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ABSTRACT

Separation of low molecular weight ions and hydrophilic analytes is
achieved by high performance ion chromatography (IC) and hydrophilic
interaction liquid chromatography (HILIC). The goal of this thesis was three-fold:
to increase the efficiency of IC separations by employing small particles; to
develop new selectivity phases for HILIC; and to understand the factors that can
lead to distorted peak shapes.

Long columns packed with large polymeric particles (6.5-13 pm) still
dominate I1C. This work investigated 3 um carbon clad zirconia to which benzene
sulfonic acid was bonded using diazonium chemistry. A 5 cm agglomerated anion
exchanger was developed by adsorbing polycationic latexes to the particle
surface. The efficiencies achieved (~ 51,000 /m) were superior to those of
commercial column (~ 22,500 /m).

In addition to particle size, column packing process strongly affects the
efficiency. Packing studies with sulfonated particles (4.4 pm) showed that
dispersed slurries are desirable to avoid particle agglomeration. Dispersed
suspensions exhibit shear thickening that can be overcome by heating the slurry
during column packing. Near optimum (reduced plate height ~ 2) packing of
agglomerated columns was achieved. These studies concluded that the colloidal
and rheological aspects of microparticulates must be considered to optimize
packing.

A new class of HILIC phases was created by modification of porous

graphitic carbon (PGC) using diazonium chemistry. The hydrophobic PGC



surface was converted into a polar HILIC phase by attaching benzoic acid groups.
This phase showed unusual selectivity, which was different from 35 stationary
phases. The utility of the phase was demonstrated for separations of nucleotides,
phenols, and carboxylic acids.

Overloading a column reduces the separation efficiency and alters the
peak shape from Gaussian peaks to fronted or tailed peak profiles. Studies with IC
columns showed that if the eluent anion is more strongly retained than the analyte
ion on an ion exchanger, the analyte peak is fronting. If the eluent is more weakly
retained on the stationary phase, the analyte peak always tails under overload
conditions.

Overall, this work has enhanced the fundamental understanding in the
column packing process and offered new materials for the separation of ionic and

polar analytes.
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CHAPTER ONE. Introduction

1.1 Motivation and Thesis Overview

The art and science of separating individual components from complicated
mixtures have occupied a key position in chemistry since earliest times. The
culmination of over 50 years of scientific contributions has led to the development
of modern high performance liquid chromatography (HPLC). The first HPLC
paper appeared in 1966 in Nature.! HPLC has now become a modern and
indispensable tool for the analysis of complicated mixtures in scientific
laboratories. The ultimate quest by separation scientists, as laid down by Purnell?
and Knox,? is to achieve maximum separating power in a reasonable amount of
time. The separation of components is dependent on how long the components are
retained, how efficiently they are separated, and on the relative order of elution in
the chromatographic process. All of these parameters depend significantly on the
stationary phase. Thus, the stationary phase is the heart of any chromatographic
system.

This thesis revolves around fundamental and practical aspects of liquid
chromatography with an emphasis on developing and characterizing stationary
phases and supports for ion chromatography (IC) and hydrophilic interaction
liquid chromatography (HILIC). Chapter 2 of this thesis reviews the state-of-the
art developments that have taken place in achieving high-speed and high-

resolution IC separations.



To date, modern IC columns (standard diameter of 2 to 4.6 mm) are based
on functionalized polymers of 5 to 13 pm diameter packed in 15-25 cm columns.
Such long columns can take up to 60 minutes for separation of a clean sample.
Much of the hype in HPLC has focused on high efficiencies at ultrahigh pressure
using sub-2 pm particles. But the key advantage of small particles lies in using
short columns to achieve the same efficiency as obtained in 25 cm commercial ion
chromatography columns. Chapter 3 explores the potential of 3 pm
microparticulates to improve the efficiency of short IC columns.

Chapter 4 addresses the issues associated with packing small charged
particles in HPLC columns. Unfortunately, column packing is still considered an
art and a secret by column manufacturers. To see improved resolution and
efficiency this art must be understood as a science. It is a non-trivial task to pack
small charged particles. The small particles, bearing ionized functional groups,
show properties very similar to colloids in terms of flow properties and
suspension stability. On the other hand, relatively concentrated suspensions of
these small particles show interesting properties such as shear thickening
properties, which must be mitigated to pack efficient columns.

Achieving unique selectivity is another critical factor in stationary phase
design using diazonium chemistry. A new type of phase was developed in Chapter
5 based on porous graphitic carbon to achieve novel selectivity on carbonaceous
phases. The porous graphitic carbon was decorated with benzoic acid groups. This
phase is the first example of HILIC on modified carbon surface. The surface and

chromatographic characterization of this phase is discussed in Chapter 5.



Another factor that affects the resolution and peak efficiency is the
concentration of the analyte injected into a column. In many real samples, some
components may have a disproportionately high concentration whereas other
components are present in trace amounts. In such cases peaks shapes are distorted
regardless of the chromatography mode. Chapter 6 discusses these trends and
develops simple criteria to predict the overload peak shape with any given eluent
in ion chromatography.

The last chapter (Chapter 7) ends the thesis with conclusions and prospects.

1.2 Chromatographic Terminology

A typical HPLC system consists of an eluent reservoir, a pump capable of
high pressure eluent delivery at a constant flow rate, a sample injection valve, a
chromatography column and a detector. Once the sample mixture enters the
column, the components migrate with different speeds depending on their
interaction with the stationary phase. This differential migration results in
separation of the components in the mixture with each component eluting at a
specific retention time, tr. The fraction of an i component in the mobile and the

stationary phase is determined by the equilibrium:

M ig (equation 1.1)
If Csis concentration of the solute in the stationary phase and Cu is mobile phase

concentration, then a quantity called the retention factor k of i can be defined as:

I = Cs Vs (equation 1.2)
" CuVu



where Vs is the volume of the stationary phase and V), is the volume of the mobile
phase. Practically, the retention factor is obtained from the chromatogram using:

tp — ty (equation 1.3)

where fz is the retention time of the analyte and #v is the time at which any
unretained component elutes from the column (dead time). Another fundamental
criterion that helps in method development is the selectivity factor a. The
selectivity factor is the relative retention of two components (i and j) on a given

stationary phase, where by convention component i is the less retained species.

==

Kk (equation 1.4)
a; i = —
L

If a peak is Gaussian, the "efficiency" of separation can be quantified by
the number of plates N obtained from the chromatographic data according to:

2 (equation 1.5)

t
N = 554 (—R)
Wh

where #z is the retention time of the peak of interest and wx is the peak width at
50% of the peak height. Equation 1.5 is used in Chapters 3 and 4 for measuring
efficiencies for the columns made in this work. However, N scales with the length
of the column. Therefore this thesis also utilizes the plate height, H, which is
related to N and the column length L by:

g = L (equation 1.6)
N

Another useful equation in chromatography is the resolution equation:*

R = (g) (HL}) (a ; 1) (equation 1.7)




where N is the plate number (efficiency), a is the selectivity factor and & is the
retention factor. Two Gaussian peaks of equal height (1:1 ratio) are baseline
resolved if the resolution between the two components is 1.5. Equation 1.7 is
fundamental in chromatography as it helps in the stationary phase design and
method development. Equation 1.7 shows that if there is no retention, there will

be no separation (kK = 0, R = 0). Therefore, the column must retain the component
. . . : K
of interest. It is desirable to keep 0 < k < 10 because the fraction P reaches a

limiting value of unity for large & values, and so no greater resolution results from
long analysis times. As is clear from equation 1.7, N is a critical factor in
controlling separation because R has a square root dependence on N. The variable
N is mainly dependent on the stationary phase packing and its particle size, and
the analyte’s diffusion coefficient. Chapters 3 and 4 are devoted to improving the
plate numbers by reducing the particle size. Another powerful parameter in the
equation is the selectivity factor a. This quantity is controlled by the column
chemistry and the eluent in HPLC. Chapter 5 deals with developing a novel

selectivity stationary phase.

1.3 Band Broadening Processes in a Chromatographic Column

During the chromatographic separation, as the solute zones migrate on the
column the zones broaden.> ® The chromatographic peaks widths can be described
using variances, o°. The variance is related to the measure of peak efficiency, i.e.

plate height H by:



o? (equation 1.8)

The variance is expressed in length unit squared and L has dimensions of length.
Therefore, H also has units of length. The smaller the plate height, the narrower is
the peak. When HPLC columns are packed, it is desired that A be minimized.
These issues are addressed in Chapter 4. A number of equations exist that account
for peak variance.” Regardless, the van Deemter equation® "remains an incredibly
accurate representation of band-broadening processes".” The van Deemter
equation describes the plate height as a sum of the peak variance by three
contributing terms as a function of linear velocity u: the 4 term represents eddy
diffusion; the B term accounts for the longitudinal molecular diffusion; and the C
term represents all sources of resistance to mass transfer.

B )
H=A+ - + Cu (equation 1.9)

The A4 term accounts for the movement of the solute in a chromatographic
column where the direction of the solute is changed by the column packing
material. The different paths lead to different travelling distances from the front to
the column end - this effect results an increase in the peak variance. Poorly
packed columns, or voids in a column further increase the multipath band
broadening. The A term is related to the particle diameter dp by:

A =2Md, (equation 1.10)
The 4 term is called the packing factor which is related to the geometry of the
support particles and how uniformly they are packed. The contribution of the A4

term can be minimized by packing the column as a tightly packed bed.



The B term in equation 1.9 accounts for the longitudinal diffusion of the
solute in a chromatographic band. This diffusion term is inversely dependent on
flow rate in the van Deemter equation since the longitudinal diffusion process
increases with the amount of time a solute spends in the mobile phase.

B = 2¢yDy, (equation 1.11)
where y term is a correction factor which accounts for the interparticle spaces in a
packed column. The diffusion coefficient Dy for liquids are small as compared to
gases; as a result the B term is generally not significant in HPLC except at low
flow rates, at elevated temperatures or when extremely efficiently packed columns
are employed, e.g. in ultrahigh performance liquid chromatography (UHPLC).

