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Abstract

Hamilton PRP-i is a commercially available, spherical microparticulate porous
poly(styrene-divinylbenzene) with a 10um diameter particle. It demonstratcs greater
chemical stability at pI{ of 1-13 than silica based packings. However, it produces broad
asymmetric peaks for polyaromatic sample compounds. Slow intraparticle sorption is
investigated as a possible cause using the aromatic compound naphthalene as sample in
85% MeOH/H,0.

The intraparticle sorption rate measurements are made under the "infinite solution
volume" condition by the shallow bed technique in which about a milligram of PRP-1 is
used in a bed that is about 0.3 mm in height and 3 mm diameter. The sorption rate curve, a
plot of moles sorbed in the bed versus time, is successfully fit to an empirical tri-
exponential equation which contains three first order sorption rate constants k), k2, k3 and
three pre-expoential parameters ny, nz and n3.

In the theoretical calculation of eluted peak shapes using the six constants, the
chromatographic column is imagined to consist of three "hypothetical columns" placed in
series. The shapes of the three separate peaks predicted to elute from each hypothetical
column are calculated using a theoretical model. The overall theoretically predicted elution
peak is obtained by mathematical convolution of the three hypothetical peaks. For
‘omparison, the observed elution peaks are measured from an analytical HPLC column of
PRP-1.

The good agreement betwzen predicted and obscrved peaks demonstrates that slow
intra-particle sorption is the major contribution to the excessive bandbroadening.

The nature of the slow intraparticle sorption is investigated by describing the
sorption rate curve of naphthalene on PRP-1 with a monodisperse pore diffusion model (
Crank) and a bidisperse pore diffusion model (Ruckenstein). The latter gives a better

description of the overall sorption rate. The macropore and micropore effective diffusion



coefficients are calculated from the Ruckenstein model. Micropore diffusion is diffusion
into the polymer matrix.

Hamilton PRP-%, a nominally spherical nonporous poly(styrene-divinylbenzene)
with 2Gum diameter, might reasonable be expected to possess diffusion property similar to
the matrix of PRP-1. The sorption rates of naphthalene on PRP- are measured with the
shallow bed technique and successfully fit to the Crank monodisperse model from which
the micropore diffusion coefficient is calculated. Comparison of the diffusion coefficients
of naphthalene in the matrices of PRP-1 and PRP-% suggests that diffusion in the former is
much more hindered because of smaller size of the micropores. A hydrodynamic model is
used to calculate the sizes of micropores in both PRP-1 and PRP-® using the
experimentally measured diffusion coefficients. It shows that the two PS-DVB packings
have a very similar micropore size. A slight decrease in sizes of the micropores causes a
significant decrease in the micropore diffusion coefficient.

The sorption isotherms of naphthalene on PRP-1 and PRP-e are also studied by
the "column equilibrium method" using the shallow bed apparatus. The high sorption

amount suggests that naphthalene penetrates into the micropores in PRP-.
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Chapter 1

Introduction

1.1 High Performance Liquid Chromatography on Poly (styrene-

divinylbenzene)

Reversed-Phase High Performance Liquid Chromatography (RP-HPLC) has
become a broadly applicable and valuable analytical tool for scientists in diverse fields. Itis
estimated that more than 80% of HPLC applications are performed using a reversed-phase
mode where a nonpolar stationary phase and a polar mobile phase are used [1]. The
separation process occurs as the sample molecules distribute themselves between the
stationary phase and the mobile phase. RP-HPLC is generally performed with a porous
silica which is modified by chemically covalently bonding different organic alkyl groups
with or without polar functional groups to its surface [2].

Silica-based stationary phases have excellent mechanical strength compared with
liquid-liquid chromatography based on mechanically held stationary liquids. Among their
advantages are good mass transfer properties in microparticulate packings which produces
a narrow and symmetric peak, a variety of pore sizes, narrow particle size distributions,
and widely available reagents to modify the silica surface [3, 4].

Although silica based packings provide these ideal characteristics, problems
inherent in the silica support materials present limitations. First of all, the silica support
matrix is not completely inert even after the silica surfaces are covered by a layer of organic
groups and end-caped with a smaller silylating reagent, such as trimethychlorosilane.
There are unreacted acidic silanol groups which are accessible to the sample and the mobile
phase. These residual silanol groups can act as polar groups and acidic catalysts which can
react with polar and basic samples. Amines show poor peak symmetry due to the acidity of

the silanol groups [5-8]. Charged molecules also show tailing due to the polar interactions.



[ 8]

In addition, proteins have poor recovery due to interactions with the silanol groups [9].
Secondly, the pH range over which the silica bonded reversed phases are stable is between
2 and 7.5. Eluents of extremely low pH (< 2) attack the Si-C bonds, whereas highly basic
solvents (pH> 8) lead to dissolution of the Si-O-Si silica matrix. Thus, ion suppression
methods can not be employed with sample solutes having a pKa less than 2 and greater
then 7. However, in order to get a high column efficiency, good selectivity and detection
sensitivity in the separation of some biological compounds, either high or low pH, is
required [2,3]. Thirdly, after gradient elution, silica-based columns may require some time
to re-estabilish equilibrium before the next run [10].

Numerous attempts have been made to improve pH stability of silica based
columns, including the use of bulk silane reagents and coating of polymers on the surface,
but these materials still do not have the pH stability associated with polymer-based
supports. Although there have been many recent reports on HPLC properties of more pH
stable inorganic supports, such as zrconia [11] and alumina [12], these supports are not
yet available in the same wide range of particle sizes and pore sizes as the silica gel and the
polymer resins.

In order to circumvent these problems associated with silica base-bonded phases,
an alternate family of RP supports, organic polymer materials, are used. One common
organic polymer is poly (styrene-divinylbenzene) (PS-DVB).

Two types of polymeric structures, microporous and macroporous polymers, have
been used in modern liquid chromatography [13]. "Microporous polymers" (sometimes
called gels) are cross-linked copolymers in which the porosity is determined by the amount
of crosslinking monomer, divinylbenzere. The lower the crosslinking, the larger the
porosity, but the softer the resultant product. Low crosslinked polymers are usually not
sufficiently rigid to be used in high pressure LC. These materials are still commercially
available for low and medium pressure permeation chromatography and liquid

chromatography.



The other type is macroporous polymers. In 1964, Moore [14] first synthesized a
macroporous poly (styrene-divinylbenzene) copolymer with a high percentage of cross-
linker, divinylbenzene. The macroporous polymer is usually synthesized by suspension
polymerization in the presence of a "porogen", a compound which is soluble in monomers,
but insoluble in the polymer. Upon polymerization, the inert porogen will intersperse and
occupy a large part of the particle volume. After removing the porogen, rigid, spherical
macroporous sorbent particles having relatively high specific surface area and aromatic
hydrocarbonaceous surface are obtained [15].

Commercially available polystyrene-based microparticulate packings for RP
chromatography include PRP-1 [16] (Hamilton, Reno, NV, USA) and PLRP-S [17]
(Polymer Laboratories, Church Stretton, U.K.)

Although a wide range of compounds has been examined on PS-DVB columns,
there has been an emphasis on separation of relatively polar samples, including alkyl
substituted phenols, substituted benzoic acids and carboxylic acids, organic anions,
amines, anilines and phenylalcohols. These separations were of particular interest because
the surface of the polymer is free from silanol interactions, so that, tailing with polar
samples, especially amines, was greatly reduced [18]. The polymer columns were also
used for separation of less polar samples, including substituted benzenes, polyethers and
polyaromatic compounds [19, 20]. The performance and retention characteristics for a
variety of hydrocarbons, including a variety of shapes, sizes, rigidity and aromatic
planarities have been studied on PS-DVB [21].

PS-DVB not only has the requirements which a reversed-phase must meet, such as
mechanical stability at high pressure, chemical inertness toward chromatographic solvents
and solutes, and narrow particle size distributions, but in addition, PS-DVB packings offer
distinct advantages over silica packings for particular applications where chemical stability
under extreme pH conditions are required [13]. The tolerance to extreme mobile phase pH

allows selective chromatography of strong acids and bases. Therefore, enhanced detection



sensitivity for protic samples and exceptional mobile phase selectivity are obtained. PS-
DVB as a reversed-phase sorbent has been studied under a variety of mobile phase
conditions, including pH [16, 22], electrolyte concentration [22, 23], and mobile phase
modifiers [23-25].

Another advantage of PS-DVB is that the pheny! rings can be functionalized with a
variety of organic moieties. The surface characteristics of the hydrophobic PS-DVB matrix
can be altered by derivatization or coating to produce cation and anion exchange
functionality. A strong anion exchanger PL-SAX 4000A (Polymer) has been produced by
coating the PLRP-S 4000A with polyethyleneimine [15]. In order to be compatible with
biological compounds, the surfaces of PS-DVB have been modified with different
functional groups by covalently bonding hydrophilic functional groups to the matrix, such
as nitro, diol, cyano, amino, hydroxyl, carboxylate, sulphonyl and carbonyl groups [8, 26-
28].

Application of a PS-DVB packing material to separation of higher molecular weight
peptides and proteins would require a large pore stationary phase or a non-porous matenal.
In a large pore packing, solutes enter the interior of the stationary phasc through a
combination of convection and diffusion, so the mass transfer becomes fast. If there are no
pores in the packings, the diffusion path length is minimized. However, if the molecules
can diffuse into the polymer matrix, this can result in a low column efficieacy. PS-DVB
with large pore size are PLRP-S 3004, 1000A, 3000A and 4000A (Polymer Lab) and
PRP-300A (Hamilton) [15, 29].

Chromatography on PS-DVB is usually performed with MeOH/H,O and
CH3CN/H,O mobile phase. These are standard solvent systems for reversed-phase
chromatography. However, in one case, PS-DVB modified by cyano and diol groups was
used in a non-polar solvent system. The surface of cyano and diol derivatized PS-DVB arc
hydrophilic and the normal phase mode is achieved [28].

Because of these ideal characteristics, the commercially available PS-DVB packings



of PRP-1 and PLRP-S have been widely used in the separation of biologically active
species, such as proteins [30], penicillins [31], erythromycin A [32, 33], tetracycline [34,
35], antibiotics [36], cefadroxil [37], basic drugs [38], small chain peptides [39], and
acidic herbicides [40]). PRP-1 was even used in the separation of carbon clusters of Ceo
and Cyo [41] and in the study of the selectivity in the base-catalyzed hydrolysis of p-
nitrophenyl esters [42].

The nonporous PS-DVB packing, PRP- (Hamilton), has been used in the
purification and separation of plasmid, chromosomal DNA, and nucleic acids [43, 44].

The C,g alkylated PRP- has been used in the separation of oligonuclotides and DNA

fragments with a good resolution and recovery [45, 46].
1.2 Background to Bandbroadening in PS-DVB

Despite their advantages, PS-DVB columns tend to demonstrate asymmetric and
tailing peaks. Consequently, they have a lower column efficiency than silica-based packing
materials, especially for non-polar aromatic, and polyaromatic hydrocarbons (PAHs) [13,
47].

Four possible reasons have been proposed to explain the very low efficiency
observed in some combinations of solutes and mobile phases:

1. Stagnant zones in the pores of the packing material causes poor contact between
the eluent and the polymer surface [25].

In the study of the effects of organic modifiers on the separation and efficiencies of
several homologs on PLRP-S of 5um, Smith and coworker [25] observed unusually poor
efficiency in methanol-water eluent, with all peaks being distorted and tailed. The
efficiency of each peak was found to be markedly dependent upon the organic components
in the eluent. In methanol-water, all the compounds tested gave poor efficiency. In

contrast, better efficiencies in THF-water and acetonitrile-water have been observed, with



peak shapes comparable to those obtained with similar size particles of ODS-silica column.
It was suggested that a low efficiency in methanol-water was due to the presence of
stagnant zones in the pores of the packing materials which caused a poor contact between
the eluent and the polymer surface.

2. Shrinking and swelling of the particles upon solvent switching which causes
channeling in the bed [1].

This idea is based on the fact that PS-DVB, despite its high degree of crosslinking,
is expected to swell somewhat when it comes in contact with an organic solvent even if no
significant macroscopic swelling occurs. The lesser crosslinked regions near the pore
walls are likely to swell in a non-uniform fashion due to a gradient of crosslinking normal
to the pore walls. Shrinking and swelling are likely to occur when solvent gradient elution
is performed. Solute molecules with dimension comparable to the swollen pore region can
penetrate into it where the diffusion rate is low. Consequently, the rate of phase exchange
and, as a result, the efficiency of the column is low. When the shrinking and swelling of
particles is large enough, substantial channeling of the column packing happens. In
addition, non-homogeneity of eluent flow can also cause a low column efficiency due to the
channeling of the column.

3. Strong interactions of pi electrons in the underivatized PS-DVB with pi electrons
in the solutes [13].

These pi-pi interactions, initially proposed by Benson and Woo [13] in the study of
the retention characteristics for various hydrocarbons, may result in strong peak retention,
tailing and broadening. Also, Tanaka and coworker [21] found that PLRP-S 300A showed
preferential retention for rigid and planar polynuclear aromatic hydrocarbons (PAHs)
compared to the bulky aromatic compounds with rotational freedom of phenyl groups
which in turn were retained more favorably than saturated hydrocarbons when compared
with C;gsilica[13].

The effects of the solute structures on the column performance were explained



based on the pi-pi electron interactions. To decrease the effects of pi electron interactions
on the chromatographic separation, the PS-DVB matrix was modified by introducing
appropriate functional groups to reduce and screen the pi electrons in the matrix of PS-
DVB. When ( CH; ), groups were covalently bond to PS-DVB, the retention time
decreased, and peak shape improved. Nitro and C;g groups were also introduced to the
PS-DVB matrix and used to separate nitroarenes and PAHs, producing symmetric and
narrow peaks with good resolution [13].

4. Slow diffusion of solutes into the polymer matrix or into the micropores [48,
49].

The physical characteristics, including the pore sizes and pore size distributions
have been well studied for PS-DVB [50, 51]. These macroporous packings have large
pores, i.e macro (> 500 A)/mesopore (> 20A and < 500 A), between the microspheres and
the aggregates due to the heterogeneity of the polymerization process. There are also
present micropores (< 20 A) between the polymer chains due to the size of the monomer,
divinylbenzene. Under certain conditions, the solvents and solutes can penetrate into these
micropores. It is also proposed that the transition from micropores to permanent pores is
not discontinuous, but rather exists as a continuum from heavily crosslinked polymer
chains, to less crosslinked polymer chains, to the permanent pores. The less crosslinked
regions are possibly accessible to solutes and solvents. However, whether the heavily
crosslinked region is accessible to solutes and solvents is not quite clear [52].

In characterization of PLRP-100A and PLRP-300A, Lloyd and coworkers [53]
found that the column efficiencies with diethylphthalate and toluene increased with an
increase of temperature. This phenomenon might be related to a decrease in the capacity
factor, K', or to an increase in the diffusion coefficients in the polymer. By varying the
compositions of the eluent, K' was then kept constant. An increase in the column
efficiency at constant K' with increasing temperature was significant. Those results were

explained by restricted diffusion of a solute in the stationary phase. The influence of the



viscosity of the mobile phase on efficiency due to the temperature was small because a
decrease in liquid viscosity on raising the .. .nperature was balanced by increasing the
concentration of water in the eluentin order to maintain relatively constant viscosity.

In another study [49], the effects of microporosity in PS-DVB on chromatographic
performance have been extensively examined using PS-DVB of different pore sizes and
different sizes of solutes. A phthalate hcmolog gave almost the same column efficiency for
different pore sizes of PS-DVB, including a nonporous PS-DVB, although it was expected
that a PS-DVB with a large pore size would give a better column efficiency for the same
solute due to fast mass transfer. It was concluded that micropores were present in all PS-
DVB packings due to the size of the monomer, divinylbenzene. The micropores can open
up for some solutes which have the same solubility parameters as the polystyrene and for
solvents which can completely wet polystyrene. The comparable values of term C in the
van Deemterequation, the slope of the H vs U plot in the size exclusion and the reversed-
phase mode for PS-DVB packings, indicated that the adsorption process itsell could be
sufficiently fast to be negligible compared with the restricted diffusion. This view can
explain not only the sample dependence, but also the solvent dependence of column
efficiency. As the micropores swell, the spaces in which the solutes diffuse increase, the
restricted effects of the micropores decrease, and the mass transfer becomes fast, leading o
a better column efficiency [49].

Deng and coworkers [48] found that PS-DVB packings have similar
chromatographic performances even when the specific surface areas are quite different.
which may indicate diffusion into the polymer matrix.

Among the suggested reasons for a low column efficiency on PS-DVB packings,
reason 4 would lead to a slow "intraparticle sorption rate”. This could be either a slow
diffusion mass transfer in the stagnant mobile phase in the macro/mesopores, or a slow

diffusion into the micropores, the polymer matrix.



1.3 Scope of the Present Work

First of all, the purpose of the research described in this thesis is to discover
whether slow sorption rate is the major cause of bandbroadening and tailing for
naphthalene on PRP-1. In this work, the peak shapes of naphthalene eluted from an
analytical HPLC column of PRP-1 are predicted based on the sorption rate curves
measured by the "shallow bed" technique on the same packing. The sorption rate curves
are fit to an empirical tri-exponential equation, the parameters from the tri-exponential fit are
then used in a theoretical model which relates the measured sorption rates to elution
profiles. '

Secondly, the origin of the slow sorption rates for naphthalene on PRP-1 was
studied. What causes the severe tailing of naphthalene on PRP-1? Is it slow diffusion in
the stagnant mobile phase present in the meso/macropores of PRP-1, or slow diffusion in
the micropores of ihe polymer matrix? To answer this question, the sorption rates of
naphthalene on PRP-1 are represented by a dual rate diffiision model, the Ruckenstein

model, and from it, the diffusion coefficients in the macropores and micropores are

calculated.

In addition, sorption rates on Hamilton PRP-%, a 20um spherical nonporous PS-
DVB packing, was studied because it has the same chemical comporents used in the
polymerization as PRP-1, but it contains no macropores and mesopores. The sorption rate
of naphthalene on PRP-» is described by a different kinetic model from that which
describes the diffusion in PRP-1. The micropore diffusion coefficients for naphthalene on
PRP-1 and PRP-= were compared. A hydrodynamic model was used to calculate the sizes
of micropores in both PRP-1 and PRP- using the experimentally measured micropore
diffusion coefficients.

Finally, the amount of naphthalene sorbed on both PRP-1 and PRP- were

measured by the "column equilibrium method".

A brief description of each chapter in this thesis is given below:
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Chapter 2 describes the apparatus and the experimental procedures used in the
measurement of the sorption kinetic curves and the sorption isotherms. The elution
chromatography of naphthalene and phloroglucinol, including data acquisition, analysis
and characterization, is described. Measurement of extra-column bandbroadening is also
described.

Chapter 3 focuses on the measurement of the sorption isotherms of naphthalene on
PRP-1 and PRP-c.

Chapter 4 presents the results of sorption rate curves of naphthalene on PRP-1.
The empirical tri-exponential fit is discussed.

Chapter 5 discusses the approaches used in the caiculation of the predicted peaks.
The results of characterization of the elution peaks, and the comparison of the predicted and
the observed peaks are presented. The effects of the flow rates and the values of n3 and k3
in the tri-exponential fit on the shapes of the elution peaks are discussed.

Chapter 6 addresses the origin of the slow sorption processes of naphthalene on
PRP-1. This includes the measurement of the sorption rates of naphthalene on PRP-% and
theoretical descripticn of the sorption rates of naphthalene on PRP-1 and PRP- with
various kinetic models, from which the macropore and micropore diffusion coefficients in
PRP-1 and the micropore diffusion coefficient in PRP-% are calculated.  The
hydrodynamic model for hindered diffusion is used to calculate the sizes of micropores in
PRP-1 and PRP- using the experimentally measured micropore diffusion coefficients.

Chapter 7 gives some conclusions and future work.
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Chapter 2

Experimental Section

2.1 Introducticn

In tuis chapter, all the experiments that were carried out in this thesis are presented
in detail. The design of the slider valve which contains the shallow bed is described. The
shallow bed apparatus which was used in the measurement of the sorption rates and the
isotherms of naphthalene on PRP-1 and PRP-= is presented. The elution chromatograph
used with naphthalene and phloroglucinol is discussed, and the extra-column

bandbroadening measurement is also presented.

2.2 Sorbents

PS-DVB is a non-polar copolymer. It is usually synthesized by suspension
polymerization in water. Present in the suspension are the monomer, styrene, the
crosslinking monomer, divinylbenzene; an initiator which can produce a radical and initiate
polymerization; and a porogen, an inert diluent which is a good solvent for the monomers
but is not a good solvent for the polymer formed in the reaction. These are stirred with
water to produce organic phase droplets equivalent to the particle sizes of the polymer
beads. Sometimes a stabilizer may be required to prevent the droplets from coalescing. The
polymerization proceeds in the droplets of the organic phase with the growing polymer
chains precipitating in the droplet as they reach a critical size upon polymerization. The
inert diluent will intersperse and occupy a large part of the particle volume. After removing
the diluent, a rigid, macroporous sorbent particle having a relatively high specific surface

area and an aromatic hydrocarbonceous surface is obtained. Use of a crosslinking
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monomer results in the formation of a rigid three dimensional structure within the polymer
matrix. By suitable choice of a porogen, the pore size, the pore size distribution, and the
pore geometry can be optimized for HPLC. Similarly, a norinally nonporous PS-DVB
packing is synthesized without adding any porogen. Figure 2.1 gives the synthesis scheme
of PS-DVB.

PRP-1, a 10um spherical macroporous particle and PRP-, a 20 um spherical non-
porous particle, are poly(styrene-divinylbenzene) copolymers which were donated by
Hamilton (Reno, NV), and were used in the sorption kinetic studies using the shallow bed

technique.

2.3 Chemicals

Naphthalene (Norwood, OH) was recrystallized from methanol before use.
Phloroglucinol (Fisher Scientific Co.) was recrystallized from water. Anthraquinonc,
(97% , Aldrich) was used to calibrate the injector loop. Methanol (Fisher Scientific Co.)
was reagent grade and distilled before use. Water was distilled and deionized (Bamstead

NANO pure system, Boston, MA).

2.4 Sample and Eluent Solutions

In the measurement of the sorption rates, the sorption isotherms and the elution
chromatograms, 85% MeOH/H20 was used as the solvent for naphthalenc and as the
eluent. To measure the hold-up volumes in the shallow beds containing PRP-1 or PRP-,
7.068 % 10-5 M phioroglucinol, an unretained compound, was used. A 4.899 x 1006 M
solution of naphthalene was used to measure the sorption rates on PRP-1 and on PRP-e
with the shallow bed technique. In the elution chromatographic experiments,

phloroglucinol of 5.145 x 10-4 M was used to determine the mobile phase linear velocity.
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Figure 2.1  Schematic diagram of synthesis of poly(styrene-divinylbenzene).
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Phloroglucinol of 5.057 x 10-4 M was used to measure the extra-column contribution, and

naphthalene of 3.135 x 10> M was used to obtain the observed elution peaks from the
PRP-1 HPLC column. Both the eluent and solvent were filtered through a 0.45 pm pore

size Nylon 66 filter (Mandel Scientific Company Ltd.) before use.

2.5 Sorption Rate Measurement

2.5.1 Apparatus

The shallow bed dimensions for PRP-1 and PRP- are shown in Table 2.1.
Figure 2.2 is a schematic diagram of the apparatus for the measurement of the sorption rate
curves. Two aluminum cylinders, R1 and R2 pressurized by N2, contained naphthalenc
and phloroglucinol solution respectively. The solutions passed through inline stainless
steel filter holders labeled IF (part XX4404700, Millipore, Mississauga, Ont.) containing
Durapore HV membrane filters of 0.45 pum pore diameter (part HVLP04700, Millipore,
Mississauga, Ont.) before reaching an ALTEX 6-way rotary valve ( 204-01), V1. The
setting of V1 determines which solution will enter the left-hand inlet of the slider valve.
The two aluminum cylinders, the two inline filter holders, and all of the connecting tubing
were immersed in a constant temperature water bath thermostated by a circulating Haake D3
temperature controller (Fisher Scientific Co.) which was set to 25°C £ 0.2 °C.

The slider valve containing the shallow bed was mounted on an aluminum back
plate which was attached inside a small plexiglass tank which was placed inside the front

part of the constant temperature water bath and thermostated separately at 25°C £ 0.2 °C

by a circulating Colora Ultra-Thermostat (NB34784, Germany).



Table2.1 The features of shallow beds of PRP-1 and PRP-

in the sorption rate measurement.

Packing PRP-1 PRP-»
Weight (mg) 1.09 £ 0.02 3.20+0.03
Bed Height (mm) ~0.34 ~0.43
Packing Volume(uL) ~2.4 ~3.1
Vhold-up (pL) 83+08 58+ 0.5

15
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Figure 2.2 Schematic diagram of apparatus used in the measurement

of the sorption rate curves. Details see section 2.5.
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The slider valve has two inlets which are stainless steel tubes of 3 mm i.d. The
lefthand inlet was fed by a constant pressurized N2 cylinder which drove the solution
through the bed. The outflow from the leftside of the slider valve passed through a
Cheminert 6-way rotary valve, V2 (R 6031V6, LDC, Riviera Beach, FA). A small infra-
red generator/detector position sensor unit (ECG 3101 P312, Dorval, Quebec) attached to
this valve was activated when the valve was switched to the position which allowed flow
and was deactivated when the valve was turned to the off position. Valve V2 was used to
control the time during which solutions flow through the bed. The time was recorded with
an electronic counter (5321B Hewlett packard) set to display to + 0.1ms. The righthand
inlet of the slider valve was fed by a SPR000 HPLC pump (Spectra-Physics, Santa Clara,
CA) in a constant flow mode. The flow rate was set to be 0.5-0.6ml/min at which the
slider valve seals well. The outlet from the righthand side is a narrow bore (0.002" i.d.)
stainless steel tubing leading to a Rheodyne inline filter (part 7315, Rheodyne, Berkeley,
CA) and an analytical column (150 x 4.6mm) packed with pBondapak phenyl (part
086680, Waters, Mississauga, Ont.). The column was used to keep a constant back
pressure and also to separate any impurity peak from naphthalene.

A Cheminert four way slider 'valve, V3 (CAV 4031, LDC, Riviera Beach, FA),
was used to control the eluent from the HPLC pump. The setting of V3 determined
whether the eluent passed through or bypassed the bed. V3 was set to bypass the bed
when the slider was being moved from the righthand inlet, (the sample elution position), to
the lefthand inlet, (the sample loading position), and the reverse. This avoided the
disturbance of bed packing and occasional loss of packing during the moving of the slider

valve from the loading position to the elution position and the reverse.
2.5.2 A Switching Valve to Control the Exposure Time

In the measurement of the sorption rates, valve V2, a six way rotary valve, was
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used to control the time during which the sorbent was exposed to the sample solution.
Because the sorption rate of naphthalene on PRP-1 is very fast, the initial exposure times
should be very short in order to accurately measure the initial sorption rates.

In the previous study [54], the exposure time was controlled by pulling the slider
from the loading position to the elution position. There are two disadvantages associated
with this method. First, the slider is sealed tightly under a high pressure by four tension
adjustment screws as shown in Figure 2.3, so that a lot of force and a relatively long time
was involved in pulling the slider from the loading position to the elution position. The
minimum time was reported to be 0.4 seconds [54]. That time was too long for measuring
the initial sorption rates of naphthalene on PRP-1 accurately. During the 0.4 seconds,
about 70% of naphthalene has been sorbed as shown in the newly designed system.
Therefore, the amount sorbed before that time can not be determined accurately.

Secondly, the particles in the shallow bed were not exposed uniformly to the
sample solution or to the eluent when the slider was being pulled from the elution position

to the sample loading position and the reverse.

2.5.3 Shunting off flow When the Shallow Bed is Being Pulled from One

Position to the Other

In the old system [54], when the slider was being pulled from the loading to the
elution position, the right edge of the packing encountered the flowing eluent first and the
eluent pushed this side down a little bit and caused it to dent. This results in the non-
uniformity of bed thickness, and sometimes, loss of packing. In this study, V3 in Figure
2.2 was used to shunt off the flow when the bed was being pulled from the loading to the
elution position and the reverse. Therefore, the eluent did not pass through the bed during

the movement of the slider.
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2.5.4 The Slider Valve

The center of the sorption rate measurement system is the slider valve and the
shallow bed which are shown in Figure 2.3. The slider valve is not drawn to scale. The
slider valve consists of three parts: the stainless steel valve body, made from 1/4 " thick
stainless steel plates, the slider, and the Teflon face plates. The slider is a 2 mm thick, 13
mm wide and 113 mm long stainless steel frame, into which is inserted a 2.2 mm thick, 9
mm wide and 73 mm long Kel-F plate. Two holes of 3 mm diameterat 9.5 mm intervals at
centers are drilled in the Kel-F insert part. One of the holes is the dummy hole. The other
hole contains the shallow bed which is a small column of milligram amount of packing
approximately 0.34 mm and 0.43 mm in height for PRP-1 and PRP-= respectively. The
packing is supported at the bottom by one piece of stainless steel screen, that is 3 mm
diameter, 0.076 mm thick and 2 um pore size. On the top, the packing is held by two
pieces of 2.8 mm i.d Zitex Teflon porous membranes. One is 0.2 mm thick and 10 to 20
um pore size (H662-123), the other is 0.64 mm thick and 30 to 60 pm pore size (K1064-
222). The slider is held in the valve body between two Teflon face plates which only
contact the Kel-F insert. Screwed into the Teflon plates is a set of stainless steel plates. A
piece of Teflon tape is placed between the steel and the Teflon plate to ensure a good seal.
The two 3 mm i.d. stainless steel inlet tubes, the 3 mm i.d. stainless steel outlet and the
0.002" i.d. stainless steel outlet tube are silver soldered to the stainless steel plates. Four
tension adjustment screws are used to seal the valve. The slider is moved forward and
backward by two aluminum levers which are mounted on the aluminum back plate. One
end of the slider is attached to the left side lever by an alloy cable, the other end of the slider

is attached to the right side lever via a brass bar. The lever on the right side uses a hinged
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hook to catch the notch in the bar to change the position of the slider. The side view of the

slider system is shown in Figure 2.4.

2.5.5 Procedures

The measurement of the sorption rates onto PRP-1 and PRP- was accomplished
by exposing the shallow bed of the packing of interest to a fast flowing stream oi a sample

solution for various periods of times.

First is the pre-conditioning step. The bed was initially located in the loading
position as shown in Figure 2.5a. The bed was equilibrated by a sample solution which
was being pumped through the left-hand inlet to the slider valve by constant N2 pressure
for about 60 seconds. The time during which a sample solution passed through the bed
was controlled by V2. The pressure on the regulator of N2 cylinder was always set as
high as possible to get a high flow rate. The maximum pressure shown in the gauge was
about 240 psi. The interstitial flow rate through the shallow bed, U (cm/s), was calculated
as follows:

_ F(ml/min)
7 12 ginrer 60 (2.1)

where F is the flow rate through the shallow bed and was measured by timing the collection
of solution in a buret as shown in Figure 2.2, r is the radius of the shallow bed which is

0.15 cm, €jnter is the fraction of bed volume contained between the particles. For PRP-1,
tinter is calculated using manufacturer's information concerning the column interparticle
volume and the bed porosity was found to be 0.31. Since there is no information available

about the physical properties for PRP-, a nonporous packing, from the manufacturer,
einter is used as 0.4 which is characteristics of most packings.
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When the four way valve V3 was set to bypass the bed, the slider was pulled to
the elution position as shown in Figure 2.5b. Then V3 was set to allow flow of eluent
through the bed. The sample sorbed on the packing was eluted.

Next, V3 was set to bypass the bed - gain, the slider Was then pulled back to the
loading position as illustrated in Figure 2.5c.

These steps were repeated for two more times. The purpose of this repetition was
to pre-condition and stabilize the shallow bed and to get a constant and a known flow rate
passing through the bed.

After the bed has been pre-conditioned in the above start-up cycle, measurement of
the sorption curve started. The bed was usually exposed to the sample solution for times
ranging from the minimum time of 0.04 (s) toa maximum of about 60 (s) at which time the
sorption was very close to equilibrium. For each loading and elution, a peak with area
proportional to the number of moles sorbed on the packing, after correcting for the amount
in the hold up volume, was detected at 276 nm by a UV detector (Spectroflow 757, Kratos
Analytical Instruments, Ramsey, NJ) and integrated by an integrator (HP 3390A, Hewlett
packard). The UV detector was calibrated by injection of a series of standard naphthalene
colutions into the analytical column by V4, a Rheodyne injection valve (part 7017,
Rheodyne, Berkeley, CA). V3 was set to bypass the bed during the calibration process.
The calibration curve, a plot of integrated area against the number of moles injected, was
obtained.

A series of loadings and elutions in the shallow bed experiment produces in a

sorption rate curve which is a plot of moles sorbed versus the exposure times.
2.6 The Hold-up Volume Measurement

The same apparatus was used as the one in the measurement of the sorption rate .

The hold-up volume was measured by pumping a standard phloroglucinol solution through
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the bed for 60 seconds on PRP-1 and 90 seconds on PRP- respectively. For detector
calibration, the phloroglucinol was also injected onto the analytical column using V4, the

inje’ “ion valve.
2.7 Injector Loop Calibration

In the calculation of the hold-up volume, tke volume of the injector, V4, was

needed. The volume of the injector, Vinj, was determined by injecting anthraquinone
solution with the loop. The HPLC column and the detector were disconnected from the
injector V4. A concentration of 1.585 x104 M of anthraquinone in 100% MeOH was
injected and collected into a volumetric flask. Three injections were made and the total

volume collected was 3.00 ml, which was enough for determination of the absorbance in a

1.00 cm cell by a UV-Visible spectrophotometer (HP 8451A, Hewlett Packard). Vinj was

calculated as follows:

Vinj X C = C x 3.00 ml
3 injections 2.2)

where Cpp was a standard solution with a known concentration of 1.585 x104 M. The

concentration C = (3.241+0.006) x 10-6 M, was determined from a calibration curve of
anthraquionone. Vipj was determined to be 20.46 £ 0.95 pL.. The standard deviation was

calculated from error propagation at the 95% confidence level.
2.8 Naphthalene Sorption Isotherm Measurement

The isotherms of naphthalene on PRP-1 and PRP-® were measured using the
shallow bed apparatus as iliustrated in Figure 2.2 based on the "column equilibration

method" [55]. The procedures are similar to those in the measurement of the sorption rate
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curves. In the experiment, a known amount of packing in the shallow bed was exposed to
a known sample solution until the sample is at loading equilibrium between the mobile
phase and the stationary phase. The loading equilibrium time was 60 seconds for PRP-1
and 90 seconds for PRP-. The number of moles eluted from the shallow bed, after

correction for the sample contained in the hold up volume, was the amount sorbed on the

packing.

