ratio of solute iteracting with slow sites to
% solute not interacting with slow sites

% maxsz = maximum value of range of tsl and ts2 values

1 m e e e e e e e e e e

% This section is where the inital parameters used throughout the rest
% of the program are entered.

stepsz = 50

maxsz = 3000;
k_prime = 35.7

kl
k2
k3
nl
n2
n3

tm

nO

=279
642
=.0572
= 1.70e-7
= .697e-7
= .356e-7
37.32

|

=nl +n2+n3

The tollowing calculates the elution profile for the fast sites.
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ord]l = 1:
ts] = l:stepsz:maxsz;:
Kal = k1 ./ (1 + (k_prime A (-1)}))
kdl =kl ./ (k_prime + 1)
tm! =tm .*n! ./ n0

|[Ptsl.nanalrtl] = probdist(tsl.kal kdl.tml.ordi):

% The following calculates the eleution profile for the intermediate sites.
T

ord2 = 1:

ts2 = ]:stepsz:maxsz:

ka2 = k2 ./ (1 + (k_prime .~ (-1)))

kd2 =k2 ./ (k_prime + 1)

tm2=tm .*n2 ./ n0

[ Pts2.nanalrn2j = probdist(ts2,ka2 kd2.tm2.0rd2);

/A e e e

% The following convolves the elution profiles of sites 1 & 2 and

% calculates the maximum value of the ts3 array.
Pts1_2 = conv(Ptsl.Pts2);
maxsz3 = length(Pts1_2) .* stepsz;

e et e e e e e e

% The following calculates the elution profile for the slow sites
%

ord3 =1;

ts3 = l:stepsz:maxsz3;

ka3 = k3 ./ (1 + (k_prime A (-1)))
kd3 =k3 ./ (k_prime + 1)

tm3 =tm .*n3 ./ n0

[Pts3,nanalrt3] = probdist(ts3,ka3,kd3,tm3,ord3);
D~ e
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% The following convolves the elution profiles and plots the results
% along with the elution profiles for each type of site acting alone.
%

to1_2 = l:stepsz:maxsz3;

Pts1_2_3 = conv(Ptsl_2.Pts3);

maxsz1_2_3 = length(Ptsl_2_3) .* stepsz;

tsl_2_3 = l:stepszzmaxsz1_2_3:

ymax = max(|max(Pts1).max(Pts2).max(Pts3)]);

scalel _2 = 0.6 .* ymax ./ max(Ptsl_2);

scalel_2_3 = 0.4 .* ymax ./ max(Pts1_2_3):

axis(|O.maxsz1_2_3.*0.5,0,1.05.*ymax})

plot(ts2 Pts2.ts] Ptsl.ts1_2,Ptsi_2 .* scalel_2.ts3.Pts3.tsl_2_3.Ptsl_2_3 .* ...
scalel_2_3)

xlabel('ts'), ylabel('P(ts)")

pause

% Integration of the peaks

areal_2 = integrate_2pt(tsi_2,Pts1_2)

areal _2_3 = integrate_2pt(tsl_2_3.Ptsl_2 3)
%areal = integrate_2pt(tsl Ptsl)

%area2 = integrate_2pt(ts2,Pts2)

Joarea3 = integrate_2pt(ts3,Pts3)

L A — ———-

% This section scales the convolutior: of 1 & 2 with the convolutionof 1,2, & 3

fr_no_sl = exp(-1 .* ka3 .* tm3);

fr_sl = 1.0 - fr_no_sl;

theor_ratio = fr_sl ./ fr_no_sl;

act_ratio = areal_2 3 ./ areal_2;

correction = theor_ratio ./ act_ratio;

Pisl_2_3 =Pts1_2_3 .* correction;

areal_2_3 = integrate_2pt(tsl_2_ 3 Ptsl_2_3)
axis{|O.maxsz1_2_3.*0.5,0,1.05.*max(|max(Pts!_2),max(Pis1_2_3)DD
plot(ts1_2.Pts1_2ts1_2_3,Pts1_2_3)



xlabel('ts'). ylabel("P(ts)")
pause

e o e e e e e e
% This section addes the convolution of 1 & 2 to the convolution of 1.2, & 3
%o

for 1= l:length(Pts1_2):

Ptsnet(l) = Pts1_2(1) + Pts1_2_3(I):

end

axis(]O.maxsz1_2_3.*%0.5,0.1.05.*max(Ptsnet)})
plotits]_2.Ptsl_2.ts1_2_3.Ptsl_2 3.tsl_2.Ptsnet)

xlabel('ts'). ylabel('P(ts)")

pause

7 This section plots the elution profile from time of injection. not ts
0 (ts=t-tm)

%

tl_2=tsl_2 + tm;

axis;

plot(t1_2,Ptsnet)

xlabel('t"), viabel('P(t)")



APPENDIX 4.2

The following program, called INTEGRATE_2PT. is used in the program PEAK
SHAPE CALC shown in Appendix 4.1. It was written in MATLAB by David

Gowanlock.

function area = integrate_2pt(X.Y)
%
%
if length(X) ~= length(Y)
error('Can not integrate because X & Y of unequal length')
end
deltaX = X(2) - X(1);
runningarea = 0.0;
for 1 = l:length(X)-1:
Yave =(Y() + Y{U+1)) ./ 2;
slicearea = deltaX .* Yave;
runningarea = runningarea + slicearea;
end

area = runningarea:
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APPENDIX 4.3

The program shown below, called PROBDIST is referred to in the program PEAK
SHAPE CALC. shown in Appendix 4.1. It was written in MATL.AB by David
Gowanlock. This program calculates the function Pts.

function | Y .nanalrt| = probdist(ts.ka.kd,tm,n)
% PROBABILITY DISTRIBUTION
% Tke equation used to produce the eleution profile corresponding
% to each type of site
% equation (1), page 1999
% J. C. Giddings, Anal. Chem., Vol. 35, Page 1999, Dec. 1963
% Vanable List

© n = order of bessel function
7o ts=t-tm
% tm = time for mobile phase
% t=time from injection
% ka = adsorption rate constant
% kd = desorption rate constant
% Pts = probability distribution with respect to time
% nanalrt = used to detect NaN wamings that can arise in the
Yo calculation of bessel values
term = sqrt(4 .* ka .* kd .* tm .* ts);
subterm = abs(((-1) .~n .* bessel(n.i .* term) .* i));
Y =((ka .* kd .* tm) ./ ts) .~O.5 .* .
exp(-1 .* ((ka .* tm) + (kd .* ts))) .* ...
subterm;
for I=1:length(Y):

if Y(1) == NaN,

Y(1) =0.0;
nanalrt(l) = 1;
end;

end;