In liquid chromatography, the mass transfer term "C" is related to the
transfer of molecules in and out of the stationary phase, and the mobile phase. The
C term depends linearly on the linear velocity in the van Deemter equation. The
different contributions to the mass transfer term are additive:

Hoppass trans = 2 Ciu (equation 1.12)
where the constants C; depend on the particle diameter dp in which the mass
transfer process is occurring and on the diffusion coefficients Du of the solute in
this layer. The general dependence of the C term on particle size is:

equation (1.13)

At equilibrium, the solute molecules distribute between the mobile phase and the
stationary phase. As the mobile phase moves past the stationary phase, the

molecules in the stationary phase may lag behind, resulting in an increase of the



peak width. The mass transfer term is minimized by fast transfer kinetics, by
using smaller diameter particles (short diffusion distances), and by using a thin
layer of a stationary phase on a support (short diffusion distances). The plate
heights when plotted against linear velocity yield the van Deemter plot (Figure

1.1).

1.4 Reduced Plate Height (h)

To compare columns with different lengths and particle diameters, it is
useful to define a dimensionless parameter of efficiency called the reduced plate
height, h.° The reduced plate height is calculated by dividing the plate height H
with the particle diameter dp. A reduced plate height of 2 is usually considered the
practical limit of achieving highest efficiency with packed columns.'® ! Reduced
plate heights are used in Chapter 4 to compare the packing efficiency of

commercial columns with the columns made in this lab.

1.5 The Small Particle Advantage

Section 1.3 discussed the factors that lead to an increase in the peak width.
The 4 and C terms in the van Deemter equation are dependent upon the particle
size (equations 1.10 and 1.13). Foundational work by Knox!'? laid the conditions
for optimizing the speed and resolution in liquid chromatography. Thus it was
realized that decreasing the particle size of the stationary phase is one of the most
viable approaches to improving chromatographic performance. Namely, the speed

of analysis can be increased by using short columns packed with small particles.



Plate Height (mm)

Total sum

Linear velocity (mm/s)

Figure 1.1. A typical van Deemter plot (solid line). The individual components
(4, B and C) are shown as dashed curves.



Additionally, very high resolution can be achieved by using longer columns. In
the literature, a range of particle sizes (1.7 - 100 um) have been employed.!*!
Rapid progress has been made in using small sub-2 um particles. Recently,
particle sizes as small as 0.47 pm were reported.'® Table 1.1 shows the calculated
efficiencies and the pressure offered by a given particle size in a packed column
using the HPLC Simulator program.'® The trend is obvious that the smaller the
particle size, the higher is the efficiency of separation for a given column length.
Thus it may be appealing to use smaller and smaller particles in short columns to
achieve high efficiency fast separations. However the ultimate limit on the speed
of analysis is technologically limited by the pressure drop which a HPLC or
UHPLC system can develop. Darcy's law relates the pressure drop AP across a
column of length L with the linear velocity u, flow resistance @, viscosity # and
particle diameter dp.

unaol (equation 1.14)
dp

AP =

In equation 1.14 the pressure drop scales inversely with the square of particle
diameter. For instance in Table 1.1, a 100 x 4.6 mm i.d. column packed with 1.7
um particles develops a pressure of ~ 10,000 psi. This pressure is beyond the
capability of HPLC pumps which generally have a pressure limit of 5000-6000
psi. Chromatography on sub 2-um silica particles are becoming routine using
UHPLC pumps (pressure tolerance > 10,000 psi).!” High performance separations
using polymeric phases usually have an upper limit of 3000 psi (for reasons to be

discussed in Chapter 2). This thesis explores small particles (2 pm < dp <5 pm)
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Table 1.1. Efficiency and pressure offered by the particles in a given column
size.

Particle diameter/ um | Column dimension | Efficiency N?® | Pressure/ psi *

10 150 x 4.6 mm i.d. 3900 400
50 x 4.6 mm i.d. 1300 140

5 150 x 4.6 mm i.d. 11,700 1700
50 x 4.6 mm i.d. 3900 570

3 150 x 4.6 mm i.d. 23,410 4700

50x4.6 mm i.d. 7800 1600

1.7 150 x 4.6 mm i.d. 44,100 14700

100 x 4.6 mm i.d. 29,400 9800

50 x 4.6 mm i.d. 14,700 4900

2 Calculated efficiency and pressure at a flow rate of 2.0 mL/min using a 84% methanol - water mixture on
Agilent Zorbax SB C-18 column. Analyte is p-nitrotoluene. The software HPLC Simulator predicts the
efficiencies and pressure based on equations 1.9 (modified with reduced velocities) and 1.14, respectively.
Values have been rounded off. The HPLC Simulator and its description is detailed in Reference 16.
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with shorter column lengths (5 to 10 cm) for the separation of anions on
commercial HPLC instruments. The pressure issues in high performance ion

chromatography with small particles are dealt in detail in Chapter 2.

1.6. Band Broadening and Extra-column Effects

For fundamental studies related to determining the column efficiencies and
plate height, extra-column effects must be considered.” '8 Likewise to optimize
practical analysis with both HPLC and UHPLC it is important to minimize any
extra-column effects.!® The apparent peak variance has several contributions from
other parts of the separation system besides the column, e.g., from the injection

1.20

port, the connecting tubings, and the detector cell.”” The overall variance of the

peak o7 is therefore a sum of the following:

02 = 0% + Ofup + 0lor + Ofor + Otner (equation 1.15)
where 6%inj, 6°ub, 0°col, 0°der, and o2omer represent the variance originating from the
injector, connection tubings, column, and detector respectively. The Zomer can
include other band broadening contributions such as the detector rise time. In
commercial HPLC instruments the tubings are plumbed so that the 62,4 zo; does
not exceed 10% of the apparent peak variance.’! Early eluting and unretained
peaks are most vulnerable to extra-column band broadening effects.” Extra-
column effects can easily be detected when the early peaks have much lower
efficiency than later eluting peaks. These effects are usually observed on short

columns (e.g., which have small dead volumes) and high efficiency small

particles, which are explored in Chapters 3 and 4. The most convenient way to
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determine the "true" efficiency of the peak is to measure the peak variance with
and without the column on the same HPLC system. After removing the column,
the injection valve is connected directly with the detector using the same tubing.
The variance of the peak, determined without the column, represents the total

extra-column effect, i.e., the sum (O'iznj + 0l + +02. + 04per) In equation
1.15. Rearrangement of equation 1.15 to o2, = 02 — (a5, i+ ol + +05.: +

0Zner) enables determination of the true column broadening behaviour. This

approach is employed in Chapter 4.

1.7 Stationary Phase Supports in HPLC
1.7.1 An ldeal Stationary Phase for Liquid Chromatography (LC)

There is a variety of characteristics that an ideal LC stationary phase should
possess.’> 2> As HPLC requires working at higher pressures (typically >2000 psi),
any chromatographic support must be mechanically stable so that it can withstand
long term exposure to high pressures without cracking or crushing. This feature is
required to make a stable bed. A chromatographic bed made of soft materials will
eventually compact and form a void at the column head. The particles should not
shrink or compress with different eluents. This factor is also related to the bed
stability. The stationary phase must be chemically compatible with the eluents for
which it is being designed. Ideally it should be able to tolerate aggressive mobile
conditions, e.g., at high temperature, and low or high pH. In short, the stationary

phase should not chemically react with analytes or with the mobile phase.
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Physically, the particles should be available in a narrow size distribution to
facilitate formation of a tight packed bed (small 4 term in the van Deemter
equation).”* Ideally, fines (small irregular sized particles) should be absent to
minimize the back pressure. Most particles in liquid chromatography are porous
to increase the surface area. The pore diameter must be larger than 8 times the
analyte size to allow free diffusion of the solute into and out of the particle.” The
surface of the stationary phase should be chemical modifiable, yet have the
chemical stability to tolerate the mobile phases. Additionally, the surface

chemistry should be reproducible.

1.7.2. Silica Based Supports

Silica based phases are the classical stationary phases in liquid
chromatography. More than 90% of the packings in normal and reversed phases
are based on silica.?® 27 A number of advantages are associated with silica. First,
silica based packings are mechanically strong. Some commercial columns for
UHPLC are packed at 30,000 psi and no mechanical damage is seen. Silica
particles are commercially available with narrow size dispersions. The typical size
distribution is 15-19% RSD for porous silica particles.”® The surface areas can
range from 160 to 700 m?/g for commercial columns.? Silica does not swell or
shrink in organic solvents. Finally, silica surface is modifiable via silane
chemistry.® All of these properties make silica nearly an "ideal" stationary phase.

However, at low pH (< 2) loss of the surface modification (called bonded

phase) occurs®® due to the hydrolysis of the attached ligand. The bonded phase
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loss occurs via cleavage of the siloxane bond (-Si-O-Si-) that connects the silanes
to the surface of silica.> The rate of acid hydrolysis is highly pronounced at
elevated temperatures (> 60 °C). This results in retention time loss and
degradation of the peak shape.

Also, silica is soluble in mobile phases having high water content or high
pH. Silica dissolves slowly in pure water, as silicic acid as shown in equation
1.16.3! Silica’s solubility increases with temperature and the mobile phase pH.*

Si02 s) + 2H20 ) — > Si(OH)4 (ag) (equation 1.16)
The solubility of silica at high pH is one of the main drawback of silica supports,
and is the primary reason that silica phases are not used in this thesis. When
column manufacturers mention the pH stability to more than 8, it is usually a
"soft" limit in the sense that high organic content is always used if the mobile

phase pH is high.” These drawbacks make silica a less than an ideal phase.

1.7.3 Alternatives to Silica Based Supports

Due to the chemical stability issues with silica (Section 1.7.2), the
stationary phases explored in this thesis are based on non-silica based supports
which are mechanically robust as well as have a wider range of chemical
compatibilities. As stated in Section 1.2, the driving force in the stationary phase
development is tweaking of the parameters within the resolution equation
(equation 1.7). Interesting selectivities can be easily achieved by employing non-
silica supports.