2.9 Elution Chromatography

The experimental elution chromatograms which were needed for comparison with
the predicted peaks were collected using a typical HPLC setup as illustrated in Figure 2.6.
The HPLC pump, set in a constant flow mode, the inline filter, the injector valve and the
UV detector at 254nm are the same as described in Section 2.5.5. The column used was a
commercially available HPLC analytical column, PRP-1 (150 x 4.6 mm, part 79425-3145,
Hamilton Inc. Reno, NV) packed with 10 pum spherical particles. Standard solutions of
phloroglucinol and naphthalene were injected onto the column and the eluted peaks were
collect by either a digital computer or by a chart recorder depending on the concentrations
of the sample injected.

The peaks of phloroglucinol, an unretained compound, eluted from a column of
PRP-1, were symmetric and narrow. The signal to background noise ratio was 28. The
S/N was the ratio of the peak amplitude to the standard deviation of the baseline noise.
Figure 2.7A shows the raw data of the elution profile of phloroglucinol at a mobile phase
linear velocity of 0.3 cm/s using a 12 bit analog to digital convertor (National Instruments)
data acquisition board placed in a Macintosh IIsi .~ -nuter. The raw data was smoothed
using the moving average function written in SpeciroPlot [56] as shown in Figure 2.7B

and transferred to Excel (Microsoft, 1990) where the raw data was further analyzed.
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The peak of 4 x10"5 M naphthalene, the maximum concentration within the linear
region of the sorption isotherm, was asymmetric and broad. The signal to noise ratio was
so low (about 1) that the peak acquired by the digital computer was barely recognized even
after the signals were processed by a low pass filter and smoothed by the software
programs written in SpectroPlot. Figure 2.8A shows the elution peak of naphthalene of
4.688 x 10-5 M at a mobile phase linear velocity of 0.4 cm/s as non-smoothed output from
the data collection system. Figure 2.8B shows the smoothed output. As the concentration
of naphthalene increases to 103 M, the peak can be acquired accurately by the digital
system as shown in Figure 2.9. The S/N is 61. Therefore, the low concentration of
naphthalene (10-5 M ) was recorded on a chart recorder and digitized manually. Figure
2.10 shows a peak of naphthalene of 3.135 x 105 M recorded on a strip chart.

The low concentration of naphthalene (105 M) was required in the experiment,
because the bandbroadening considered in this study is from kinetic effects which do not
include the bandbroadening from the overloading of the column. The experimental elution
profiles were measured at four mobile phase linear velocities. The peaks of phloroglucinol
and naphthalene were characterized by moment analysis using the program written in
Matl_ab (The MathWorks, Inc.1991). The data from phloroglucinol were collected using a
digital computer and the digital data were smoothed and calibrated linearly in the
SpectroPlot and then transferred to Excel (Micresoft, 1990) where a subset data was
chosen from limits as will be discussed in Section 5.3.3. The subset of data were then
transferred to the MatLab where the first moments were calculated. For naphthalene, the
manually digitized data was directly transferred to MatLab without any modification.

The moment analysis was carried out by two methods. For phloroglucinol, a
numerical integration method was used, this method gave good precision and accuracy for
the first moments. The second moments were calculated by graphical method because the
digital data gave a very poor precision for the second moments due to the baseline noise.

For naphthalene, where the number of data points was less, the digital data was fitted to an
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exponentially modified Gaussian function (EMG) with a non-linear least squares
regression. The program which was written in MatLab and called Expgauss then chose a
user specified number of equally spaced data points which were used to fit the EMG

function to the eluticn profile. Statistical moments were then calculated analytically from

the EMG function.
2.10 Extra-Column Bandbroadening

The contributions of the extra-column components, such as tubing, detector and
injector to the bandbroadening of naphthalene eluted from a column of PRP-1 were
measured using the apparatus illustrated in Figure 2.11 with the column replaced by a zero
dead volume coupling. In order to get a constant flow rate of a certain value, a nitrogen
cylinder was used to provide a constant flow rate which was measured using a digital
stopwatch (Cole-Parmer) and a buret. A standard solution of 5.057 x 1004 M
phloroglucinol in 85% MeOH/H20 was injected and the signals were recorded on a strip
chart recorder. The profiles were then hand digitized and transferred to MatLab (The

MathWorks, Inc.1991) where the data was fitted to the EMG function from which the

moments were calculated.



300
200
i
7 100
0 . '—,'j r —an. T
0 1000 2000 3000

Time(s)

Figure 2.9  Chromatograms of 4.688 x 10-3 M naphthalene on a column of
PRP-1 in 85%MeOH/H20 at a mobile phase linear velocity of 0.3

cm/s. The chromatogram is a smoothed output from the data

collection program written in SpectroPlot.



33

“wreyo diijs e UO papioddl sem
apijoid sy 1, “sjuId °Q JO AID03A Jesul] aseyd sjiqows e je UWNjod

1-dd © wouaj suaeyiydeu N O XSET'EJ0 wreidoewonyd YL O1°7 23

PRSP I
i

R
—

R BRIt i e el

R a2t &k Tha s St b b N v -~y

R P e L




Nitrogen
cylinder

Inline filter

Injector | V4

Zero dead
velume coupling

Chart
recorder UV Detector

Buret

Figure 2.11 Schematic diagram of apparatus used in the measurement of

the extra-column bandbroadening.

34



35

Chapter 3

Naphthalene Sorption Isotherm

3.1 Introduction

The location and shape of a peak in a chromatographic column is governed by two
sources. The first is the thermodynamic equilibrium. The sample molecules distribute
between the stationary phase and the mobile phase as they are travelling down the column.
The migration rate, and therefore the relention time, tR, are related to the equilibrium
constant, in terms of the capacity factor, K'. If K' is independent of concentration, then
equilibrium considerations do not affect the shape of the peak. If K' depends on
concentrations, then equilibrium considerations affect the shape of a peak as well as its
location. The second source is the non-thermodynamic effects of flow inequalities and
kinetics. In chromatography, in the linear part of the isotherm, the bandbroadening and
asymmetry of a peak are related to the plate height, H, to which each non-thermodynamic
process in a column contributes.

The sorption isotherms of naphthalene on PRP-1 and PRP-» were measured using
the shallow bed apparatus based on the "column equilibration” method [55]. The
Langumuir equation was fit to the data on PRP-1[57-59], and a linear equation was fit to
the data on PRP-o. The linear regions of the sorption isotherms, in which k' 1s a constant
and independent of concentration, were used to select a concentration of naphthalene for

use in the sorption rate measurement which will be presented in chapter 4.

3.2 Theory

A non-linear isotherm is one of the factors which control peak shape. The
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distribution isotherm and its effect on the chromatographic peak shape have been discussed
in the literature [57-60].

Anisotherm is a plot of the concentration of a sample in the stationary phase, Cs,
versus the concentration in the mobile phase, Cy, at constant temperature. A typical
isotherm is illustrated in Figure 3.1. The distribution coefficient of a sample is defined in

equation 3.1:

Cn (3.1

The distribution coefficient is an equilibrium constant where a sample distributes itsclf
between the two phases. KD has units which depend on the units of Cg and Cpy.

The value of the distribution coefficient at any particular concentration of a samplc
is the slope of the line drawn between the origin and the point on the isotherm
corresponding to the appropriate concentration in the mobile phase. This is illustrated by a
dashed line in Figure 3.1. ‘

There are three types of simple isotherms: linear, convex and concave as shown in
Figure 3.2. The elution chromatogram which would be expected from each isotherm is
also drawn below in the same Figure.

The first type of isotherm is linear. A linear isotherm occurs when the
concentration of a sample is effectively infinitely dilute. The distribution coefficient for a
linear isotherm does not vary with the sample concentration in the mobile phase, i.¢. itis a
constant . The linear isotherm has no influence on the concentration-time profile of a peak.
For linearity to occur, sample molecules must not interact with one another in either phase.
Most sample solutions give a linear isotherm as the concentration of a sample approaches
infinite dilution. It is the concentration of a sample in the column inlet rather than in the
column outlet that should be within the linear region of the isotherm. The chromatographic

peak shape resulting from a linear isotherm is Gaussian as shown in Figure 3.2. There is
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some bandbroadening due to the axial diffusion, non-uniform flow, and non-equilibrium
due to the mass transfer resistance between phases. However, these processes broaden a
peak virtually symmetrically in a long co.umn.

The second type of isotherm is convex. The Kp decreases with an increase in
sample concentration. Convex isotherms are the most commonly observed ones in
chromatography. The amount sorbed in the stationary phase increases with concentration
in the mobile phase and then approaches a plateau. This type of isotherm can sometimes be

described by the Langmuir equation shown in equation 3.2 [57-59):

_abCpy
G 1+b Cp (3.2)

where a and b are constants.

The Langmuir sorption model was originally developed to represent chemisorption
on a set of distinct localized adsorption sites with equivalent energy and it is assumed that
each site can hold one adsorbate molecule and there is no interaction between molecules
adsorbed on the neighboring sites [61].

The chromatographic peak associated with a convex isotherm is a tailed peak as
drawn in Figure 3.2. The tailing of the peak can be understood by choosing two points on
the isotherm. K p_ the distribution coefficient for point 1, is larger than Kz p, the
distribution coefficient for point 2, as seen in Figure 3.2. The average linear velocity, ﬁ,

of a retained sample is proportional to the mobile phase linear velocity in a column:
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ﬁ-i = Rﬁo (3.3)
—_ YoGim  _ 1
VmCi,m+VsCi.s 1+ VCis
VmCi.m 3.9

where Up is the average linear velocity for an unretained sample, R is the fraction of

molecules in the mobile phase, Vg is the volume of the stationary phase, Vi is the total
void volume (intra and inter particle). The capacity factor, K', is defined as shown in

equation 3.5:

K' = _____Ci,svs = KD""/—S
Ci,mvm Vm (3.5)
1+K (3.6)

The average linear velocity is inversely related to and K' and KD «* seen in equations 3.5
and 3.6. Ul is smaller than U2. This means the sample molecules at a high concentration
move faster thar the sample molecules at a lower concentration. Therefore, the region of a
peak near the center of the band moves faster than the region of a peak toward the front and
the back, causing the center of the band to catch up with the leading edge while the low
concentration trailing edge roves more siowly and elutes as a tail.

The third type of isotherm is a concave isotherm as illustrated in Figure 3.2. A
concave isotherm would give rise to a frenting peak using the same type of reasoning and

is also shown Figure 3.2.

3.3 Measurement of the lsotherms
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Methods used to measure sorption isotherm in GC [60, 62] have been discussed
and the same technigues have also been applied to LC [63-65]. A commonly used method
is frontal chromatography, including frontal analysis (FA). This method involves
measurements made not at equilibrium.

In frontal analysis (FA) [60], a sample solution of a known concentration flows
through a column packed with a known amount of sorbent. The concentration of the
effluent solution is monitored. When the concentration of the effluent solution is equal to
the concentration of the influent solution, total breakthrough has been achieved. A typical
breakthrough curve is shown in Figure 3.3. The total amount of solute taken up by the
sorbent is proportional to the area of aed shown in Figure 3.3.

The shape of the boundary is related to the shape of the isotherm curve. When the
isotherm is linear, the shape of the breakthrough curve is sigmoid. The front ( Figure 3.3)
and rear boundary are symmetric. The breakthrough time is tR which is the midpoint of the
rising portion of the curve. For a convex isotherm, the shape of the front boundary is self-
sharpening as shown in Figure 3.4a, and the shape of the rear boundary is diffuse as
shown in Figure 3.4b. For a concave isotherm, the situation is reversed.

The shape of the breakthrough curve can be understood as follows: when the
solution is first fed to the column, the sample will be sorbed at the top of the bed, and none
of the sample comes out of the cofumn. As the feed continues, the whole bed of sorbent
begins to reach equilibrium with the sample solution. When this equilibrium is achieved

(point e in Figure 3.3), the concentration of sample exiting the column is identical to that

entering.
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The amount of sample taken up by the sorbent when the breakthrough begins to occur at
point c is the initial breakthrough and is proportional to the area of abcd in Figure 3.3. The
area of interest in calculating Cg for a point on the isotherm is aed. In FA, a separate
breakthrough curve for each point on the isotherm is carried out and therefore, this method

needs more sample solution.

3.4 Principle of the Column Equilibration Method

In this work, the "column equilibration" method [S5] was used to measure the
sorption isotherms of naphthalene on PRP-1 and PRP-. The basic principles behind the
column equilibrium technique are similar to those in frontal analysis. A shorter column
packed with a known amount of sorbent is used instead of a larger analytical column. A
known concentration of a sample solution is pumped through the short column to achieve
total breakthrough. The amount sorbed at equilibrium is then eluted and determined. The

amount eluted must be corrected by the amount present in the hold-up volume:

Nsorb=Nelu-Nex 3.7)

Nex=Cin Vhold-upT - VpCm = Cn Vhold-up (3.8)

For PRP-1, Vp, the intra-particle pore volume of packing, is the product of the specific
pore volume and the weight of the packing in the bed. For PRP-, Vp is zero. Cm is the
concentration of the sample soiution. Vhold-up-T includes both inter and intraparticlc
volume as well as the spaces in, above and under the retaining screeas. The Vhold-up-T
which was determined using the unretained compound phloroglucinol was calculated with

equation 3.9.
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VioldupT  Vinj (3.9)

Abed is the area of a peak eluted from the shallow bed. Ainj is the area of a peak eluted

from the injecior. Vjpj is the volume of the injector which has been calibrated as described

in section 2.7. Itis 20.46 + 0.95uL.
The measured Vhold-up-T Was corrected by subtracting the intra-particle pore

volume, Vp, of PRP-1. This correction, shown in equation 3.10, is necessary, because
the sorption of a sample into the pores of the packing must be considered to be a part of the

overall rate of sorption.
Vhotd-up = VholdupT - Vp (3.10)
Cs, the concentration of a solute sorbed in the sorbent, is shown in equation 3.11:

N
( I— sorb

where Wy is the weight of the sorbent.

3.5 Results and Discussion

3.5.1 Hold-up Volume for Naphthalene on PRP-1

The Vhold-up-T for PRP-1 was measured by loading a standard solution of
phloroglucinol in 85% MeO}i/H20 onto the shallow bed for 60 seconds. The same

solution of phloroglucinol was also injected via the injector V4 as shown in Figure 2.2.

The experimental parameters ir. the measurements of the Vhold-up-T are shown in Table
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3.1. The areas from the bed injection and from the injector are shown in Table 3.2. The

average areas from bed and injector were used to calculate the Vhold-up. The hold-up
volume determined using equations 3.9 and 3.10 is found to be 83 + 0.8 pl. The

standard deviation associated with the Vhold-up was calculated from error propagation at

the 95% confidence limit.

3.5.2 Hold-up Volume for Naphthalene on PRP-

The same procedures and apparatus were used in the measurement of thc hold-up
volume in PRP-. Since PRP- does not have macropores, the hold-up volume includes
the volume between the particles and the spaces within and below the retaining screen and
the porous Zitex membranes. For PRP-x, the Vhold-up—T is equal to Vhold-up- The
experimental parameters in the measurement of Vhold-up are shown in Table 3.3. The
areas from the shallow bed injection and the injector, V4, along with the standard

deviations are shown in Table 3.4. The average areas from bed and injector were used to

calculate the Vhold-up. The hold-up volume determined using equations 3.9 and 3.10 is

found to be 5.8 + 0.5 pL. The standard deviation associated with the Vhold-up was

calculated from error propagation at the 95% confidence limit.
3.5.3 Naphthalene Sorption Isotherm on PRP-1
The naphthalene sorption isotherm on PRP-1 was measured using the apparatus

shown in Figure 2.2 and using the procedure described in section 2.5.5. The experimental

parameters in the measurement of tue sorption isotherm are shown in Table 3.5. The solid
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Experimental parameters for the measurement of the hold-up volume in the

shallow bed of PRP-1 using 7.068 x 10-5 M phloroglucinol in 85%

MeOH/H20.
Parameter Value
PRP-1 1.19 £ 0.02 mg
F2 0.5 ml/min
Deltector wavelength 276 nm
Detector range 0.1 A.U.E.S.
Recorder chart speed 0.2 In/min
Recorder range 0.1 V.E.S.
Sample solution temperature 25.10Cx0.2°C
Shallow bed temperature 25.20C +0.2°C
Integrator ATTA2 -1
THRSH -1
PK WD 0.04
Vhold-up 83 +08uL




Table 3.2. The areas, Abed, from injection of 7.068 x 10-5M phloroglucinol onto the
shallow bed of PRP-1 for 60 seconds, and the areas, Ajpj, from the

injector. The average area results were used to calculate the hold-up

volume.

Run No. Abed Ainj

1 13849 30271

2 13453 29088

3 13495 28676

4 13345 30295

5 13326 30855

Average 13494 29837
SD 211 914

a Vhold-up Was calculated with equations 3.9 and 3.10.
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Table 3.3 Experimental parameters for the measurement of the hold-up volume in the

shallow bed of PRP-< using 7.560 x 10-5 M phloroglucinol in 85%

MeOH/H20.

Parameter Value
PRP-x. 3.15+0.02 mg
F2 0.5 ml/min
Detector wavelength 276 nm
Detector range 0.1 A.UE.S.
Recorder chart speed 0.2 In/min
Recorder range 0.1 V.E.S.
Sample solution temperature 24.60C + 0.2 °C
Shallow bed temperature 24.80C + 0.2 0C
Integrator ATTA2 -1
THRSH -2
PK WD 0.64
Vhold-up 58+ 0.5uL




Table 3.4 The areas , A bed, from injection of 7.560 x 10-3 M phloroglucinol onto

the shallow bed of PRP- for 90 seconds, and the areas from the injector,

Ainj. The average area results were used to calculate the hold-up volume.

Rurn No. Abed Ainj
1 19884 66702
2 18202 68318
3 19043 69154
4 19319 69366
5 19906 69393
6 20806 NA
Average 19527 68587
SD 888 1141

a Vhold-up Was calculated witn equations 3.9 and 3.10.



51

line in Figure 3.5 is a fit of the Langmuir equation to the data points with a nonlinear jeast

squares regression. The data is shown in Table 3.6. The fitting parameters give a = (2.77
+ 0.49) x 10-5, and b = (1.49 + 0.258) x 103 for the constants in equation 3.2. The
isotherm is linear up to a solution concentration of apprcximately 4 x 10-5 M as illustrated
in Figure 3.6. The slope of the linear part of the isotherm gives the distribution coefficient,
Kp to be 0.0392L/g + 0.0012L/g. The slope was calculated from the first four points with
a correlation coefficient of 0.999. The sorption rate curve was measured at a solution

concentration of 5 x 106 M which is clearly within the linear range of the sorption

isotherm.
3.5.4 Naphthalene Sorption Isotherm on PRP-

The same method, apparatus and procedure as those on PRP-1 were used in the
measurement of tue sorption isotherm of naphthalene on PRP-. The experimental
parameters are presented in Table 3.7. Figure 3.7 shows a linear fit to the experimental
data points with a correlation coefficient of 0.999. The data is shown in Table 3.8. The
slope of the linear fit gives the distribution coefficient, Kp to be (6.31 + 0.08) x 1073 L/g.
undoubtedly, the isotherm on PRP-% would become non-linear at higher concentrations
than those employed. However, since only the linear region was of interest, higher

concentrations were not usec



Table 3.5

Experimental parameters in the measurement of the sorption isotherm of

naphthalene onto PRP-1 in 85% MeCH/H20.

Parameter Value
PRP-1 1.14 £ 0.02 mg
F2 0.5 ml/min
Detector wavelength 276 nm
Detector range 0.1 A.U.EF.S.
Recorder chart speed 0.2 In/min
Recorder range 0.01 V.E.S.
Sample solution temperature 25.20C 4 0.20C
Shallow bed temperature 24.80C 4+ 0.20C
Integrator ATTA2 low con. -2, high conc.5
THRSH low conc. -3, high conc.]

PK WD

0.04
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Naphthalene sorption isothern: on PRP-1. The solid line is the fit of

Langmuir ¢quation.
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Table 3.6 The data of the sorption isotherm of naphthalene on PRP-1.
Run No. Concentration (M) Naphthalene sorbed (mol/g) ‘
1 7.140 x 1077 2.622 x 108
2 2.810x 108
1 1.942 x 106 5393 x 108
2 5.285x 108
1 3.570 x 106 1.920 x 1077
2 2.045x 1077
1 3.570 x 10°5 1.380 x 10-6
2 , 1.410 x 1076
1 7.139 x 10-5 2.794 x 1076
2 2.733 x 106
1 1.785 x 104 5.842 x 106
2 5.761 x 1076
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Figure 3.6  The linear part of the naphthalene sorption isotherm on PRP-1in

85% MeOH/H20. The line shcsva is the result of a linear
regression on these first fou. data points with a correlatinn coefficient

of 0.699.
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Table 3.7

Experimental parameters in the measurement of the sorption isotherm of

naphthalene onto PRP-% in 85% MeOH/H20.

Parameter Value
PRP-c 3.67 £ 0.02 mg
F2 0.6 ml/min
Detector wavelength 276 nm
Detector range 0.1 A.U.ES.
Recorder chart speed 0.2 In/min
Recorder range 0.01 V.E.S.
Sample solution temperature 25.00C 4 0.20C
Shallow bed temperature 24.80C 4 ¢.20C
Integrator ATTA2 low con.0, high <302
THRSH 0
PK WD 0.64
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Figure 3.7 Naphthalene sorption isotherm on PRP-» in 85% MeOH/H20. The
solid line is the result of a linear regression with a correlation

coefficient of 0.999.
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Table 3.8 The data of the sorption isotherm of naphthalene on PRP-oo.

Run No.

Concentration (M)

Naphthalene sorbed (mol/g)

[SS I

3.452 x 106

2.156 x 108
2.003 x 108

2.628 x 106

5.572 x 1078
5.040 x 108
4.43 x 108

1.726 x 10°3

1.146 x 1077
1.151 x 10-7
1.127 x 107

3.451 x 10-5

2.381 x 1077
2.336 x 1077
2.200 x 10°7

W N = W I e W e WY =

1.055 x 104

6.261 x 1077
6.666 x 10-7
6.627 x 10-7
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Chapter 4

Naphthalene Sorption Kinetics

4.1 Introduction

The bandbroadening and asymmetry of a peak ¢luted from a chromatographic
column ir the linear region of the isotherm are determined by the kinetic processes in the
column. In order to study the origin of the bandbroadening and tailing of naphthalene in
85% MeOH/H,0 on PRP-1 and to predict the contribution of intra-particle sorption rate to
elution peak shape, the intraparticle sorption rates of naphthalene onto PRP-1 were
measured with the shallow bed technique in the linear region of the sorption isotherm. To
predict the peak eluted from a HPLC column, the sorption rate data was fit to an empirical
tri-exponential equation with non-linear least squares regression.

Chapter 5 will present the approaches used in the prediction of the elution profiles
based on the sorption rate curves.

In chapter 6, the origin of the slow sorption rate of naphthalene on PRP-1 will be

studied using the information from theoretical kinetic models and from the sorption rate

curves of naphthalene on PRP-c°.

4.2 Theory

Generally speaking, a solute transporting from a bulk solution into a porous particle
can experience any or all of the following processes as shown in Figure 4.1: a. film
diffusion [66, 67]: b. intraparticledi{fusion [61, 67-70]. c. adsorption onto the surface
of the pore alls [69]. When a soiute transports from a particle into the bulk soluticn, the

above processes are reversea. A slowness of any of the processes can result in
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bandbroadening and tailing for a solute migrating in a column [69].

An important distinction to be made is that between film diffusion and all of the
other steps described, including intraparticle diffusion and adsorption onto the surface of
the pore walls. All of the later taken together, are responsible for the intraparticle sorption
rate. Experimentally, itis easy to eliminate film diffusion by using a very high flow rate,

as described below.

4.2.1 Film Diffusion

Before being sorbed onto porous particles, a solute initially in the mobile phasc
must first transport through a stagnant film around the particle by diffusion as shown in
Figure 4.1. If diffusion through the film is the rate controlling step and other steps are fast,

the total sorption rate will be governed by the following rate law shown in equation 4.1

[71]):

&: ]1-eRt

Q= 4.1)
where Q is the .~ of sciute sorbest at time t, Qo is the amount of solute sorbed at
equilibrium, and R s -hery:  asant {71j. For a spherical particle, R can be expressed as
in equation 4.2 [71]:

— __3 Dfiim
ro Aro Kp p (4.2)

where 1g 13 the radius of the particle, Ary is the film thickness, Kp is the distribution



Diffusion
into
polymer
(Micropore)

Adsorption
on surface

Surface
diffusion

Diffusic1 in
1 macropore/
mesopore

5 Film diffusion

Figure 4.1 Schematic diagram shows some possible steps which can
occur in a porous particle. Intraparticle sorption includes both
diffusion of a solute through pores / into polymers (1, 2, 4)
and adsoprtion on pore walls/polymers (3), but not film

diffusion (5).
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constant with units of ml/g, P is the particle density, and Dy, is the diffusion coefficient

in the film. The film thickness can be calculated with empirical equations 4.3 and 4.4 [66(:

NP 0.2 Io
1+70 roU 10w flow rate (4.3)

Afy= 0.0029
U high flow rate (4.4)

where U is the interstitial linear velocity. The film thickness decreases with decreasing
particle diameter at a constant U and with increasing flow rate. Ata very high flow rate,
the film thickness is negligible, so, the rate of the film diffusion is extremely fast. Since
film diffusion and intraparticle sorption rate occur in series, the faster the film diffusion
becomes, the smaller contribution it makes to the rate. Atasufficiently hig* !'near velocity,

rate control becomes exclusively intraparticle sorption.

4.2.2 Intraparticle Diffusion

Many commercial polymer sorbents consist of small microspheres formed into
macrospheres. The macropores and mesopores are spaces between the microspheres or the
aggregates of microspheres. The micropores are the spaces between the polymer chains.
Intraparticle diffusion includes: step 1, diffusion through the solution in the

macro/mesopores in the stagnant mobile phase and step 2, surface diffusion on the walls of

macro/mesopores, and step 4, diffusion in the micropores as shown in Figure 4.1. 7ilc
relative importance of the micropore and macropore ¢ «<tane 2y depends on the ratio of the
diffusional time constants, which vary widely witk ::.- ~ombination of sclute and mobile
phase. The time constant is proportional to the square of the particle radius. Variation of

the particle size : .- ““es a simple and straightforward experimental test to confirm the
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nature of the control resistance [72].
4.2.3 Adsorption onto the Surface of the Pore Walls

The intraparticle diffusion steps discussed above are the mass transfer term. If the
sorption rate is controlled by the adsorption step onto a single type of adsorption site rather

than by mass transfer, the sorption rate equation is shown as follows [73, 74]:

g_ = ]-ekeat
Qw (4.5)

where Kq is the first order adsorption rate constant. Adsorption is usually faster than

diffusion [75, 76]. The adsorption step is shown as 3 in Figure 4.1.

4.2.4 The Shallow Bed Theory

The shallow bed mode was earlier described bv Boyd [71] and it has been used to
study the kinetics of sorption on ion exchange resins [77].

The shallow bed .>:%#i: e was used in this work tc measure the sorpticn rates of
naphthalene onto PRP-1 1. ¢RP-«w. There are several kiretic steps in the sorption
processes as illustrated in Figure 4.1. The kinetic rate measured with the shaliow bed
technique includes both intraparticic mass transfer and adsorption. For convenience, the
term "sorption" is used to refer to the comhinci’ process: of pore diffusion and surface
adsorption.

The sorprion of a species i itin a mobile phase onto one type of the sorption sites

in the stationary zone is a reversidle process with a forward and reverse rate constant kg and

k; respectively:



kr (4.6)

Under reversible conditions, the observed sorption rate can be expressed as follows

[78]:

Rate = X x G - kr x G 5 4.7

The equilibrium constant, Kp, for the reversible reaction is the ratio of the forward ratc

constant to the reverse rate constant:

k
Kp = Xt
k: (4.8)
and
K'=Kp¢ (4.9)

where K' is the capacity factor, and ¢ is the phase ratio of a column.

A high flow rate of sample through the shallow bed is required both to eliminate the
contribution of film diffusion rate and to meet another important condition, the "infinitc
solution volume" condition [61. 66] also called the shallow bed condition. Thesc
conditions are met when the sample concentration in the effluent is essentially constant and
equal to the concentration of the influent solution at all the times. If' the shallow bed
co..dition is met, every particle in the bed would encounter the mobile phase solution at the
same concentiation. There would be no sample concer.tration gradient along the bed in the
mobile phase due to the sorption of a sample onto the stationary phase.

In order to obtain a higher flow rate, a short column was used to reduce the

resistance of the bed. A short column is also necessary to minimize the time nceded W
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sweep out the solution between particles in the bed with sample solution. In the shallow
bed experiment, this step is assumed to occur instantaneously because of the very high
flow rate. All the particies in the shallo" bed experience the same solution at all times and
will therefore undergo sorption processes at the same rate regardless of geographical
location in the column.

Strictly speaking, the shallow bed condition is impossible to achieve because
sample is being sorbed out of mobile phase. However, in practice, if the flow rate passing

through the shallow bed is sufficiently faster than the rate of decrease in the concentration

of a sample . *ile phase, the sample conceatration in the mobile phase is essentially
constant. F R on kinetics, a high flow rate is needed. In this study, the shallow
bed condition . . .sted by measuring the amount of naphthalene sorbed at short times

against the flow rates through the bed. Thisis a good test because the concentration in the
mobile phase is reduced most rapiily early in the experiment.

It is interesting to compare a sorption rate curve and a breakthrough curve. The
sorption rate curve is a plot of t::c sample concentration, in the stationary phase,Cs, versus
time {61]. The sample concentration in the effiuent is always constant when the shallow
bed condition is met and is equal to the sample concentration in the influent. At a very
short time, a small amount of samplc has been sorbed onto the sorbent, but under the
shallow bed condition, the amount sorbed does not cause any sign.iicant decrease in
sample concentration in the mobile phase. At a long tinie, the sorbent apsproaches
equilibrium with the mobile phase. A sorption rate curve is illustrated in Figure 4.2. The
faster the sorption rate, the more steep the initial part of sorption rate curve.

The typical breakthrough curve is a plot of the sample concentration in the effluent,

Ce. versus



Cs (Mol/g)

0 Time

Figure 42 Diagrammatic sorption rate curve for a sample. Csis the

amount of the sa,.,ple sorbed on the sorbent at a certain time
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time. It is measured at relatively slow linear velocity so that the sorbent and solution are
not far from load equilibrium. No sample is eluted and detected in the effluent before
breakthrough. The concentration in the effluent changes continuously until the total
breakthrough (point e in Figure 3.3) occurs where the sample is at equilibrium between the
sorbent and the mobile phase. In contrast, at the high linear velocities used in a shallow
bed, the sorbent and solution are far from equilibrium early in the experiment. The
breakthrough for the shallow bed occurs at time zero. However, the sorbent is not al
equilibrium with the sample solution. Equilibrium between sorbent and solution is slowly

approached.
4.2.5 Empirical Tri-exponential Equation

In order to predict the peak which would elute from an analytical HPLC column of
PRP-1, it was desired to fit the sorption rate data of naphthalene on PRP-1 to an cmpirical
tri-exponential equation, using non-linear least squares regression [79]. The tri-exponcntial
equation is not based on any theoretical model of particle or pore propertics. The tri-

exponential has the form shown in equation 4.10 [80]:

F= Q. 1- 3L exp(-kjt) - Illexp(-kzt) L3 exp(-kat)
w 10 Do Mo (4.10)

where F is the fraction of solute sorbed at time t, n; through n3 are moles of solute sorbed
at equilibrium on each hypothetical type of site in a column, and k; through k3 represent the
sorption rate constants associated with each type of hypothetical sorption sitc of nj through
n3. In the linear region of the solute sorption isotherm, the values of ny through n3 arc
proportional to the number of type 1 through type 3 hypothetical sorption sites. ng is

proportional to the total number of the hypothetical sorption sites available for a solutc in a
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column (ng = np + nz +n3). Itshould be realized that in reality a column could have more
than three types of sorption sites, and the theoretical number of each hypothetical site could
be morc than ny, ng and n3.

It is important to note that no physical reality should be attached to the parameters in
equation 4.10. Itis only in a purely formal sense that there are different types of sites in a
column. When describing the sorption rate curve with equation 4.10, it is not necessary o
make any assumption about pore structure, miass transfer and so on. The tri-exponential
equation is used instead of a mono-, or bi-expenential equation because it gives the best fit
to the experimental sorption data for naphthalene on PRP-1 with the least number of
exponcential terms. It is also important to point out that the six parameters in the equation
4.10 are not independent, but are correlated.

The choice of a sum of exponential terms to describe the sorption rate curve is
necessary because it is possible to predict the shapes of the hypothetical el caks that
would arise separately from each of the exponential terms in equation 4.10. An exponential
term is required in the calculation of the predicted peak using Giddings' probability
equation [69, 83] because the probability equation was derived under the condition of
reversible first order kinetics. Furthermore, itis possible to convolve all such peak shape

contributions mathematically in order to predict the elution peak that would arise from the

overall sorption rate.
4.3 Measurement of Sorption Rates

The sorption rate of a solute on HPLC statio;lary phases has been the subject of
relatively few studies. It has proven to be an experimental challenge. Chromatography,
relaxation and uptake rate methods are three different methods which have been previously
applied to experimentally measure intraparticle sorption rates on chromatographic packings.

In a chromatographic method, a column packed with a sorbent is subjected to a
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perturbation in the inlet concentration of a solute, and an elution peak at the column outlet is
measured. The plate height is calculated from the peak. A plot of the plate heights versus
the mobile phase linear velocity is fitted to a theoretical equation such as the van Deemter

equation shown in equation 4.11 [49, 84, 85].

H=B +A+CUp

B
Uo (4.11)

In term of chromatography, the intraparticle sorption rate which is related to the C term in
the van Deemter equation, can be determined.

Muller and Carr [86] determined the rate constants for dissociation of sugar
derivatives from silica immobilized concanavalin A using high performance liquid affinity
chromatography. They used a theoretical plate height equation given by Horvath and Lin
[87] to fit the plot of the plate height versus the mobile phase linear velocity. The kinctic
term, including diffusion in the stagnant mobile phase and adsorption-desorption of a
solute by the ligand in the stationary phase, was ~btained by subtracting the non-kinctic
term, including the axial dispersion and the non-uniform mobile phase lincar velocity
effects, from the overall kinetic effects. The non-kinetic term was either estimated by a
non-adsorbed sugar with the same molecular weight and a similar chemical structurc or by
using various structural packing parameters {rom typical literature data for the packing.