Polymers are an obvious alternative to silica phases due to their wider pH

stability window.*> Other novel materials that can overcome the pH issues
15



associated with silica have been explored in the chromatography literature. Some

of the durable supports which have been proposed include titania,** zirconia,

36 37 8 38

alumina,*® carbon clad zirconia,”’ carbon clad silica,*® carbon clad alumina,
boron doped diamonds,* carbon cores with porous diamond coatings®® and
porous graphitized carbon (PGC).*' The zirconia, titania and carbon based
supports have already been commercialized. This thesis explores the use of
polymeric, carbon clad zirconia and porous graphitic carbon packings for
achieving high efficiency and different selectivities for separating ions and polar
analytes. The following sections give an overview of polymeric and carbon HPLC
phases.

1.7.3.1 Polymeric Packings

Polymeric supports have been employed for reversed phase
chromatography, ion exchange and size-exclusion chromatography.® In ion
chromatography nearly all supports are based on cross-linked polystyrene,
ethylvinylbenzene or substituted methacrylates.*” The cross-linking imparts
mechanical strength to the particles. The key advantage of using polymers is their
robustness with respect to pH (0 to 14).*? For instance in anion separations using
suppressed IC, the NaOH eluent may have a pH as high as 13. However
polymeric particles are not without drawbacks.” Polymers are mechanically
weaker than inorganic oxides such as silica, titania, or zirconia. As a result, the
pressure limits of polymer columns are lower. Also, the separation efficiencies

(N) with polymeric phases are lower than with silica due to hindered mass transfer

kinetics.” Another issue is the shrinking or swelling in organic solvents. This issue
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can be overcome by increasing the cross-linking of the polymer. Modern
polymeric IC phases have up to 55% cross-linking which gives them 100%
solvent compatibility with common HPLC solvents such as acetonitrile.*?

A common type of polymeric IC packing is the latex agglomerated
phase.** ¥ % Chapters 3, 4, and 5 employ agglomerated phases for separating
anions with high pH mobile phases. In a typical commercial agglomerated phase,
as shown in Figure 1.2, a polystyrene or ethylvinylbenzene core particle is cross-
linked with divinylbenzene to form a rigid co-polymer. The co-polymer is
sulfonated under mild conditions to introduce sulfonic acid groups on the surface
of the particles (negative surface charge). The polymer beads are then exposed to
a suspension of nanometer (60 - 100 nm) sized polymer particles bearing
quaternary ammonium groups. The positively charged latexes are very strongly
held by electrostatic forces.* The thin layer of the latex on a relatively large sized
particle (5 - 13 um) ensures fast mass transfer kinetics leading to high efficiency
separations. For example, as will be shown in Chapter 4, reduced plate heights of

3 can be obtained on 13 um agglomerated support particle.

1.7.3.2 Carbon Based Packings

Carbon based stationary phases are one of the most promising HPLC
phases because of their unique properties. Carbon overcomes all the drawbacks of
silica stationary phases discussed in the Section 1.7.2. Knox and co-workers*!

pioneered the synthesis of highly robust porous graphitic carbon (PGC) with
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Highly cross linked core

Nanometer sized
functionalized

Figure 1.2. A schematic diagram of an agglomerated phase. The negatively
charged surface of the highly cross-linked core (5-13 pum) is coated with
nanometer (>60 nm) sized polymer polycationic particles (latex). The core can be

solid or macroporous.
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reproducible surface properties for HPLC. PGC consists of layers of graphitic
sheets (sp? hybridized carbon atoms). PGC is inert to highly acidic or alkaline
mobile phases. Additionally, PGC possesses high chemical and thermal (up to 200
°C) stability. All liquid chromatography solvents are compatible with PGC. PGC
can tolerate high pressure (~ 5800 psi) without any mechanical damage. This

phase is now commercially available as Hypercarb™

in 3, 5 and 10 um particle
sizes for reversed phase chromatography.

The surface chemistry of carbon is radically different from that of other
HPLC phases. Thus PGC offers a different separation selectivity compared to
silica or other inorganic oxide based phases.** To further impart mechanical

37,38 introduced carbon coated zirconia.

strength to carbon supports, the Carr group
Carbon clad zirconia is commercially available in 2 to 3 pum size. This phase
consists of porous zirconia particles onto which 5-6 monolayers of graphitized
carbon have been deposited via vapour deposition. The heated zirconia particles
are exposed to organic vapours in an inert atmosphere. The high temperature leads
to the decomposition of the organic compounds into elemental carbon, leading to
formation of carbon coated zirconia particles. The carbon clad zirconia modified
particles are employed in Chapter 3.

Given that carbon is inert to most chemicals; it is not easy to covalently
modify the carbon surface. Newer hybrid high efficiency polymer-carbon based

stationary phase have recently been developed for reversed phase applications at

high pH and high temperature.*® 47 Direct covalent functionalization of carbon
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surface using aryl radical chemistry is highly promising.*® * Chapters 3 and 5

employ aryl diazonium chemistry to develop HPLC stationary phases.

1.8 Chromatographic Modes
1.8.1 Reversed Phase Liquid Chromatography (RPLC)

Reversed phase liquid chromatography (RPLC) is the most common
separation mode in HPLC.*° In RPLC, the stationary phase is less polar than the
mobile phase. The most common RPLC supports consist of C-8 or C-18 alkyl
chains bonded to silica. This functionalization makes the silica surface more
hydrophobic than the native surface of silica. The usual eluent consists of water,
buffers, and organic solvents such as methanol or acetonitrile. RPLC is best suited
for the separation of hydrophobic or moderately polar molecules. However, very
polar or ionic compounds are weakly retained in RPLC ( k& << 1).° In such cases,
other modes of chromatography must be employed. This thesis focuses on the
development of stationary phases that are specially designed for separating ions

and highly polar compounds.

1.8.2 lon Chromatography (I1C)

Ion chromatography is a versatile separation technique for analyzing
inorganic anions, cations (heavy metal ions, transition metal complexes, alkali and
alkaline earth metals), biomolecules, carbohydrates, and small organic acids. > !

IC employs highly alkaline or acidic eluents (pH 0 to 14) which are not

compatible with silica phases. Therefore polymeric substrates such as discussed in
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Section 1.7.3.1 are employed in IC. Since anion exchange chromatography is the
most widely used ion-exchange technique, further discussion will focus on it. In
anion exchange chromatography, the resin consists of a polymeric support bearing
quaternary ammonium groups. Anionic analytes will interact electrostatically with
these fixed positive charges. The eluting ion E* is also negatively charged. The
equilibrium of the ion exchange of the anion (A*) between the stationary phase
(resin, R) and mobile (M) phase is:

yA* ) + XEY Ry =—= yA* )+ xE¥" vy equation (1.17)
where A* and E¥" are the analyte and eluent anions bearing negative charges x and
y. The equilibrium constant (selectivity coefficient) is:

K., = [Aﬁ—]y[Ey:]X equation (1.18)
T A PIER I

The larger the value of the equilibrium constant, the larger is the retention factor
of the ion. We employ the reciprocal of the selectivity coefficient in equation 1.18
when predicting the peak shapes of anions under column overloading conditions
(Chapter 6).

Besides the selectivity coefficient, other factors which control IC retention
include the capacity of the resin O, the weight w of the resin within the column,
the volume of the mobile phase Vm in the column, the concentration of the eluent
[E¥"], and the charges on the analyte (x) and the eluent (y). From the fundamental
thermodynamic definitions of retention factor and capacity, equation 1.18 can be

converted into equation 1.19.3?

1 x Q) w X equation (1.19)
logk = ~log K, » + ~log~2 + 1o (—)——10 EY-
g ygA,Eygy ng yg[ ]
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For a given column, the selectivity coefficient, column capacity, weight of the
resin, and the volume of the mobile phase in the eluent (the dead volume) are
constant. This allows equation 1.19 to be simplified to:

x ,
log k = constant — ylog[Ey‘] equation (1.20)

Equation 1.20 shows that IC retention is strongly affected by the charge of the
analyte ion (x) as well as the charge of the eluent anion (y). The typical eluents in

IC are borate, hydroxide, and carbonate-bicarbonate solutions.

1.8.2.1 IC Instrumentation

Figure 1.3 shows the schematic of a modern IC system such as used in this
thesis. The IC system is very similar to a standard HPLC system with a high
pressure pump, microliter injector, column and detector. The unique features of
an IC are that: (a) the eluent may be generated online using pure water via
electrodialytic principles; and (b) the analytes are detected by suppressed
conductivity.’ >* The description that follows illustrates the typical instrumental
set up for separating anions, which is the focus of Chapters 3, 4 and 6. Pure water
is pumped by a high pressure pump into an eluent generator.”®> The eluent
generator (Figure 1.4) is an electrolytic flow cell in which the cathode and anode
are separated by a cation exchange membrane. At the cathode, hydroxide ions are
generated by the electrolysis of water. To maintain charge neutrality, Na" migrate
from a reservoir containing concentrated NaOH and traverses the cation exchange
membrane. The Na® and OH™ combine in the HPLC flow stream to form the

hydroxide eluent, which then flows through the injector to the column. The OH"
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participates in the ion exchange equilibrium (equation 1.17) on the column to
separate the various analyte anions within an injected sample plug.