Similarly, Groh and Halaze [85] determined the kinetic rate constants in the pores
of a column filled with silica in size exclusion chromatography. The plot of the plate height
versus the mobile phase linear velocity was fit {o the van Deemter equation [84]. The total
plate heights were measured using dry eluent where the solute can penetrate into the pores.
The plate heights associated with the interstitial processcs were measured with a wet eluent
where the pores are filled with water and therefore which is impenetrable to the solute. The
kinetic rate constants associated with the pores were obtained by subtraction of the

interstitial plate heights from the total plate heights.
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A similar technique was also used in affinity chromatography [88] where the peak
split into a non-retained and a retained component. The fraction of a solute retained was
plotted versus the mobile phase linear velocity. The slope gave the sum of the mass
transfer resistances and the adsorption-desorption resistance. Under a situation where onc
of the resistances can be determined éxpeﬁmentally, the other can be obtained by
subtraction.

For the measurement of the intraparticle sorntion rate by the chromatographic
method, the experimental setup is simple, a normal HPLC system is required. In the
situation that the adsorption-desorption is fast, the mass transfer process is the limiting
step. The total mass transfer resistance can be determined and the individual mass transfer
resistance, such as external film diffusion, macropore diffusion and micropore diffusion,
can be obtained by varying the size of a particle. On the other hand, if adsorption-
desorption is the limiting step, the mass transfer terin is negligible and can not be accurately
measured [89].

The easc with which the kinetic term and the axial dispersion term can be
determined depends on the relative magnitude of the resistances. If the kinetic term is
small, the dispersion of a sample will be caused mainly by the axial dispersion, and under
this condition, it is not possible to derive any information concerning the Kkinetic
resistances. Even when the kinetic term is dominant in the dispersion of a sample, plate
heights from the non-kinetic term must be subtracted from the total plate heights. This will
introduce errors when these non-kinetic terms are esiimated using packing parameters.

Although the plate height theory is well developed, the accuracy in the calculation of
the plate heights are complicated by such factors as extra-column effects [87], errors in the
calculation of the statistical moments [90], and the dependency of some terms on the
capacity factor, K' [87, 91, 92]. In addition, the chromatograms must be measured in the
linear region of the isotherm, because the total plate heights are equal to the sum of several

individual plate heights from each process which are independent of each other within the
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linear region of the isotherm [89].

In the relaxation method [93], a system is initially at equilibrium under a given sct
of conditions. One of the physical properties is suddenly changed and the system is no
longer at equilibrium. It then relaxes to a new state of equilibrium. The speed witl: which
it relaxes can be measured, usually by spectroscopy. There are various ways 1n which tie
equilibrium can be disturbed, such as pressure change and temperature change. By
jumping the temperature or the pressure to perturb the equilibrium on a ‘ime scale faster
than the fastest rate of reaction of the system, one can observe the system as it relaxes back
to its new equilibrium and thereby determine the rates of the reaction.

The first direct measurement of sorption-desorption rates on an alkylated silica
surface in ion pair chromatography was performed by Marshall and coworker [94] using a
pressure jump relaxation kinetic method with a fluorescent solute. The sorption rate
constant on the surface was found to be 1.4 x10% /mol s. The desorption rate constants on
silica surface investigated ranged from 600 s-! to 2000 s-1 for different atkylated silicas.
They also observed that the first fast rise in fluorescence intensity within 5 ps was followed
by a second, slow fall in florescence intensity around 0.025 to 0.1 scconds. The time of
the slow fluorescence decay was independent of the concentrations of ion pair in the
solution, of the amount of silica and of the chemical modification. However, the complete
relaxation time was dependent on the por. sizes of the silica used. For a large pore size
silica, the relaxation time was larger. It suggested that the sample molecules may penetrate
deeply into the particle.

The pressure relaxation method can be used to measure a very fast sorption-
desorption rate of 50 to 80us [94] . However, as the molecules penetrate into the pore
deeply, it becomes harder to observe the fluorescence signals .

In another paper published by Marshall et al.[95], a temperature jump relaxation
kinetic method was used to measure the sorption-desorption rate constant at the Cg surface

on a 100ys time scale. The desorption rate constant on ODS surface was 4.9 x 108 I/mol s.



A slow relaxation at a longer iime of 2 ms was also observed and was temporarily
atiributed to diffusion of molecules within the porous siructures of the silica gel.

The last of the commonly used approaches for measuring the sorption rate is the
uptake rate measurement. The uptake rate measurement can be performed in two modes.
One is the batch mode, the other is the column mode. In the batch mode [96-98], a known
weight of stationary phase is contacted with a solution of known concentration and volume
of the sample at a constant temperature. Agitation is provided by stirring or shaking. The
batch mode can be performed with either "infinite solution volume" where the fraction of
solute sorbed out of the solution is very small, so that the concentration of the solute in the
solution is essentially constant. The armount of sample sorbed on the sorbent has to bc
measured. The sorbent must be separated from the solution periodically, and the amount
solute sorbed is eluted and determined. In "finite solution volume" where the fraction of a
solute sorbed from the mobile phase is significant, either the concentration change in the
solution or the amount sorbed on the sorbent may be measured.

In the batch method, a number of sample withdrawals are required for determining
the uptake as a function of time. This method is used to measure relatively slow sorption
rate. However, it consumes a small amount of sample solution and solvent. The apparatus
is simple, the measurement at a certain time can be repeated, and therefore statistical errors
can be reduced.

In the shallow bed column mode [66, 71, 77, 99-103], a very thin layer of sorbent
is packed in a tube, and a known concentration of solution is forced through the bed at a
high and constant flow rate for various periods of times. The uptake rates are measured
under the "infinite solution volume" condition where the concentration of a solution in the
effluent is nearly identical to thatin the influent solution, and all of the sorbent particles in
the bed are bathed in a solution containing the initial concentration of solute. The solute
sorbed on the sorbent is then eluted and determined.

The shallow bed technique can be used to measure fast sorption rate. However, in
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the shallow bed technique, the apparatus is complex, more sample solution and cluent are
used. In this work, the shallow bed technique was used in a maodified form for the

measurement of the sorption rates of naphthalene on PKP-1 and PRP-o .

4.4 Results and Discussion

4.4.1 Testing Switching Valve, V2, t¢ Control the Exposure Times

The sorption rate of naphthalene onto 10um diameter of PRP-1 was shown to be
very fast. In an earlier, approximate measurement, over 30% of the equilibrium amount
had been reported to be sorbed within 0.4 seconds [54]. Itis important to measure the
sorption rate curve accurately, especially at shorter times. A six way rotary valve was
introduced to control the exposure time, because opening and closing a valve is much faster
than pulling a slider with a lever. The minimum time, which is determined by the speed at
which the valve could be opened and closed, is 0.04 second, which is ten times smaller
than that in the previous study [54]. Valve V2 was placed right below the slider valve as
shown in Figure 2.2. The question was whether the flow through the bed was really
stopped when V2 was closed. To answer this question, the bed was left in the loading
position for various periods of times when V2 was closed, while V1 was set to sample
solution. The amount of a sample which enters the bed when valve V2 is closed, was
independent of time as shown in Table 4.1.

During normal operation, 5 seconds was the minimum time with V2 closed. Table
4.2 shows the amount of phloroglucinol, a non-sorbed compound, entering the bed when
V2 was opened. The amount of phloroglucinol in the bed with V2 closed (Table 4.1) is
only 27% to 22% of thiat amount with V2 being opened from 0.2 to 2 seconds (Table 4.2).

This amount of phloroglucinol has not reached the sorbent yet, because the height of the
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The amount of 9.744 x 10-5 M phloroglucinol in 85% MeOH/ H20 in a bed

of PRP-1 when valve V2 was closed.

Time (s) Area
5 20072
10 18865
32 16204
40 20153
60 19615
Average + SD 19582 + 548




Table 4.2
of PRP-1 when the valve 2 was opened.
Time (s) Area RD % @

0.28 76928 26
0.32 73536 27
0.33 74507 26
0.66 80015 25
0.91 87554 22

1.2 88431 22

1.9 87887 22

_ Area(with V2 closed)

a

~ Area (with V2 opened)

75

The amount of 9.744 x 10~3 M phloroglucinol in 85% MeOH/H20 in a bed
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shallow bed is about 0.43 mm , and the height of the 2um s.s retention screen at the bottom
plus the space below the screen is about 0.15mm. The total height of the Kel-F insert in
the slider, in which a hole is drilled to accommodate the shallow bed, is 2.2 mm. 27% of
the total height of the hole is 0.6 mm. This means that the phloroglucinol containing
solution moves only 0.6 mm into the hole before V2 is opened. Since, the top of the
sorbent bed is about 1.6 mm down the hole, no phloroglucinol has come in contact with the
sorbent before V2 is opened. The same should be true of the naphthalene containing
solution. It is the amount sorbed on the packing that is of interest in the measurement of
the sorption rate curve, but none contacts the packing before V2 is opened. Therefore, as

desired, the sorption rate experiment begins only when V2 is opened.
4.4.2 Shunting off the Sample Flow Through the Bed

Uniformity of flow through the bed is also important in the measurement of the
sorption rate. All the particles in the bed must be exposed simultaneously to either the
eluent driven by the HPLC pump or to the sample solution driven by a constant pressure
cylinder. The solution which flows through the bed was shunted off to bypass the bed
when the slider was being pulled from the sample loading to the sample elution position or
the reverse. If the eluent were not shunted off while the bed were being pulled from the
Joading to the elution position, all the particles in the bed would not contact the eluent
simultaneously. Those particles on the right edge of the bed would encounter the eluent
first, this will cause non-uniformity in the packing.

One important thing that needed to be checked was that the flow rates through the
bed in the elution position must be constant regardless of the position to which V3 is
switched. The area of the eluted solute peak seen in the detection, which is proportional to
the amount of naphthalene sorbed on the packing, is also inversely proportional to the flow

rate. Therefore, the flow rate must be kept constant during the times when the sorbed
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amount was being eluted from the sorbent. A constant elution flow rate ensures an accurate
determination of the sorption amount.

The flow rate was tested when the bed was in both the loading and the elution
positions while the valve V3 was set either to bypass or to flow through the bed.  The flow
rate of eluent driven by the HPLC pump was set t0 0.5 ml/min, and the HPL.C pump ran in
a constant flow mode. Initially, the shallow bed was in the loading position, 2ad the
dummy hole was in the elution position. V3 was set to either bypass or flow through the
dummy hole. The flow rates were the same in both positions of V3 as shown in Table
4.3a. There is no statistical difference between the two average flow rates according to the
t-test. Next, the slider was moved to the elution position, and V3 was set to both bypass
and flow through positions. Again, the flow rates were not altered by opening and closing
V3 as shown in Table 4.3b according to the t-test. Therefore, the position of V3 does not

affect the flow rate when the HPLC pump is run in the constant flow mode.

4.4.3 Testing the Shallow Bed Condition in PRP-1

One way to determine if the shallow bed condition is maintained in the experiment
is to measure the effects of a change of the solution flow rate through the bed on the initial
sorption rate curves. The effect will be greatest at the short exposure times where the
sorption rate of naphthalene onto the sorbent is highest and the sample concentration in the
mobile phase is more likely to be decreased by the sorption of the sample. 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
in the mobile phase. If the flow rate of the sample solution is increased beyond this point,
the sorption rate curve should not vary with flow rates. When this is true it ensures that the
shallow bed condition is met, and also that the thickness of the film around the particle is

small enough that film diffusion is negligible. The experimental parameters in the test of
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Table4.3a  The dependence of flow rate, F2, in Figure 2.2 through the dummy hole on

the position of V3. The shallow bed was placed in the sample loading

position while V3 was set to either bypass or pass the bed. F2 was set at

0.5mi/min.

V3 was set to bypass the dummy hole

Volume collected (ml) Time (min) F2 (ml/min)
1.07 2.0336 0.526
1.04 2.0750 0.501
1.80 3.2992 0.546
Average F2 + SD 0.524 + 0.02
V3 was set to pass the dummy hole
Volume collected (m)) Time (min) F2 (ml/min)
1.38 2.5446 0.542
1.29 2.3531 0.548
1.07 2.0508 0.522
Average F2 + SD 0.537 + 0.01
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Table 43b  The dependence of flow rate, F2, in Figure 2.2 through the shallow bed on

the position of V3. The shallow bed was placed in the sample elution

position while V3 was set to either bypass or pass the bed. F2 was sei at

0.5ml/min.

V3 was set to bypass the bed

Volume collected (ml) Time (min) F2 (ml/min)

1.73 3.2289 0.536

1.71 3.2490 0.526

2.17 4.2535 0.510
Average F2 + SD 0.524+ 0.01

V3 was set to pass the bed

Volume collected (ml) Time (min) F2 (ml/min)

1.33 2.5035 0.531

1.59 3.1422 0.506

1.54 3.0579 0.504
Average F2 + SD 0.514+ 0.02
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the shallow bed condition for naphthalene on PRP-1 are shown in Table 4.4. Figure 4.3
shows the effects of varying the interstitial linear velocity of the sample solution through
the shallow bed on the sorption rate curves within the first 0.7 seconds. The interstitial
linear velocity is calculated with equation 2.1. During the initial 0.05 second, the sorption
rate curves are approximately linear. The slopes was calculated by the lines corresponding
to the points between the time zero and the time 0.05 seconds. The amount

sorbed within this timeis 11.2 +2.1% of the equilibrium value- The slopes are presented
as a function of the interstitial linear velocity in Table 4.5. It is seen that when U > 16.4
cm/s, the sorption rate is independent of U. This means that the bed of PRP-1 acts as a
shallow bed and the observed sorption rate is equal to the intra-particle sorption rate. All
the measurements of the sorption rate curve in this study were made at an interstitial linear
velocity higher than 16.3 cm/s.

The volume of sample solution which passes through the spaces between the
particles in the bed at the minimum exposure time of 0.04 seconds and the minimum
interstitial linear velocity of 16.4 cm/s, (i.e. 21.16 ml/min), is 0.0144 ml. The interparticle
volume which was calculated from the interparticle porosity and the weight of packing in
the bed is about 8.26 x 104 mL. Therefore, about 17 interparticle volumes have passed
through the shallow bed within 0.04 seconds. This corresponds to over 400 interstitial bed

volumes per second.
4.4.4 Sorption Rate Curves of Naphthalene on PRP-1

Shown in Figure 4.4 is the sorption rate curve of naphthalene on PRP-1 for run 1,
and shown in Figures 4.5, 4.6 and 4.7 are the sorption rate curves of naphthalene on PRP-
1 forrun 2, 3 and 4. The data in each Figure were normalized to the equilibrium value of
no. The points are experimental. The solid line represents the tri-exponential equation

which fits well over the entire sorption rate data. It is seen that about 50% of the total
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Table 4.4 Experimental parameters in the measurement of the shallow bed condition in

the bed of PRP-1. 4.8986 x 106 M naphthalene in 85% McOH/H20 was

used.
Parameter Value
PRP-1 1.12 + 0.02 mg
F2 0.5 ml/min
Detector wavelength 276 nm
Detector range 0.02 A.U.E.S.
Recorder chart speed 0.2 In/min
Recorder range 0.01 V.E.S.
Sample solution temperate 25.20C +0.20C
Shallow bed temperate 25.10C £0.29C
Integrator ATTA2 3
THRSH 1
PK WD 0.16




Table 4.5 Dependence of the initial sorption rates of naphthalene on the interstitial

linear velocity of a solution through the shallow bed of PRP-1.

U (cm/s) Initial rate (mol/g/s)@
12.6 2.9 10°10
16.4 6.3 x 1010
19.1 7.4 x 10-10
20.6 6.9 x 10-10
24.0 6.1 x 10-10
28.5 6.9 x 10-10

a Initial sorption rate is for the time of 0.05 seconds.
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Figure 4.3  Testing the shallow bed condition in PRP-1. Amount sorbed

for naphthalene in 85% MeOH/H20 as a function of the interstitial

velocity of sample solution through the shallow bed.
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naphthalene was sorbed within 0.2 seconds and about 90% was sorbed within 1.0 second.
There is a very slow increase after 1 second.

Also shown in Figure 4.4 are the individual contributions from each of the three
terms in the tri-exponential equation. At shorter time, the first term, Fy, is a major
contributor, and the second term, F, is the intermediate contributor to the sorption rate
curve. The third term, F3, is the major contributor at longer time when F1 and F2 are
nearly at equilibrium.

The sorption rate studies were repeated four times. The constants n; and k;
obtained from the tri-exponential fit of the sorption rate data are presented in Table 4.6.
Different linear velocities were used in each of the four kinetic measurements of sorption,
but all of them were high enough to achieve both the shallow bed condition and the
intraparticle sorption rate control. When comparing the n; and k; value in Table 4.6, it is
important to realize that these constants have no physical reality, but are merely empirical
curve fitting parameters. The six constants in equation 4.10 are not fully independent of
one another and the predicted peaks are determined by the six parameters together. As a
result, agreement among these parameters from run to run is not required.

Table 4.6 also shows the error norms [81, 82] which is the square root of the
square of the residue between the experimental and the theory. The error norms reflects the
goodness of the tri-exponential fit. All the error norms for the kinetic sorption rate curves
are very close to each other. The presented error norm for each kinetic run is the smallest
as determined by fitting the data many times using a variety of initial estimates of n3 and k3,
since the error norm is only sensitive to n3 and k3.

The presence of any significant amount of scatter in the experimental data creates
some ambiguity in establishing the values of these six parameters. In particular, it was
observed that the constants of k3 and n3 in the third term of the tri-exponential were the
most sensitive to the experimental errors [80], because they always represent the slowly

rising part of a sorption rate curve as shown in Figure 4.4. During the slow rising part, the
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amount sorbed changes very little, so that the sorbed amount suffers the most experimental
errors. A nearly equally good fit of the rate data could be obtained with scveral
combinations of k3 and n3. For the curve fitting itself, that is not a problem, because any
good fitis acceptable. However, in the prediction of an elution peak using the parameters
(chapter 5), different combinations of k3 and n3 will cause a problem because the shape of
a peak is dependent on the values of k3 and n3. Therefore, a set of criteria have been used
to select one correct combination of k3 and n3 which should be used in the predictionof an

elution peak. Those criteria will be explored in Chapter 5.
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Figure 4.4  Sorption rate curve for naphthalene on PRP-1 in 85% MeOH/H20.
(W= 1.20 mg). The experimental data points are overlaid by a solid line
representing the tri-exponential equation. The data are normalized to the
value at equilibrium. The tri-exponential constants for this sorption rate
curve are shown in the first column in Table 4.6. Also shown are
contributions from the three exponential terms to the overall sorption

rate curve. Number 1, 2 and 3 are contributions to the curve from the first,

second and third term.



Table 4.6 Constants from the tri-exponential equation 4.10 describing four separatc
sorption rate curves of naphthalene on a shallow bed of PRP-1.
Run No 1 2 3 4
U (cm/s) 19.1 24.0 20.6 17.6
ng (mol/g) 1.1 x 1077 1.1x 107 1.1 x 1077 89x 108
nj (mol/g) 7.8 x 108 2.5x 108 57x 108 6.7 x 108
n2 (mol/g) 2.4x 108 7.8 x 108 49x 108 1.4x 108
n3 (mol/g) 5.6 x 109 9.9 x 109 6.7 x 109 6.8 x 109
ki (s 4.23 19.6 11.1 3.95
k2 s 0.853 2.70 1.37 0.608
k3 (s71) 0.0120 0.149 0.0309 0.0244
Error norm 6.4 x 109 6.5x 109 5.4 x 109 8.1x 109




Figure 4.5
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Sorption rate curve for naphthalene on PRP-1 in 85% MeOH/H20.

(Wt = 1.12 mg). The experimental data points are overlaid by a solid line
representing the tri-exponential equation. The data are normalized to the
value at equilibrium. The tri-exponential constants for this sorption rate

curve are shown in the second column in Table 4.6.



Figure 4.6

89

1.0
0.8
0.6
0.4

0.2¢

0 +—m—r—TT
000 10 20 30 40 50 60 70

Time(s)
Sorption rate curve for naphthalene on PRP-1 in 85% MeOH/H20.
(Wt=1.12 mg). The experimental data points are overlaid by a solid linc
representing the tri-exponential equation. The data are normalized to the
value at equilibrium. The tri-exponential constants for this sorpiiorn rate

curve are shown in the third column in Table 4.6.
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Sorption rate curve for naphthalene on PRP-1 in 85% MeOH/H20.
(Wt=1.00 mg). The experimental data points are overlaid by a solid line
representing the tri-exponential equation. The data are normalized to the
value at equilibrium. The tri-exponential constants for this sorption rate

curve are shown in the fourth column in Table 4.6.
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Chapter §

Prediction of the Elution Peaks from the Sorption Rate Curves

5.1 Introduction

Bandbroadening and asymmetry are problems to the users of all forms of
chromatography in areas such as analysis, physicochemical measurement and preparative
scale separation. Narrow and symmetric peaks are desired in high efficiency
chromatographic performance. Several physical processes and chemical reactions will
affect the magnitude of bandbroadening and asymmetry. The contribution from each
process to bandbroadening is equivalent to the relative plate height contribution from that
process with respect to the overat! plate height of the column.

In an "ideal" column and at an infinitely dilute concentration of a solute, a peak
would maintain its initial profile unaltered as it migrates down a column. An infinitely
narrow injected peak would still be infinitely narrow at the outlet of a column and the height
equivalent to a theoretical plate (HETP) would be zero. This is called linear ideal
chromatography.

In the real world, linear ideal chromatography does not exist. In a real column and
at an infinite dilute concentration, an infinitely narrow injected peak would broaden and
perhaps become asymmetric due to the spreading processes as it migrates down a column.
This is called linear non-ideal chromatography.

Non-ideal peak broadening processes are usually classified into two groups. In the
first group, there are those processes which are present in every column and therefore may
be described as "normal" processes. These processes include axial diffusion, non-
equilibrium due to resistance to mass transfer between phases, and spreading due to non-

uniform flow paths in a packed column.
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"Normal" processes tend to broaden a peak virtually symmetrically provided that
the concentration gradients are the same on each side of the peak. That is, if the column
contains a large number of plates and the solute is at infinite dilution.

In the second group, there are processes which are not present in every column and
therefore can be described as "abnormal" process. This includes "slow kinetic process"”.

The slow kinetic processes usually lead to more asymmetrical and tailed peaks than "normal

processes" [60].

In this thesis, linear non-ideal chromatography with slow kinetic processes 1s
studied. The normal non-ideal effects are much smaller compared to the slow kinetic
processes. The effects ol slow kinetics on the chromatographic peak shape were first
modeled by Giddings using a two site model, on the basis of the statistical theory. In this

thesis, prediction of an elution peak from a sorption rate curve is based on an extension of

the Giddings' two site model.

5.2 Theory
5.2.1 Bandbroadening Processes in Liquid Chromatography

The phenomenon of bandbroadening in a packed column has been extensively
treated in the literature [67-69, 87, 104-110].

The theoretical plate model is frequently used in describing the normal
bandbroadening processes. Plate height is equal to the increase in the variance of the peak

profile per unit length of column. Itis expressed in equation 5.1:

ok
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(5.1)
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where Ox. jis the variance in distance units, and X is the distance the sample has travelled
down the column. When several independent peak spreading processes are present, the

law of additivity applies [69]:

and,

i
Hiotal = z Hj
=1 (5.3)

where j is the number of a bandbroadening process.

5.2.1.1 Longitudinal Diffusion

On injection of an infinitely narrow band of sample onto the top of a column,
molecules diffuse away from the narrow band both forward and backward from the center
of the band due to the Brownian thermal motion. The resultant profile of the sample is

Gaussian and the variance of the diffusion is described by a modified Einstein equation 5.4

[69]:

*=2YDntp (5.4)

and,

S
"
Sl

(5.5)
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The obstruction factor, Y , is about 0.5 to 0.8 in a packed column, and is added to the
Einstein equation because the diffusion pathway is not straight among the particles. Dpy is

the solute diffusion coefficient in the mobile phase and has units of cm?/s. tp is the time
that a sample takes to diffuse, Up is the mobile phase linear velocity, and L is the length of

a column. Substituting equation 5.5 into 5.4 [69], gives:

L U (5.6)

Since the plate height is defined as variance per length, the plate height associated with the

longitudinal diffusion is expressed in equation 5.7 [69]:

Hip = 2 X_.Dm
Uo (5.7)

1t can be seen that longitudinal diffusion is inversely proportional to the mobile phase linear
velocity and is significant at low linear velocity. For the flow rates commonly used in LC,
longitudinal diffusion is negligible. Under some circumstance, longitudinal diffusion can
also occur in the stationary phase, however, the diffusion coefficientin the stationary phase

is small compared to Dy. Therefore, the magnitude of longitudinal diffusion in the

stationary phase is also small.
5.2.1.2 Eddy Diffusion
Eddy diffusion is caused by the non-uniformity in the packing structure across the

bed. The non-uniformity in packing is due to the differences in the particle sizes and

shapes. There are many different possible velocities at which an individual molecule might
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move. There are mainly five types of flow non-uniformities in the bed according to
Giddings. 1. Trans-particle effects which are the different velocities occurring on different
sides of a particle. 2. Short range inter-channel effects which are the different velocities
across a small number of particles. 3. Larger range inter-channel effects which arc the
velocity differences between regions separated by a layer number of particles. 4. Trans-
channel effects which are the different velocities across a single interparticle channel in
which the mobile phase velocity approaches a parabolic flow profile. 5. Trans-column
velocity occurs near the walls of the column across the width of the column where, for
example, the velocity may be faster than the velocity in the center. The non-uniformity of
flow can be relaxed by lateral convective mass transfer of samplc molecules between flow
streams of various linear velocities.

The plate height associated with Eddy diffusion is expressed in equation 5.8 [69] :

Heaay = 2Adp (5.8)

where A is a packing parameter, which decreases with increasing particle diameter due to it
being easier to pack a column uniformly with larger particles. It has a typical value of 10.

The parameter dp is the diameter of a particle. Since the lateral convection diffusion results

from the packing geometry only, HEady is independent of mobile phase velocity.
5.2.1.3 Resistance to Mass Transfer in the Mobile Phase

As just discussed, in a packed bed, there are regions of different mobile phasc
velocities. Some molecules move at a higher velocity, some move at a lower velocity.
Velocity inequality can be present across a single particle, across a group of particles and
across the entire column. There are five types of flow velocities classified by Giddings as

discussed in the section 5.2.7.2. These different velocities occur because of the non-
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homogeneity of the bed. Two lateral mass transfer processes can relax the non-uniform
flow pattern: lateral convection which is included in the Eddy term and lateral diffusion
which will be considered in this section.

If lateral diffusion occurred infinitely fast, the molecules would rapidly move
laterally from higher velocity regions to lower velocity regions. All the molecules would
experience identical average velocity. There would be no bandbroadening. However,
lateral diffusion occurs at a finite rate so that there is a net bandbroadening effect. The plate

height contribution from the lateral diffusion in the mobile phase is given in equation 5.9

[69] :

ﬁm _o d% U—o
Dm (5.9)

where w is a packing factor which is small for a uniformly packed bed and usually has a

value of about 5. It increases for irregularly shaped particles and decreases with increase in

the particle size.

5.2.1.4 Coupling of the Eddy and the Lateral Diffusion Term

Eddy diffusion and lateral diffusion together relax non-uniform flow patterns in a
packed bed and are not independent of each other [69]. When a molecule moves in the
flow stream, the two processes occur simultaneously. The associated plate heights,

however, can not be simply added. Giddings has combined the Hm and ﬁEddy

contributions as shown in equation 5.10 and referred to this as the coupled plate height

term [69].

I'_'Icouple = _-—1—+ :l—)-l
Hedy Hm (5.10)



When ﬁElddy >> Hpm, the coupling term will approach the value of Hm. On the other hand,
when ﬁEddy << -]'Tm, which usually occurs at high flow rate, the coupling term will
approach ﬁﬁddy_ The coupling term is not a rigorous solution to the combination of the two

steps, but is a simplified manner of combining the two processes.
5.2.1.5 Resistance to Mass Transfer in the Stagnant Mobile Phase

Before a molecule is sorbed onto the stationary phase, it must diffuse through the
stagnant mobile phase present in the pores of the particle. The mobile phase velocity in the
stagnant mobile phase is zero. The sample molecules can move through the pores only by
diffusion and the rate of diffusion is dependent on the diffusion coefficient of the sample in
the mobile phase and on the geometry of the pores. The diffusion into and out of the
stagnant mobile phase is not infinitely fast. Therefore, there is non-equilibrium between
the stagnant mobile phase and the moving mobile phase. At the same time, molecules in
the moving mobile phase are continuously migrating down the column. Thus, there is a
zone of high concentration of sample in the leading half of the band in the mobilc phasc.
Once the maximum of the band center passes the region, the mobile phase brings a lower
concentration of sample into the region. Sample diffusion through the stagnant mobile
phase to the moving mobile phase also takes time, therefore, the mobile phase and the
stagnant mobile phase are not at equilibrium, and the trailing half of the band in the mobile
phase contains a low concentration zone. In the stagnant mobile phase, the opposite
situation exists. There is a concentration deficiency in the stagnant mobile phase for the
leading half of the sample zone and a concentration excess for the back half. If the
diffusion into or out of the stagnant mobile phase is not too slow, and the time a molecule
takes to diffuse is less than half of the standard deviation of the peak, the non-equilibrium

effect is not large, and a Gaussian peak will be observed [69, 83, 111].
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Bandbroadening associated with the stagnant mobile phase is dependent upon the
diffusion within the pores and upon the mobile phase linear velocity. The slower the rate
of the diffusion, the more time a molecule takes to diffuse through the pores, and the
molecules in the stagnant mobile phase fall far behind the moving mobile phase, the same
thing happens when the mobile phase linear velocity is increased. The plate height

contribution from the stagnant mobile phase is given in equation 5.11 [69]:

g, - fetdK) djUo
¥ Dn (5.11)
Where
n2
fot = (1-f+K") _
30 (1-f) (1+K) (5.12)
and
f = Eintra
€T (5.13)

Here, y' is the obstruction factor which accounts for the tortuosity of the pores, and is less
than 1. Dy, and dp have been previously defined. K' is denoted as the capacity factor, and
f is the intraparticle porosity divided by the sum of the intra and interparticle porosity. It is
usually around 0.5. In deriving equation 5.11, diffusion through the pores in a spherical
particle is approximated by a first order (exponential) rate law by making the so-called
"linear driving force" approximation in equation 6.7 in chapter 6. Hem is only present in a

column packad with porous particles.

§.2.1.6 Resistance to Mass Transfer in the Stationary Phase
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Bandbroadening from this process is also caused by non-equilibrium between the
mobile phase and the stationary phase. In this process, a molecule is adsorbed onto the
stationary phase and becomes immobilized temporarily. Meanwhile, the molecules in the
flowing zone of the mobile phase will continue to move down the column. Becausc the
adsorption and desorption of a sample have a finite rate, the molecules, which are being
adsorbed and desorbed, fall behind the moving band, causing band spreading. The amount
that a zone spreads is proportional to the time the molecules spend on the stationary phasc
before the desorption occurs. The reasons for band spreading caused by this process arc
quite similar to those in section 5.2.1.5 in relation to Him, except that the stationary phasc
takes the place of the stagnant mobile phase in the pores.

The plate height contribution from the rate of adsorption-desorption is given by

equation 5.14 [69]:

f=—2K Uo
(1+K"? k4 (5.14)

where kg is the desorption rate constant. In deriving this equation, the reversible
adsorption-desoprtion process is asumed to follow a first order (exponential) ratc law, as

discussed in section 4.2.3 above.
5.2.1.7 Overall Column Bandbroadening

The overall bandbroadening in a packed column is the sum of the plate height
contributions from each process which was discussed in the above sections. According
the additive law of the variance, the overall plate height is the sum of the plate heights

associated with each bandbroadening process as shown in equation 5.15 [69]:
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H = Hip +Hoouple + Hom +Hs (5.15)

5.2.1.8 Extra-Column Bandbroadening

In addition to the dispersion caused by the individual physical processes present in
a column, there are also bandbroadening effects from the extra-column components such as
the injector, connecting tubing, fittings, detector cell and the electronic readout system [60,
110, 111].

Radial concentration gradients due to the Laminar flow velocity profile in an open
non-adsorbing tube produce band-spreading. Changes in tube diameter and in flow across
connectors and fittings can cause both bandbroadening and exponential distortion of a
peak. These regions act as mixing and diffusion chambers where convection and
diffusion, laterally and longitudinally, occurs. A sample, entering these regions, tends to
mix uniformly throughout the chamber. Such mixing and diffusion behavior can also
occur in the injector and detector dead pockets. The peaks are exponentially distorted.
Slow detector and electronic read out systems can also result in bandbroadening and
asymmetry. The longer the response time, that is the time required for a signal to reach (1-
1/e) or 63% of its finial value, the more bandbroadening and tailing that occurs.

Generally, it is desirable to keep extra-column bandbroadening to a minimum.
Therefore, narrow, short tubing, plug injection, zero dead volume connectors, and fast
detector response are necessary in high efficiency chromatography. In this work, the extra-
column effect was reduced as much as possible. The extra-column bandbroadening was

measured and compared with the bandbroadening from the column.

5.2.1.9 Total Plate Height

The total plate height measured experimentally on a column is the sum of the plate
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heights from the column and extra-column as shown in equation 5.16:

ﬁ = ED +F]oouple + Em +l'_18 +ﬁexu'a-column (5.16)

Hipis negligible at the velocities used in LC. In a well packed microparticulate column
with moderately slow kinetic effects, Heouple is also small compared with Em +-ﬁq.
Therefore, the bandbroadening in a column is approximately expressed by equation 5.17

after the extra-column has been subtracted [69]:

He Hsm and/or Hs (5.17)

Simple substitution for Hym and Hs gives

H= fCt(f’I'(') d; Uo and/ or —2K'_Uo
Y Dp (1+K')2 kg (5.18)

which predicts that plate height is proportional to the mobile phase linear velocity.

It is important to note, however, that when very slow kinetic effects are present, in
the form of very slow diffusion, then equation 5.11 representing ﬁsm is not correct.
Equation 5.11 incorporates assumptions and considerations such as the linear driving force

approximation and others. The correct treatment of Hsm in the case of very slow diffusion

is discussed in chapter 6.

5.2.1.10 Concentration Overload Bandbroadening
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When the solute concentration is sufficiently dilute, the sorption isotherm is linear,
and K' is constant. Therefore, the linear isotherm has no influence on the peak shape. The
peak is symmetric provided no slow kinetic processes are present. The overall average
concentration of a peak decreases as it migrates along the column. The concentration of the
peak inside the column is therefore always higher than that observed at the column outlet.
Although the outlet concentration may be very dilute, the inlet concentration may be high
enough, to fall in the non-linear region of the isotherm. In this case, the profile will rapidly
develop asymmetry within a short distance of the inlet and that asymmetry remains as
migration continues. In setting any criterion [60, 104] for isotherm linearity, the
concentration at the inlet, not the outlet, should be considered.

In this thesis, the overloading of a column is studied by measuring the elution
chromatograms at low and high concentration for naphthalene on PRP-1. The effects of

the concentrations on the plate heights and the capacity factor K' are also studied.