Prior to detection, the high background conductivity of the eluent must be
suppressed to enable detection of the analyte ions by conductivity. To do this the
effluent from the column passes through a suppressor (Figure 1.5). The suppressor
is commonly a membrane chemical reactor, which changes the ionic counter ion
for the eluent and the analyte anions (Figure 1.5). For instance, if NaOH is being
used as an eluent, Na" in the effluent stream exchanges across a cation exchange
membrane within the suppressor with H" ions from a regenerating stream. The
electrolytically generated H™ from the suppressor combines with the OH in the
eluent to form water which has an extremely low background conductivity (0.055
uS/cm).> At the same time the exchange of cations converts the analyte anions
into their corresponding acids, e.g., Cl" is converted into HCl and NOs3™ is
converted to HNOs. These strong acids fully dissociate and are highly conducting
due to the very high equivalent conductance of the proton (349.8 Scm*mol) as
compared to other cations such as Na® (50.1 Scm?mol). The process of
background suppression improves the detection limits. Part per trillion detection
limits are routine for common anions in suppressed conductivity IC. Chapter 2
deals with the recent developments that have taken place in the IC instrumentation

for achieving fast and high resolution separations.
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Figure 1.3. A schematic outline of the IC instrument for suppressed conductivity
detection used in this work.
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Figure 1.4. A schematic diagram of an eluent generator. Figure from Ref. 46.
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Figure 1.5. A schematic diagram of an electrolytically regenerated suppressor
used in this work. The electrodes in suppressors are made of Pt meshes or Pt
coated Ti. Figure is adapted from Ref. 55
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1.8.3 Hydrophilic Interaction Liquid Chromatography (HILIC)

As stated in Section 1.6, RPLC shows very poor retention of hydrophilic
compounds. However, as early as 1975, it was shown that very polar compounds
(e.g., carbohydrates) could be retained on polar stationary phases if the mobile
phase contained a large percentage of an organic modifier.® In 1990 Alpert
coined the term hydrophilic interaction liquid chromatography (HILIC) to
describe this broad mode of liquid chromatography.’’ Soon afterwards, HILIC
gained high popularity as a chromatographic technique for separating highly polar
compounds such as amino acids, carbohydrates, peptides, carboxylic acids and
biomolecules.”® *° Figure 1.6 shows the idealized mechanism of retention in
HILIC. When a high percentage of organic solvent such as acetonitrile is present
in the mobile phase, a stagnant water-enriched layer forms on the hydrophilic
stationary phase. Hydrophilic solutes partition between the water enriched layer
and the organic-rich mobile phase. The elution order is from least polar to most
polar analyte. This elution order is opposite to that of RPLC.

While the partitioning process depicted in Figure 1.6 is the predominant
retention mechanism in HILIC,* other interactions including hydrogen bonding,
adsorption, ion exchange, dipole-dipole and m-m interactions may also contribute
to retention.”” Thus, HILIC commonly exhibits multimodal retention. Chapter 5

exploits these additional interactions to develop a new class of HILIC phase on

surface modified PGC.
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Figure 1.6. The idealized partitioning mechanism of retention in HILIC. The red
arrows indicate the flow direction of the mobile phase. This is a modified version
of Figure 3 in Reference 60.

28



1.9 Thesis Summary

This thesis addresses some fundamental and practical aspects of liquid
chromatography with an emphasis on the development of columns with high
efficiency or different selectivity. Chapter 2 highlights the trials, tribulations and
triumphs that now enable fast and high resolution ion chromatographic
separations. In Chapter 3, the potential of small particles in ion chromatography is
explored. In Chapter 4, I demonstrate the colloidal nature of IC packings, the
challenges that colloidal nature causes for packing of high efficiency IC columns,
and how these challenges can be overcome. Chapter 5 discusses the synthesis and
properties of a new class of HILIC phase based on the synthetic routes developed
in Chapter 3. Finally, Chapter 6 is an exploration into why odd peak shapes are
sometimes observed in IC. Elution profiles of anions on a variety of IC columns
and eluents are explained using classical non-linear isotherm behaviour. Chapter 7

provides the overall conclusions regarding the thesis work.
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CHAPTER TWO. Advances in High-Speed and High-Resolution lon

Chromatography*

2.1 Introduction

Just four decades ago, the analysis of an individual ion required that the
analyst perform a time consuming titration or gravimetric measurement. Each
additional ion to be analyzed magnified the effort required. In 1975 Hamish Small
and coworkers in Dow Chemical Company' introduced ion chromatography (IC)
(Section 1.8.2). This technique enabled the simultaneous analysis of multiple ions
with low detection limits using suppressed conductivity detection. Compared to
the hours of labour needed for classical methods, IC yielded rapid measurements.
For instance, Li", Na" and K* could be baseline resolved in 134 minutes.
Similarly five anions such as fluoride, chloride, phosphate, nitrate and sulfate
could be analyzed in 20 minutes.'>?

Today, ion chromatography is widely used for the analysis of inorganic
ions and many ionizable organic compounds. More than 70 commercial IC
columns are available.> * However until recently developments by IC column
manufacturers focused on increasing the ion-exchange capacity, reliability and
selectivity of stationary phases® rather than on the speed of analysis. Thus, up to
just a few years ago the typical separation time of anions differed little from that

demonstrated by Small and co-workers in 1975.+2

* A version of this chapter has been published as an invited article. Charles A. Lucy and M. Farooq
Wahab, LC-GC (Special Issue on Ion Chromatography) 2013, 31 (§4b), 38-42.
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2.2 Recent Developments in High-Speed lon Chromatography

In contrast, in the last decade rapid developments have taken place in the
speed of analysis in reverse phase liquid chromatography. Smaller particles
enabled faster analysis by allowing shorter column lengths while maintaining high
efficiency and resolution.® Introduction of sub-2 um particles required ultrahigh
pressure (UHPLC, up to 15,000 psi) metallic pumps due to the dramatically
greater backpressure generated by these smaller particle diameters.®’

Why has ion chromatography lagged behind this trend? Firstly, ion
chromatography was hardware limited.® The stainless steel pumps, tubing and
fittings used in HPLC and UHPLC are not compatible with the highly corrosive
acidic or alkaline eluents required in IC. Early IC systems were constructed with
glass columns and Delrin components.’ The introduction of polyether ether ketone
(PEEK) pumps and tubing increased the pressure capabilities of IC to near that of
conventional HPLC systems (5000 psi). Second, severe baseline drift and ghost
peaks were experienced with gradient elution in IC due to the inherent
background conductivity of carbonate eluents and impurities in the carbonate or
hydroxide eluents. Generation of ultrahigh purity eluents such as carbonate free
NaOH was made possible through membrane based electrodialytic eluent
generators (Section 1.8.2.1).!% ! The fragility of eluent generators restricted the
upper pressure limit to 3000 psi.'> The maximum flow rate in IC was further
limited by the suppressor to 1-3 mL/min (for 2 to 4 mm id. columns,
respectively) to protect the suppressor membranes from leaking. Thus the

standard IC hardware was pressure and flow rate limited as late as 2011.
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Due to these pressure and flow rate limits, IC columns continued to be
characterized by large particle sizes (7-13 pm) and long (200-250 mm) columns.
For instance, Figure 2.1(A) shows a typical ion chromatogram using a 250 mm
IonPac AS22 column packed with 6.5 um particles. The seven common anions
are separated in ~12 minutes with 9600 plates at a column pressure of < 2000 psi.

However there is actually excessive resolution in Figure 2.1(A) - leading
to "wasted" time which is highlighted in blue in Figure 2.1(A). Clearly some of
this excess resolution could be traded for analysis time by shortening the column
while keeping the particle size and other parameters the same. The first such
column was the 150 mm IonPac AS22-Fast introduced at Pittcon 2010. Figure
2.1(B) shows a 7 minute separation on the AS22-Fast - a 40% reduction in run
time. The efficiency is reduced from 9600 to 5000 due to the shorter length, but is
still sufficient for baseline resolution. The lower backpressure of the shorter
column also allows use of higher flow rates while staying within the pressure
limits of the IC instrumentation. Figure 2.1(C) shows a 4.5 minute separation of
the 7 common inorganic anions using a 150 mm AS22-Fast at 2 mL/min. Using
even shorter columns while keeping the particle size the same can further reduce
the analysis time. For instance Haddad’s group used 30 to 50 mm columns packed
with 7.5 pum resins to demonstrate 15 minute separations of highly retained
perchlorate and thiocyanate ions.'* Such ions are typically retained for more than
1 hour on standard 250 mm IC columns.

The next evolution in the speed of IC analysis was associated with the re-

design of the commercial hardware for capillary columns (~ 0.4 mm i.d.). Such
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Figure 2.1. Comparison of separations obtained using 250 and 150 mm columns
with the same particle size (6.5 um) and column diameter: (a) 250 mm *x 4 mm
i.d. AS22 (flow rate: 1.2 mL/min), (b) 150 x 4 mm i.d. AS22-Fast (flow rate 1.2
mL/min), (¢) 150 x 4 mm i.d. AS22-Fast (2.0 mL/min). The typical working
pressure of AS22 and AS22-Fast is ~ 1900 psi. The excessive resolution is shown
in blue boxes. Eluent: 4.5 mM sodium carbonate, 1.4 mM sodium bicarbonate;
injection volume: 10 pL; suppressed conductivity detection. (Courtesy of Thermo
Fisher with permission.)
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columns allow the same linear velocity (#, cm/min) as a normal 4 mm i.d. column
at a 100-fold lower volumetric flow rate,'* enabling extended operation with a
single bottle of eluent. An immediate consequence of the lower volumetric flow
rates needed for capillary IC was a decrease in the surface area of the

15:16 which yielded a higher burst

electrodialytic membrane in the eluent generator,
pressure for the membrane. Thus a capillary IC system such as the Thermo Fisher
ICS 5000 has a pressure limit of 5000 psi (compared to a limit of 3000 psi for
conventional IC systems). Capillary separation systems also produce greater
column efficiencies (reduced plate heights < 2) than large bore counterparts.'*
Figure 2.2 shows the separation of the 7 common anions in less than 2 minutes
using a 150 mm capillary column packed with 4 pm particles.!” At 25 pL/min, the
back pressure was only 3480 psi. For the sake of comparison, this capillary
separation in Figure 2.2 takes ~ 17 s/ion vs. 38 s/ion for the AS22-Fast column in
Figure 2.1(C). Thus, capillary systems have the potential of high speed IC
separations by employing smaller particles in 150 mm capillaries. A number of
such "fast" IC capillaries are available for cations (IonPac CS12A) and anions
(IonPac AS18-Fast) from Thermo Fisher. In January 2013, a redesign of the
eluent generators for conventional flow IC yielded the Thermo Fisher ICS 5000+
which also has a 5000 psi pressure limit.'8

Given the ubiquitous presence of UHPLC systems in the industry,
chromatographers have begun to ask "Can IC be as fast as UHPLC?" Although

the terms "fast" and "ultra-fast" separations are relative, a survey of the literature

and commercial catalogues shows that these terms imply sub-minute separations.
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Figure 2.2. Fast separation of seven common anions on IonPac AS18 capillary
column (150 x 0.4 mm) packed with 4 pm particles. Eluent: 35 mM OH™ with a
flow rate of 25 pL/min. Suppressed conductivity detection. (Reprinted with
permission from reference 17, American Chemical Society.)
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Sub-minute IC separations were pioneered by the groups of Paull' and Lucy.?
For instance Figure 2.3 shows the ultra-fast separation of seven common anions in
just 40 seconds using an ultra-short 13 mm column packed with 1.8 um C-18
silica particles.?!