5.2.1.11 Slow Kinetic Processes

The kinetic origin of tailing in chromatography was first addressed by Giddings
[69, 83]. Slow kinetic processes can be regarded as exaggerated cases of a non-
equilibrium between the the mobile phase and either the stationary or stagnant mobile phase
in pores. The difference between the slow kinetic processes and the processes described in
5.2.1.5 and 5.2.1.6 is the extent of the non-equilibrium in the column. Slow Kinetics may
result in significant peak broadening, tailing and multiple zones even though the solute
concentration is well within the linear region of the isotherm [69, 83, 111]. Examples of
slow kinetic processes include both slow mass transfer diffusion of solute molecules into
the micropores of the sorbents [49, 112], polymers [113, 114], organic gel matrix [48],
ion exchanger resin [115], and deep droplets of liquid and slow adsorption-desorption of

solute molecules onto the polymer surface, or a slow reaction of a solute on the stationary
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phase [116].

Slow kinetic processes often cause tailing of the eluted peak. A tailed peak may be
imagined to consist of two parts: a symmetric peak, and a tail on the trailing side as shown
in Figure 5.1 [60, 111]. The shape of a tailed peak resulting from slow kinetic processes
has previously been investigated by varying the flow rate, temperature and the modifiers in
the mobile phase. The area under an exponential tail was found to decrease but the length
of the tail increased with the increase of the flow rate. The amount of tailing decreased with
increase in temperature. However, in one case, for small molecules which can diffuse into
the pores, the area under an exponential tail increased as the temperature increases [113].
The dependence of the apparent center of gravity of the tailed peak on the flow rate is
complex. As the flow rate increases, a smaller portion of the molecules adsorb on the slow
kinetic sites, so the retention volume of a peak decreases. At a very high flow rate, the
slow kinetic sites are no longer available to the molecules due to the short time a solute
spends in the column. The tail disappears and the retention volume becomes constant [60),
111].

Whether the apparent center of gravity of a peak depends on flow rate is decided by
the relative value of the time constants for the desorption or adsorption step of the slow
kinetics and by the value of half of the standard deviation of the peak [69, 83]. If the time
constant for desorption or adsorption is greater than half of the standard deviation of the
peak, the peak is not only broad but also forms an exponential tail.

It should be pointed out that it is not easy to distinguish between kinetic tailing and
non-linear isotherm dependent tailing by just looking at the peak shape. However, non-
linear tailing will decrease as the sample size is lowered, whereas kinetic tailing will be
affected little by such a change. For kinetic tailing, the length of a tail will be especially
prominent at high velocity [60, 69, 83, 111].

5.2.2 Predicted Peaks from the Sorption Rate Curve
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5.2.2.1 Selection of Experimental Conditions

As discussed in section 5.2.1, bandbroadening and asymmetry can result from
several individual physical processes and chemical reactions occurring in a column and in
the extra-column components. In the situation addressed in this thesis, the slow kinetic
processes involved are intraparticle processes. Therefore, appropriate chromatographic

conditions must be selected.

First, an aromatic compound, naphthalene, was selected as a probe because
aromatic compounds often show extreme bandbroadening and asymmetry on a column of
poly (styrenedivinylbenzene), and these effects have been suspected to arise from siow
intraparticle processes. The solvent and eluent were 85% MeOH/H20 in which
naphthalene has a large capacity factor. This ensures that the bandbroadening and
asymmetry of the observed elution peak are mainly caused by the kinetic processes.

Second, the concentration of a solute at the column inlet is within the linear region of

the sorption isotherm to ensure linear chromatography.

Third, the capacity factor K' of naphthalene and the retention time, tm, of
unretained compound, phloroglucinol, must be obtained from the elution chromatograms

{80].



Gaussian

Tailing

'

Figure 5.1 Schematic diagram of a tailed peak and its components of

a tail and a Gaussian portion.
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5.2.2.2 Models of the Elution Chromatographic Profiles

Generally, a mass balance equation is used to calculate an elution profile. The
complexity of the mass balance equation depends on the sorption rate expression which
reflects the mass transfer resistances in a column. For linear ideal chromatography, a
simple mass balance equation can be written and can be solved analytically under the initial
and boundary conditions. In this situation, the peak would maintain its original shape as it
migrates down the column. For linear non-ideal chromatography, an analytical solution of
the mass balance equation produces a Gaussian peak for infinitely narrow injected peak.
Non-Gaussian peaks result from either non-linear or non-ideal chromatography or the
combination of both. Itis often difficult or impossible to find an analytical solution to the
mass balance equation to describe these elution profiles.

In dealing with linear non-ideal chromatography with slow Kinetic processes, a
simple two site model was proposed by Giddings [69, 83]. This model is based on
statistical theory [ 117, 118] and uses the methods of system theory which states that a
chromatographic peak is a result of several processes which contribute in a characteristic
way to the final peak shape, each process being characterized by an impulse response
function (IRF). The final resultant profiles are the convolution of all the IRF's [69, 119-
121}. In this work, the calculation of the predicted peak from the sorption rate curves
which were fit to a tri-exponential equation draws heavily on the two site sorption model of
kinetic wiling developed by Giddings.

Briefly, the two site model states that there are two different kinds of sorption sites
with different sorption rates in the stationary phase. One type is normal sites which exhibit
rapid kinetic exchange and result in the main chromatographic effects. A second type, a tail
producing site, also exists which is relatively scarce and has a slow kineticrate. The slow
kinetic mechanism on the tail producing sites could be either the slow diffusion in the

stagnant mobile phase in the pores or the slow adsorption-desorption onto the surface of
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the pore walls or the combination of the two steps. On each type of site, there is a first
order adsorption-desorption rate constant. The shape of a profile from each site depends
on the sorption rate constant. Some molecules have spent time not only on the normal sites
but also on the slow exchange sites. For these molecules, the elution profile is the
convolution of the profiles from the two sites. Other molecules pass through the column
without being sorbed on the slow exchange sites. For them, the elution profile is the onc
obtained on the rapid exchange sites only. The overall elution profile is the weighted sum
of these two profiles with convolution of a peak of an unretained compound.

In the present study, Giddings' model is extended to three sites. On each site, there
is a first order adsorption-desorption rate constant corresponding to each term in the tri-
exponential equation which was used to fit the sorption rate curve. It is imagined that a
column of PRP-1 contains three hypothetical types of sites. The number of each type is n;
sites, where i refers to the type of sites, and is equal to 1, 2 or 3. Itis imagined that the
three different hypothetical types of sites have been sorted out of the column and collected
together by type into three hypothetical columns that are placed in series. Each of the three
hypothetical columns has the same length (L), linear velocity of the mobile phase (Uy).
retention time of an unretained compound, ty, retention volume of an unretained
compound, V. and sorbent weight (W;) as the real chromatographic column has. The
first order rate constant for each hypothetical column is k; which is obtained from cquation
4.10. For areversibie first order sorption, the rate constant is related to an adsorption raic

constant K, j and a desorption rate constant kg as given in equation 5.19 {80]:

ki = ka; + kq; (5.19)

The adsorption and desorption rate constants are also related to the capacity factor in

equation 5.20 and 5.21 [80].
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Kai = k; -—

1+K; (5.20)
Kdi = Ki ——

1+K;j (5.21)

where K; is the capacity factor associated with each hypothetical column, and is expressed

in equation 5.22 [80}:

K; =M g'
(5.22)

Bl

where K' is the true capacity factor measured from the elution chromatogram and can be

expressed in terms of the distribution coefficientas given by equation 5.23 [80].

K =Kpo (5.23)

Here Kp is the distribution coefficient, and @ is the phase ratio of a column. Both Kp and
& are the same on each of the three hypothetical columns as they are on the real column.

If an impulse of a solute is injected onto any one of the three hypothetical columns
alone, a fraction of solute molecules will pass through the column without being sorbed.

This fraction of the solute molecules will elute as an impulse which is described by

equation 5.24 [69, 83].

Pi(ts) =0(t;) exp(-Kaji tm) (5.24)

where 8(1s) is the Dirac impulse function representing an infinitely thin pulse, kaj is the

adsorption rate constant, and i is the retention time of an unretained compound. P'(ts),
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the probability distribution associated with the fraction of molecules passing through
without being sorbed on the i hypothetical column, is related to the adsorption rate constant
Ka; and indirectly to the mobile phase linear velocity via t. In a slower sorption process,
Kaj is smaller, and the fraction of molecules that passes through the column without
undergoing this slow process will increase. As the linear mobile phase velocity increases,
ty decreases, molecules spend less time in the column and have less time to undergo the
slow sorption step. Therefore, the fraction of non-interacting molecules increases. In the
present case for the sorption of naphthalene on PRP-1, it will later be seen that the non-
interacting fractions = <ociated with the hypothetical columns 1 and 2 are zero, becausc
adsorption on these two types of sites is fast. Only on hypothetical site 3 is there a finite
value of non-interacting fraction.

P;(ts), the probability distribution associated with the fraction of molecules which is
sorbed during their moving through each hypothetical column, is also given by Giddings
and is shown in equation 5.25 [69, 83]:

k.i kg; t
Pi(ts) —Kai K tmy 12 1 (AR T € ) eXp(-Kaitm -Kaits )
s (5.25)

Where
ts=t-ty (5.26)

Here, I; is a Bessel function of imaginary argument for the parenthetic square root term.
The elution peak profile that is predicted to elute from each hypothetical column is obtained

by sum of Pj(ts) and Pi(ts).

5.2.2.3 Overall Predicted Peak from the Individual Contribution on Each

Hypothetical Column Using Mathematical Convolution
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The overall peak predicted from a real chromatographic column is the convolution

of the peaks from each hypothetical column. The mathematical expression of convolution

is given in equation 5.27 [119-121}:

Qmm0=ffﬁ9ﬁﬂ43“
0 (5.27)

t=t+¢t (5.28)

where 1 is the center of gravity of the function f. f is the input function describing an
input profile. f is ti:= system impulse response function describing the concentration-time
distribution that would exit the system if the input function had been an impulse. The
overall profile, that is the convolution of f and f3, describes the concentration-time profile
cxiting the system when any input function fj is operated on by any response function f2.
In fact, either f] or f2 can be the input or the response function. Figure 5.2 shows the
convolution of an exponential response function, such as that from a detector cell, and a
Gaussian input function which would enter the detector cell. The overall profile is an
exponentially modificd Gaussian. In the present case, on each hypothetical type of site, the

response function for molecules interacting with these sites is described in equation 5.25.

It may be noted that convolution theory states that the product of convolution ofad
function with a response function is the response function itself, and is expressed in

equation 5.29 [121].
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Figure 5.2  Schematic diagram of convolution of two impulse response functions. A

is a Gaussian profile produced by injection of an impulse into a high
efficiency chromatographic column. B is an exponential profile generated,
for example, by injection of an impulse into a detector cell which acts as a

mixing chamber.
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O =1 (5.29)

Therefore, the convolution of a narrow input & function with the response function Pi(ls) is
equal 10 P; (1), so that equation 5.25 is an impulse response function.

The three hypothetical columns in series are illustrated at the top of Figure 5.3. The
characteristics of the peaks from each hypothetical column are determined by the constants
generated from the tri-exponential equation. The peaks for molecules being sorbed on each
hypothetical site are shown in panels D, Eand F in Figure 5.3. Panel F corresponds to the
first exponential term in the tri-exponential equation, panel E and panel D are related to the
second and third exponential terms respectively. Because fast sorption occurs on types 1
and 2 sites, the peaks in panel E and F are symmetric and Gaussian. The shapes of the
peaks E and F reflect by the high values of kj and k3 in equation 4.10. The peak in panel
D which is calculated by equation 5.25 using the parameter k3 and n3 is essentially
exponential. Therefore, it can be seen that the third term in the equation 4.10 mainly
defines the tail of a peak. Panel H is the convolution of panel D, Eand F.

The above analysis deals with the portion of molecules which interact with all these
hypothetical types of sites. However, not all the molecules would get chance to interact
with the third type of hypothetical site during the residence time of molecules in a column,
as shown in Table 5.1. Run No. 1 in Table 4.6 is used to generate Table 5.1. The fraction
which the molecules do not interact with the third hypothetical type of sites is not zero at all
four mobile phase linear velocities. Panels A, B and C show the profiles eluted from each
hypothetical type of site for the portion of molecules which do not interact with the slow
sorption site 3. The peak in panel A is a spike impulse because molecules do not interact
with the slow sorption site 3. However, the molecules do interact with the two fast
sorption sites 1 and 2. Panel G shows the convolution of peaks in panel A, Band C.

The peak in panel I is the weighted sum of peaks in panel G and panel H. Before

the summation, the areas of panels G and H are weighted
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Figure 5.3 Prediction of the elution peak at a a mobile phase linear velocity of 0.3 cm/s for
equation. The tri-exponential constants which are used to predict the peak are

naphthalene whose sorption rate curve is described by a tri-exponential

shown in the first column in Table 4.6.



114

respectively by the fraction of molecules that do not and that do interact with type 3 sites.
For example, if the non-interacting fractionis 0.32, the area under profile H must be 68%
of the total area. The scaled profiles are then summed to form the peak in panel I. The last
step in the calculation of the final predicted peak is a convolution of the peak I with the peak
J which is a profile of unretained compound, phloroglucinol. Peak J is very narrow. The
variances of the phloroglucinol peaks are so small compared to the variances of the
naphthalene peaks at all mobile phase linear velocities, as presented in Table 5.9 and Table
5.10, that the final convolution step increases the center of gravity of the peak I by t, but a
negligible increase in the variance. The finial predicted peak is shown in panel K.

It is should be recognized that the idea of three hypothetical types of sites is purely a
convenience for the purpose of mathematical modeling based on the tri-exponential

equation. In reality, the stationary phase probably possesses a wide spectrum of sorption

sites [122].
§.2.3 Characterization of the Elution Profiles
5.2.3.1 Statistical Moment Analysis of Chromatographic Peaks

The principal factors which control peak shape have been discussed in section 5.2.1
in term of non-linearity, non-ideality and extra-column effects. Bandspreading and
asymmetry of the peak results in different extents of peak distortion. Ideally symmetric
peaks, which are rare in chromatography, follow a Gaussian distribution which is easily
described and characterized. The time at which the maximum of a peak occurs is the
retention time or the center of gravity of the peak. The variance is related to the peak width
and can be easily calculated by various peak width measurements at different heights on the

peak using graphical methods [123]. These quantities can be used to calculate the overall

column efficiency.



Table 5.1

The non-interacting fraction at the four mobile phase linear velocities

forrun 1.
Uy (cm/s) | non-interacting | non-interacting | non-interacting
fraction on fraction fraction
hypothetical hypothetical hypothetical
column 12 column 22 column3 2
0.1 ob ob 0.333
0.2 0 0 0.574
0.3 0 0 0.696
0.4 0 0 0.762

a non-interacting fraction is €XP(-Ka,i tm).

b When the values are smaller than 10-10, they are defined as 0.
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However, most chromatographic peaks do not follow a Gaussian distribution due
to the physicochemical dispersion processes. It has been shown that the plate count of
asymmetric peaks can easily be overestimated by more than 100% if a Gaussian based
equation is employed [124], and all the variance of an asymmetric peak can be
underestimated by more than 50% [125].

The theory of statistical moments provides a precise and meaningful way to
characterize peaks of any shape [60, 126-131]. For a non-Gaussian peak, the differential
mass balance equation is too complex to be solved analytically. Some mathematical
methods, such as the Laplace transform, can be used to solve the difierential equation.
However, the solution, using the Laplace transform [121], must be back transformed
which is very difficult. Itis comparatively easy to obtain moments which give rise to a set
of parameters characterizing a peak shape, from the solution of the Laplace transform. The
zero moment, Mo, defines the peak area, the first moment, M, defines the center of gravity
of a peak, the second moment, My, is the variance of a peak, the third moment, M3,
describes the skew of a peak, and the fourth moment, My, is excess of a peak. For a
Gaussian peak, the moments higher than the second are equal to zero. Definition of My,

M, and M3 are given in equation 5.30, 5.31 and 5.32:

Mo = [ h(t) dt

(5.30)
M = f t h() dt
0 Mo (5.31)
My f (t- Mp? h(t) dt
0 Mo (5.32)
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where h(t) is a mathematical function describing the concentration-time profile of a
chromatographic peak. It is important to use the correct function to describe the peak
shape, since a systematic error would be introduced if a wrong function were used. The
exponentially modified Gaussian (EMG), a function obtained via the convolution of a
Gaussian function and an exponential decay function has been widely used to describe
asymmetric and tailing peaks. The EMG function is shown in equation 5.33 [90, 119,
126, 127, 129-131].

Ui
hevc () = A% 12 exp[;_(%gi)2 - ‘;1‘9_] ! exp(-x2 ) dx
i (5.33)
=t - e
Where 2 =(t- 6 )06 - (5.34)

The EMG function is defined by three parameters: the center of gravity of Gaussian
function, tG; the standard deviation OG of the parent Gaussian function; and the tume
constant © of the exponential function. The factor A determines the amplitude of the
function. The integration term depends on the value of z. When z > -3, the identity shown
in equation 5.35 is used to take the advantage of the built-in error function routine in the

computer program.

f exp(-y2)dy= %‘_— (1+erf(x))
= (5.35)

L>02

Whenz > -8 and o , the integral can be approximated by a polynomial expression

[130]. In this thesis, equation 5.35 is used to calculate the integral. The vanable z is
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smallest at the starting of a peak, and for the rest of the peak, z will be larger than -3.
The moments of a peak can be calculated from the constants of the EMG function as

shown in equation 5.36 and 5.37 [119):

M= Vg + V, (5.36)
M= 0% g + V2 (5.37)

Where Vg and 03,0 are the retention volume and the peak variance of the parent Gaussian
peak in volume units. Vt and V2 are the time constants and variance of the exponential
function in volume units . The moments in volume units can be calculated from those in

time units by multiplying the mobile phase flow rate. The column efficiency is expressed

in equation 5.38:

=L M%
M;j (5.38)

Where L is the length of the chroma.ographic column.

The asymmetry factor, A.F, is calculated at 10% of the peak height using equation

5.39 [124, 130

AF. =B
A (5.39)

where B is the width of the back of the peak at 10% of the peak height. A is the width of
the front of the peak at 10% of the peak height .

5.2.3.2 Characteristics of Kinetic Effects
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The slow kinetic effects on the shape of a peak are chiefly observed by the effect of
flow rate on the peak appearance and degree of peak tailing [60, 69, 83, 1i1]. The
predicted peak calculated from run 1 in Table 4.6 is used to illustrate the effects of the flow
rate on the peak shape.

The area and the height of the Gaussian portion of a tailing peak are calculated
numerically from the peak in panel G in Figure 5.3 after correcting by the interacting
fraction shown in Table 5.1, and are defined as ag and hg respectively. Similarly, the area
and height of a tail calculated from the peak in panel H after corrected by the non-interacting
fraction are defined as aT and h separately.

Fractional tail area is the ratio of the tail area, aT, to the sum of the tail area, ay, and

the Gaussian area, ag. Itis given in equation 5.40 [132]:

Fractional tail area = —3L__
ar + ag (5.40)

The fractional tail area reflects the number of molecules that interact with the tail producing
sites. Itis related to the elution time and the sorption rate constant of the slow kinetic
process. The longer the molecules stay in the column, that is a longer retention time and a
low flow rate, the more molecules that will participate in the slow process. Also, the larger
the sorption rate constant of the slow process, the more molecules that will be sorbed onto
the slow sites. Therefore, the fractional tailing area should increase with an increasc in the
sorption rate constant and with a decrease in flow rate.

The tail length, the degree of extension of the peak trailing edge, is given in

equation 5.41 [132]:
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(5.41)

Where OG is the standard deviation of the Gaussian portion. The relative tail length is
given in equation 5.42 [132]:

Relative tail length = 2L
'RG (5.42)

where (R G is the retention time of the Gaussian portion. Using relative tail length, the tail
lengths of peaks with different fractional tail area and Gaussian width are compared. The
length is inversely proportional to the height of a tail. The relative tail length is related to
the desorption rate constant in the tail producing sites. The slower the desorption rate in the
tail producing sites, the longer the sorbed molecules take to return to the moving zone, and
the longer the tail is on the trailing edge of the peak.

In addition, the relative width of the Gaussian portion is given in equation 5.43

[132):

Relative width = 26
R,G (5.43)

and the relative height of a tail is given in equation 5.44 [132]:

Relative height = BT

(5.44)

5.3 Results and Discussion



5.3.1 Extra-column Bandbroadening

The bandbroadening of a naphthalene peak in the extra-column components was
measured by injection of 5.057 x 104 M phloroglucinol in 85% MeOH/H20 using the
apparatus shown in Figure 2.11. The column was replaced by a zero dead volume
coupling. Table 5.2 presents the experimental parameters used in the collection of the
chromatographic signals. The elution profiles were recorded on a strip chart recorder, and
digitized manually. The digitized data was used to calculate the moments using a program
in MatLab (The MatWorks, 1991). The moments were calculated from the MG function
which gives a good fit to the experimental data. Figure 5.4 shows the extra-column elution
profiles at a mobile phase flow rate of 0.587 ml/min. The elution profiles shown as points
are overlaid by solid lines of the EMG function. Profile A is the elution profile for run 1,
and profile B is for run 2. The peaks are tailed, the asymmetry factors in terms of ;_c; arc
around 1.7 [123]. This is because the spaces in the injector and detector cell act as mixing
and diffusion chambers [126, 128, 133], in which a sample experiences rapid convection
and longitudinal and lateral diffusion which result in exponentially tailed peaks.

In the worst case, a detector and injector act as a mixing chamber. The variance of
a peak is equal to the square volume of the detector and injector, and is independent of the
flow rate.

The bandbroadening of a peak from a straight tubing is given by Golay [133]:

_nr*LF
V' 24Dy (5.45)



Table 5.2 Experimental parameters in the collection of the elution profiles of 5.057 x
104 M phloroglucinol in 85% MeOH/H20 from the extra-column units.

Parameter Value
Pressure from nitrogen cylinder 50.5 psi
F 0.587 + 0.01 mi/min
Detector wavelength 276 nm
Detector range 0.05 A.U.F.S.
Recorder chart speed 10In/min
Recorder range 0.01 V.E.S.
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where O% is the variance of a peak from the tubing in volume units which is calculated from
the variance in time units by multiplying the flow rate, F is the flow rate in units of mL/min,
r is the radius of the tubing, and L is the length of the tubing. Dy is the diffusion
coefficient of a solute in the solution. Therefore, the higher the flow rate, the wider the
peak. The radius and the length of the tubing are very small, therefore, the variance of a
peak from the dispersion in the tubing is smaller than those from the detector and injector.
In order to obtain a high column efficiency, it is desirable to keep the
bandbroadening contribution from the extra-column components as small as possiblc.
Usually, the variances from the extra-column are kept to 10% ~r less of those in a column.
Table 5.3 shows the extra-column variances at a mobile phase flow rate of 0.587 ml/min
and the total variances at four mobile phase flow rates. The extra-column bandbroadening
is only 0.02% of the total variances at the mobile phase flow rate of 0.5 ml/min. Although
the flow rates in the measurements of the extra-column bandbroadening and the
naphthalene elution chromatograph are different, this will not make a significant difference.
The volume bandbroadening from the tubing, which is proportional to the flow rate, is very
small, and the bandbroadening from the detector and injector is nearly independent of the
flow rate as discussed above. The retention times, tg;, of the unretained compound will be
smaller after they have been corrected by the retention times in the extra-column
components. However, the capacity factor of naphthalene, K', will increase a littlc bit
according to equation 5.46. The net effect is very small on the predicted peak as shown in
Figure 5.5. The predicted peak is calculated using the parameters in column 1 in Table 4.6

at a mobile phase linear velocity of 0.4 cm/s.
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Figure 5.4  Chromatograms of 5.057 x 104 M phloroglucinol in 85% MeOH/H2O from
the extra-column components. The experimental points are overlaid by
solid lines of EMG fits. Profile A is from run 1 and profile B is from run 2.

The mobile phase flow rate is 0.587 ml/min.



Table 5.3 The variance from the extra-column components measured using 5.057 x
104 M phlorogtucinol and the total variances for 3.135 x10-5 M
naphthalene in a column of PRP-1 at four mobile phase linear velocities.

The standard deviations were calculated from duplicate injections.

F (ml/min) o7 (ml?) SD (mi2)
(Total)
0.5 9.1 0.2
1.0 9.5 0.9
1.5 15 3
2.0 17 4
0.587 1.39 x 1032 5% 105

a From extra-column components.
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Figure 5.5  The predicted peak (------ ) of naphthalene after corrected by the extra-
column bandbroadening and the predicted peak (———) without correction

from the extra-column bandbroadening at the mobile phase linear velocity of

0.4 cm/s.
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The contribution from the extra-column bandbroadening is so small that it is not
corrected in the later calculation of the chromatographic figures of merit for the naphthalene

elution profiles.

5.3.2 Concentration Overload Bandbroadening

A non-linear isotherm due to a high concentration can also cause an asymmetnc
peak [57, 60, 110, 111). In this work, bandbroadening and asymmetry that result only
from the kinetic processes in a column are of interest. Therefore, the concentration
overload bandbroadening must be avoided.

Either of two ways can be chosen to select the concentration of a solution which
will not overload a column. One way is to run the sorption isotherm, and then choosc a
concentration within the linear region of the isotherm. The other way is to examinc the
effects of the concentration on the shape of the peak, as characterized by the
chromatographic figures of merit. The capacity factor, K', should be independent of the
concentrations within the linear region of the sorption isotherm {60, 110, 111]. The K'
was measured by varying the concentration of naphthalene from 103 to 10-5 M at a mobile

phase linear velocity of 0.3cm/s. The K' was calculated using equation 5.46:

Kl - tma_x - tm
tm (3.46)

where ty, is the first moment of the unretained compound of phloroglucinol, tmax is the
retention time of peak maximum for naphthalene. Figure 5.6 shows the plot of K' versus
the concentration of naphthalene. The data are shown in Table 5.4. As expected for a
convex sorption isotherm, K' increases with decreasing concentration until it approaches a
constant in the linear region of the isotherm. There are no significant differences in K' at

concentrations of 1.57 x 105 M and 3.14 x10-5 according to the t-test. Therefore, when
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the concentration is smaller than about 3 x 10-5 M, K' becomes a constant and independent
of the concentration of naphthalene. This agrees with the results from the sorption
isotherm (Figure 3.6). The plate height versus the concentration should be constant when
K' becomes constant at a certain mobile phase linear velocity. The plate heights were
calculated by an empirical equation proposed by Foley and Dosery [130]. This empirical
equation is based on an exponentially modified Gaussian function and employs only
graphically measurable parameters such as retention time of the peak maximum, typax, the

peak width at 10% of the peak height, wo 1, and the empirical asymmetry factor of B/A.

The plate height was then calculated with equation 5.47:

tmax 12
H=L=[417 oL 31
N (B/A +125) (5.47)

The reason for using the empirical equation to calculate the plate height is that the profiles
of low concentration naphthalene, a highly retained compound on PRP-1, can not be
accurately digitized by the 12 bit analog to digital converter at a concentration within the
linear region of the isotherm due to the very low S/N ratio.

This can be seen as follows : previous Figure 2.9 shows the elution profile of
naphthalene on PRP-1 at a concentration of 103 M after being smoothed by a moving
average of 21 points. The profile has a high value of S/N. The peak can be accurately
digitized. The parameters in the collection of the elution profiles of 4.688 x103 M
naphthalene on a column of PRP-1 at four mobile phase linear velocities are shown in
Table 5.5. However, as the concentration decreases to 4 x 10-5 M which is the upper limit
of the concentration within the linear region of the sorption isotherm, the signals appear too

noisy to be recognized as shown in previous Figure 2.8a, even after the signals were
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Figure 5.6  The dependence of capacity factors on the concentrations of naphthalenc in

85 % MeOH/H20 on a column of PRP-1. The standard deviations were
from duplicate injections. The capacity factors were calculated at a mobile

phase linear velocity of 0.3 cm/s.



Table 5.4
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The dependence of capacity factors on the concentrations of naphthalene in

85 % MeOH/H20 on a column of PRP-1. The standard deviations were

from duplicate injections. The capacity factors were calculated at a mobile

phase linear velocity of 0.3 cm/s.

Concentration (M) K' SD
4.90 x 1073 22.69 0.25
1.96 x 104 27.54 0.27
3.14x 10°5 28.32 0.53
1.57 x 105 27.86 0.17
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processed using a low pass filter and a moving average program in the SpectroPlot [56].
The peaks are highly distorted as shown in Figure 2.8b.

Although the peaks of naphthalene at a low concentration can be recorded on a chart
and then hand digitizzd as will be seen in section 5.3.4, itis not necessary to carry out this
time consuming and tedious processes in this section. Instead, the quicker graphical
approach implied in equation 5.47 was used here. The plot of plate height versus the
concentration at mobile phase linear velocity of 0.3 cm/s is shown in Figure 5.7 and the
data is shown in Table 5.6. The standard deviations were calculated from duplicatc
injections. The SD includes the errors in obtaining the parameters graphically, such as
errors associated with tpmax, B, and A from the chart. SD is relatively low. The plate
height decreases with concentration until it becomes constant. There are no significant
difference in the plate heights at 3.14 x 10-5M and 1.57 x 103 M concentrations according
to the t-test. These results agree with those from the sorption isotherm (Figure 3.6) and the
capacity factor (Figure 5.6).

Figure 5.8 shows the elution profiles of naphthalene at concentration of 4.688 x 10
3 M and 3.135 x10-3> M. The profile A at a high concentration is more tailed, the tmax is
shorter, and the peak width is larger, these are expected for a peak from an overloaded
column. The profile B at3.135 x 10-5> M is more symmetrical and less tailed with a larger

tmax. The elution profile of 3.135 x 10-5 M naphthalene on a PRP-1 column was used o

compare with the predicted peaks.



Table 5.5 The experimental parameters in the collection of the elution profiles of
4.688 x 103 M naphthalene in 85% MeOH/H20 on a column of PRP-1
at four mobile phase linear velocities with an analog to digital converter
(LAB NB).

Up (cm/s) Sample DataPoint | Sampling Gain Start Time?
Rate (sec)
0.1 Naph. 2048 2 50 52'55"b
0.2 Naph 2048 1.5 50 24'48"
0.3 Naph 1024 1.3 50 1522"
0.4 Naph 1024 1.3 50 11'02"

a start time is the time before the data acquisition starts.

b 'is minute, " is second.
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Figure 5.7  The plate heights of naphthalene on PRP-1 in 85% MeOH/H2O as a
function of the concentrations. The plate heights were calculated at a mobiic

phase linear velocity of 0.3 cm/s using equation 5.47.
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The dependence of the plate heights on the concentrations of naphthalene in

85 % MeOH/H20 on a column of PRP-1. The standard deviations were

from duplicate injections.
Concentration (M) H (mm) SD
49x 103 5.81 0.51
1.96 x 104 2.82 0.32
3.14x 105 2.18 0.17
1.57 x 10-5 1.79 0.10
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Figure 5.8

Chromatograms of naphthalene on an analytical column of PRP- 1

in 85% MeOH/H,O at a mobile phase linear velocity of 0.3 cm/s.

A. The chromatogram of 4.688 x 103 M naphthalene shown as a

smoothed output from the data collection program written in

SpectroPlot. B. The chromatogram of 3.135 x 103 M naphthalenc.
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5.3.3 Axial Dispersion and Non-Uniform Flow Psttern

The calculation of the predicied peaks from the intraparticle sorption rate curves
assumes that bandbroadening and asymmetry from axial dispersion and noa-uniform flow
patterns in a packed column are negligible compared to the kinetic effects as are the extra-
column and the nonlinear isotherm effects. In a chromatographic column, these two
processes are definitely present. However, the magnitude of the bandbroadening of
naphthalene alone from the twe processes can be shown to be small compared with the
kinetic effects for naphthalene in the column of PRP-1.

Phicroglucinol, a highly polar and hydrophilic compound which was used to
estimate extra-column bandbroadening, is not sorbed on PRP-1 and can be used to
indirectly estimate the contributions from the axial dispersion and the non-uniform flow
pattern. The bandbroadening of phloroglucinol eluting from a column of PRP-1 anses
from extra-column components and from the axial dispersion and the non-uniform flow in
a column.

A .145 x 10-4 M solution of phloroglucinol was injected onto PRP-1 column. The
signal was fe< > 1 LAB-NB analog to digital converter. The e rimental parameters in
the collection of the phloroglucinol peak are shown in Table 5.7. Phioroglucinol, an
unretained compound, shows a symmetric and narrow peak on PRP-1 as shown in
previous Figure 2.7A, with a signal 1o noise ratio of 28. The profile in Figure 27A is at
U, of 0.3 cm/s. Figure 5.9 A shows the profileat Up of 0.1cm/s, profiles B and C 1n the
same Figure show the elution profiles at Up of 0.2 and 0.4 cm/s. After the signals were
smoothed by a moving average of 21 points in SpectroPlot, the digital data were transferred
to Excel where a data subset was chosen to calculate the first moments by the numerical
integration. The datasabset was selecied by setting the first data point at about 1% of the
peak maximum before the peak maximum and the final data point at about 1% of the peak
maximum after the peak maximum [54, 80, 90]. The detailed limits used in selecting the
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beginning and the end of the baselines for the data subset for all the linear velocities arc
shown in Table 5.8.

The first moments, M, calculated from the numerical integration give good
precision as seen from the standard deviations in the second column in Table 5.9.
However, for the second moments, M, which are more sensitive to the baseline noise, the
numerical integration gave a very poor precision. Using the EMG function can avoid the
baseline noise, unfortunately , the EMG function gave a very poor fit to the profiles of
phloroglucinol. Therefore, the My was calculated by the graphical tangents [134] method
where the baseline width is four times the standard deviation of the peak. The sccond
moments at four mobile phase linear velocities are shown 1*. the thard column in Table 5.9.
The second moments, that is the variances of the phloroglucinol peaks are very closc to the
value of 1.39 x 103 ml2 at F = 0.587 ml/min from the extra-column components (Table
5.3). This indicates that bandbroadening of phloroglucinol peaks is mainly from the cxtra-
column effects and that the axial dispersion and non-uniform flow bandbroadening is cven
si, *ler than those due to the extra-column effects.

The asymmetry factors measured at 10% of the peak height are also shown in Table
5.9. All of the asymmetry factors are around one which means »hloroglucinol peak is
Gausstan.

After the first moment of phloroglucinol is known, the mobilc phase linear velocity
can be calculated using equation 5.48 [3, 69]:

U= Lo
M; (5.48)

The first moments M; of phloroglucinof in Table 5.9 are also used as i, in equation 5.25 to

calculate the predicted peaks.
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Table 5.7 The experimental parameters in the collection of the elution profiles of
5.145 x 104 M phloroglucinol in 85% MeOH/H20 on a column of PRP-
1 at four mobile phase linear velocities with an analog to digital converter
(LAB NB).
Uy (cm/s) Sample DataPoints { Sampling Gain Start Time@
Rate (ms)

0.1 Phl 1048 110 100 1'50" b

0.2 Phi 1024 60 100 40"

0.3 Phl 1024 40 100 40"

0.4 | Phl 1024 30 100 28"

a start time is the time before the data acquisition starts.

b 'is minute, "

is second
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Figure 5.6  Elution profiles of 5.145 x 10~4 M phloroglucinol on a column of PRP-1.

Profile A is the unsmoothed output at mobile phase linear velocity of 0.1
cm/s. Profiles B and C are outputs at mobile phase linear velucity of 0.2

and 0.4 cm/s



Table 5.8 The baseline setting in the measurement of the moments of peaks from

5.145 x 104 M phloroglucinol at four mobile phase linear velocities.

Up(cm/s) Beginning 3 Ending 2
N1 1.4% 1.6%
0.2 1.4% 1.8%
0.3 1.1% 1.0%
0.4 1.1% 1.0%

a The percentage of peak maximum.
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Table 5.9 The first, second moments and the asymmetry factors at 10% of the peak

height of 5.145 x 104 M phloroglucinol in 85% MeOH/H20 on a column

of PRP-1 at four mobile phase linear velocities. The standard deviations

were from replicate injections.

T, (cmw's) M; (s) Mz (ml2) A.F.
0.1 153 £2 1.12x 103 £ 2.1 x 104 1.21 + 0.13
0.2 773 £0.5 | 1.74x103 +2.7 x 104 10740
0.3 50.5+05 |[1.91x103+28x104 0.067 + 0.05
0.4 37.9+ 0.7 | 2.01x103 £3.3 x 104 0.984 + 0.02
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5.3.4 The Elution Chromatograms of Naphthalene on PRP-1

The elution chromatograms were obtained by injection of 3.135 x 105 M
naphthalene onto a PRP-1 column. The signals were recorded on a strip chart recorder and
then hand digitized. The reasons for kand digitizing method was discussed in section 2.9
and 5.3.2.

At each flow rate, duplicate injections were made. The digital data were fit with the
EMG function which was used to calculate the moments. The EMG fit was used to avoid
the baseline setting errors as discussed before.

Introducing an EMG function to the experimental data could cause a systematic
error. Fortunately, the EMG function fits the elution profiles of naphthalene from a column
of PRP-1 quite well as shown in panels A, B, C and D in Figure 5.10 at the four mobile
phase linear velocities investigated. The solid lines are the EMG fit, the symbols are
experimental data. The figures of merit for the observed peaks are shown in Table 5.10.

The SD in Table 5.10 includes not only the experimental errors in collection of the
elution profiles but also Athe errors in the hand digitizing process and the EMG fits.

VG

Generally speaking, the SD is small except for the very shape-sensitive parameters R
VZ and A.F. Figure 5.11 shows the plot of the obseived plate height versus the mobile
phase linear velocity. The plot shows that the plate height increases with the mobile phase
linear velocity, which is a characteristic of slow intra-particle mass transfer. A strictly linear
increase, such as would be expected from the simplified Hsm term in equation 5.11, is not
expected for a system which exhibits asymmetric peaks.

The first moments of the elution profiles of phloroglucinol and naphthalene were

used to calculate the capacity factors using equation 5.49 3, 69]:

_ Mi(Naph)-M, (Phi)

KI
M, (Phl) (5.49)
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Figure 5.10 EMG fits of the elution profiles of 3.135 x 10-> M naphthalene in 85%
MeOH/H20 on PRP-1. The solid lines represent the EMG fit.
The symbols represent the experimental profiles. In A. The EMG fit
and the experimental elution profile at a mobile phase linear velocity
of 0.1 cm/s. Profiles E. C and D are the EMG fit and the experimental

elution profiles at Ug of 0.2, 0.3 and 0.4 cm/s.
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Table 5.10  Chromatographic figures of merit for the observed elution profiles of
3.135 x 10-5 M naphthalene on a column of PRP-1 at the four mobile
phase linear velocities.

U, No. VR VG Vi &g & V2  AF
(cm/s) ML) (ML) (ML) (ML)? (ML)>? (ML)
0.1 1 38.18 3536 282 1.28 9.24 7.99 2.3
2 3936 36.71 2.65 1.97 8.96 7.01 2.1
SD 0.83 0.95 0.12 0.49 0.20 0.69 0.1
0.2 1 37.44 3457 287 1.98 10.2 8.22 1.9
2 38.15 35.58 2.57 2.25 8.83 6.58 1.9
SD 0.50 0.71 0.21 0.19 0.97 1.16 0.0
0.3 1 36.62 3338 324 2.37 12.88 10.5 2.2
2 39.60 3575 3.85 2.63 17.4 14.7 23
SD 2.11 1.68 0.42 0.18 3.2 2.9 0.1
0.4 1 37.92 3447 347 2.18 14.2 12.0 2.2
2 37.19 32,65 454 2.17 22.8 20.0 2.6
SD 0.52 1.29 0.47 0.01 3.7 5.6 0.3
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Table 5.11 shows the capacity factors measured from the elution profiles at four mobile
linear velocities. For each flow rate, K' was calculated from duplicate injections. K' is
independent of flow rate as it should be. The average value of K' at four mobile phase

linear velocities was used in the calculation of the predicted peak using equation 5.25.

5.3.5 Predicted Elution Peaks from the Sorption Rate Curves of
Naphthalene on PRP-1

The predicted peaks are based on the information from the sorption rate curves of
naphthalene on PRP-1 and were calculated using equations 5.24 and 5.25 as described in
section 5.2.2 employing the parameters kj and n; from Table 4.6. A typical predicted peak
has been shown in panel K in Figure 5.3. The first moment of the unretained compound of
phloroglucinol, tp,, and the capacity factor of naphthalene in 85% MeOH/H,0 on PRP-1,
K', which are used in the calculation of the predicted peak using equation 5.25, are shown
in Table 5.9 and Table 5.11 respectively. n; and k; are shown in column 1, 2, 3 and 4 in
Table4.6.

The elution peaks predicted for a mobile phase linear velocity of 0.3 cm/s, based on
k; and n; values are illustrated in Figure 5.12. Here curve A is the profile predicted from
run 1 and curves B, C, and D are the profiles predicted from run 2, 3, and 4 respectively.
All the profiles are normalized to area one. In general, the four peaks are very similar o
one another in terms of VR, width and shape, although the peak in panel B, from run 2, is
less tailed than the others. The profiles with a small k3 and a larger n3 give rise to a longer
tail. Run 2 has the largest k3 and the shortest tail.

A qualitative comparison among the predicted peaks can be carried out by the
chromatographic fizvres of merit calculated from the EMG curve fit. Figure 5.13 shows
the predicted peak and the EMG fit at a mobile phase linear velocity of 0.3 cm/s. Curve A

is from run 1 and curves B, C, and D are from run 2, 3 and 4 respectively. The solid lines
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Figure 5.11 The observed plate heights of 3.135 x 10-5 M naphthalene in 85%
MeOH/H20 on an analytical column of PRP-1 as a function of the mobile

phase linear velocities. The plate heights were calculated from the moments
of the EMG fit. The error bars are one standard deviation from duplicz.e

measurements.



Table 5.11

The capacity factors calculated from the EMG fit for 3.135 x 10-5 M

147

naphthalene in 85% MeOH/H20 on a column of PRP-1 at the four mobile

phase linear velocities. The standard deviations were from duplicate

injections.
Uy (cmls) K' SD
0.1 28.90 0.34
0.2 28.04 0.23
0.3 28.01 C.30
0.4 28.98 0.51
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The predicted profiles from the four replicate sorption rate

measurements for naphthalene on PRP-1 at Up of 0.3 cm/s. A is

the predicted profiles using the tri-exponential constants shown in

column 1 in Table4.6. B, C and D are profiles predicted by the

constants shown in column 2, 3 and 4 respectively in Tablc 4.6.
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Figure 5.13 The EMG fits of the predicted profiles from the four replicatc
sorption rate measursments for naphthalene on PRP-1 at Uy of 0.3
cm/s. The solid lines are the EMG fits. The symbol are the
predicted peaks. The peak A, B,  and D show the EMG fits
and the predicted profiles using the tri-exponential constants shown

in column 1, 2, 3 and 4 respectively in Table 4.6.
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are the EMG fits which give a good description of the predicted peaks. The EMG
characteristics for all the predicted profiles at the four mobile phase linear velocities are
presented in Table 5.1%.

A good precision is obtained for the centers of gravity of the predicted peak, a
relatively large difference exists for V¢ and 03.0. The use of an EMG function to represent
chromatographic peaks can avoid extreme ambiguities which wouid arise from baseline
errors. However, such an arbitrary division of a peak into Gussian and an exponential
compoitents is quite sensitive to samll differences in peak shape, particularly to the
uncertainties in the tailing part which is assosiated warts the uncertainties in determination of
the slow sorption step in the kinetic study.

The SD in Table 5.12 includes all the error contributions from the overall
experiment, including the contribution from the sorption rate measurement, the contribution
from the processes used 1o predict the ¢intion profiles and the contribution from the EMG
fitting routine. Overall, the precision is good except for the exponential component {or run
2.

Figure 5.14 shows the plot of the predicted plate height versus the mobile phase
lincar velocity. The error bars are one standard deviaton which was calculated from four
predicted peaks. The data is shown in Table 5.13. As for the observed elution peaks in
Figurc 5.11, the plate height increases with flow rate.

The asymmctry factoss measured at 10% of the peak height are shown in Table

5.14.



Table 5.12 Chromatographic figures of merit for the predicied elution profiles of
naphthalene on a column of PRP-1 at four mobile phase linear velocitics.
The predicted peaks were from four replicate sorption rate curves measured
by the shallow bed technique.
T, No. VR(ML) VGML) ViML) GBoMLY o2 (ML} Vi ily
(cm/s)
0.1 1 37.98 34.64 2.74 2.83 10.4 7.51
2 36.52 34.98 0.95 3.61 4.51 0.91
3 37.49 35.66 1.3 3.48 6.81 335
4 37.45 34.78 2.67 4.28 7.11 7.13
SD 0.61 0.45 0.%4 0.59 .42 3.16
.2 1 37.49 34.17 332 4.79 15.8 110
2 36.52 34.98 1.53 6.94 9.44 2.36
3 37.37 34.88 2.85 5.66 13.8 8.12
4 37.75 33.87 3.10 6.29 15.9 9.61
SD 0.54 0.54 0.8 0.92 3.02 3.8
0.3 1 36.44 32.95 3.45 6.80 18.9 122 |
2 36.39 34.38 2.02 9.75 13.8 4.06
3 36.84 33.34 3.47 7.21 19.2 12.0
4 36.22 32.3s 3.90 7.90 23.1 15.2
SD 0.24 0.8° 0.82 1.3 3.81 4.77
0.4 1 37.43 33.77 55 €.07 22.4 13.3
2 36.50 34.03 .43 12.2 18.8 6.08
3 36.89 32.93 3.96 8.86 24.5 15.7
4 37.75 31.86 4.58 9.81 30.8 209
SD 0.56 0.98 0.90 i.53 5.03 6.16
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Figure 5.14 The plate heights of the predicted peaks from the four replicate
sorption rate measuremerts {: - . :phthalene in 85% MeOH/H20 on PRP-1

as a function of the mobile phase linear velocities. The predicted plate
heights were from EMG fit. The error bars are one standard deviation from

duplicate measurements.



Table 5.13

The predicted plate heights from the EMG fit at four mobile phase lincar
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velocities. The standard deviations were from four replicate sorption rate

curves.
U (cm/s) H (mm) SD
0.1 0.8 0.2
0.2 1.5 0.2
0.3 2.2 0.3
0.4 2.6 0.4




Table 5.14
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The asymmetry factors calculated at 10% of the peak height from the EMG

fit for the predicted peaks of naphthalene on PRP-1. The standard

deviauons were from four replicate sorpticn rate curves.

Up (cm/s)

Run No.

ALK,

0.1

SD

AW O -

1.8
1.2
1.4
1.5
0.60

SD

H W N —

1.6
1.1
1.5
1.7
0.41

0.3

SD

W N -

1.6
1.2
1.6
1.7
0.22

0.4

SD

H W O =

1.4
1.2
1.5
1.6

0.17




5.3.6 Comparison of the Predicted and the Observed Elution Profiles on
PRP-1

This section examines how the predicted profiles (PRE) match the observed clution
peaks (OBS) of naphthalene on PRP-1. In Figure 5.15, pancl A shows a predicted peak (a
solid line) and an observed peaks (points) at a mobile phase linear velocity of 0.1 cm/s.
Panel B, C, and D in the same Figure show the predicted and observed peaks at other
mobile phase linear velocities of 0.2 cm/s, 0.3cm/s and 0.4 cm/s respectively. The
predicted peaks in Figure 5.15 were calculated from the rate data from run 1 in Tablc 4.6.
The predicted peaks (solid lines) along with the observed peaks (points) in Figure 5.16,
5.17 and 5.18 were calculated from the rate data from runs 2, 3 and run 4 in Table 4.5,
Both the predicted and the observed peaks were normalized to area onc.

In general, all the predicted peaks match the observed peaks very well. The tailing
pottions of the predicted peaks are almost coincident with those of the observed peaks at all
mobile phase linear velocities using data from all the four kinetic runs, except at the two
low flow rates for run 2. The centers of gravity of the predicted peaks also closcly match
those of the observed ones. At the highest mobile phase linear velocity of 0.4 cm/s, the
front of the predicted peaks do not match those of the observed ones. All the predicted
peaks are shorter and slightly broade: than the observed ones. The predicted and observed
peaks can also be quantitatively compared in term of chromatographic figures of menit
calculated from the EMG fits. The relative difference in the chromatographic figurcs of

merit defined in equation 5.50 are shown in Table 5.15:

A; = PRE - OBS x100%
OBS (5.50)
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Figure 5.15 The predicted piofiles (solid lines) and the observed peaks

(symbols) at four mobile phase linear veiocities. The observed

peaks are obtained by injection of 3.135 x 10-5 M naphthalene in 85%
MeOH.HO on PRP-1. The predicted peaks are predicted using the tri-

exponential constants in column 1 in Table 4.6. Panel A shows the

predicted and the observed peaks at Up of 0.1 cm/s. Panels B, C, and D

show the observed and predicted peaks at Uy of 0.2, 0.3 and 0.4 cm/s.
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Figure 5.16 The predicted profiles (solid lines) and the observed peaks

(symbols) at four mobile phase linear velocities. The observed

peaks are obtained by injection of 3.135 x 10-5 M naphthalene in 85%

~MeGi 70 PRI 1.

The predicted peaks are predicted using the tri-

exrovwiat s cwsiants in column 2 in Table 4.6, Panel A shows the

provustid ans

bserved peaks at Ug of 0.1 cm/s. Panels B, C, and D

show i Sbsorved and predicied peaks 2t Ug of .2, 0.3 and 0.4 cm/s.
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Figure 5.17 The predicted profiles (solid lines) and the observed peaks
(symbols) at four mobile phase linear velocities. The observed
peaks are obtained by injection of 3.135 x 105> M naphthalene in 85%
MeOH/H>O on PRP-1. The predicted peaks are predicted using the tri-
exponential constants in column 3 in Table 4.6. Panel A shows the
predicted and the observed peaks at “Jp of 0.1 cm/s. Panels B, C, and D
show the observed and predicted peaks at Uy of 0.2, 0.3 and 0.4 cm/s.
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Figure 5.18 The predicted profiles (solid lines) and the observed peaks (symbols) at four
mobile phase linear velocities. The observed peaks are obtained by injection
of 3.135 x 10-5 M naphthalene in 85% MeOH/H20 on PRP-1 . The
predicted peaks are predicted using the tri-exponential constants in column 4
in Table4.6. Panel A shows the predicted and the observed peaks at Uy, of
0.1 cm/s. Panels B, C, and D show the observed and predicied peaks at Up,
of 0.2, 0.3 and 0.4 cm/s.
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A represents the relative difference, and i is any of figure of merit between the predicted

and observed peaks. A; was calculated using the average values shown in Table 5.10 and

Table 5.12.
The relative differences in the centers of gravity, VR, between the observed and the

predicted peaks are less than 4% at the four mobile phase linear velocities. The relative
differences in the centers of gravity, Vg, of the Gaussian portion are less than 4%. The
relative differences in the V; are less than 25%. The relative differences in the variances,
0%/, which are the sum of the variances of the Gaussian portion, 03,0, ard the variances of
the 1ailing portion , V2 | of the peak are relatively larger. This is mainly due to the large
difference in the variances of the Gaussian portion of a peak. It is seen that the relative
differences in the variances of the Gaussian portion, 0%.0, is as high as 359%.

In order to understand the large difference associated with the variances of the
Gaussian portion of a peak, it is necessary to understand the origin of the predicted peak
shape. Each of the distributions predicted for the three hypothetical types of sites were
investigated. The tri-exponential constants used in this discussion were previously shown
in the first column in Table 4.6. The profiles used for the following discussion were
obtained at the mobile phase linear velocity of 0.3 cm/s.

Figure 5.19 shows b~ <. “wibutions P1, P2 and P3, caiculated from the three terms
of the tri-exponential using . i.w:2i+ '+ 3.25. P1, P2 and P3 are not scaled. The first term,

Pi, which is associated with the largest raie constant k1 and the largest number ol
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Table 5.15  The relative differences in the figures of merit between the observed and

the predicted peaks at four mobile phase :inear velocities.

To cmis) AVR (%) AVo (%) AV, (%) Aol (q) AV (%) AVi(%)
0.1 -3.7 -2.8 -25 118 -21 37
0.2 -1.3 -1.7 1.0 179 44 30
0.3 -3.9 -3.8 10 217 24 14
0.4 0.4 1.2 -86.5 359 41 13

A.= PRE-OBS x1009%
! OBS
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hypothetical sites nj (except run 2 which has nz >n1) generates a profile which is Gaussian
and the second narrowest of the three , and it is located at the furthest right on the time axis.
P2, which is associated with the secon<! ‘argest rate constant k2 and the second largest
number of hypothetical sites n2, generates a profile which is Gaussian and the narrowest of
the three, and it is located further left on the time axis. P3 with the smallest rate constant
and number of sites produces a tailing peak and is located the furthest left on the time axis.

The profiles in Figure 5.19 are interesting in terms of their contributions to the
shape of the final predicted peaks. The major source of the tailing of the profiles is the
contribution fror “1tion due to the slowest process, P3. The distribution due to
the fast and the- ..im~ & processes, P1 and P2, are likely to be the major source of the
width of the profilcs ...cpt near the baseline. The distributions P1 and P2 along with the
observed profiles are shown in Figure 5.20 and Figure 5.21. The distributions Pt and P2
have been artificially shifted down the time axis so that the peak maxima coincide . All of
the distributions atid the observed peaks are normalized to area one.

As shown in Figure 5.20, the distribution P1 matches the main part of the observed
peak very well, although, the width of the observed peak is slightly overestimated by P1.
Figure 5.21 shows the distribution P2 as well as the observed peak. The distribution P2
matches thc main part of the observed peak well but not as well as the P1 does. The
listribution P2 is rruch higher than the observed peak. Figure 5.22 shows tne distribution
»-_2. the convolution of P1 and P2. It is shorter and wider than the observed jeak.
Through the above analysis, it is shown that the large relative differences in the variances
of the Gaussian portion between the OBS and the PRE peaks are due to P1 and P2
distributions. It should be pointed out that the six parameters in the tri-exponential equation
is not independent of each other, therefore, P1, P2 and P3 are correlated to each other, a
larger uncertainty in n3 and k3 can cause a large uncertainty in P3, therefore, in P1 and P2.
In addition, the values of V; and oG are more sensitive to the EMG fitting errors which

also cause large difference between the PRE and GBS. The shapes of the tailing parts of
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Figure 5.19 The non-scaled probabilit:. distributions of P1, P2 and P3 which were
calculated from equation 5.25 using the tri-exponential constants shown
in column 1 in Table 4.6. The distribution P1 is associated with the
hypothetical sites in which the rate process described only by the
first term in the tri-exponential. The distributions P2 and P3 are
associated with the hypothetical sites in which the rate processes

described by the second and the third term in the tri-expoiential.
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time. It is measured at relatively slow linear velocity so that the sorbent and solution are
not far from load equilibrium. No sample is eluted and detected in the effluent before
breakthrough. The concentration in the effluent changes continuously until the total
breakthrough (point e in Figure 3.3) occurs where the sample is at equilibrium between the
sorbent and the mobile phase. In contrast, at the high linear velocities used in a shallow
bed, the sorbent and solution are far from equilibrium early in the experiment. The
breakthrough for the shallow bed occurs at time zero. However, the sorbent is not at
equilibrium with the sample solution. Equilibrium between sorbent and solution is slowly

approached.
4.2.5 Empirical Tri-exponential Equation

In order to predict the peak which would elute from an analytical HPLC column of
PRP-1, it was desired to fit the sorption rate data of naphthalene on PRP-1 to an empirical
tri-exponential equation, using non-linear least squares regression {79]. The tn-cxponcntial
equation is not based on any theoretical model of particle or pore propertics. The tri-

exponential has the form shown in equation 4.10 [80]:

F=2o 1 Dexpki0) - 22 expChat) - 2 exp(-ks)

- (4.10)

where F is the fraction of solute sorbed at timet, nj through n3 are moles of solute sorbed
at equilibrium on each hypothetical type of site in a column, and k; through k3 represent the
sorption rate constants associated with each type of hypothetical sorption sitc of nj through
n3. In the linear region of the solute sorption isotherm, the values of n) through n3 arc
proportional to the number of type 1 through type 3 hypothetical sorption sites. ng is

proportional to the total number of the hypothetical sorption sites available for a solute in a
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column (ng = nj + nz +n3). Itshould be realized that in reality a column could have more
than three types of sorption sites, and the theoretical number of each hypothetical site could
be morc than ny, n2 and n3.

It is important to note that no physical reality should be attached to the parameters in
cquation 4.10. Itis only in a purely formal sense that there are different types of sites in a
column. When describing the sorption rate curve with equation 4.10, it is not necessary ©
make any assumption about pore structure, mass transfer and so on. The tri-exponential
cquation is used instead of a mono-, or bi-expcnential equation because it gives the best fit
to the experimental sorption data for naphthalene on PRP-1 with the least number of
cxponential terms. It is also important to point out that the six parameters in the equation

4.10 are not independent, but are correlated.

The choice of a sum of exponential terms to describe the sorption rate curve is
necessary because it is possible to predict the shapes of the hypothetical elutic: s that
would arise separately from each of the exponential terms in equation 4.10. An exponential
term is required in the calculation of the predicted peak using Giddings' probability
equation [69, 83] because the probability equation was derived under the condition of
reversible first order kinetics. Furthermore, it is possible to convolve all such peak shape

contributions mathematically in order to predict the elution peak that would arise from the

overali sorption rate.
4.3 Measurement of Sorption Rates

The sorption rate of a solute on HPLC statio;lary phases has been the subject of
relatively few studies. It has proven to be an experimental challenge. Chromatography,
relaxation and uptake rate methods are three different methods which have been previously
applied to experimentally measure intraparticle sorption rates on chromatographic packings.

In a chromatographic method, a column packed with a sorbent is subjected to a
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perturbation in the inlet concentration of a solute, and an elution peak at the column outlet is
measured. The plate height is calculated from the peak. A plot of the plate heights versus
the mobile phase linear velocity is fitted to a theoretical equation such as the van Deemter

equation shown in equation 4.11 [49, 84, 85].

E"—' +A+CU()

Sl

4.11)

In term of chromatography, the intraparticle sorption rate which is related to the C term in
the van Deemter equation, can be determined.

Muller and Carr [86] determined the rate constants for dissociation of sugar
derivatives from silica immobilized concanavalin A using high performancc liquid affinity
chromatography. They used a theoretical plate height equation given by Horvath and Lin
[87] tofit the plot of the plate height versus the mobile phase lincar velocity. The kinetic
term, including diffusion in the stagnant mobile phase and adsorption-desorption of a
solute by the ligand in the stationary phase, was nbtained by subtracting the non-kinctic
term, including the axial dispersion and the non-uniform mobile phase lincar velocity
effects, from the overall kinetic effects. The non-kinetic term was either estimated by a
non-adsorbed sugar with the same molecular weight and a similar chemical structure or by
using various structural packing parameters from typical literature data for the packing.

Similarly, Groh and Halaze [85] determined the kinetic rate constants in the pores
of a column filled with silica in size exclusion chromatography. The piot of the plate height
versus the mobile phase linear velocity was fit to the van Decmter equation {84]. The total
plate heights were measured using dry eluent where the solute can perelrate into the pores.
The plate heights associated with the interstitial processes were measured with a wet cluent
where the pores are filled with water and therefore which is impenetrable ' the solute. The
kinetic rate constants associated with the pores were obtained by subtraction of the

interstitial plate heights from the total plate heights.
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A similar technique was also used in affinity chromatography [88) where the peak
split into a non-retained and a retained component. The fraction of a solute retained was
plotted versus the mobile phase linear velocity. The slope gave the sum of the mass
transfer resistances and the adsorption-desorption resistance. Under a situation where onc
of the resistances can be determined éxperimemally, the other can be obtained by
subtraction.

For the measurement of the intraparticle sorntion rate by the chromatographic
method, the experimental setup is simple, a normal HPLC system is required. In the
situation that the adsorption-desorption is fast, the mass transfer process is the limiting
step. The total mass transfer resistance can be determined and the individual mass transfer
resistance, such as external film diffusion, macropore diffusion and micropore diffusion,
can be obtained by varying the size of a particle. On the other hand, if adsorption-
desorption is the limiting step, the mass transfer term is negligible and can not be accurately
measured {89].

The case with which the kinetic term and the axial dispersion term can be
determined depends on the relative magnitude of the resistances. if the kinetic term 1is
small, the dispersion of a sample will be caused mainly by the axial dispersion, and under
this condition, it is not possible to derive any information concerning the kinetic
resistances. Even when the kinetic term is dominant in the dispersion of a sample, plate
heights from the non-kinetic term must be subtracted from the total plate heights. This will
introduce errors when these non-kinetic terms are estimated using packing parameters.

Although the plate height theory is well developed, the accuracy in the calculation of
the plate heights are complicated by such factors as extra-column effects [87], errors in the
calculation of the statistical moments [90], and the dependency of some terms on the
capacity factor, K' [87, 91, 92]. In addition, the chromatograms must be measured in the
linear region of the isotherm, because the total plate heights are equal to the sum of several

individual plate heights from each process which are independent of each other within the
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linear region of the isotherm [89].

In the relaxation method {93], a system is initially at equilibrium under a given sct
of conditions. One of the physical properties is suddenly changed and the system is no
longer at equilibrium. It then relaxes to a new state of equilibrium. The speed with which
it relaxes can be measured, usually by spectroscopy. There are various ways in which the
equilibrium can be disturbed, such as pressure change and temperaturc change. By
jumping the temperature or the pressure to perturb the equilibrium on a time scale faster
than the fastest rate of reaction of the system, one can observe the system: as it relaxes back
to its new equilibrium and thereby determine the rates of the reaction.

The first direct measurement of sorption-desorption rates on an alkylated silica
surface in ion pair chromatography was performed by Marshall and coworker [94] using a
pressure jump relaxation kinetic method with a fluorescent solute. The sorption rate
constant on the surface was found to be 1.4 x109 I/mols. The desorption ratc constants on
silica surface investigated ranged from 600 s-1 to 2000 s-! for different alkylated silicas.
They also observed that the first fast rise in fluorescence intensity within 5 ps was followed
by a second, slow fall in florescence intensity around 0.025 to 0.1 seconds. The time of
the slow fluorescence decay was independent of the concentrations of ion pair in the
solution, of the amount of silica and of the chemical modification. However, the complete
relaxation time was dependent on the pore siz.s of the silica used. For a large pore size
silica, the relaxation time was larger. It suggested that the sample molecules may penetratc
deeply into the particle.

The pressure relaxation method can be used to measure a very fast sorption-
desorption rate of 50 to 80us [94] . However, as the molecules penetrate into the pore
deeply, it becomes harder to observe the fluorescence signals .

In another paper published by Marshall et al.[95], a temperature jump relaxation
kinetic method was used to measure the sorption-desorption rate constant at the Cg surface

on a 100ps time scale. The desorption rate constant on ODS surface was 4.9 x 108 I/mol s.
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A slow relaxation at a longer timc of 2 ms was alsu observed and was temporarily
attribuied to diffusion of molecules within the porous siructures of the silica gel.

The last of the commonly used approaches for measuring the sorption rate is the
uptake rate measurement. The uptake rate measurement can be performed in two modes.
One is the batch mode, the other is the column mode. In the batch mode [96-98], a known
weight of stationary phase is contacted with a solution of known concentration and volume
of the sample at a constant temperature. Agitation is provided by stirring or shaking. The
batch mode can be performed with either "infinite solution volume" where the fraction of
solute sorbed out of the solution is very small, so that the concentration of the solute in the
solution is essentially constant. The amount of sample sorbed on the sorbent has to bc
measured. The sorbent must be separated from the solution periodically, and the amount
solute sorbed is eluted and determined. In "finite solution volume" where the fraction of a
solute sorbed from the mobile phase is significant, either the concentration change in the
soluuon or the amount sorbed on the sorbent may be measured.

In the batch method, a number of sample withdrawals are required for determining
the uptake as a function of time. This method is used to measure relatively slow sorption
rate. However, it consumes a small amount of sample solution and solvent. The apparatus
is simple, the measurement at a certain time can be repeated, and therefore statistical errors
can be reduced.

In the shallow bed column mode [66, 71, 77, 99-103], a very thin layer of sortent
is packed in a tube, and a known concentration of solution is forced through the bed at a
high and constant flow rate for various periods of times. The uptake rates are measured
under the "infinite solution volume" condition where the concentration of a solution in the
effluent is nearly identical to thatin the influent solution, and all of the sorbent particles in
the bed are bathed in a solution containing the initial concentration of solute. The solute
sorbed on the sorbent is then eluted and determined.

The shallow bed technique can be used to measure fast sorption rate. However, in
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the shallow bed technique, the apparatus is complex, more sample solution and cluent are
used. In this work, the shallow bed technique was used in a modified form for the

measurement of the sorption rates of naphthalenc on PRP-! and PRP- .

4.4 Results and Discussion

4.4.1 Testing Switching Valve, V2, to Control the Exposure Times

The sorption rate of naphthalenc onto 10um diameter of PRP-1 was shown to be
very fast. In an earlier, approximate measurement, over 30% of the equilibrium amount
had been reported to be sorbed within 0.4 seconds [54]. Itis important to measure the
sorption rate curve accurately, especially at shorter times. A six way rotary valve was
introduced to control the exposure time, because opening and closing a valve is much faster
than pulling a slider with a lever. The minimum time, which is determined by the speed at
which the valve could be opened and closed, is 0.04 second, which is ten times smaller
than that in the previous study [54]. Valve V2 was placed right below the slider valve as
shown in Figure 2.2. The question was whether the flow through the bed was really
stopped when V2 was closed. To answer this question, the bed was left in the loading
position for various periods of times when V2 was closed, while V1 was set to sample
solution. The amount of a sample which enters the bed when valve V2 is closed, was
indcpendent of time as shown in Table 4.1.

During normal operation, 5 seconds was the minimum t:me with V2 closed. Table
4.2 shows the amount of phloroglucinol, a non-sorbed compound, entering the bed when
V2 was opened. The amount of phloroglucincl in the bed with V2 closed (Table 4.1) is
only 27% to 22% of that amount with V2 being opened from 0.2 to 2 seconds (Tablc 4.2).

This amount of phloroglucinol has not reached the sorbent yet, because the height of the
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The amount of 9.744 x 10-5 M phloroglucinol in 85% MeOH/ H20 in a bed

of PRP-1 when valve V2 was closed.

Time (s) Area
5 20072
10 18865
32 19204
40 20153
60 19615
Average + SD 19582 + 548




Table 4.2
of PRP-1 when the valve 2 was opened.
Time (s) Area RD % @

0.28 76928 26
0.32 73536 27
0.33 74507 26
0.66 80015 25
0.91 87554 22

1.2 88431 22

1.9 87887 22

_ Area(with V2 closed)

a

~ Area (with V2 opened)

75

The amount of 9.744 x 10-5 M phloroglucinol in 85% MeOH/H20 in a bed
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shallow bed is about 0.43 mm , and the height of the 2pum s.s retention screen at the bottom
plus the space below the screen is about 0.15mm. The total height of the Kel-F insert in
the slider, in which a hole is drilled to accommodate the shallow bed, is 2.2 mm. 27% of
the total height of the hole is 0.6 mm. This means that the phloroglucinol containing
solution moves only 0.6 mm into the hole before V2 is opened. Since, the top of the
sorbent bed is about 1.6 mm down the hole, no phloroglucinol has come in contact with the
sorbent before V2 is opened. The same should be true of the naphthalene containing
solution. It is the amount sorbed on the packing that is of interest in the measurement of
the sorption rate curve, but none contacts the packing before V2 is opened. Theiviore, as

desired, the sorption rate experiment begins only when V2 is opened.
4.4.2 Shunting off the Sample Flow Through the Bed

Uniformity of flow through the bed is also important in the measurement of the
sorption rate. All the particles in the bed must be exposed simultaneously to either the
eluent driven by the HPLC pump or to the sample solution driven by a constant pressure
cylinder. The solution which flows through the bed was shunted off to bypass the bed
when the slider was being pulled from the sample loading to the sample elution position or
the reverse. [f the eluent were not shunted off while the bed were being pulled from the
Joading to the elution position, all the particles in the bed would not contact the eluent
simultaneously. Those particles on the right edge of the bed would encounter the eluent
first, this will cause non-uniformity in the packing.

One important thing that needed to be checked was that the flow rates through the
bed in the elution position must be constant regardless of the position to which V3 is
switched. The area of the eluted solute peak seen in the detection, which is proportional to
the amount of naphthalene sorbed on the packing, is also inversely proportional to the flow

rate. Therefore, the flow rate must be kept constant during the times when the sorbed



77

amount was being eluted from the sorbent. A constant elution flow rate ensures an accurate
determination of the sorption amount.

The flow rate was tested when the bed was in both the loading and the elution
positions while the valve V3 was set either to bypass or to flow through the bed. The flow
rate of eluent driven by the HPLC pump was set t0 0.5 ml/min, and the HPL.C pump ran in
a constant flow mode. Initially, the shallow bed was in the loading position, and the
dummy hole was in the elution position. V3 was set to either bypass or flow through the
dummy hole. The flow rates were the same in both positions of V3 as shown in Table
4.3a. There is no statistical difference between the two average flow rates according to the
t-test. Next, the slider was moved to the elution position, and V3 was set to both bypass
and flow through positions. Again, the flow rates were not altered by opening and closing
V3 as shown in Table 4.3b according to the t-test. Therefore, the position of V3 does not

affect the flow rate when the HPLC pump is run in the constant flow mode.