Although significant developments have taken place in achieving fast
separations in commercial IC columns, we have yet to see sub-minute IC
separations in commercial columns. Technology exists to synthesize 2 um highly
cross linked polymer particles which can withstand high pressure (> 5000 psi).*
However, there are still significant challenges in using smaller particles. Firstly,
as columns become more efficient, extra-column band broadening effects come
into play (Section 1.6),! which is particularly challenging in IC where post-
column devices such as suppressors are essential. Secondly, optimum packing of
sub-2 pum particles is a non-trivial task. As will be discussed in Chapter 4, even
4.4 pm charged polymeric particles display unexpected behaviour in the packing
process.?® Third, the mechanical strength of PEEK limits current IC to a 5000 psi
pressure limit. lon chromatography certainly has the opportunity to catch up with

the efficiencies and speed of UHPLC.

2.3 Recent Developments in High-Resolution lon Chromatography
The above discussion has demonstrated fast separations of a few ions in
relatively simple samples by employing smaller particles and/or very short

columns. However speed becomes a secondary factor when analyzing difficult
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Figure 2.3. Ultrafast separation of seven common anions on very short column
(13 x 4.6 mm i.d.) with suppressed conductivity detection. Column: Cationic
surfactant (didodecyldimethylammonium bromide, DDAB) coated Extend-C18
column operated at 2.0 mL/min. Particle size: 1.8 um. Eluent is 4-hydroxybenzoic
acid 2.5mM at pH 10.1. (Reproduced with permission from reference 21.)
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and ill-characterized samples such as food, biological samples or environmental
waste. In these cases, the target is to fully resolve all the ions of interest.
As discussed in Section 1.2, the factors that affect the resolution (R)

between pairs of analytes in a given separation are described by:

VN k -1 (Equation 2.1)
R= PG ’

The plate number N is easily increased by using longer columns or smaller
particles. The selectivity factor a and retention factor & becomes important for
high resolution. Both of these variables are dependent on the stationary phase
chemistry and the eluent.> ?* Software packages for the simulation and
optimization of separations are available.”> For instance, Virtual Column uses a
database of experimental retention data to predict retention using the linear
solvent strength model-empirical approach. Resolution maps are also generated
by the software for the critical pairs of ions. Retention times were predicted
within 3% of the observed behaviour for 33 anionic and cationic analytes across a
variety of column formats and complex gradients.?

Thus by using specially designed high capacity columns and utilizing
small particles one can achieve very high resolution. One such specifically
designed high capacity capillary column is the IonPac AS11-HC. Figure 2.4
illustrates a high resolution separation of 44 inorganic and organic ions in 40 min
using a long 250 mm capillary and 4 um particles, corresponding to a separation

speed of ~ 53 s/ion.
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Figure 2.4. High resolution gradient separation of 44 anions on a specially
tailored high capacity capillary column (IonPac AS11-HC, 250 mm x 0.4 mm i.d.,
4 um particle size). Eluent: KOH: 1-14 mM KOH in 16 min, 14-55 mM KOH in
24 min, 15 pL/min. Injection volume: 0.4 pL.

Peaks: quinate (1), fluoride (2), lactate (3), acetate (4), 2-hydroxybutyrate (5),
propionate (6), formate (7), butyrate (8), 2-hydroxyvalerate (9),pyruvate (10),
isovalerate (11), chlorite (12), valerate (13), bromate (14), chloride (15), 2-
oxovalerate (16), nitrite (17), ethylphosphonate (18), rifluoroacetate (19), azide
(20), bromide (21), nitrate (22), citramalate (23), malate (24), carbonate (25),
malonate (26), citraconitate (27), maleate (28), sulfate (29), alpha-ketoglutarate
(30), oxalate (31), fumarate (32), oxaloacetate (33), tungstate (34), molybdate
(35), phosphate (36), phthalate (37), arsenate (38), citrate (39), chromate (40), iso-
citrate (41), cis-aconitate (42), trans-aconitate (43), iodide (44). (Courtesy of
Thermo Fisher Scientific with permission.)
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However, in most real samples not all ions are in similar concentration.
For example, bromate is a human carcinogen, whose concentration is regulated by
various government environmental agencies around the world.?” In IC, bromate
elutes early, close to the chloride peak. In clean, low ionic strength samples,
baseline resolution is satisfactory, as shown in the lower trace in Figure 2.5. In
high ionic strength water samples, as in seawater or waste water, the resolution of
bromate with the adjacent peak is severely compromised (upper trace Figure
2.5).28 The high concentration of the matrix ions overloads the analytical column.
The resulting wide fronted or tailed peak broadens and shifts the retention time of
the trace bromate peak (~ 10 part per billion).”’ Eventually the broadening
compromises accurate quantification and degrades the resolution of bromate from
the overloaded peak.

One of the ingenious ways to obtain high resolution separation in complex
matrices is matrix elimination ion chromatography,®® 3% 3! based on high
resolution two dimensional ion chromatography (2D-IC). In this heart cutting
approach for bromate analysis (EPA Method 302.1), the bromate ion is separated
in the first dimension using a high capacity IC column capable of handling the
high ionic strength matrix. A ~ 2 mL portion of the suppressed eluent (the heart
cut portion) containing the bromate (t1 to t2 in Figure 2.5) is passed through a
"concentrator column" positioned in place of the sample loop of the injection
valve for the second dimension (2-D) separation. The trapped analyte is eluted off
the concentrator column and separated using a second dimension IC column of

different selectivity than the 1% dimension column. For high resolution
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Figure 2.5. First dimension analysis of the bromate peak in reagent water and
high ionic strength water. The bromate concentration is 15 pg/L. The bromate
retention time (tr) is 9.2 minutes. The start of the cut window (t1) is 8.0 minutes
and the end of the cut window (t2) is 9.8 minutes. Column: IonPac AS19, (250
mm X 4 mm) column; Eluent: 10 mM KOH step changed to 65 mM KOH
following the elution of bromate at 1.0 mL/min. Injection volume: 1.0 mL
(Courtesy of Thermo Fisher with permission.)
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Figure 2.6. High resolution separation of bromate ion in second dimensional
analysis of 15 pg/L bromate in reagent water and high ionic water matrix.
Column: lonPac AS24 analytical column (250 x 2 mm i.d.) and AG24 guard
column (50 x 2 mm i.d.) were used for the second dimension analysis. Eluent:
Isocratic10 mM KOH changed to 65 mM potassium hydroxide following the elution
of bromate for approximately 10 minutes and re-equilibrate at 10 mM hydroxide prior
to injection, Eluent Flow: 0.25 mL/min. (Courtesy of Thermo Fisher with
permission.)

45



applications, a second dimensional column with a lower cross sectional area is
used to enhance sensitivity.”’ Figure 2.6 shows the second dimensional high
resolution separation of trace levels (15 ppb bromate) in both reagent and high
ionic strength water sample. This heart cutting matrix elimination approach is
generic and can easily be applied on IC samples that give poor resolution of trace
components due to matrix overload. For instance, perchlorate has similarly been
resolved in highly complex water samples.>> Research is ongoing on
comprehensive 2D ion chromatography for complete analysis of complex ionic
samples.*>  Also, to aid this development, fundamental studies of overload

behaviour in IC were undertaken and will be reported in Chapter 6.

2.4 Conclusions

Until recently the speed of ion chromatography were limited by the
pressure and flow rate limits of the IC hardware. These conditions required the
use of large particles and long columns. Numerous recent advances have enabled
fast IC separations by reducing the column length while using the large particles,
or by reducing the particle size to 4 um. However, commercial IC has not yet
achieved the ultrafast sub-minute separations that have been demonstrated by sub-
2 micron particles in very short columns. Thus further advances in IC speed for
simple samples are anticipated.

For complex matrices, the enhanced pressure capabilities of modern IC are
enabling greater 1-dimension peak capacities. Commercial equipment has made

targeted 2-dimensional IC separations routine.
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CHAPTER THREE. lon Chromatography on Carbon Clad Zirconia Modified

by Diazonium Chemistry and Functionalized Latex Particles*

3.1 Introduction

Ion chromatography (IC) is a widely used technique for the analysis of
charged species such as inorganic ions and small ionizable molecules." 2 Typically
IC stationary phases are functionalized polymers that tolerate a wide pH range (0-
14). The polymers are easily functionalized to tailor the surface properties.>® As
shown in Figure 1.2, agglomerated anion exchange phases consist of a polymer core
bearing sulfonic acid groups with an agglomerated layer of nanometer sized
polymer particles (latex) functionalized with alkyl quaternary ammonium groups."
379 The agglomerated nanoparticles are pH stable, and cannot be removed from
the core by either strong bases or water-miscible solvents.! ' However polymeric
particles are not commercially available in the 3 um range and swell in organic
solvents leading to poor hydraulic performance and blockage of flow paths within
the column.!! Also, polymeric phases have lower mechanical strength and thermal
stability compared to inorganic oxides such as silica and zirconia.'?