4.4.3 Testing the Shallow Bed Condition in PRP-1

One way to determine if the shallow bed condition is maintained in the experiment
is to measure the effects of a change of the solution flow rate through the bed on the initial
sorption rate curves. The effect will be greatest at the short exposure times where the
sorption rate of naphthalene onto the sorbent is highest and the sample concentration in the
mobile phase is more likely to be decreased by the sorption of the sample. If the flow rate
of the sample solution through the bed is increased, the initial slope of the sorption ratc
curve will increase until the flow rate is fast enough to maintain the constant concentration
in the mobile phase. If the flow rate of the sample solution is increased beyond this point,
the sorption rate curve should not vary with {iow rates. When this is true it ensures that the
shallow bed condition is met, and also that the thickness of the film around the particle is

small enough that film diffusion is negligible. The experimental parameters in the test of
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Table4.3a  The dependence of flow rate, F2, in Figure 2.2 through the dummy hole on

the position of V3. The shallow bed was placed in the sample loading

position while V3 was set to either bypass or pass the bed. F2 was set at

0.5ml/min.

V3 was set to bypass the dummy hole

Volume collected (ml) Time (min) F2 (ml/min)
1.07 2.0336 0.526
1.04 2.0750 0.501
1.80 3.2992 0.546
Average F2 + SD 0.524 + 0.02
V3 was set to pass the dummy hole
Volume collected (ml) Time (min) F2 (ml/min)
1.38 2.5446 0.542
1.29 2.3531 0.548
1.07 2.0508 0.522
Average F2 + SD 0.537 + 0.01
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Table 4.3b  The dependence of flow rate, F2, in Figure 2.2 through the shallow bed on

the position of V3. The shallow bed was placed in the sample elution

position while V3 was set to either bypass or pass the bed. F2 wus set at

0.5ml/min.

V3 was set to bypass the bed

Volume collected (ml) Time (min) F2 (ml/min)
1.73 3.2289 0.536
1.71 3.2490 0.526
2.17 42535 0.510
Average F2 + SD 0.524+ 0.01
V3 was set to pass the bed
Volume collected (ml) Time (min) F2 (ml/min)
1.33 2.5035 0.531
1.59 3.1422 0.506
1.54 3.0579 0.504
Average F2 + SD 0.514+ 0.02
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the shallow bed condition for naphthalene on PRP-1 are shown in Table 4.4. Figure 4.3
shows the effects of varying the interstitial linear velocity of the sample solution through
the shallow bed on the sorption rate curves within the first 0.7 seconds. The interstitial
linear velocity is calculated with equation 2.1. During the initial 0.05 second, the sorption
rate curves arc approximately linear. The slopes was calculated by the lines corresponding
to the points between the time zero and the time 0.05 seconds. The amount

sorbed within this timeis 11.2 £ 2.1% of the equilibrium value: The slopes are presented
as a function of the interstitial linear velocity in Table 4.5. It is seen that when U > 16.4
cm/s, the sorption rate is independent of U. This means that the bed of PRP-1 acts as a
shallow bed and the observed sorption rate is equal to the intra-particle sorption rate. All
the measurements of the sorption rate curve in this study were made at an interstitial linear
velocity higher than 16.3 cm/s.

The volume of sample solution which passes through the spaces between the
particles in the bed at the minimum exposure time of 0.04 seconds and the minimum
interstitial linear velocity of 16.4 cm/s, (i.e. 21.16 ml/min), is 0.0144 ml. The interparticle
volume which was calculated from the interparticle porosity and the weight of packing in
the bed is about 8.26 x 104 mL. Therefore, about 17 interparticle volumes have passed
through the shallow bed within 0.04 seconds. This corresponds to over 400 interstitial bed

volumes per second.
4.4.4 Sorption Rate Curves of Naphthalene on PRP-1

Shown in Figure 4.4 is the sorption rate curve of naphthalene on PRP-1 for run 1,
and shown in Figures 4.5, 4.6 and 4.7 are the sorption rate curves of naphthalene on PRP-
1 forrun 2, 3 and 4. The data in each Figure were normalized to the equilibrium value of
ng. The points are experimental. The solid line represents the tri-exponential equation

which fits well over the entire sorption rate data. It is seen that about 50% of the total
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Table 4.4 Experimental parameters in the measurement of the shallow bed condition in

the bed of PRP-1. 4.8986 x 10" M naphthalene in 85% MeOH/H20 was

used.
Parameter Value
PRP-1 1.12 £ 0.02 mg
F2 0.5 ml/min
Detector wavelength 276 nm
Detector range 0.02 A.U.F.S.
Recorder chart speed 0.2 In/min
Recorder range 0.01 V.E.S.
Sample solution temperate 25.20C +£0.20C
Shallow bed temperate 25.10C+0.20C
Integrator ATTA2 3
THRSH ]
PK WD 0.16




Table 4.5 Dependence of the initial sorption rates of naphthalene on the interstitial

linear velocity of a solution through the shallow bed of PRP-1.

U (cm/s) Initial rate (mol/g/s)2
12.6 29x 10-10
16.4 6.3 x 10-10
19.1 7.4 x 10-10
20.6 6.9 x 10-10
24.0 6.1 x 10-10
28.5 6.9 x 10-10

a Initial sorption rate is for the time of 0.05 seconds.
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Figure 4.3  Testing the shallow bed condition in PRP-1. Amount sorbed

for naphthalene in 85% MeOH/H2O as a function of the interstitial

velocity of sample solution through the shallow bed.
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naphithalenc was sorbed within 0.2 seconds and about 90% was sorbed within 1.0 second.
There is a very slow increase after 1 second.

Also shown in Figure 4.4 are tae individual contributions from each of the three
terms in the tri-exponential equation. At shorter time, the first term, Fy, is a major
contributor, and the second term, F2, is the intermediate contributor to the sorption rate
curve. The third term, F3, is the major contributor at longer time when F1 and F2 are
nearly at equilibrium.

The sorption rate studies were repeated four times. The constants n; and k;
obtained from the tri-exponential fit of the sorption rate data are presented in Table 4.6.
Different linear velocities were used in each of the four kinetic measurements of sorption,
but all of them were high enough to achieve both the shallow bed condition and the
intraparticle sorption rate control. When comparing the n; and k; value in Table 4.6, it is
important to reatize that these constants have no physical reality, but are merely empirical
curve fitting parameters. The six constants in equation 4.10 are not fully independent of
one another and the predicted peaks are determined by the six parameters together. As 2
result, agreement among these parameters from run to run is not required.

Table 4.6 also shows the error norms {81, 82] which is the square root of the
square of the residue between the experimental and the theory. The error norms reflects the
goodness of the tri-exponential fit. All the error norms for the kinetic sorption rate curves
are very close to each other. The presented error norm for each kinetic run is the smallest
as determined by fitting the data many times using a variety of initial estimates of n3 and k3,
since the error norm is only sensitive to n3 and k3.

The presence of any significant amount of scatter in the experimental data creates
some ambiguity in establishing the values of these six parameters. In particular, it was
observed that the constants of k3 and nj3 in the third term of the tri-exponential were the
most sensitive to the experimental errors [80], because they always represent the slowly

rising part of a sorption rate curve as shown in Figure 4.4. During the slow rising part, the
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amount sorbed changes very little, so that the sorbed amount suffers the most experimental
errors. A nearly equally good fit of the rate data could be obtained with scveral
combinations of k3 and n3. For the curve fitting itself, that is not a problem, becausc any
good fit is acceptable. However, in the prediction of an elution peak using the parameters
(chapter 5), different combinations of k3 and n3 will cause a problem because the shape of
a peak is dependent on the values of k3 and n3. Therefore, a set of criteria have been used
to select one correct combination of k3 and n3 which should be used in the prediction of an

elution peak. Those criteriawill be explored in Chapter 5.
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Figure 4.4  Sorption rate curve for naphthalene on PRP-1 in 85% MeOH/H20.
(W= 1.20 mg). The experimental data points are overlaid by a solid line
representing the tri-exponential equation. The data are normalized to the
value at equilibrium. The tri-exponential constants for this sorption rate
curve are shown in the first column in Table 4.6. Also shown are
contributions from the three exponential terms to the overall sorption

rate curve. Number 1, 2 and 3 are contributions to the curve from the first,

second and third term.



Table 4.6 Constants from the tri-exponential equation 4.10 describing four separate
sorption rate curves of naphthalene on a shallow bed of PRP-1.
Run No 1 2 3 4
U (cm/s) 19.1 24.0 20.6 17.6
no (mol/g) 1.1 x 1077 1.1 x 107 1.1 x 107 89x 108
n1 (mol/g) 7.8 x 108 25x 108 57x 108 6.7 x 108
n2 (mol/g) 24x 108 78 x 108 49x 108 1.4x 108
n3 (mol/g) 5.6x 109 9.9 x 109 6.7 x 109 6.8x 109
ki (sh 4.23 19.6 11.1 3.95
k2 (s 0.853 2.70 1.37 0.608
k3 (s1) 0.0120 0.149 0.0309 0.0244
Error norm 6.4 x 109 6.5x 109 54 x 109 8.1x 109




Figure 4.5
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Sorption rate curve for naphthalene on PRP-1 in 85% MeOH/H20.
(Wt=1.12 mg). The experimental data points are overlaid by a solid line
representing the tri-exponential equation. The data are normalized to the

value at equilibrium. The tri-exponential constants for this sorption rate

curve are shown in the second column in Table 4.6.
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Sorption rate curve for naphthalene on PRP-1 in 85% MeOH/H>0.
(Wt=1.12mg). The experimental data points are overlaid by a solid linc
representing the tri-exponential equation. The data are normalized to the
value at equilibrium. The tri-exponential constants for this sorption ratc

curve are shown in the third column in Table 4.6.



Figure 4.7

1.0
0.8
0.6

0.4

0.2

0.0' 7 ¥ v ¥ v ¥ M ¥ v L) v 1
0 10 20 30 40 50 60

Time(s)

Sorption rate curve for naphthalene on PRP-1 in 85% MeOH/H20.

(Wt =100 mg). The experimental data points are overlaid by a solid line
representing the tri-exponential equation. The data are normalized to the
value at equilibrium. The tri-exponential constants for this sorption rate

curve are shown in the fourth column in Table 4.6.
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Chapter §

Prediction of the Elution Peaks fromi the Sorption Rate Curves

5.1 Introduction

Bandbroadening and asymmetry are problems to the users of all forms of
chromatography in areas such as analysis, physicochemical measurement and preparative
scale separation. Narrow and symmetric peaks are desired in high efficiency
chromatographic performance. Several physical processes and chemical reactions will
affect the magnitude of bandbroadening and asymmetry. The contribution from each
process to bandbroadening is equivalent to the relative plate height contribution from that
process with respect to the overall plate height of the column.

In an "ideal" column and at an infinitely dilute concentration of a solute, a peak
would maintain its initial profile unaltered as it migrates down a column. An infinitely
narrow injected peak would still be infinitely narrow at the outlet of a column and the height
equivalent to a theoretical plate (HETP) would be zero. This is called linear ideal
chromatography.

In the real world, linear ideal chromatography does not exist. In a real column and
at an infinite dilute concentration, an infinitely narrow injected peak would broaden and
perhaps become asymmetric due to the spreading processes as it migrates down a column.
This is called linear non-ideal chromatography.

Non-ideal peak broadening processes are usually classified into two groups. In the
first group, there are those processes which are present in every column and therefore may
be described as "normal" processes. These processes include axial diffusion, non-
equilibrium due to resistance to mass transfer between phases, and spreading due to non-

uniform flow paths in a packed column.
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"Normal" processes tend to broaden a peak virtually symmetrically provided that
the concentration gradients are the same on each side of the peak. That is, if the column
contains a large number of plates and the solute is at infinite dilution.

In the second group, there are processes which are not present in every column and
therefore can be described as "abnormal” process. This includes "slow kinetic process”.

The slow kinetic processes usually lead to more asymmetrical and tailed peaks than "normal

processes” [60].

In this thesis, linear non-ideal chromatography with slow kinetic processes is
studied. The normal non-ideal effects are much smaller compared to the slow kinetic
processes. The effects of slow kinetics on the chromatographic peak shape were first
modeled by Giddings using a two site model, on the basis of the statistical theory. In this

thesis, prediction of an elution peak from a sorption rate curve is based on an extension of

the Giddings' two site model.

5.2 Theory
5.2.1 Bandbroadening Processes in Liquid Chromatography

The phenomenon of bandbroadening in a packed column has been extensively
treated in the literature [67-69, 87, 104-110}.

The theoretical plate model is frequently used in describing the normal
bandbroadening processes. Plate height is equal to the increase in the variance of the peak

profile per unit length of column. Itis expressed in equation 5.1

A-3

=1 (5.1)

leq\)
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where OX. jis the variance in distance units, and X is the distance the sample has travelled
down the column. When several independent peak spreading processes are present, the

law of additivity applies [69]:

[
2 -
Ox,Total = z o3, i

= (5.2)
and,
=1 (5.3)

where j is the number of a bandbroadening process.

5.2.1.1 Longitudinal Diffusion

On injection of an infinitely narrow band of sample onto the top of a column,
molecules diffuse away from the narrow band both forward and backward from the center
of the band due to the Brownian thermal motion. The resultant profile of the samplc is

Gaussian and the variance of the diffusion is described by a modified Einstein equation 5.4

[69]:

0?=2YDntp (5.4)

and,

S
Il
Sl

(5.5)
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The obstruction factor, Y , is about 0.5 to 0.8 in a packed column, and is added to the
Einstein equation because the diffusion pathway is not straight among the particles. Dp is
the solute diffusion coefficient in the mobile phase and has units of em?/s. tp is the time
that a sample takes to diffuse, Go is the mobile phase linear velocity, and L is the length of
acolumn. Substituting equation 5.5 into 5.4 [69], gives:

221Dy

L Uop (5.6)

Since the plate height is defined as variance per length, the plate height associated with the

longitudinal diffusion is expressed in equation 5.7 [69]:
2y Dy

Hp ==X
Uo (5.7)

It can be seen that longitudinal diffusion is inversely proportional to the mobile phase linear
velocity and is significant at low linear velocity. For the flow rates commonly used in LC,
longitudinal diffusion is negligible. Under some circumstance, longitudinal diffusion can
also occur in the stationary phase, however, the diffusion coefficientin the stationary phase

is small compared to Dy. Therefore, the magnitude of longitudinal diffusion in the

stationary phase is also small.

§.2.1.2 Eddy Diffusion

Eddy diffusion is caused by the non-uniformity in the packing structure across the
bed. The non-uniformity in packing is due to the differences in the particle sizes and

shapes. There are many different possible velocities at which an individual melecule might
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move. There are mainly five types of flow non-uniformities in the bed according to
Giddings. 1. Trans-particle effects which are the different velocities occurring on different
sides of a particle. 2. Short range inter-channel effects which are the different velocities
across a small number of particles. 3. Larger range inter-channel effects which arc the
velocity differences between regions separated by a layer number of particles. 4. Trans-
channel effects which are the different velocities across a single interparticle channel in
which the mobile phase velocity approaches a parabolic flow profile. 5. Trans-column
velocity occurs near the walls of the column across the width of the column where, for
example, the velocity may be faster than the velocity in the center. The non-uniformity of
flow can be relaxed by lateral convective mass transfer of sample molecules between flow
streams of various linear velocities.

The plate height associated with Eddy diffusion is expressed in equation 5.8 [69] :
By = 20, (58)

where A is a packing parameter, which decreases with increasing particle diameter due 1o it
being easier to pack a column uniformly with larger particles. It has a typical valuc of 10.

The parameter d;, is the diameter of a particle. Since the lateral convection diffusion results

from the packing geometry only, ﬁEddy is independent of mobile phase velocity.
5.2.1.3 Resistance to Mass Transfer in the Mobile Phase

As just discussed, in a packed bed, there are regions of different mobile phasc
velocities. Some molecules move at a higher velocity, some move at a lower velocity.
Velocity inequality can be present across a single particle, across a group of particles and
across the entire column. There are five types of flow velocities classified by Giddings as

discussed in the section 5.2.1.2. These different velocities occur because of the non-
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homogeneity of the bed. Two lateral mass transfer processes can relax the non-uniform
flow pattern: lateral convection which is included in the Eddy term and lateral diffusion
which wil!l be considered in this section.

If lateral diffusion occurred infinitely fast, the molecules would rapidly move
laterally from higher velocity regions to lower velocity regions. All the molecules would
experience identical average velocity. There would be no bandbroadening. However,
lateral diffusion occurs at a finite rate so that there is a net bandbroadening effect. The plate

height contribution from the lateral diffusion in the mobile phase is given in equation 5.9

[69] :

ﬁm - w dg U-o
Dp (5.9)

where w is a packing factor which is small for a uniformly packed bed and usually has a

value of about 5. Itincreases for irregularly shaped particles and decreases with increase in

the particle size.

5.2.1.4 Coupling of the Eddy and the Lateral Diffusion Term

Eddy diffusion and lateral diffusion together relax non-uniform flow patterns in a
packed bed and are not independent of each other [69]. When a molecule moves in the
flow stream, the two processes occur simultaneously. The associated plate heights,

however, can not be simply added. Giddings has combined the Hp and T'I-Eddy

contributions as shown in equation 5.10 and referred to this as the coupled plate height

term [69].

Hcouple = (—"—'—1 + ;-1‘-—)-1
Hegsy Hum (5.10)



When HEddy >> ﬁm, the coupling term will approach the value of Hm . On the other hand,
when ﬁﬁddy << -I'Tm, which usually occurs at high flow rate, the coupling term will
approach HEay, The coupling term is not a rigorous solution to the combination of the two

steps, but is a simplified manner of combining the two processes.
5.2.1.5 Resistance to Mass Transfer in the Stagnant Mobile Phase

Before a molecule is sorbed onto the stationary phase, it must diffuse through the
stagnant mobile phase present in the pores of the particle. The mobile phase velocity in the
stagnant mobile phase is zero. The sample molecules can move through the pores only by
diffusion and the rate of diffusion is dependent on the diffusion coefficient of the sample in
the mobile phase and on the geometry of the pores. The diffusion into and out of the
stagnant mobile phase is not infinitely fast. Therefore, there is non-equilibrium between
the stagnant mobile phase and the moving mobile phase. At the same time, molecules in
the moving mobile phase are continuously migrating down the column. Thus, there is a
zone of high concentration of sample in the leading half of the band in the mobile phasc.
Once the maximum of the band center passes the region, the mobile phase brings a lower
concentration of sample into the region. Sample diffusion through the stagnant mobile
phase to the moving mobile phase also takes time, therefore, the mobile phasc and the
stagnant mobile phase are not at equilibrium, and the trailing half of the band in the mobilc
phase contains a low concentration zone. In the stagnant mobile phase, the oppositc
situation exists. There is a concentration deficiency in the stagnant mobile phasc for the
leading half of the sample zone and a concentration excess for the back half. 1f the
diffusion into or out of the stagnant mobile phase is not too slow, and the time a molecule
takes to diffuse is less than half of the standard deviation of the peak, the non-equilibrium
effect is not large, and a Gaussian peak will be observed [69, 83, 111}.
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Bandbroadening associated with the stagnant mobile phase is dependent upon the
diffusion within the pores and upon the mobile phase linear velocity. The slower the rate
of the diffusion, the more time a molecule takes to diffuse through the pores, and the
molecules in the stagnant mobile phase fall far behind the moving mobile phase, the same
thing happens when the mobile phase linear velocity is increased. The plate height

contribution from the stagnant mobile phase is given in equation 5.11 [69]:

f,. - fetdK) d;Uo
Y Dm (5.11)
Where
n2
fet = (1-f+K" _
30 (1-f) (1+K) (5.12)
and
f = Lintra
€T (5.13)

Here, y' is the obstruction factor which accounts for the tortuosity of the pores, and is less
than 1. Dy, and dp have been previously defined. K' is denoted as the capacity factor, and
[ is the intraparticle porosity divided by the sum of the intra and interparticle porosity. It is
usually around 0.5. In deriving equation 5.11, diffusion through the pores in a spherical
particle is approximated by a first order (exponential) rate law by making the so-called
"linear driving force" approximation in equation 6.7 in chapter 6. Hm is only present in a

column packed with porous particles.

§.2.1.6 Resistance to Mass Transfer in the Stationary Phase
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Bandbroadening from this process is also caused by non-equilibrium between the
mobile phase and the stationary phase. In this process, a molecule is adsorbed onto the
stationary phase and becomes immobilized temporarily. Meanwhile, the molecules in the
flowing zone of the mobile phase will continue to move down the column. Because the
adsorption and desorption of a sample have a finite rate, the molecules, which are being
adsorbed and desorbed, fall behind the moving band, causing band spreading. The amount
that a zone spreads is proportional to the time the molecules spend on the stationary phasc
before the desorption occurs. The reasons for band spreading caused by this process arc
quite similar to those in section 5.2.1.5 in relation to Hm, except that the stationary phasc
takes the place of the stagnant mobile phase in the pores.

The plate height contribution from the rate of adsorption-desorption is given by

equation 5.14 [69]:

=2k _Uo
(1+K")? k4 (5.14)

where kq is the desorption rate constant. In deriving this equation, the reversible
adsorption-desoprtion process is asumed to follow a first order (exponential) ratc law, as

discussed in section 4.2.3 above.
5.2.1.7 Overall Column Bandbroadening

The overall bandbroadening in a packed column is the sum of the plate height
contributions from each process which was discussed in the above sections. According W
the additive law of the variance, the overall plate height is the sum of the plate heights

associated with each bandbroadening process as shown in equation 5.15 [69]):



100

H=Hip +ﬁmp1e+ﬁsm +Hs (5.15)

5.2.1.8 Extra-Column Bandbroadening

In addition to the dispersion caused by the individual physical processes present in
a column, there are also bandbroadening effects from the extra-column components such as
the injector, connecting tubing, fittings, detector cell and the electronic readout system [60,
110, 111].

Radial concentration gradients due to the Laminar flow velocity profile in an open
non-adsorbing tube produce band-spreading. Changes in tube diameter and in flow across
connectors and fittings can cause both bandbroadening and exponential distortion of a
peak. These regions act as mixing and diffusion chambers where convection and
diffusion, laterally and longitudinally, occurs. A sample, entering these regions, tends to
mix uniformly throughout the chamber. Such mixing and diffusion behavior can also
occur in the injector and detector dead pockets. The peaks are exponentially distorted.
Slow detector and electronic read out systems can also result in bandbroadening and
asymmetry. The longer the response time, thatis the time required for a signal to reach (1-
1/e) or 63% of its finial value, the more bandbroadening and tailing that occurs.

Generally, it is desirable to keep extra-column bandbroadening to a minimum.
Therefore, narrow, short tubing, plug injection, zero dead volume connectors, and fast
detector response are necessary in high efficiency chromatography. In this work, the extra-
column effect was reduced as much as possible. The extra-column bandbroadening was

measured and compared with the bandbroadening from the column.

5.2.1.9 Total Plate Height

The total plate height measured experimentally on a column is the sum of the plate
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heights from the column and extra-column as shown in equation 5.16:

H= ﬁLD +r"lcouple + I'_]sm +ﬁs +—ﬁextra-cdmn (5.16)

Hip is negligible at the velocities used in LC. In a well packed microparticulate column
with moderately slow kinetic effects, Heouple is also small compared with Hem +F]s.
Therefore, the bandbroadening in a column is approximately expressed by equation 5.17

after the extra-column has been subtracted [69]:

H = Hsm and/or Hs (5.17)

Simple substitution for Hsm and H; gives

fot(f,K) jUo v/ or 2K’ Uo

H= Yo
Y' Dm (1+K"? kd (5.18)

which predicts that plate height is proportional to the mobile phase linear velocity.

It is important to note, however, that when very slow Kkinetic effects are present, in
the form of very slow diffusion, then equation 5.11 representing ﬁsm is not correct.
Equation 5.11 incorporates assumptions and considerations such as the linear driving force
approximation and others. The correct treatment of Hsm in the case of very slow diffusion

is discussed in chapter 6.

5.2.1.10 Concentration Overload Bandbroadening
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When the solute concentration is sufficiently dilute, the sorption isotherm is linear,
and K' is constant. Therefore, the linear isotherm has no influence on the peak shape. The
peak is symmetric provided no slow kinetic processes are present. The overall average
concentration of a peak decreases as it migrates along the column. The concentration of the
peak inside the column is therefore always higher than that observed at the column outlet.
Although the outlet concentration may be very dilute, the inlet concentration may be high
enough, to fall in the non-linear region of the isotherm. In this case, the profile will rapidly
develop asymmetry within a short distance of the inlet and that asymmetry remains as
migration continues. In setting any criterion [60, 1C4] for isotherm linearity, the
concentration at the inlet, not the outlet, should be considered.

In this thesis, the overloading of a column is studied by measuring the elution
chromatograms at low and high concentration for naphthalene on PRP-1. The effects of

the concentrations on the plate heights and the capacity factor K' are also studied.

5.2.1.11 Slow Kinetic Processes

The kinetic origin of tailing in chromatography was first addressed by Giddings
[69, 83]. Slow kinetic processes can be regarded as exaggerated cases of a non-
equilibrium between the the mobile phase and either the stationary or stagnant mobile phase
in pores. The difference between the slow kinetic processes and the processes described in
5.2.1.5 and 5.2.1.6 is the extent of the non-equilibrium in the column. Slow kinetics may
result in significant peak broadening, tailing and multiple zones even though the solute
concentration is well within the linear region of the isotherm [69, 83, 111]. Examples of
slow kinetic processes include both slow mass transfer diffusion of solute molecules into
the micropores of the sorbents [49, 112}, polymers [113, 114], organic gel matrix [48],
ion exchanger resin [115), and deep droplets of liquid and slow adsorption-desorption of

solute molecules onto the polymer surface, or a slow reaction of a solute on the stationary
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phase [116].

Slow kinetic processes often cause tailing of the eluted peak. A tailed peak may be
imagined to consist of two parts: a symmetric peak, and a tail on the trailing side as shown
in Figure 5.1 [60, 111]. The shape of a tailed peak resulting from slow kinetic processes
has previously been investigated by varying the flow rate, temperature and the modifiers in
the mobile phase. The area under an exponential tail was found to decrease but the length
of the tail increased with the increase of the flow rate. The amount of tailing decreased with
increase in temperature. However, in one case, for small molecules which can diffuse into
the pores, the area under an exponential tail increased as the temperature increases {113}
The dependence of the apparent center of gravity of the tailed peak on the flow rate is
complex. As the flow rate increases, a smaller portion of the molecules adsorb on the slow
kinetic sites, so the retention volume of a peak decreases. At a very high flow rate, the
slow kinetic sites are no longer available to the molecules due to the short time a solute
spends in the column. The tail disappears and the retention volume becomes constant |60,
111].

Whether the apparent center of gravity of a peak depends on flow rate is decided by
the relative value of the time constants for the desorption or adsorption step of the slow
kinetics and by the value of half of the standard deviation of the peak [69, 83]. If the time
constant for desorption or adsorption is greater than half of the standard deviation of the
peak, the peak is not only broad but also forms an exponential tail.

It should be pointed out that it is not easy to distinguish between kinetic tailing and
non-linear isotherm dependent tailing by just looking at the peak shape. However, non-
linear tailing will decrease as the sample size is lowered, whereas kinetic tailing will be
affected little by such a change. For kinetic tailing, the length of a tail will be especially
prominent at high velocity [60, 69, 83, 111].

5.2.2 Predicted Peaks from the Sorption Rate Curve
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5.2.2.1 Selection of Experimental Conditions

As discussed in section 5.2.1, bandbroadening and asymmetry can result from
several individual physical processes and chemical reactions occurring in a column and in
the extra-column components. In the situation addressed in this thesis, the slow kinetic
processes involved are intraparticle processes. Therefore, appropriate chromatographic
conditions must be selected.

First, an aromatic compound, naphthalene, was selected as a probe because
aromatic compounds often show extreme bandbroadening and asymmetry on a column of
poly (styrenedivinylbenzene), and these effects have been suspected to arise from slow
intraparticle processes. The solvent and eluent were 85% MeOH/H20 in which
naphthalene has a large capacity factor. This ensures that the bandbroadening and
asymmetry of the observed elution peak are mainly caused by the kinetic processes.

Second, the concentration of a solute at the column inlet is within the linear region of

the sorption isotherm to ensure linear chromatography.

Third, the capacity factor K' of naphthalene and the retention time, tym, of
unretained compound, phloroglucinol, must be obtained from the elution chromatograms

[80].



Gaussian

Tailing

Figure 5.1 Schematic diagram of a tailed peak and its components of

a tail and a Gaussian portion.
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5.2.2.2 Models of the Elution Chromatographic Profiles

Generally, a mass balance equation is used to calculate an elution profile. The
complexity of the mass balance equation depends on the sorption rate expression which
reflects the mass transfer resistances in a column. For linear ideal chromatography, a
simple mass balance equation can be written and can be solved analytically under the initial
and boundary conditions. In this situation, the peak would maintain its original shape as it
migrates down the column. For linear non-ideal chromatography, an analytical solution of
the mass balance equation produces a Gaussian peak for infinitely narrow injected peak.
Non-Gaussian peaks result from either non-linear or non-ideal chromatography or the
combination of both. Itis often difficult or impossible to find an analytical solution to the
mass balance equation to describe these elution profiles.

In dealing with linear non-ideal chromatography with slow kinetic processes, a
simpic two site model was proposed by Giddings [69, 83]. This model is based on
statistical theory [ 117, 118] and uses the methods of system theory which states that a
chromatographic peak is a result of several processes which contribute in a characteristic
way (o the final peak shape, each process being characterized by an impulse response
function (IRF). The final resultant profiles are the convolution of all the IRF's [69, 119-
121]. In this work, the calculation of the predicted peak from the sorption rate curves
which were fit to a tri-exponential equation draws heavily on the two site serption model of
kinetic tailing developed by Giddings.

Briefly, the two site model states that there are two different kinds of sorption sites
with different sorption rates in the stationary phase. One type is normal sites which exhibit
rapid kinetic exchange and result in the main chromatographic effects. A second type, a tail
producing site, also exists which is relatively scarce and has a slow kineticrate. The slow
kinetic mechanism on the tail producing sites could be either the slow diffusion in the

stagnant mobile phase in the pores or the slow adsorption-desorption onto the surface of
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the pore walls or the combination of the two steps. On each type of site, there is a first
order adsorption-desorption rate constant. The shape of a profile from each site depends
on the sorption rate constant. Some molecules have spent time not only on the normal sites
but also on the slow exchange sites. For these molecules, the elution profile is the
convolution of the profiles from the two sites. Other molecules pass through the column
without being sorbed on the slow exchange sites. For them, the elution profile is the onc
obtained on the rapid exchange sites only. The overall elution profile is the weighted sum
of these two profiles with convolution of a peak of an unretained compound.

In the present study, Giddings' model is extended to three sites. On each site, there
is a first order adsorption-desorption rate constant corresponding to each term in the tni-
exponential equation which was used to fit the sorption rate curve. It is imagined that a
column of PRP-1 contains three hypothetical types of sites. The number of each type is n;
sites, where i refers to the type of sites, and is equal to 1, 2 or 3. Itis imagincd that the
three different hypothetical types of sites have been sorted out of the column and collected
together by type into three hypothetical columns that are placed in series. Each of the three
hypothetical columns has the same length (L), linear velocity of the mobile phasc (Uy).
retention time of an unretained compound, tp, retention volume of an unretained
compound, Vp,, and sorbent weight (Wy) as the real chromatographic column has. The
first order rate constant for each hypothetical column is ki which 1s obtained from cquation
4.10. For a reversibie first order sorption, the rate constant is related to an adsorption ratc

constant k, ; and a desorption rate constant kg ; as given in equation 5.19 [80]:

K. = Kai + Kaj (5.19)

The adsorption and desorption rate constants are also related to the capacity factor in

equation 5.20 and 5.21 [80].
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kaJ = kl -_—

1+K; (5.20)
ka; = ki ——

14K, (5.21)

where K; is the capacity factor associated with each hypothetical column, and is expressed

in equation 5.22 [80]:

K; =0 K’
ng (5.22)

where K' is the true capacity factor measured from the elution chromatogram and can be

expressed in terms of the distribution coefficientas given by equation 5.23 [80].

K=Kp¢ (5.23)

Here Kp is the distribution coefficient, and & is the phase ratio of a column. Both Kp and
& are the same on each of the three hypothetical columns as they are on the real column.

If an impulse of a solute is injected onto any one of the three hypothetical columns
alone, a fraction of solute molecules will pass through the column without being sorbed.

This fraction of the solute molecules will elute as an impulse which is described by

equation 5.24 [69, 83].

Pi(ts) =0(ts) exp(-Ka,i tm) (5.24)

where 8(ts) is the Dirac impulse function representing an infinitely thin pulse, kaj; is the

adsorption rate constant, and , is the retention time of an unretained compound. P'(ts),
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the probability distribution associated with the fraction of molecules passing through
without being sorbed on the i hypothetical column, is related to the adsorption rate constant
ka i and indirectly to the mobile phase linear velocity via ty. In a slower sorption process,
ka; is smaller, and the fraction of molecules that passes through the column without
undergoing this slow process will increase. As the linear mobile phasc velocity increases,
ty decreases, molecules spend less time in the column and have less time to undergo the
slow sorption step. Therefore, the fraction of non-interacting molecules increases. In the
present case for the sorption of naphthalene on PRP-1, it wiil later be seen that the non-
interacting fractions «=ociated with the hypothetical columns 1 and 2 are zero, becausc
adsorption on these two types of sites is fast. Only on hypothetical sitc 3 is therc a finite
value of non-interacting fraction.

P;(ts), the probability distribution associated with the fraction of molecules which is
sorbed during their moving through each hypothetical column, is also given by Giddings

and is shown in equation 5.25 [69, 8]

Ka; kg t
Pi(ts) —'=(—a—‘3—k—d*l—-“l)”2 I; (W4kai Kaj tm ts ) eXp(-Kaitm -Kajts )
ts (5.25)

Where
ts=1-ty (5.26)

Here, I; is a Bessel function of imaginary argument for the parenthetic square root term.
The elution peak profile that is predicted to elute from each hypothetical column is obtained

by sum of Pi(ts) and Pi(ts).

5.2.2.3 Overall Predicted Peak from the Individual Contribution on Each

Hypothetical Column Using Mathematical Convolution
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The overall peak predicted from a real chromatographic column is the convolution

of the peaks from each hypothetical column. The mathematical expression of convolution

is given in equation 5.27 [119-121]:

o

Coveralt () =I fi(t) f2 (t -t) dt’
o (5.27)

t=t+t (5.28)

where 1 is the center ol gravity of the function f. fj is the input function describing an
input profile. f is the system impulse response function describing the concentration-time
distribution that would exit the system if the input function had been an impulse. The
overall profile, that is the convolution of f] and f5, describes the concentration-time profile
exiting the system when any input function fj is operated on by any response function f>.
In fact, either f] or f2 can be the input or the response function. Figure 5.2 shows the
convolution of an exponential response function, such as that from a detector cell, and a
Gaussian input function which would enter the detector cell. The overall profile is an
exponentially modified Gaussiarn. In the present case, on each hypothetical type of site, the

response function for molecules interacting with these sites is described in equation 5.25.

It may be noted that convolution theory states that the product of convolutionof a &

function with a response function is the response function itself, and is expressed in

equation 5.29 [121].
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Figure 5.2

A B - C
-1 fI - f1{t)*f2
) . T fIMR()
1 lt.l 1 :t A A 2 i -t A

Schematic diagram of convolution of two impulse response functions. A
is a Gaussian profile produced by injection of an impulse into a high
efficiency chromatographic column. B is an exponential profile gencrated,
for example, by injection of an impulse into a detector cell which acts as a

mixing chamber.
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O =f (5.29)

Therefore, the convolution of a narrow input & function with the response f unction Pj(ts) is
equal 1o P; (&), so that equation 5.25 is an impulse response function.

The three hypothetical columns in series are illustrated at the top of Figure 5.3. The
characteristics of the peaks from each hypothetical column are determined by the constants
generated from the tri-exponential equation. The peaks for molecules being sorbed on each
hypothetical site are shown in panels D, E and F in Figure 5.3. Panel F corresponds to the
first exponential term in the tri-exponential equation, panel E and panel D are related to the
second and third exponential terms respectively. Because fast sorption occurs on types 1
and 2 sites, the peaks in panel E and F are symmeiric and Gaussian. The shapes of the
peaks E and F reflect by the high values of kj and k2 in equation 4.10. The peak in panel
D which is calculated by equation 5.25 using the parameter k3 and n3 is essentially
exponential. Therefore, it can be seen that the third term in the equation 4.10 mainly
defines the tail of a peak. Panel H is the convolution of panel D, Eand F.

The above analysis deals with the portion of molecules which interact with all these
hypothetical types of sites. However, not all the molecules would get chance to interact
with the third type of hypothetical site during the residence time of molecules in a column,
as shown in Table 5.1. Run No. 1in Table 4.6 is used to generate Table 5.1. The fraction
which the molecules do not interact with the third hypothetical type of sites is not zero at all
four mobile phase linear velocities. Panels A, B and C show the profiles eluted from each
hypothetical type of site for the portion of molecules which do not interact with the slow
sorption site 3. The peak in panel A is a spike impulse because molecules do not interact
with the slow sorption site 3. However, the molecules do interact with the two fast
sorption sites 1 and 2. Panel G shows the convolution of peaks in panel A, Band C.

The peak in panel | is the weighted sum of peaks in panel G and panel H. Before

the summation, the areas of panels G and H are weighted
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Figure 5.3 Prediction of the elution peak at a a mobile phase linear velocity of 0.3 cm/s for
equation. The tri-exponential constants which are used to predict the peak are

naphthalene whose sorption rate curve is described by a tri-exponential

shown in the first column in Table 4.6.
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respectively by the fraction of molecules that do not and that do interact with type 3 sites.
For example, if the non-interacting fraction is 0.32, the area under profile H must be 68%
of the total area. The scaled profiles are then summed to form the peak in panel 1. The last
step in the calculation of the final predicted peak is a convolution of the peak I with the peak
J which is a profile of unretained compound, phloroglucinol. Peak J is very narrow. The
variances of the phloroglucinol peaks are so small compared to the variances of the
naphthalene peaks at all mobile phase linear velocities, as presented in Table 5.9 and Table
5.10, that the final convolution step increases the center of gravity of the peak I by im but a
negligible increase in the variance. The finial predicted peak is shown in panel K.

Itis should be recognized that the idea of three hypothetical types of sites is purely a
convenience for the purpose of mathematical modeling based on the tri-exponential

equation. In reality, the stationary phase probably possesses a wide spectrum of sorption

sites [122].
5.2.3 Characterization of the Elution Profiles
5.2.3.1 Statistical Moment Analysis of Chromatographic Peaks

The principal factors which control peak shape have been discussed in section 5.2.1
in term of non-linearity, non-ideality and extra-column effects. Bandspreading and
asymmetry of the peak results in different extents of peak distortion. Ideally symmetric
peaks, which are rare in chromatography, follow a Gaussian distribution which is easily
described and characterized. The time at which the maximum of a peak occurs is the
retention time or the center of gravity of the peak. The variance is related to the peak width
and can be easily calculated by various peak width measurements at different heights on the

peak using graphical methods [123]. These quantities can be used to calculate the overall

column efficiency.



Table 5.1

The non-interacting fraction at the four mobile phase linear velocities

forrunl.
Uy (cm/s) | non-interacting | non-interacting | non-interacting
fraction on fraction fraction

hypothetical hypothetical hypothetical

column 13 column 22 column3 2
0.1 ob ob 0.333
0.2 0 0 0.574
0.3 0 0 0.696
0.4 0 0 0.762

a non-interacting fraction is €XP(-Ka, i tm).

b When the values are smaller than 10710, they are defined as 0.
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However, most chromatographic peaks do not follow a Gaussian distribution due
to the physicochemical dispersion processes. It has been shown that the plate count of
asymmetric peaks can easily be overestimated by more than 100% if a Gaussian based
equation is employed [124], and all the variance of an asymmetric peak can be
underestimated by more than 50% [125].

The theory of statistical moments provides a precise and meaningful way to
characterize peaks of any shape [60, 126-131]. For a non-Gaussian peak, the differential
mass balance equation is too complex to be solved analytically. Some mathematical
methods, such as the Laplace transform, can be used to solve the differential equation.
However, the solution, using the Laplace transform [121], must be back transformed
which is very difficult. Itis comparatively easy to obtain moments which give rise to a set
of parameters characterizing a peak shape, from the solution of the Laplace transform. The
zero moment, My, defines the peak area, the first moment, Mj, defines the center of gravity
of a peak, the second moment, My, is the variance of a peak, the third moment, Mg,
describes the skew of a peak, and the fourth moment, Mg, is excess of a peak. For a
Gaussian peak, the moments higher than the second are equal to zero. Definition of My,

M; and M are given in equation 5.30, 5.31 and 5.32:

Mo = f h(t) dt

(5.30)
M, = | thode
0 Mo (5.31)

M, = f (- M2 ht) dt
0 Mo (5.32)



117

where h(t) is a mathematical function describing the concentration-time profile of a
chromatographic peak. It is important to use the correct function to describe the peak
shape, since a systematic error would be introduced if a wrong function were used. The
exponentially modified Gaussian (EMG), a function obtained via the convolution of a
Gaussian function and an exponential decay function has been widely used to describe
asymmetric and tailing peaks. The EMG function is shown in equation 5.33 [90, 119,
126, 127, 129-131].

oI

hgme () = A‘?C_G 2 exp[%—( 91?0.)2 - ‘_'T_‘Q] f exp(-x2 ) dx
® (5.33)
—(t - e
Where z2=(t- o )log T (5.34)

The EMG function is defined by three parameters: the center of gravity of Gaussian
function, tG; the standard deviation OG of the parent Gaussian function; and the time
constant © of the exponential function. The factor A determines the amplitude of the
function. The integration term depends on the value of z. When z > -3, the identity shown
in equation 5.35 is used to take the advantage of the built-in error function routine in the

computer program.

( exp(-yHdy= ig’- (1+erf(x))
)= (5.35)

>0.2

T
Whenz> -8and g~ -, the integral can be approximated by a polynomial expression

[130]. In this thesis, equaticn 5.35 is used to calculate the integral. The variable z is
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smallest at the starting of a peak, and for the rest of the peak, z will be larger than -3.
The moments of a peak can be calculated from the constants of the EMG function as

shown in equation 5.36 and 5.37 (1 19]:

M= 0% + V2 (5.37)

Where Vg and 03.6 are the retention volume and the peak variance of the parent Gaussian
peak in volume units .Vt and V2 are the time constants and variance of the exponential
function in volume units . The moments in volume units can be calculated from those in

time units by multiplying the mobile phase flow rate. The column efficiency is expressed

in equation 5.38:

H=L M2
Mji (5.38)

Where L is the length of the chromatographic column.

The asymmetry factor, A.F, is calculated at 10% of the peak height using equation

5.39 [124, 130]:

AF. =B
A (5.39)

where B is the width of the back of the peak at 10% of the peak height. A is the width of
the front of the peak at 10% of the peak height .

5.2.3.2 Characteristics of Kinetic Effects
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The slow kinetic effects on the shape of a peak are chiefly observed by the effect of
flow rate on the peak appearance and degree of peak tailing [60, 69, 83, 1i1}. The
predicted peak calculated from run 1 in Table 4.6 is used to illustrate the effects of the flow
rate on the peak shape.

The area and the height of the Gaussian portion of a tailing peak are calculated
numerically from the peak in panel G in Figure 5.3 after correcting by the interacting
fraction shown in Table 5.1, and are defined as ag and hg respectively. Similarly, the arca
and height of a tail calculated from the peak in panel H after corrected by the non-interacting
fraction are defined as ar and ht separately.

Fractional tail area is the ratio of the tail area, aT, to the sum of the tail area, ar, and

the Gaussian area, ag. Itis given in equation 5.40 [132]:

Fractional tail area = —2L
ar + ag (5.40)

The fractional tail area reflects the number of molecules that interact with the tail producing
sites. Itis related to the elution time and the sorption rate constant of the slow kinetic
process. The longer the molecules stay in the column, that is a longer retention time and a
low flow rate, the more molecules that will participate in the slow process. Also, the larger
the sorption rate constant of the slow process, the more molecules that will be sorbed onto
the slow sites. Therefore, the fractional tailing area should increase with an increase in the
sorption rate constant and with a decrease in flow rate.

The tail length, the degree of extension of the peak trailing edge, is given in

equation 5.41 [132]:
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(5.41)

Where 96 is the standard deviation of the Gaussian portion. The relative tail length is
given in equation 5.42 [132]:

Relative tail length = Or
tR.G (5.42)

where IR G is the retention time of the Gaussian portion. Using relative tail length, the tail
lengths of peaks with different fractional tail area and Gaussian width are compared. The
length is inversely proportional to the height of a tail. The relative tail length is related to
the desorption rate constant in the tail producing sites. The slower the desorption rate in the
tail producing sites, the longer the sorbed molecules take to return to the moving zone, and
the longer the tail is on the trailing edge of the peak.

In addition, the relative width of the Gaussian portion is given in equation 5.43

[132]:

Relative width = 26
tR,G (5.43)

and the relative height of a tail is given in equation 5.44 [132]:

Relative height = by

(5.44)

5.3 Results and Discussion



5.3.1 Extra-column Bandbroadening

The bandbroadening of a naphthalene peak in the extra-column components was
measured by injection of 5.057 x 104 M phioroglucinol in 85% MeOH/H20 using the
apparatus shown in Figure 2.11. The column was replaced by a zero dead volume
coupling. Table 5.2 presents the experimental parameters used in the collection of the
chromatographic signals. The elution profiles were recorded on a strip chart recorder, and
digitized manually. The digitized data was used to calculate the moments using a program
irn MatLab (The MatWorks, 1991). The moments were calculated from the EMG function
which gives a good fit to the experimental data. Figure 5.4 shows the extra-column elution
profiles at a mobile phase flow rate of 0.587 ml/min. The elution profiles shown as points
are overlaid by solid lines of the EMG function. Profile A is the elution profile for run 1,
and profile B is for run 2. The peaks are tailed, the asymmetry factors in terms of % arc
around 1.7 [123]. This is because the spaces in the injector and detector cell act as mixing
and diffusion chambers [126, 128, 133], in which a sample experiences rapid convection
and longitudinal and lateral diffusion which result in exponentiaily tailed peaks.

In the worst case, a detector and injector act as a mixing chamber. The variance of
a peak is equal o the square volume of the detector and injector, and is independent of the

flow rate.

The bandbroadening of a peak from a straight tubing is given by Golay [133]:

_nr*LF
Y Dy (5.45)



Table 5.2 Experimental parameters in the collection of the elution profiles of 5.057 x
104 M phloroglucinol in 85% MeOH/H»0 from the extra-column units.

Parameter Value
Pressure from nitrogen cylinder 50.5 psi
F 0.587 + 0.01 ml/min
Detector wavelength 276 nm
Detector range 0.05 A.U.E.S.
Recorder chart speed 10 In/min
Recorder range 0.01 V.E.S.
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where O is the variance of a peak from the tubing in volume units which is calculated from
the variance in time units by multiplying the flow rate, F is the flow rate in units of mL/min,
r is the radius of the tubing, and L is the length of the tubing. Dy is the diffusion
coefficient of a solute in the solution. Therefore, the higher the flow rate, the wider the
peak. The radius and the length of the tubing are very small, therefore, the variance of a
peak from the dispersion in the tubing is smaller than those from the detector and injector.
In order to obtain a high column efficiency, it is desirable to keep the
bandbroadening contribution from the extra-column components as small as possiblc.
Usually, the variances from the extra-column are kept to 10% r less of those in a column.
Table 5.3 shows the extra-column variances at a mobile phase flow rate of 0.587 mi/min
and the total variances at four mobile phase flow rates. The extra-column bandbroadening
is only 0.02% of the total variances at the mobile phase flow rate of 0.5 ml/min. Although
the flow rates in the measurements of the extra-column bandbroadening and the
naphthalene elution chromatograph are different, this will not make a significant difference.
The volume bandbroadening from the tubing, which is proportional to the flow rate, is very
small, and the bandbroadening from the detector and injector is nearly independent of the
flow rate as discussed above. The retention times, tg, of the unretained compound will be
smaller after they have been corrected by the retention times in the extra-column
components. However, the capacity factor of naphthalene, K', will increasc a lide bit
according to equation 5.46. The net effect is very small on the predicted peak as shown in
Figure 5.5. The predicted peak is calculated using the parameters in column 1 in Table 4.6

at a mobile phase linear velocity of 0.4 cm/s.
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Figure 5.4  Chromatograms of 5.057 x 104 M pioroglucinol in 85% MeOH/H20 from
the extra-column components. The experimental points are overlaid by
solid lines of EMG fits. Profile A is from run 1 and profile B is from run 2.

The mobile phase flow rate is 0.587 mi/min.



Table 5.3 The variance from the extra-column components measured using 5.057 x
104 M phlorogtucinol and the total variances for 3.135 x10- M
naphthalene in a column of PRP-1 at four mobile phase linear velocities.

The standard deviations were calculated from duplicate injections.

F (ml/min) o (ml?) SD (ml?)
(Total)
0.5 9.1 0.2
1.0 9.5 0.9
1.5 15 3
2.0 17 4
0.587 1.39x 1032 5% 105

a From extra-column components.
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Figure 5.5  The predicted peak (-=-=-~ ) of naphthalene after corrected by the extra-
column bandbroadening and the predicted peak (———) without correction

from the extra-column bandbroadening at the mobile phase linear velocity of

0.4 cm/s.
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The contribution from the extra-column bandbroadening is so small that it is not
corrected in the later calculation of the chromatographic figures of merit for the naphthalenc

elution profiles.

5.3.2 .uncentration Overload Bandbroadening

A non-linear isotherm due to a high concentration can also cause an asymmetric
peak [57, 60, 110, 111]. In this work, bandbroadening and asymmetry that result only
from the kinetic processes in a column are of interest. Therefore, the concentration
overload bandbroadening must be avoided.

Either of two ways can be chosen to select the concentration of a solution which
will not overload a column. One way is to run the sorption isotherm, and then choose a
concentration within the linear region of the isotherm. The other way is to examine the
effects of the concentration on the shape of the peak, as characterized by the
chromatographic figures of merit. The capacity factor, K', should be independent of the
concentrations within the linear region of the sorption isotherm [60, 110, 111]. The K'
was measured by varying the concentration of naphthalene from 103 to 10-5 M at a mobile

phase linear velocity of 0.3cm/s. The K' was calculated using equation 5.46:

K' = tmax - tm
tm (5.46)

where tg, is the first moment of the unretained compound of phloroglucinol, tmax is the
retention time of peak maximum for naphthalene. Figure 5.6 shows the plot of K' versus
the concentration of naphthalene. The data are shown in Table 5.4. As expected for a
convex sorption isotherm, K' increases with decreasing concentration unti! it approaches a
constant in the linear region of the isotherm. There are no significant differences in K' at

concentrations of 1.57 x 103 M and 3.14 x10-5 according to the t-test. Therefore, when
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the concentration is smaller than about 3 X 10 M, K' becomes a constant and independent
of the concentration of naphthalene. This agrees with the results from the sorption
isotherm (Figure 3.6). The plate height versus the concentration should be constant when
K' becomes constant at a certain mobile phase Jinear velocity. The plate heights were
calculated by an empirical equation proposed by Foley and Dosery [130]. This empirical
equation is based on an exponentially modified Gaussian function and employs only
graphically measurable parameters such as retention time of the peak maximum, tmax, the
peak width at 10% of the peak height, Wg 1, and the empirical asymmetry factor of B/A.
The plate height was then calculated with equation 5-47:

Imax )

Wot 1

H=L=-1417 -]
N [ (B/A +1.25) (5.47)

The reason for using the empirical equation to calculate the plate height is that the profiles
of low concentration naphthalene, a highly retained compound on PRP-1, can not be
accurately digitized by the 12 bit analog to digital Converter at a concentration within the
linear region of the isotherm due to the very jow S/N ratio.

This can be seen as follows : previous Figure 2.9 shows the elution profile of
naphthalene on PRP-1 at a concentration of 103 M after being smoothed by a moving
average of 21 points. The profile has a high value of S/N. The peak can be accurately
digitized. The parameters in the collection of the elution profiles of 4.688 x10° M
naphthalene on a column of PRP-1 at four mobile phase linear velocities are shown in
Table 5.5. However, as the concentration decreases to 4 X 10> M which is the upper limit
of the concentration within the linear region of the sorption isotherm, the signals appear too

noisy to be recognized as shown in previous Figure 2.8a, even after the signals were
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Figure 5.6  The dependence of capacity factors on the concentrations of naphthalenc in

85 % MeOH/H20 on a column of PRP-1. The standard deviations were
from duplicate injections. The capacity factors were calculated at a mobile

phase linear velocity of 0.3 cm/s.



Table 5.4

130

The dependence of capacity factors on the concentrations of naphthalene in

85 % MeOH/H20 on a column of PRP-1. The standard deviations were

from duplicate injections. The capacity factors were calculatedat a mobile

phase linear velocity of 0.3 cm/s.

Concentration (M) K' SD
4.90 x 103 22.69 0.25
1.96 x 104 27.54 0.27
3.14x 10°5 28.32 0.53
1.57 x 1075 27.86 0.17
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processed using a low pass filter and a moving average program in the SpectroPlot [56].
The peaks are highly distorted as shown in Figure 2.8b.

Although the peaks of naphthalene at a low concentration can be recorded on a chart
and then hand digitized as will be seen in section 5.3.4, itis not necessary to carry out this
time consuming and tedious processes in this section. Instead, the quicker graphical
approach implied in equation 5.47 was used here. The plot of plate height versus the
concentration at mobile phase linear velocity of 0.3 cm/s is shown in Figure 5.7 and the
data is shown in Table 5.6. The standard deviations were calculated from duplicate
injections. The SD includes the errors in obtaining the parameters graphically, such as
errors associated with tmax, B, and A from the chart. SD is relatively low. The plate
height decreases with concentration until it becomes constant. There are no significant
difference in the plate heights at 3.14 x 10-5Mand 1.57 x 10-3 M concentrations according
to the t-test. These results agree with those from the sorption isotherm (Figure 3.6) and the
capacity factor (Figure 5.6).

Figure 5.8 shows the elution profiles of naphthalene at concentration of 4.688 x 10
3 M and 3.135 x10-5 M. The profile A at a high concentration is more tailed, the tyax is
shorter, and the peak width is larger, these are expected for a peak from an overloaded
column. The profile B at 3.135 x 10-5 M is more symmetrical and less tailed with a larger

tmax- The elution profile of 3.135 x 10-5 M naphthalene on a PRP-1 column was used

compare with the predicted peaks.



Table 5.5 The experimental parameters in the collection of the elution profiles of
4.688 x 10-3 M naphthalene in 85% MeOH/H20 on a column of PRP-1
at four mobile phase linear velocities with an analog to digital converter
(LAB NB).

Up (cm/s) Sample | DataPoint | Sampling Gain Start Time2
Rate (sec)
0.1 Naph. 2048 2 50 52'55"b
0.2 Naph 2048 1.5 50 24'48"
0.3 Naph 1024 1.3 50 1522"
0.4 Naph 1024 1.3 50 11'02"

a start time is the time before the data acquisition starts.

b 'is minute, " is second.
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Figure 5.7  The plate heights of naphthalene on PRP-1 in 85% MeOH/H20 as a
function of the concentrations. The plate heights were calculated at a mobile

phase linear velocity of 0.3 cm/s using equation 5.47.



Table 5.6
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The dependence of the plate heights on the concentrations of naphthalene in

85 % MeOH/H20 on a column of PRP-1. The standard deviations were

from duplicate injections.

Concentration (M) H (mm) SD
49x 103 5.81 0.51
1.96 x 104 2.82 0.32
3.14x 10-5 2.18 0.17
1.57 x 103 1.79 0.10
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Figure 5.8  Chromatograms of naphthalene on an analytical column of PRP-1

in 85% MeOH/H50 at a mobile phase linear velocity of 0.3 cm/s.

A. The chromatogram of 4.688 x 10-3 M naphthalene shown as a

smoothed output from the data collection program written in

SpectroPlot. B. The chromatogram of 3.135 x 103 M naphthalenc.



5.3.3 Axial Dispersion and Non-Uniform Flow Pattern

The calculation of the predicted peaks from the iniraparticle sorption rate curves
assumes that bandbroadening and asymmetry from axial dispersion and non-uniform flow
patterns in a packed column are negligible compared to the kinetic effects as are the extra-
column and the nonlinear isotherm effects. In a chromatographic column, these two
processes are definitely present. However, the magnitude of the bandbroadening of
naphthalene alone from the two processes can be shown to be small compared with the
kinetic effects for naphthalene in the column of PRP-1.

Phloroglucinol, a highly polar and hydrophilic compound which was used to
estimate extra-column bandbroadening, is not sorbed on PRP-1 and can be used to
indirectly estimate the contributions from the axial dispersion and the non-uniform flow
pattern. The bandbroadening of phloroglucinol eluting from a column of PRP-1 arises
from extra-column components and from the axial dispersion and the non-uniform flow in
a column.

A 7 1° % x 10~ M solution of phloroglucinol was injected onto PRP-1 column. The
signal was fod 1a-» 1 AB-NB analog to digital converter. The experir ‘ntal parameters in
the collection of the phloroglucinol peak are shown in Table 5.7. Phloroglucinol, an
unretained compound, shows a symmetric and narrow peak on PRP-1 as shown In
previous Figure 2.7A, with a signal to noise ratio of 28. The profile in Figure 2.7A is a
Up of 0.3 cm/s. Figure 5.9 A shows the prof:ie at Uy of 0.1cm/s, profiles B and C 1n the
samc Figure show the elution profiles at Uy of C.2 and 0.4 cm/s. After the signals were
smoothed by a meing average of 21 points in SpectroPlot, the digital data were transferred
1o Excel where a data subset was chosen to calculate the first moments by the numerical
integration. The datasubs-: was selecied by setting the first data point at about 1% of the
peak maximum before the peak maximum and the final data point at about 1% of the peak
maximum after the peak maximum [54, 80, 90]. The detailed limits used in selecting the
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beginning and the end of the baselines for the data subset for all the linear velocities arc
shown in Table 5.8.

The first moments, Mj, calculated from the numerical integration give good
precision as seen from the standard deviations in the second coiumn in Table 5.9.
However, for the second moments, M2, which are more sensitive to the baseline noisc, the
numerical integration gave a very poor precision. Using the EMG function can avoid the
baseline noise, unfortunately , the EMG function gave a very poor fit to the profiles of
phioroglucinol. Therefore, the Ma was calculated by the graphical tangents [134] method
where the baseline width is four times the standard deviation of the peak. The sccond
moments at four mobile phase linear velocities are shown in the third column in Table 5.9.
The second moments, that is the variances of the phlorogiucinl jrcaks are very close to the
value of 1.39 x 103 ml2 at F = 0.587 ml/min from the extra-coluran components (Table
5.3). This indicates that bandbroadening of phioroglucinol peaks is mainly from the extra-
column effects and that the axial dispersion and non-uniform flow bandbroadening is cven
smalle: ¢han those due to the extra-column effects.

‘i'he asymmetry factors measured at 10% of the peak height are also shown in Table
5.9. All of the asymmetry factors are around one which mecans phloroglucinol peak is
Gaussian.

After the first moment of phloroglucinol is known, the mobilc phasc lincar velocity
can be calculated using equation 5.48 {3, 69]:

U= Lo
M, (5.48)

The first moments M; of phloroglucinol in Table 5.9 are also used as ty, in equation 5.25 to

calculate the predicted peaks.
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Table 5.7 The experimental parameters in the collection of the elution profiles of
5.145 x 104 M phloroglucinol in 85% MeOH/H20 on a column of PRP-
1 at four mobile phase linear velocities with an analog to digital converter
(LAB NB).
Up (cm/s) Sample | DataPoints | Sampling Gain Start Time@
Rate (ms)

0.1 Phl 1048 110 100 1'50" b

0.2 Phl 1024 60 100 40"

0.3 Phl 1024 40 100 40"

0.4 Phl 1024 30 100 28"

a start time is the time before the data acquisition starts.

b 'is minute, " is second
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Figure 5.9  Elution profiles of 5.145 x 10~4 M phloroglucinol on a column of PRP-1.

Profile A is the unsmoothed output at mobile phase linear velocity of 0.1
cm/s. Profiles B and C are outputs at mobile phase linear velocity of 0.2

and 0.4 cm/s



Table 5.8 The baseline settir:g in the measurement of the moments of peaks from

5.145 x 104 M phloroglucinol at four mobile phase linear velocities.

Uplcm/s) Beginning 2 Ending 2
0.1 1.4% 1.6%
0.2 1.4% 1.8%
0.3 1.1% 1.0%
0.4 1.1% 1.0%

a The percentage of peak maximum.
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Table 5.9 The first, second moments and the asymmetry factors at 10% of the peak
height of 5.145 x 10~4 M phloroglucinol in 85% MeOH/H20 on a column

of PRP-1 at four mobile phase linear velocities. The standard deviations

were from replicate injections.

U (cr/s) M; (s) Mz (mi2) A.F.
0.1 1532  |LI2x103£21x104| ., 03
0.2 773 £05 | 1.74x103 + 2.7 x 104 107 £0
0.3 50505 [191x103£28x104| o0 0 0s
0.4 37907 |201x103£33x104| (064 002
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§.3.4 The Elution Chromatograms of Naphthalene on PRP-1

The elution chromatograms were obtained by injection of 3.135 x 105 M
naphthalene onto a PRP-1 column. The signals were recorded on a strip chart recorder and
then hand digitized. The reasons for hand digitizing method was discussed in section 2.9
and 5.3.2.

Ateach flow rate, duplicate injections were made. The digital data were fit with the
EMG function which was used to calculate the moments. The EMG fit was used to avoid
the baseline setting errors as discussed before.

Introducing an EMG function to the experimental data could cause a systematic
error. Fortunately, the EMG function fits the elution profiles of naphthalene from a column
of PRP-1 quite weli as shown in panels A, B, Cand D in Figure 5.10 at the four mobile
phase linear velocities investigated. The solid lines are the EMG fit, the symbols are
experimental data. The figures of merit for the observed peaks are shown in Table 5.10.

The SD in Tabie 5.10 includes not only the experimental errors in collection of the
e'ution profiles but also Athe errors in the hand digitizing process and the EMG fits.
Generally speaking, the SD is small except for the very shape-sensitive parameters o%/.G,
VZ and AF. Fi gure 5.11 shows the plot of the observed plate height versus the mobile
phase linear velocity. The plot shows that the plate height increases with the mobile phase
linear velocity, which is a characteristic of slow intra-particle mass transfer. A strictly linear
increase, such as would be expected from the simplified Hsm term in equation 5.11, is not
expected for a system which exhibits asymmetric peaks.

The first moments of the elution profiles of phlorogiucinol and naphthalene were
used to calculate the capacity factors :sing equation 5.49 [3, 69):

_ My(Naph)-M, (Phl)

Kl
M;(Phl) (5.49)
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Figure 5.10 EMG fits of the elution profiles of 3.135 x 10-5 M naphthalene in 85%
MeOH/H,0 on PRP-1. The solid lines represent the EMG fit.
The symbols represent the experimental profiles. In A. The EMG fit
and the experimental elution profile at a mobile phase linear velocity
of 0.1 cm/s. Profiles B, C and D are the EMG fit and the experimental

elution profiles at Up of 0.2, 0.3 and 0.4 cm/s.
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Table 5.10  Chromatographic figures of merit for the observed elution profiles of
3.135 x 10-5 M naphthalene on a column of PRP-1 at the four mobile
phase linear velocities.

U, No. VR VG Vi  oig & V2  AF
(cm/s) (ML) (ML) (ML) (ML)2  (ML)2  (ML)?

0.1 1 38.18 3536 2.82 1.28 9.24 7.99 2.3
2 3936 36.71 2.65 1.97 8.96 7.01 2.1

SD 0.83 0.95 0.12 0.49 0.20 0.69 0.1
0.2 1 37.44 3457 287 1.98 10.2 8.22 1.9
2 38.15 3558 257 2.25 8.83 6.58 1.9

SD 0.50 0.71 0.21 0.19 0.97 1.16 0.0
0.3 1 36.62 3338 3.24 2.37 12.88 10.5 2.2
2 390.60 3575 3.85 2.63 17.4 14.7 2.3

| _SD 2.11 1.68 0.43 0.18 3.2 2.9 0.1
0.4 1 37.92 3447 347 2.18 14.2 12.0 2.2
2 37.19 32,65 454 2.17 22.8 20.0 2.6

SD 0.52 1.29 0.47 0.01 3.7 5.6 0.3
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Table 5.11 shows the capacity factors measured from the elution profiles at four mobile
linear velocities. For each flow rate, K' was calculated from duplicate injections. K' is
independent of flow rate as it should be. The average value of K' at four mobile phase

linear velocities was used in the calculation of the predicted peak using equation 5.25.

5.3.5 Predicted Elution Peaks from the Sorption Rate Curves of
Naphthaiene on PRP-1

The predicted peaks are based on the information from the sorption rate curves of
naphthalene on PRP-1 and were calculated using equations 5.24 and 5.25 as described in
section 5.2.2 employing the parameters kj and n; from Table 4.6. A typical predicted peak
has been shown in panel K in Figure 5.3. The first moment of the unretained compound of
phloroglucinol, t,, and the capacity factor of naphthalene in 85% MeOH/H;O on PRP-1,
K', which are used in the calculation of the predicted peak using equation 5.25, arc shown
in Table 5.9 and Table 5.11 respectively. n; and k; are shown in column 1, 2, 3 and 4 in
Table 4.6.

The elution peaks predicted for a mobile phase linear velocity of 0.3 cm/s, based on
k; and n; values are illustrated in Figure 5.12. Here curve A is the profile predicted from
run 1 and curves B, C, and D are the profiles predicted from run 2, 3, and 4 respectively.
All the profiles are normalized to area one. In general, the four peaks are very similar to
one another in terms of VR, width and shape, although the peak in panel B, from run 2, s
less tailed than the others. The profiles with a smail k3 and a larger n3 give rise to a longer
tail. Run 2 has the largest k3 and the shortest tail.

A qualitative comparison among the predicted peaks can be carried out by the
chromatographic figures of merit calculated from the EMG curve fit. Figure 5.13 shows
the predicted peak and iti-. 'iG fit at 2 mobile phase linear velocity of 0.3 cm/s. Curve A

is from run 1 and curves B, C, and D are from run 2, 3 and 4 respectively. The solid lines
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Figure 5.11 The observed plate heights of 3.135 x 10-5 M naphthalene in 85%

MeOH/H,0 on an analytical column of PRP-1 as a function of the mobile

phase linear velocities. The plate heights were calculated from the moments

of the EMG fit. The error bars are one standard deviation from duplicate

measurements.



Table 5.11

The capacity factors calculated from the EMG fit for 3.135 x 10-5 M
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naphthalene in 85% MeOH/H20 on a column of PRP-1 at the four mobile

phase linear velocities. The standard deviations were from duplicate

injections.
Uy (cm/s) K' SD
0.1 28.90 0.34
0.2 28.04 0.23
0.3 28.01 C.30
0.4 28.98 0.51
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Figure 5.12 The predicied profiles from the four replicate sorption rate

measurements for nanhthalene on PRP-1 at U of 0.3 cm/s. A is
the predicted profiles using the tri-exponential constants shown in
column 1 in Table 4.6. B, C and D are profiles predicted by the

constants shown in column 2, 3 and 4 respectively in Table 4.6.
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Figure 5.13 The EMG fits of the predicted profiles from the four replicate
sorption rate measurements for naphthalene on PRP-1 at Up of 0.3
cm/s. The solid lines are the EMG fits. The symbol are the
predicted peaks. The peak A, B, C and D show the EMG fits
and the predicted profiles using the tri-exponential constants shown

in column 1, 2, 3 and 4 respectively in i able 4.6.
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are the EMG fits which give a good description of the predicted peaks. The EMG
characteristics for all ihe predicted profiles at the four mobile phase linear velocities are
presented in Table 5.12.

A good precision is obtained for the centers of gravity of the predicted peak, 2
relatively large difference exists for V¢ and O%G The use of an EMG function to represent
chromatographic peaks can avoid extreme ambiguities which wouid arise from baseline
errors. However, such an arbitrary division of a peak into Gussian and an exponential
components is quite sensitive to samll differences in peak shape, particulaily to the
uncertainties in the tailing part which is asso:ated with .2 »ncertainties in determination of
the slow sorption step in the Kinetic study.

The SD in Table 5.12 includes all the error contributions from the overall
experiment, including the contributicn from the sorrtion rate i:ieasisement, the contribution
from the processes used to predict the elution profiles and the contribution from the EMG
fiting routine. Or=:all, the precision is good except for tie exponential component for run
2.

Fignre 5.14 shows the plot of the predicted plate height versus the mobile phase
lincar velocity. The error vars ai one standard deviation ‘which was calculated from four
predicled peaks. The data is shown in Table 5.13. As for the observed elution peaks in
Figure 5.11, the plate heignt increases with flow rate.

The asymmetry factors rmzasured at 10% of the peak height are shown in Table



Table 5.12  Chromatographic figures of merit for the predicted elution profiles of

naphthalene on a column of PRP-1 at four mobile phasc linear velocities.
The predicted peaks were from four replicate sorpiion rate curves measured
by the shallow bed technique.