Silica based stationary phases yield high efficiency and fast separation of
small ions. Coating a 30 mm column packed with 3 pm particles with the cationic
surfactant didodecyldimethylammonium bromide (DDAB) enabled separations of

nine inorganic anions in 100 s.!> However surfactants such as DDAB can

* A version of this chapter has been published as M. Farooq Wahab, Christopher A. Pohl and
Charles A. Lucy, Analyst, 2011, 136, 3113-3120.
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precipitate within the columns.'* Secondly, the alkaline eluents needed for high
sensitivity in suppressed IC attack silica columns (Sec. 1.7.2). Thus, there is
continued interest in investigating new supports for ion chromatography. This
chapter explores new approaches to introduce a strong acid functionality onto 3 pm
carbon clad zirconia particles. Diazonium chemistry is used to introduce negative
charge to the particles and then cationic latex nanoparticles are adsorbed to produce
an agglomerated phase. So far, only 4 - 5 pm agglomerated resin phases for anion
separation have been reported in 0.4 - 4 mm i.d. columns.® This process of surface
modification converts the carbon surface into an efficient anion exchanger.
3.1.1 Conversion of Carbon Clad Zirconia into an Anion Exchanger

Figure 3.1 shows the strategy for creating agglomerated anion exchange
phases using carbon clad zirconia (CCZ) particles. These particles consist of a
zirconium dioxide core coated with carbon.'® The ZrO: core lends the particles very
high mechanical strength, which does not shrink or swell. The graphitized carbon
coating is chemically inert and pH stable. Diazonium chemistry is a popular means
to covalently modify carbon electrodes.'® In Figure 3.1 (A), the diazonium salt
undergoes a one electron reduction to produce an aryl free radical with the loss of
nitrogen. This step may be induced thermally or via chemical reduction.!”!” Next
negatively charged functionalities must be introduced to the CCZ surface as shown
in Figure 3.1(B). Previous work explored hydrogen peroxide treatment?® and on-
column electrolytic reduction of diazonium salts on porous graphitic carbon
particles.?! CCZ phases have also been converted into anion-exchangers by coating

surfactants on the stationary phases,?? by attaching tertiary amine followed by
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Figure 3.1. The strategy for creating negatively charged anchor sites on carbon clad
zirconia (A, B) using in situ generated phenylsulfonic acid radicals on the particles.
The precipitation step concentrates the salt on the carbon surface. The
phenylsulfonic acid provides sites for the latex to agglomerate onto the particles

(©).
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methyl iodide treatment on CCZ,” and by nitric acid oxidation followed by
agglomeration (Figure 3.1(C)). Plate heights of 0.024 mm for nitrate were observed

for agglomerated 2 um nitric acid treated CCZ particles.?*

3.2 Experimental
3.2.1 Materials and Reagents

Carbon clad zirconia (CCZ, 3 pm, 30 m?/g, ZirChrom-CARB, was
purchased from Zirchrom Corporation (Anoka, MN, USA). Batch 75-111 was used
for column preparation. Sodium nitrite (Reagent Plus), sodium bromide,
trifluoroacetic acid (99%) and hypophosphorous acid were purchased from Sigma
Aldrich (St. Louis, MO). Hydrochloric acid (37-38%) and anhydrous sodium
carbonate were purchased from Caledon Laboratories (Georgetown, ON, Canada).
Distilled deionized (>17.7 MQ-cm) water was from a Nanopure system (Barnstead,
Dubuque, 1A, USA). Magna plain nylon (Krackeler Scientific Inc., Albany, NY,
USA) supported filters (0.22 pm) were used for washing and vacuum filtration of
the particles.

The 72 nm latex AS12A-MicrolB bearing quaternary ammonium triethyl
functionality was prepared by Dionex Corporation (Sunnyvale, CA, USA).
Commercial latex bearing trialkyl quaternary ammonium groups is called AS12A;
it has a diameter of 140 nm. Sodium acetate and oxalic acid were purchased from
Caledon. Sodium chloride, 98% sodium borohydride and sodium nitrate were from
EMD Chemicals Inc. (Gibbstown, NJ, USA). HPLC grade ammonium formate was

from Fluka (St. Louis, MO, USA), sodium benzenesulfonate was purchased from
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Eastman Kodak Co. (Rochester, NY, USA), and succinic acid was from BDH
Laboratory Supplies (AnalaR, Poole, England). Fumaric acid was from Aldrich (St.
Louis, MO, USA). Spherical iron powder < 10 pm with 99.9% purity on metal basis
was purchased from Alfa Aesar (Ward Hill, MA, USA). The slurry and packing
solvent was HPLC grade 2-propanol from Fisher Scientific (Fair Lawn, NJ, USA).

Empty PEEK columns (50 x 4 i.d. mm) with stainless steel frits (2 um),
Zitex membranes (G-108) and Ultrahigh Molecular Weight Polyethylene frits
(UHMWPE) of 10 um were gifted by Dionex Corporation. A Haskel (DSF-122-
87153, Burbank, CA) high pressure air driven pump was connected to a nitrogen
tank and was used for packing the column. The packing apparatus is discussed in

greater detail in Section 3.2.5 and 4.2.4.

3.2.2 Apparatus

The chromatography system was a Dionex ICS-3000 equipped with dual
pumps with an electrolytic carbonate-bicarbonate generation RFICTM system, a 10
uL injection loop, a 4 mm ASRS-3000 electrolytic suppressor and a conductivity
detector. Separations were performed at room temperature. The suppressor was
regenerated using the external mode, by pumping deionized water to the suppressor
from a second pump (ICS-3000 DP pump) at a flow rate of equal to or slightly
greater than the column flow rate setting.

Connecting tubing was kept short to minimize extra-column broadening
(Section 1.6) on a 50 mm column. Peak efficiencies at half peak height and retention

times were calculated by Chromeleon™ 6.80 SP3 software. The latex solution was
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pumped through the column using a Shimadzu LC-600 pump followed by 25%
aqueous ACN wash. Efficiencies for the commercial AS12A column are from the
Virtual Column™ database (Dionex SP 6.8). A UV detector (Waters Lamda Max
Model 481) was used for breakthrough curves. The reported chromatograms are

after the capacity measurement experiments.

3.2.3 Strategies to Introduce Sulfonic Acid Functional Group on the Carbon
Surface

A mixture of 4 mmol (0.69 g) sulfanilic acid was slurried in 5 mL water
with 0.2 g of carbon clad zirconia in a container cooled by crushed ice. Then a 5
mL aqueous solution containing ~ 0.27 g sodium nitrite was added to the sulfanilic
acid and the carbon clad zirconia slurry. The mixture was stirred till the solution
became deep orange. Addition of 1.7 mL concentrated HCl precipitated diazonium
chloride onto the particles. Various reducing agents were tested for efficacy in
grafting phenyl sulfonic acid onto CCZ. Hypophosphorous acid: 5 mL of the
hypophosphorous acid was added dropwise and the mixture was stirred for 1 h over
ice. Iron powder: addition of 0.28 g of Fe powder (additional 0.8 mL conc. HCI was
present), followed by stirring over ice for 1 h. Reduction via borohydride: 9.9 mmol
of NaBH4 in 5 mL water was added dropwise, and allowed to stir for 1 h over ice.
In a separate approach, 5 mmol ground sodium borohydride was sonicated with
CCZ in ACN and the resulting suspension was rotary evaporated. The resulting
mixture was scraped and added to the in situ formed sulfanilic diazonium salt (4

mmol sulfanilic acid) suspension. (Caution: Do not isolate 4-phenylsulfonic acid
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diazonium chloride, as it is unstable in the solid dry state).
An alternate method for diazonium functionalization was tested using the

Cabot Corporation patent,'’

except that a larger amount of sulfanilic acid was taken
per gram of particles. Briefly, in 11 g of water, 4 g of ethanol was added. To this
mixture 1 mmol of sulfanilic acid was added, followed by 0.2 g carbon clad
zirconia. The mixture was placed in a water bath pre-heated to 50 °C, and then the
temperature was increased to 65 °C. When the temperature reached 65 °C, 0.35 g
of 20% wt/wt NaNO: (308 pL) was added over 2 min. The reaction mixture was
allowed to react at 65 °C for 1.5 h.

After either of the above reactions, the particles were stringently washed to
remove side products and adsorbed organics. The particles were washed and filtered
on 0.22 um Magna nylon filters with deionized water, 1% wt/wt NaOH, reagent
grade acetone, anhydrous ethanol, and HPLC grade methanol. Additionally, in the
reduction with iron powder, the particles were brought in contact with conc. HCI to
dissolve any unreacted Fe. Samples of the sulfonated CCZ particles (in methanol
suspension) were vacuum dried on the rotary evaporator and stored in a vacuum
dessicator prior to analysis.

X-ray photoelectron spectroscopy (XPS) measurements of modified carbon
clad zirconia powders were performed on an AXIS 165 spectrometer (Kratos
Analytical) at the Alberta Centre for Surface Engineering and Science (ACSES),
University of Alberta. The base pressure in the analytical chamber was < 3 x 108

Pa. A monochromatic Al Ka source (hv = 1486.6 eV) was used at a power of 210

W. The analysis spot was 400 x 700 um. The resolution of the instrument is 0.55
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eV for Ag 3d and 0.70 eV for Au 4f peaks. Survey scans were collected for binding
energy from 1100 eV to 0 with an analyzer pass energy of 160 eV and a step of
0.35 eV. Charge compensation with an electron flood gun was used to prevent
sample charging (when required). The composition was calculated from the peak
areas in the spectra using the instrument software with Scofield values of RSF
(relative sensitivity factors) and normalized to 5 elements C, N, O, Zr and S.
Elemental analysis was performed on Carlo Erba CHNS-O EA1108 Elemental

Analyzer.

3.2.4 Preparation and Packing of the Column Material

Modification of 2.2 g of carbon clad zirconia was performed by scaling up
the borohydride reduction (10 mmol) and starting with 40 mmol of sulfanilic acid
and an equivalent amount of sodium nitrite in the presence of hydrochloric acid.
The particles were washed and the sulfonation reaction was then repeated a second
time to react any remaining sites on the carbon surface. The particles were filtered,
washed with water, 0.5% wt/wt NaOH, water, acetone, ethanol and MeOH and
vacuum dried in a dessicator. A slurry of 1.8 g of the sulfonated CCZ in 45 mL
isopropanol was sonicated in the ultrasonicator and packed into empty PEEK
columns (50 mm x 4 mm i.d.) with stainless steel frits (2 pm). A 40 mL slurry
reservoir (Lab Alliance, USA) was connected to the Haskel Pump and the pressure
was increased to 6200 psi in 3 min. This pressure was maintained for 3.5 h. After
this the pressure was released, and the column inlet and outlet frit was replaced with

Zitex membranes (G-108) and UHMWPE frits. (Sulfonated CCZ prepared using 44
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mmol sulfanilic acid and 44 mmol NaNO:2 had the same sulfur acid loading).

The packed column was flushed with a 4% v/v aqueous solution of AS12A-
Micro1B latex in 10 mM Na>COs. To ensure uniform coating, 20 mL latex solution
was passed through the column, the column was reversed and another 20 mL of
latex solution was passed through the column. (Note: Surfactants within the latex
solution generate bubbles in the pump head making it advisable to monitor the
collected volume rather than rely on the nominal flow rate). The column was
allowed to sit overnight, and washed with 25% v/v aqueous acetonitrile in both

directions and later with Na2COs solution.

3.2.5 Breakthrough Curves

The column capacity was estimated by breakthrough curves® using nitrate
as the UV absorbing ion. The agglomerated column was converted into the CI" form
by flushing with 20 mM NaCl for 30 min, followed by a water wash for 20 min at
a flow rate 0.80 mL/min. Then, 1.0 mM sodium nitrate solution was passed though
the column at 0.80 mL/min. The dead time of column was determined by injecting

water while 1.0 mM NOs3™ was flowing. The column capacity was calculated by:

Q = CF (tyxe — ty) equation 3.1

where Q is the column capacity (neq/mL), C is the concentration (peq/mL) of
nitrate, F is the flow rate (mL/min), tokt is the breakthrough time (min) and tm is the

dead time.
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3.3 Results and Discussion
3.3.1 Surface Characterization of the Stationary Phase

Agglomerated ion exchange particles provide high efficiency ion
chromatographic separations.® An agglomerated anion exchange phase (Figure 3.1)
consists of: a) a negatively charged core support particle; and b) polycationic
latexes that are electrostatically bound to the support. Agglomerated IC columns
have been created using silica particles and monoliths, but they require eluents that
are not suited to suppressed conductivity detection.?®

Herein the synthesis and performance of 3 pm agglomerated anion
exchange particles based on carbon clad zirconia (CCZ) particles grafted with
phenylsulfonic acid is described. Latexes bearing quaternary ammonium
triethylamine groups are then electrostatically adsorbed onto the particles to
generate the anion exchanger. As the porous CCZ have a nominal pore size of 30
nm, it is anticipated that the 72 nm latex particles only adsorb on the outer surface
of the CCZ to yield a pellicular support.

As shown in Figure 3.1, the surface of the CCZ particle must be negatively
charged to electrostatically anchor the polycationic latexes. However, raw CCZ
does not possess sufficient charge. Equilibrating CCZ with a 4% latex solution in
10 mM Na2COs resulted in little adsorption of latex, as indicated by the small
increase in surface nitrogen (from 0.45 to 0.98%) observed using XPS (Table 3.1).
Nitric acid and chlorosulfonic acid have been used to introduce negative charge on
CCZ.** However, agglomerated ion exchangers based on CCZ particles modified

in these fashions could not baseline resolve inorganic anions.
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Table 3.1. Surface composition by XPS of surface modified carbon clad

zirconia particles in atomic percentage

Sample %Zr %0 %C %S %N
@d) (As) (1) (2p) (19)

Carbon Clad Zirconia (Raw Material) 14.61 36.77 48.13 - 0.45

AS12A-Micro 1B Coat (Raw 9.42 23.65 65.77 0.20 0.98

Unmodified Material)

Sulfonation™ (Cabot Corporation’s 11.21 3438 5221 1.14 1.06

Patent)!”

Sulfonated Column Material 12.73 36.10 47.50 2.09 1.57

AS12A-Micro 1B Coated Column 6.10 18.58 70.87 1.68 2.77

Material

* Combustion analysis yielded 1.89 % wt/wt C and 0.34 wt/wt S
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Due to the limitations of these approaches, the diazonium approach was explored
herein. Reduction of diazonium salts to produce free phenyl radicals (bearing the
functional group of choice) is well known in the electrochemistry literature.!'
Borohyride has been shown to be an effective reducing agent for such reactions.'®!
The diazonium salt in Figure 3.1 can conveniently be prepared by reacting a suitable
primary aromatic amine with nitrite in acidic medium. As we wish to introduce a
negative charge onto the CCZ, sulfanilic acid was used as the primary amine.
Sulfanilic acid is compatible with diazonium chemistry?’ and the sulfonic acid
group is essentially permanently ionized (pKa = 0.7).?® However, sulfanilic acid has
very limited solubility under the acidic conditions used in the conventional
diazonium salt synthesis, necessitating heating of the reaction mixture and using
ethanol to solubilize the amine and the corresponding diazonium salt.!” To
circumvent these solubility issues, an “inverted method” was used to prepare 4-
phenylsulfonic diazonium chloride.?’ Instead of solubilizing the aromatic amine in
warm concentrated acid or organic solvent, the sulfanilic acid was directly reacted
with sodium nitrite so that the sulfonic acid itself provides the hydrogen ions to
form a water soluble product. This reaction was followed by addition of HCI as
shown in Figure 3.1(A), which precipitated the diazonium ion as a chloride salt onto
the CCZ surface. Next the salt was reduced with borohydride. The reaction was
complete as soon as the borohydride addition was complete (5-10 min). Using the
inverted method and NaBHa4, the surface loading was increased to 2.1% vs. the 1.1%
atomic S (XPS) achieved using the Cabot's patented method (Table 3.1).

To optimize the grafting density, other reducing agents were tested for
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reduction of the diazonium salt (Figure. 3.1(B)). Heating the precipitated diazonium
on the CCZ at 40 °C for 1 h in the absence of reducing agent resulted in minimal
introduction of sulfur to the CCZ surface (Table 3.2). Hypophosphorous acid has
been used successfully by some,?” while others have found it ineffective.’* In our
hands hypophosphorous acid led to low sulfur loading as measured by elemental
analysis (Table 3.2). Iron powder has also been reported to be useful as a reducing
agent,’! 32 but it too yielded low sulfur loading with an additional problem of
removal of the iron particles from the CCZ mixture.

Reacting the diazonium salt coated CCZ with sodium borohydride once
yielded 0.32% wt/wt S by elemental analysis. Repeating the NaBHa reduction
increased the loading of sulfonic acid to 0.42% wt/wt S. This is the same material
analyzed by XPS in Table 3.1. SEM (Figure 3.2 A and B) showed no mechanical
damage of the particles due to the two times sulfonation and associated 2 h of
stirring. Repetition of the reaction a third time resulted in no improvement in the S
loading. The S loading corresponds to 132 pumol —SO3H groups per gram or 4.4 x
107" mol —~SO3H/cm? of CCZ.

Bélanger and co-workers reported 3.4 x 1071 mol —SO3H/cm? on a glassy
carbon electrode modified electrochemically.’® Electrochemical grafting is a
superior method than most chemical approaches for carbon. Typical capacities of
surface sulfonated polymeric resins range from 5 to 100 peqg/g.>* The numbers in
Table 3.2 compare well with the sulfonation efficiency of sulfanilic acid diazonium
salt.

The importance of washing after modification of carbon surfaces via
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Figure 3.2(A). An overview of carbon clad zirconia particles (left), twice
sulfonated carbon clad zirconia particles (right). No mechanical fracture or change
in morphology can be seen for particles. The particles were subjected to 2 x
sulfonation, 2 h magnetic bar stirring, exposure to solvents and 1% NaOH.

SEI 20.0kV  X11,000 1pum .WD11.0mm

Figure 3.2(B). Higher magnification of 2x sulfonated carbon clad zirconia.
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Table 3.2 Carbon and sulfur composition by combustion analysis (% wt/wt)?2

Sample Carbon Sulfur peq -
SOsH/g

Carbon Clad Zirconia 1.10 - -

Thermal Reaction at 40 °C? 1.90 0.26 80

Hypophosphorous Acid 1.68 0.22 69

Iron Powder 1.81 0.27 84

Borohydride Reduction-I 1.85 0.32 99

(Diazonium salt coated

particles)

Borohydride Reduction —I1 1.94 0.33 103

(Borohydride coated particles)

Column Material (Two times 2.04 0.42 132
sulfonation with borohydride)

Latexed Column Material (Two 2.43 0.43 -
times sulfonated material in
contact with latex)

AS12A-Micro 1B Coat (Raw 1.68 - -
unmodified material)

® Average results of three replicate analyses except the thermal reaction (n=2). The
% relative standard deviation for C are < 2.8% and for S < 8.3 %. The thermal
reaction was done with 0.1 g carbon clad zirconia starting with 8.3 mmol of
sulfanilic acid.
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diazonium salts cannot be overemphasized. McDermott and co-workers observed
that up to 64% of the nitrophenyl groups “grafted” onto gold were lost upon
sonication or refluxing in acetonitrile.’> Thus apparently attached functional
groups are simply adsorbed onto the modified surfaces. Incomplete washing
would give a deceptively high grafting density. In our work, the modified CCZ
were washed with a variety of solvents of differing polarity (e.g., water, acetone,
ethanol, and methanol). Subsequent washing with 1% wt/wt NaOH, resulted in a
few drops of orange to black colored filtrate, indicating that some adsorbed side
products had remained despite the aggressive wash with organic solvents. Further
washing with NaOH resulted in a clear filtrate. The overall effect of sulfonic acid
grafting on the particles, regardless of the approach, was that the initially highly
hydrophobic phase (which tends to float on water despite having a specific gravity

of 5.7) became hydrophilic and disperses very well in water (Figure 3.3).