Uo No VRML) VG ML) Vr(ML) o%gMLY o2 (ML) V2 (i ,"—1

(cm/s)

0.1 1 37.98 34.64 2.74 2.83 10.4 7.51
2 36.52 34.98 0.95 3.61 4.51 0.91
3 37.49 35.66 1.83 3.48 6.81 3.35
4 37.45 34.78 2.67 4.6 7.11 7.13

SD 0.61 0.45 0.64 0.59 2.42 3.16

(.2 1 37.43 24.17 3.32 4.79 15.8 11.0
2 36.52 34.98 1.53 6.94 9.44 2.36
3 37.37 34.88 2.85 5.66 13.8 8.12
4 37.76 33.87 3.10 6.29 15.9 9.61

SD 0.34 0.54 0.8 0.92 3.02 3.8

0.3 1 30.44 32.95 3.45 6.80 18.9 12.2
2 36.39 34.38 2.02 9.75 13.8 4.06
3 36.84 33.34 3.47 7.21 19.2 12.0
4 36.82 52.35 3.90 7.90 23.1 15.2

SD 0.24 0.85 0.52 1.3 3.81 4.77

0.4 1 3743 33.77 3 9.07 22.4 13.3
2 36.50 34.03 2. 12.2 18.8 6.08
3 36.89 32.93 3.96 8.86 24.5 15.7
4 37.75 31.86 4.58 9.81 30.8 20.9

SD 0.56 0.98 0.90 1.5° 5.03 6.16
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Figure 5.14 The plate heights of the predicted peaks from the four replicate

scoption rate measurements for ne »*“alene in 85% MeOH/ki20 on PRP-1

as a function of the mobile phase hnear velocities. The predicied plate

heights were from EMG fit. The error bars are one standard deviation from

duplicate measurements.



Table 5.13

The predicted plate h=ights from the EMG fit at four mobile phase lincar
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velocities. The standard deviations were from four replicate sorption ratc

curves.
Uy (cm/s) H (mm) SD
0.1 0.8 0.2
0.2 1.5 0.2
0.3 2.2 0.3
0.4 2.6 0.4




Table 5.14
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The asymmetry factors calculated at 10% of the peak height from the EMG

fit for the predicted peaks of naphthalene on PRP-1. The standard

deviations were from four replicate sorption raie curves.

U (cm/s) Run No. A.F.
0.1 1 1.8
2 VL2

3 1.4

4 1.5

SD 060
0.2 1 1.6
2 1.1

3 1.5

4 1.7

SD 0.41
0.3 1 1.6
2 1.2

3 1.6

4 1.7

SD 0.22
0.4 1 1.4
2 1.2

3 1.5

4 1.6

SD 0.17




5.3.6 Comparison of the Predicted and the Observed Elution Profiles on
PRP-1

This section examines how the predicted profiles (PRE) match the observed clution
peaks (OBS) of naphthalene on FRP-1. In Figure 5. 15, panel A shows a predicted peak (1
solid line) and an observed peaks (points) at a mobile phase linear velocity <f 0.1 cm/s.
Panel B, C, and D in the same Figure show the predicted and observed peaks at other
mobile phase linear velocities of 0.2 cm/s, 0.3cm/s and 0.4 cm/s respectively. The
predicted peaks in Figure 5.15 were calculated from the rate data from run 1 in Table 4.6.
The predicted peaks (solid lines) along with the observed peaks (points) in Figure 5.16,
5.17 and 5.18 were calculated from the rate data from runs 2, 3 and run 4 in Tablc 4.6.
Both the predicted and the observed peaks were ncrmalized to area onc.

In general, all the predicted peaks match the observed peaks very well. The tailing
portions of the predicted peaks are almost coincident with those of the observed peaks at all
mobile phase linear velocities using data from all the four kinetic runs, except at the two
low flow rates for run 2. The centers of gravity of the predicted peaks also closcly match
those of the observed ones. At the highest raobile phase linear velocity of 0.4 ¢m/s, the
front of the prelicted peaks do not match those of the observed ones. All the predicted
peaks are shorter and slightly broader than the observed ones. The predicted and observed
peaks can also be Guantitatively compared in term of chromatographic figures of ment
calculated from the EMG fits. The relative difference in the chromatographic figures of

merit defined in equation 5.50 are shown in Table 5.15:

A; = PRE - OBS x100%
OBS (5.50)
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Figure 5.15 The predicted piofiles {solid lines) and the observed peaks
(symbols) at four mobile phase linear veiocities. The observed
peaks are obtained by injection of 3.135 x 10-5 M naphthalene in 85%
MeOH/H2C on PRP-1. The predicted peaks are predicted using the tri-
exponential constants in column 1 in Table 4.6. Panel A shows the
predicted and the observed peaks at Up of 0.1 cm/s. Panels B, C, and D
show the observed and predicted peaks at Ug of 0.2, 0.3 and 0.4 cm/s.
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Figure 5.16 The predicted prcfiles (solid lines) and the observed peaks
(symbois) at four mobile phase linear velocities. The observed
oeaks are obtained by injection of 3.135 x 10-5 M napl.thalene in 85%
MeDH/H20 on PRP-1. The predicted peaks are predicted using the tri-
exponeniial constants in column 2 in Table 4.6. Panel A shows the
predict s i b ~twerved pea<s ot Ty of 0.1 cm/s. Panels B, C, and D

show the oiserve: « .. medicied peaks 1t 1 of 0.2, 0.3 znd 0.4 cm/s.
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Figure 5.17 The predicted profiles (solid lines) and the observed peaks

(symbols) at four mobile phase linear velocities. The observed

peaks are obtained by injection of 3.135 x 10-5 M naphthalene in 85%
MeOH/H,0 on PRP-} . The predicted peaks are predicted using the tri-

exponential constants in column 3 in Table 4.6. Panel A shows the

predicted and the observed peaks at Uy of 0.1 cm/s. Panels B, C, and D
show the observed and predicied peaks at Up of 0.2, 0.3 and 0.4 cm/s.
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Figure 5.18 The predicted profiles (solid lines) and the observed peaks (symbols) at four

mobile phase linear velocities. The observed peaks are obtained by injection

of 3.135 x 10-5 M naphthalene in 85% MeOH/H20 on PRP-1 . The

predicted peaks are predicted using the tri-exponential constants in column 4

in Table 4.6. Panel A shows the predicted and the observed peaks at Uy of

0.1 cm/s. Panels B, C, and D show the observed and predicted peaks at Uo

of 0.2, 0.3 and 0.4 cm/s.
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A represents the relative difference, and i is any of figure of merit between the predicted
and observed peaks. A; was calculated using the average values shown in Table 5.10 and
Table 5.12.

The relative differences in the centers of gravity, VR, between the observed and the
predicted peaks are less than 4% at the four mobile phase linear velocities. Tie relative
differences in the centers of gravity, Vg, of the Gaussian portion are less than 4%. The
relative differences in the V; are less than 25%. The relative differences ir the variances,
0%/, which are the sum of the variances of the Gaussian portion, 0%,0' and the variances of
the tailing portion , VZ, of the peak are relatively larger. This is mainly due to the large
difference in the variances of the Gaussian portion of a peak. It is seen that the relative
differences in the variances of the Gaussian portion, °2v,G, is as high as 359%.

In order to understand the large difference associated with the variances of the
Gaussian portion of a peak, it is necessary to understand the origin of the predicted peak
shape. Each of the distributions predicted for the three hypothetical types of sites were
investigated. The tri-exponential constants used in this discussion were previously shown
in the first column in Table 4.6. The profiles used for the following discussion were
obtained at the mobile phase linear velocity of 0.3 cm/s.

Figure 5.19 shows the distributions P1, P2 and P3, calcuiated from the three ierms
of the tri-exponential using eque *~=: *Z: Pl, P2 and P3 are not scaled. The first term,

P1, which is associated with the i= gest rate constant k and the largest number of
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Tablc 5.15  The relative differences in the figures of merit between the observed and

the predicted peaks at four mobile phase linear velocities.

To cmis) AVR (%) AVe(%) AV, (%) AOuc (q) A0V (%) AVZ(%)
0.1 37 2.8 25 118 21 37
0.2 1.3 17 1.0 179 44 30
0.3 3.9 38 10 217 24 14
0.4 0.4 1.2 8.5 359 41 13

= PRE-OBS ¥ 100%
A; OBS X100%
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hypothetical sites nj (except run 2 which has nj >n1) generates a profile which is Gaussian
and the second narrowest of the three , and it is located at the furthest right on the time axis.
P2, which is associated with the second largest rate constant k2 and the second largest
number of hypothetical sites np, generates a profile which is Gaussian and the narrowest of
the three, and it is located further left on the time axis. P3 with the smallest rate constant
and number of sites produces a tailing peak and is located the furthest left on the time axis.

The profiles in Figure 5.19 are interesting in terms of their contributions to the
shape of the final predicted peaks. The major source of the tailing of the profiles is the
contribution from the &’ ! “*ion due to the slowest process, P3. The distribution due to
the fast and the inten =~ ¢« asses, P1 and P2, are likely to be the major source of the
width of the profiles « 9in¢ . the baseline. The distributions P1 and P2 along with the
observed profiles are shown in Figure 5.20 and Figure 5.21. The distributions P1 and P2
have been artificially shifted down the time axis so that the peak maxima coincide . All of
the distributions and the observed peaks ziv normalized to area one.

As shown in Figure $.20, the distribution P1 matches the main part of the observed
peak very well, although, the width of the observed peak is slightly overestimated by P1.
Figure 5.21 shows the distribution P2 as well as the observed peak. The distribution P2
matches the main part of the observed peak well but not as well as the P1 does. The
distribution P2 is much higher than the observed peak. Figure 5.22 shows the distribution
Pl *, the convolution of Pi and P2. It is shorter and wider than the observed peak.
Th-ovgh the above analysis, it is shown that the large relative differences in the variances
of the Gaussian portion between the OBS and the PRE peaks are due to P1 and P2
distributions. It should be pointed out that the six parameters in the tri-exponential equation
is not independent of each other, therefore, P1, P2 and P3 are correlated to each other, a
larger uncertainty in n3 and k3 can cause a large uncertainty in P3, therefore, in P1 and P2.
In addition, the values of V; and og are more sensitive to the EMG fitting errors which

also cause large difference between the PRE and OBS. The shapes of the tailing parts of
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Figure 5.19 The non-scaled probability disiributions of P1, P2 and P3 which were
calculated from equation 5.25 using the tri-exponential constants shown
incc'umn 1 in Table 4.6. The distribution P1 is associated with the
hypothetical sites in which the rate process described only by the
first term in the tri-exponential. The distributions P2 and P3 are
associated with the hypothetical sites in which the rate processes

described by the second and the third term in the tri-exponential.



% name of a real-valued function of a single real vanable. X is
o a starting guess. The value returned is near a point where F
o changes sigi.. For example, FZERO('sin',3) is pi. Note the
% quotes around sin. Ordinarily, functions are defined in M-files.
D

% An optional third argument sets the relative tolerance for the
To 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.

T 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 < 4, trace = 0; tol = eps; end

if nargin == 4, 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,lam);
if trace, home, init = [afa], end

b = x + dx; fb=feval(FunFcn,b,Jam);
if trace, home, init = [b fb], end

% Find change of sign.

while (fa> 0) == (fb>0)
dx = 2*dx;

2061



a=x - dx; fa=feval(FunFcn,alam);
if trace, home, sign = [a fa], end

if (fa > 0) ~= (fb > 0), break, end

b= x + dx:; fb=feval(FunFcn,b,lam);
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)=={c>0)
c=a; fc="1a;
d=b-a; e=d;
end
if abs(fc) < abs({b)
a=b; b=c; c=a;
fa=fb; fb=fc; fc="a;
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

9% Choose bisection or interpolation
if (abs(c) < toler) + (abs(fa) <= abs(fb))
% Bisection

d=m; ¢c=m;
clse
% Interpolation

s = fb/fa;

if (a==c¢)

% Linear interpolation

p = 2.0¥m*s;

38
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g=10-s;
else

% Inverse quadratic interpolation

q = fa/fc;
r = fb/fc;

p=s*(2.0*m*q*(q - 1) - (b-a¥Y¥(r-1.0));
q=(q- 1.O)*(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=plq;
else
d=m; e=m;
end;
end % Interpolation

% Next point
a=b;
fa=fb;
if abs(d) > toler, b=b + d;
elseif b>c,b=Db - toler;
else b= b + toler;
end
end
fb = feval(FunFcn,b,]Jam);
if trace, home, step = [b fb], end
end % Main loop
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APPENDIX 2

The program shown in Appendix 2 is used in the calculation of the predicted peaks. The
program written in MatLab is called Elution in which the three sites July 94 version is used.

The program was written by David Gowanlock.

cle

clear

% ELEUTION CHROMATOGRAM FROM KINETIC CURVE

% David Gowanlock May 31, 1991

% Modified July 94 (attenuation of k")

T

% The folowing is written to predict eleution chromatogram profiles
%, from shallow bed kinetic plots. In this case the shallow bed Kinetic

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

%

% n_obscrved = n0 - (n] * exp(-k1 * 1)) - (n2 * exp(-k2 * 1))
T - (n3 * exp(-k3 * 1))

%

% 1 = fast sites

% 2 = intermediate sites

% 3 = slow sites

%

% The equation used to produce the eleution 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
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% n=fraction of a particular type of site

% ord = order of bessel function

% ts=t-tm

% tm =time for mobile phase

% 1= 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 arisc 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

%o (fraction not slow)

% fr_sl = fraction interacting with the slow sites

% (fraction slow)

% theor_ratio = theoretical ratio of solute iteracting with slow sites to
% 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 ts1 and ts2 values

%

o

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

%

stepsz = 20;

maxsz = 8001

k_prime = 28.48

kl =19.41

k2 =2.713

k3 =0.148

nl =0.2224

n2 =0.688

n3 =0.089

tm =37.94



nO=nl+n2+n3

e e emmmmmm e eom e mmmm =R em et enmmenmmn e nm s
% The following calculates the elution profile for the fast sites.
%

ordl =1,

ts1 = l:stepsz:maxsz,

k_primel = k_prime .* n1 ./ n0
kal =k1./(} + (k_primel .A (-1)))
kd1 =k! ./ (k_primel + 1)

tml =tm

[Pis1,nanalrt1] = probdistrib(ts1,kal kdl,tm!,ord1);

L7/ - cmmmmm—mm—m——mcceaen —
% The following calculates the eleution profile for the intermediate sites.
%0

ord2=1;

182 = |:slepsz:maxsz;

k_prime2 = k_prime .* n2 ./ n0
ka2 = k2 ./ (1 + (k_prime2 .A (-1)))
kd2 =k2 ./ (k_prime2 + 1)

tm2=tm

[Pts2,nanalrt2] = probdislrib(ts2,ka2,kd2,tm2,ord2);

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

ord3 =1,

83 = l:stepsz:2.*maxsz;

k_prime3 = k_prime .* n3 ./ n0
ka3 = k3 ./ (1 + (k_prime3 .A (-1)))
kd3 = k3 ./ (k_prime3 + 1)

tm3 =tm



[Pts3,nanalrt3] = probdistrib(ts3,ka3.kd3,tm3,0rd3);

% U e nen
% The following convolves the elution profiles and plots the resuits

% along with the elution profiles {or each type of sight acting alone.
%

Pis1_2 = conv(Pts1,Pis2);

ts1_2 = l:stepsz:2.*(maxsz-.5);

Pis1_2_3 = conv(Pis1_2,Pts3);

ts1_2_3 = l:stepsz:4.*(maxsz-.5);

ymax = max([max(Pts1),max(Pts2),max(Pts3)])

Pls = 1.0 .* Ptsl .* ymax ./ max(Pts1);

P2s = .7 .* Pts2 .*¥ ymax ./ max(Pts2);

P3s = .3 .* Pts3 .* ymax ./ max(Pts3);

P1_2s=.5.* Pts1_2 .* ymax ./ max(Pts1_2);

P1_2 3s=.4.* Pts1_2_3 .* ymax ./ max(Pis1_2_3);
axis([0,0.2.*¥maxsz,0,1.05.*¥ymax])
plot(tsl,Pls,ts2,P2s,ls3,P35,ts]_2,P1_2s,ls1_2_3,P1_2_3s)
Pplot(s1,P1s,ts2,P2s,153,P3s)

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

A -

Pot3= 1S3 + tm;

Joaxis;

Joplot(13,F3s)

%xlabel('t"), ylabel('P(t)")

Tox = 3"

%y = F3s';

%oz = [x y);

Psave plot.dat z /ascii;

Yopause

%
% Integration of the peaks

%

areal_2 = integrate_2pt(ts1_2,Pts1_2)
areal_2_3 = integrate_2pt(ts1_2_3,Pts1_2_3)
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Yarca] = integrate_2pt(ts1,Pts])
Tarca2 = integrate_2pt(1s2,Pts2)
TJarca3 = integrate_2pt(1s3,Pts3)

A ——

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

2

fr_no_sl = exp(-1 .* ka3 .* tm3);
fr_sl = 1.0 - fr_no_sl;

theor_ratio = fr_sl ./ fr_no_sl;
act_ratio = arcal_2_3 ./arcal _2;
correction = theor_ratio ./ act_ratio;
Pis1_2_3 = Pis1_2_3 .* correction;
arcal_2_3 = integrate_2pt(ts1_2_3,Pts1_2_3)
axis;
plot(ts1_2,Pts1_2,ts1_2_3,Pts1_2_3)
xlabel('ts"), ylabel('P(ts)")

pausc

€ e mec e m e m—m———————— e -

Iz

% This section addes the convolution of 1 & 2 to the convolutionof 1,2, &3
A

for 1= 1:length(Pts1_2),

Pisnet(l) = Pts1_2(1) + Pts1_2_3(1);

end

axis(]0,max(1s1_2),0,1.05. *max(Ptsnet)])
plot(ts1_2,Pts1_2,ts1_2_3,Pts1_2_3,ts1_2,Ptsnet)

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

pausc

7/ — -
% This section plots the elution profile from time of injection, not ts

% (1s=1-tm)
%
t1_2=tsl_2+ tm;

axis;



plot(t1_2,Ptsnet)
xlabel('t"), ylabel('P(1)"

x=ti_2"
y = Ptsnet’;
z=[xyl

save plot.dat z /ascii;

%

% This section noimalizes the plots

% (t/tr) & (area=1)

%

Popause

%[m0,m1,m2,m3] = moments(tl1_2,Ptsnet);
P%tnorm =t1_2./m1;

%[mO0,m 1,m2,m3] = moments(tnorm,Ptsnet);
%PtsScaled = Ptsnct ./ m();
%[m0,m1,m2.m3] = moments(inorm,PtsScaled)
%oplot(tnorm,PtsScaled)

Foxlabel('vtr'), ylabel('P(1)')
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APPENDIX 3

The program shown bellow is used in the EMG curve fit from which the moments are

calculated from the EMG function. The program written in MatLab is called Expgaus &

Moments. It was written by David Gowanlock.

echo off
cle

clear

Data = ...

[ b
numberofpoints = 60;

Jopausc % Strike any key for plot.

t= Data(:,1);

v = Data(:,2);

[Ymax,indexY max] = max(y);
[Yminl,indexYminl]=min(y(1 :indexY max));
[Ymin2,index] = min(y(indexY max:length(y)));
indexYmin2 =index + indexYmax - 1;

[MO.M1,M2,M3] = moments(t,y);

retenttime_exp = (M3 ./ 2) .A 0.3333
retenttime_gaus = M1 - retenttime_exp
variance_exp = retenttime_exp .A 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;
ploy(t,y./ MO, FitData_t,FitData_y,'0");

lam = [retenttime_gaus retenttime_exp (vanance_gaus .» 0.5)]";
lam = fmins('fitmy',lam,.1}

FitData_y = y(fit_indecies);

global lam_global

lam_global =1am,;

lin_scaling_factor = fzero('exp_fit_diff",MO)
mintime = min(t);

maxtime = max(t);

miny = 0.0;

maxy = max(y);

t_curvefit=mintime: l:maxtime;

y_curvefit = lin_scaling_factor .* (exp(lam(3).A2 J (2 ¥ lam(2).A2)) ¥ ...

exp((lam(1) - t_curvefit) ./ lam(2)) ./ (2 .* lam(2)) X
(1 + erf((t_curvefit-lam(1)-lam(3).A2 ./ lam(2)) ./( sqry(2) .* fam(3)))));

axis([mintime maxtime miny (maxy .* 1.08)});
plot(t,y,'—-',FitData_t,FitData_y,'o',t_curvef it,y_curvefit);
%plot(t,y,--' FitData_t,Fi tData_v,'0');

x =t_curvefit';

y =y_curvefit';
z=[xyl;

save plot.dat z /ascii;
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xlabel('Time (scc)');

ylabel('Signals');

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,num?2str(retenttime_gaus),'sc’)
text(.65,.63,num2str(variance_gaus .A 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')
text(.75,.5,num?2str(lin_scaling_factor),'sc’)

text(.55,.5,'lincar scaling','sc’)
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APPENDIX 4

The program shown bellow is used to fit the sorption rate of naphthalenc on PRP-1 to the
Ruckenstein model. The program written in BASIC is called RATELAWLI2. The
program is from Dr. Jordan's group.

10 REM NON LINEAR LEAST SQUARES PROGRAM FOR SINGLE EXPONENTIAL
20 OPTION BASE 0

590 DEFINT 1] K,LM,N,C,R

600 DEFSNG X,Y ,F,B,V.P

610 DEFDBL T,S,D,G

620 DIM B(10),Y (100),X(3,100),G(10),P(10),S(10),B1(10).B2(10),B8(10),D(20.10)

730 KO=4:REM PRINT"ENTER NUMBER OF PARAMETERS"

731 INPUT "ENTER PARAM. 1 GAMA = ";B(1)
732 INPUT "ENTER PARAM. 2 BATA =";B(2)
733 INPUT "ENTER PARAM. 3 ALPHA =";B(3)
732 INPUT "ENTER PARAM. 4 M = ";B(4)

734 REM INPUT "ENTER PARAM. 1 DIFFUSION COEF = ";B(1)
735 REM INPUT "ENTER PARAM. 2 CONSTANT = ";B(3)
736 REM INPUT "ENTER PARAM. 3 M = ";B(2)

740 IF KO>10 THEN PRINT"10 PARAMETERS MAXIMUM":GOTO 730
750 PRINT"ENTER NUMBER OF FIXED PARAMETERS";:INPUT 10

760 IF 10<0 THEN PRINT"MUST BE GREATER THAN ZERO":GOTO 750
762 IF 10>10 THEN PRINT"MUST BE LESS THAN 10":GOTO 750

820 IF 10=0 THEN GOTO 850

822 FORI=1 TOIO

824 PRINT"ENTER PARAMETER INDEX";:INPUT I12(1)

828 NEXT |



850 R$="N":14=15:S$="N":AL="N"

855 REM GOTO 930

860 PRINT "DO YOU WANT DETAILED PRINTING? Y/N ";INPUT R$
890 PRINT"MAXIMUM NUMBER OF ITERATIONS ?";:INPUT 14
900 PRINT " POSITIVE VALUES ONLY ? Y/N ";:INPUT S$

930 INPUT"RELATIVE RESIDUALS ? Y/N ";E$:GOTO 1077

940 INPUT"USING ANALYTICAL DERIVATIVES ? Y/N ";A$
1070 FOR I=1 TOKO

1072 PRINT"VALUE OF PARAMETER";I;"?":INPUT B(l)

1076 NEXT |

1077 INPUT"ENTER NUMBER OF DATA SETS=";DATSET

1078 FOR SET=1 TO DATSET

1079 READ T$,NO,M0

1080 FOR I1=1 TONO

1084 READ Y(I)

1090 FOR J=1 TO MO

1100 READ X(J,I)

1110 NEXT J

1120 NEXT I

1250 REM SECTION 1B-DISPLAY INPUT DATA *¥¥**xx

1260 PRINT"INPUT DATA":PRINT

1280 PRINT"TITLE: ";T$: PRINT

1290 PRINT"No. OF DATA POINTS: ";NO;"No. OF PARAMETERS ";KO

1300 PRINT"No. OF FIXED PARAMETERS: ";I0;" No. OF INDEPENDENT
VARIABLES: ";M0

1310 IF 10>0 THEN PRINT"INDICES OF FIXED PARAMETERS: " ELSE GOTO 1340
1320 FOR I=1 TO I0:PRINT 12(i);:NEXT [:PRINT:PRINT

1340 IF R$="Y" THEN PRINT"DETAILED PRINTING" ELSE PRINT "BRIEF
PRINTING"

1360 PRINT"MAXIMUM ITERATIONS: ";14

1400 PRINT
1420 PRINT"INITIAL PARAMETERS":FOR I=1 TO KO:PRINT B(I);:NEXT I:PRINT



1430 LPRINT "DATA POINTS": PRINT " 1 T Y °©
1440 FOR 1=1 TO NO

1450 PRINT USING " ##.###/A " 1, X(1,1),Y (1)

1470 NEXT I

1480 I13=0

1490 GOTO 1500

1500 REM SECTION 2 CALCULATION OF PTP MATRIX
1515 13=I3+1

1520 FOR I=1 TO K0:G(I)=0:FOR J=1 TO K0:D(1,J)=0
1524 NEXT J: NEXT I

1530 PRINT:PRINT"ITERATION NUMBER =";13

1540 IF R$="Y" THEN PRINT:PRINT"Y(OBS) Y(CALC) DIFF"

1550 P=0

1560 FOR I=1 TO NO

1570 GOSUB 2090

1572 IF E$="Y" THEN FOR J=1 TO KO:P(J)=P{J)/Y (I):NEXT J:F=F/Y (I)
1574 P=P+F*F

1580 FOR J=1 TO K0:G(J)=G(J)+F*P(J)

1590 FOR K=J TO K0:D(J,K)=D(J,K)+P(J)*P(K):NEXT K:NEXT J:NEXT I

1600 P=P/(NO-K0+I0)

1604 PRINT "VARIANCE = ";P

1610 FOR J=1 TO K0:FOR K=J+1 TO K0:D(K,J)=D(J,K):NEXT K:NEXT J

1611 REM ADDITION FOR FIXED PARAMETER ***¥*¥**¥x%

1612 FOR I=1 TO 10:G(I2(1))=0:FOR J=1 TO K0:D(12(1),J)=0:D(J,I2(I))=0:NEXT J
1614 D(12(1),12(I))=1:NEXT I

1620 REM GET INVERSE OF D MATRIX AND SOLVE DB*****

1640 GOSUB 1810

1650 PRINT:PRINT"PARAMETER VALUE CORRECTION NEW VALUE
STDDEV"

1660 FOR I=1 TOKO
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1670 BO=0
1680 FOR J=1 TO K0:B0=B0+D(I,J)*G(J):NEXT J

1690 B1(1)=BU:NEXT I

1700 D$="Y"

1710 FOR J=1 TO KO

1720 BO=B(J):B(J)=B(J)+B1(J)

1722 REM POSITIVE PARAMETER RESTRICTION #** %%

1724 IF S$="Y" AND B(J)<O THEN B(J)=0

1726 IF D(J,J)=1 THEN S0=0 ELSE S0=SQR(D(J.J)*P)

1730 IF (ABS(B1(J))>.5*S0) OR ABS(B1(J))>.001*ABS(B(J)) THEN D$="N"
1740 IF S$="Y" THEN B(J)=ABS(B(J))

1750 PRINT "B(":J;")  ":PRINT USING "##.####7A  ":B0,B1(J),B(J),S0
1752 NEXT J

1754 IF D$="N" AND I3<I4 THEN 1500

1756 IF D$="Y" THEN LPRINT"CONVERGENCE IN ";I3;"ITERATIONS":ELSE
LPRINT"NO CONVERGENCE AFTER";13;"ITERATIONS"

1758 LPRINT: LPRINT " TITLE : ";T$:LPRINT

1760 LPRINT:FOR N=1 TO KO :LPRINT " B(";N;")= ";B(N);:NEXT N:LPRINT
1762 LPRINT

1791 LPRINT" [X] Yobs Yecalc DIFF":LPRINT

1792 FOR I=1 TO NO

1794 GOSUB 2090

1796 LPRINT USING "##£###/MA8 - X(1,1),Y(I),F1,F

1797 NEXT |

1798 LPRINT:LPRINT"STD ERROR=";SQR(P);:IF E$="Y " THEN LPRINT"
RELATIVE RESIDUALS" ELSE LPRINT " ABSOLUTE RESIDUALS";:

1799 IF A$="Y" THEN LPRINT " ANAL. DERIVATIVES" ELSE LPRINT " EST.
DERIVATIVES"

1800 GOTO 2500

1810 REM MATRIX INVERTER***#*%%

1820 FOR 11=1 TO KO

1830 R1=11:C1=11:Z=ABS(D(11,11))

1840 FOR J=I1 TO KO

1850 FOR K=I1 TO KO

1860 B1=ABS(D(J.K))

1870 IF B1>Z THEN Z=B1:R1=K:Cl1=J



1880 NEXT K: NEXTJ

1890 C9(11)=C1:R(I11)=R1

1900 IF Cl<>I11 THEN FOR J=1 TO KO:T=D(11,J):D(I1,J)=D(C1,J):D(C1,J)=T:NEXT J
1910 IF R1<>11 THEN FOR J=1 TO KO:T=D(J,11):D(J,11)=D(J,R1):D(J,R1)=T:NEXT J
1920 T=1/D(I11,11)

1930 FOR J=1 TO KO:D(11,J)=T*D(11,J):NEXT J

1940 D(11,11)=T

1950 FOR J=1 TO KO

1960 IF J=I1 THEN 1990

1970 T=D(J,11):D(J,11)=0

1980 FOR K=1 TO K0:D(J,K)=D(J,K)-T*D(I11,K):NEXT K

1990 NEXT J

2000 NEXT I1

2010 FOR I1=1 TOKO-1

2020 12=K0-I1

2030 C1=C9(12)

2040 IF C1<>I2 THEN FOR J=1 TO KO:T=D(J,C1):D(J,C1)=D(J,12):D(J,I12)=T:NEXT J
2050 R1=R(12)

2060 IF R1<12 THEN FOR J=1 TO KO0:T=D(R1,J):D(R1,J)=D(12,J):D(12,J)=T:NEXT J
2070 NEXT I1

2080 RETURN

2090 REM COMBINATION OF FINDF, ANALP, AND ESTP SUBROUTINES

2100 GOSUB 2400

2102 F1=F.IF A$="Y" THEN GOTO 2140

2104 FOR J=1 TO K0:B(J)=1.05*B(J): GOSUB 2400:F2=F:B(J)=.95*B(J)/1.05:GOSUB
2400:B(J)=B(J)/.95

:P)=(F2-F)/(.1*B(J)):NEXT J

2110 GOTO 2180

2140 REM ENTER ANALYTICAL DERIVATIVES IN 2150 TO 21 70%*****x %%

2150 P(1)=1

2152 P(2)=-EXP(-B(3)*X(1,1))

2154 P(3)=-B(2)*X(1,)*P(2)

2180 F=Y(I)-F1

2200 IF R$="Y" THEN PRINT USING"####MA " X(1,1),X(2,1),X(3,1),Y(I),F1,F
2230 RETURN

2400 REM FUNCTION DEFINED IN STATEMENTS 2420 TO 2440
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2415 P1=3.14156: FA=1:FB=1:NN=50 :BB=.001: RR =.0005
2420 FOR LL=1TO NN

2430 FA=FA-6/PI"2/(LLA2)*EXP(-LLA2*PIA2*B(1)*X(1,1))
2435 FB=FB-6/PI*2/(LLA2)*EXP(-LLA2*PI*2*B(3)*X(1,1))
2440 NEXT LL

2445 FD=(FA+1/3*B(2)*FB)/(1+1/3*B(2))

2450 REM FA=FA-6/PIA2/LLA2*EXP(-PIA2*LLA2*B(1)*X(1,1)/0.000324)
2455 REM NEXT LL

2455 REM FA=FA+B(2)

2460 REM F=FA*B(3)

2465 F=FD*B(4)

2470 REM F=FD

2480 RETURN

2500 REM ERROR ANALY SIS RESULTS******xxxx

2730 PRINT:PRINT"CORRELATION MATRIX":PRINT

2740 FOR 1=1 TO KO:FOR J=1 TO KO:LPRINT USING" #.###
*D(1,J)/SQR(D(1,1)*D(J,3));: NEXT J:.LPRINT:NEXT I

2750 PRINT:PRINT: PRINT"CONFIDENCE LIMITS COMPUTED USING T =";
2770 REM GET T VALUE FROM SUBROUTINE 4000%* * ¥ ¥

2790 N1=1:N2=N0-K0+10:GOSUB 4000:T=SQR(F9):LPRINT USING " #.##
"T;:LPRINT "AND F=";

2800 N1=K0-10: GOSUB 4000:LPRINT USING " ### ";FO:LPRINT

2801 LPRINT "NO PARAMETER STANDARD LINEAR NON-LINEAR"
2802 LPRINT * VALUE DEVIATION ERROR ERROR"

2810 FOR J=1 TO KO

2820 IF D(J,J)=1 THEN S0=0:ELSE S0=SQR(P*D(J.J))

2830 IF S0=0 THEN LPRINT USING "##";J;:LPRINT USING "

## #ppAaan-B(J);:LPRINT * PARAMETER NOT VARIED" ELSE LPRINT USING
n##"-J:LPRINT USING " ##.####7/A"B(J),S0,S0*T,S0*SQR(F9*(K0-10))

2840 NEXT J

2844 NEXT SET

2850 END



279

2920 RESTORE

4000 REM TO EVALUATE CONFIDENCE LIMIT PARAMETERS *#**#xx%k k3
4010 REM F(N1,N2) FOR 95 % CONFIDENCE LIMITS AS F9

4040 IF 2*INT(N1/2)=N1 OR 2*INT(N2/2)=N2 THEN GOTO 4070

4050 IF N2>N1 THEN IN1=N1:IN2=N2-1 ELSE IN1=N1-1:IN2=N2

4060 GOTO 4080

4070 "N1=N1:IN2=N2

4080 IF 2¥INT(N1/2)=N1 THEN Y 1=0:N3=IN1-2 ELSE Y 1=1:N3=IN2-2

4090 N4=N3/2

4100 F1=3:F5=F1:GOSUB 4170:X1=Q9

4110 F2=5:F5=F2: GOSUB 4170:X2=Q9

4120 F5=(F2-F1)*(.05-X1)/(X2-X1)+F1

4130 IF F5<0 THEN F5=0

4140 GOSUB 4170

4150 IF ABS(Q9-X1)>ABS(Q9-X2) THEN X1=Q9:F1=F5 ELSE X2=Q9:F2=F5
4160 IF ABS(Q9-.05)>.0005 THEN 4120 ELSE F9=F5:RETURN

4170 REM EVALUATE Q(F,N1,N2) USING ABRAMOWITZ & STEGUIN FORMULA
E 3 1 3

4200 N8=IN2+IN1-4

4210 N7=N3:Qo=1

4220 X8=IN2/(IN2+IN1*F5)

4230 IF 2¥INT(N1/2)=N1 THEN X4=1-X8:Y2=SQR(X8)"IN2 ELSE X4=X8:Y 2=-
SQR(1-X8)AIN1

4240 FOR I=1 TO N4

4250 Q9=1+Q9*X4*N8&/N7

4260 N8=N8-2:N7=N7-2

4270 NEXT I

4280 QO=Y 1+Y2*Q9

4290 RETURN