After sulfonation, the particles were brought in contact with cationic latex
nanoparticles. The XPS spectra in Figure 3.4 provide additional insight about the
agglomeration step. The counter ion on the sulfonated phase is sodium; after the
adsorption of cationic nanoparticles, the sodium ion was exchanged. We note the
disappearance of Na 1s peak, showing the replacement of Na by positively

charged latex followed by a subsequent increase in the % N content (Table 3.1).

3.3.2 Packing and Latexing Considerations
In the packing of small particles, the particle-particle interaction becomes

significant (These effects are discussed in depth in Chapter 4). Flocculating
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Figure 3.3. Effect of grafting phenylsulfonic acid 1x sulfonated via borohydride
reduction of diazonium salt) on carbon clad zirconia (specific density ~5). A highly
hydrophobic carbonaceous stationary phase (left) now disperses very well in water

(right).
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Figure 3.4. XPS survey scan of phenylsulfonic acid grafted CCZ (bottom, red) and
triethyl quaternary ammonium latex coated sulfonated CCZ (top, blue).
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particles settle rapidly and form a loose cake. The slurry solvent should provide
very weak attraction between the particles such that the particles settle slowly and
the sediment layer is dense.*® We noted that in water, particles settled faster than in
isopropanol and the settled cake in isopropanol was more difficult to disturb by
sonication as compared to water (Figure 3.5) showing that the settled bed is
probably more compactly settled than in water (along with viscosity effects).
Therefore, isopropanol was chosen as the driving and the slurry solvent for packing.
This simple vial test is highly useful for judging the quality of the slurry medium,
as will be discussed in Chapter 4.

Bed frits, if compressed or damaged during the packing process, give rise
to unusually high back pressures (>3000 psi) even at 0.1 mL/min. High back
pressure was observed after packing the column when UHMWPE frits were
employed during the packing due to compression in the frit center (visual
inspection). To avoid frit compression, we used stainless steel bed supports (which
easily tolerate 6000 psi) during the packing process.

The latexing step should be done after packing the particles in a column.
The AS12A-Micro-1B latex has a very low cross-link (0.5%). When high pressures
(6000 psi) are used for packing, the latex compression effect would be highly
pronounced if the agglomeration step was done before the column packing.?* The
lower the cross-link of the latex or the higher the packing pressure, the more severe
is this effect. The source of the low efficiency in this case will not be related to
coating uniformity, per se, but rather due to compression of the latex at the particle-

particle contact points. So coating with low cross-link latex of any size will produce
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Figure 3.5. Sedimentation behaviour of sulfonated 3um CCZ in isopropyl alcohol
(left) and water (right), for batch 75-112: (1) Freshly sonicated slurry of
Ixsulfonated carbon clad zirconia in 2-isopropanol (IPA) and water; (2) After 20
minutes, settling is faster in water; (3) after 9 hours; (4) brief simultaneous
sonication of both vials shows that the sediment is easily disturbed in water; (5)
Slurry when allowed to sit for 12 hours after sonication. Note that with zirconia
core's high density; it eventually settles quickly suggesting that balanced density
method of packing may not be practically possible.
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poor peak shapes, if the latex layer is applied prior to packing. Therefore in this
study, sulfonated particles were always first packed and then agglomerated with

latex, as described in Section 3.2.

3.3.3 Column Capacity

A 50 x 4 mm i.d. column was packed with twice sulfonated carbon clad
zirconia, and then equilibrated with a 4% v/v suspension of AS12A-Micro-1B latex
in 10 mM Na2COs3, and finally thoroughly washed with 25% ACN and Na2COs to
remove the surfactants within the latex solution. The capacity of the column was
determined using the breakthrough curve method.? The capacity was 3.3 + 0.08
neq per column (n = 4). This capacity initially seems low compared to commercial
agglomerated columns. For example, the lonPac AS12A column has a capacity of
52 peg/column. However, this difference is predominantly due to the differences in
column length (50 mm vs. 200 mm for the lonPac AS12A) and surface area. Also,
the latex diameter used herein (72 nm) is approximately half that used in the
commercial column (140 nm). Since the commercial polymeric phase is highly
macroporous in nature it provides an adequate surface area for the latexes.>” On the
other hand carbon clad zirconia is essentially non-porous for the latexes because of

the 30 nm pore size.

3.3.4 Separation of Organic Anions
The separation of carboxylates on any zirconia based columns is

challenging due to the strong retention of these Lewis bases on Lewis acid sites on
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the exposed zirconia surface.*® Phosphate and fluoride are the strongest displacing
ligands in the eluotropic series for zirconia.>* Thus, to prevent strong adsorption of
carboxylates, high concentrations of fluoride or phosphate buffers are typically
used in the eluent.’ However, fluoride and phosphate eluents would yield a high
background conductivity in suppressed conductivity detection. The carbonate ion
is not listed in the eluotropic series on zirconia columns.** However, recent studies
showed it to be a strong displacing ligand on zirconia.*’

Therefore, carbonate eluent was used herein as it is easily suppressed, it will
minimize adsorption of analytes onto ZrOz and it is the recommended eluent for the
AS12A ion exchange column.’’” Figure 3.6 shows the separation of six organic
anions on the latexed sulfonated CCZ using suppressed conductivity detection. The
plate heights H (mm) are compared in Table 3.3. Efficiencies ranged from 950
plates for formate to 2,550 plates for succinate on the modified CCZ. The plate
height (H) are comparable or lower than the commercial 200 X 4 mm i.d. AS12A
column. The efficiencies are also superior to those achieved on a 50 mm long
column packed with quaternized trimethylaminated polystyrene coated zirconia
using a 50 mM phosphate/200 mM NaCl eluent and comparable to those using this
eluent plus 50 mM fluoride.*! Further, the peak shape of the carboxylates showed
fronting on the quaternized trimethylaminated polystyrene coated zirconia, having
asymmetry factors between 0.5-0.8. On the other hand the peaks in Figure 3.6 are
tailed. For weakly retained carboxylates the asymmetry factors for the latexed
sulfonated CCZ column are higher than those for the commercial IonPac AS12A

(Table 3.3), suggesting that extra column band broadening is contributing to the
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broadening of early eluting peaks. To further test whether the Lewis acid sites on
the underlying zirconia were contributing to band broadening, benzene sulfonate
was included in the test mixture. Sulfonic acids show very weak retention on
zirconia, whereas dicarboxylates such as succinate show strong adsorption.” In
Figure 3.6, the efficiencies of succinate (2550 plates) are actually superior to that
of benzene sulfonate (1215 plates), indicating that carboxylate adsorption on
zirconia is not a significant problem under these operating conditions. Another
interesting aspect of the separation in Figure 3.6 is that the selectivity on the latexed
sulfonated CCZ column is the same for formate, succinate, oxalate and fumarate as
on the commercial Dionex ASI12-A column. This indicates that the latex is

determining the selectivity rather than the underlying CCZ substrate.

3.3.5 Separation of Inorganic Anions

Figure 3.7 shows the separation of inorganic anions on a latexed CCZ
column. The efficiency is 1970 plates for nitrite (H = 0.026 mm). This compares
well with the 0.034 mm on the commercial AS12A column. Under these eluent
conditions, there is a broad gap between nitrate and sulfate (>10 min gap), which is
typical of low capacity ion exchange columns when operated with a low ionic

strength eluent.*?

The sulfate peak is well defined on latex coated sulfonated CCZ
and yields efficiencies comparable to the commercial column. Fluoride and

phosphate are not included in Figure 3.7. Fluoride elutes as an early peak with
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Figure 3.6. Separation of six organic ions on functionalized latex coated sulfonated
carbon clad zirconia. Column: 50 x 4 mm i.d. latex coated 3 um sulfonated carbon
clad zirconia, 10 pL injection, Eluent concentration 1.0 mM K2COs3-0.1 mM
KHCOs3 at 0.80 mL/min. Pressure 2170 psi. Formate 0.1 mM, trifluoroacetate 0.15
mM, benzene sulfonate 0.23 mM, succinate 0.25 mM, oxalate 0.18 mM and

fumarate 0.30 mM were injected in water.
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Table 3.3. Comparison of plate height H and peak asymmetry As data on
organic acids on carbon clad zirconia substrate and the corresponding
commercial column having the same type of latex

Anion lonPac AS12A? As cczb As
H (mm) H (mm)

Formate 0.0526 1.23 0.0526 2.44
Succinate 0.0444 1.05 0.0196 1.46
Oxalate 0.0408 1.21 0.0198 1.34
Fumarate 0.0526 1.52 0.0322 1.55
Trifluoroacetate - - 0.0381 2.05
Benzene sulfonate - - 0.0411 1.98

2 Virtual column™ data, under optimum conditions (200 x 4 mm i.d.) 140 nm latex, 9 pum resin.
®50 x 4 mm i.d., 72 nm latex, 3 um latex coated sulfonated CCZ. Efficiency (EP) and peak
asymmetry (EP) was measured by Chromeleon 6.8.
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Figure 3.7. Separation of acetate, chloride, nitrite, bromide, and nitrate using 0.2
mM K2C0O3-0.02 mM KHCO3 at 0.80 mL/min on 50 x 4 mm i.d. on latex coated 3
pum sulfonated carbon clad zirconia.
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carbonate eluent on the latexed sulfonated CCZ columns. However its efficiency
was very low (~150 plates and As = 2). Phosphate ion did not elute from the CCZ
columns, due to its strong interaction with Lewis acid sites on zirconia based
columns. Both of these ions are very high on the eluotropic series for zirconia.*
Thus while the latexing and use of carbonate eluent reduced adsorption on the

Lewis acid sites on zirconia, these measures were not sufficient to completely

eliminate adsorption of phosphate.

3.3.6 Column Stability

One of the motives for using carbon clad zirconia was its superior pH
stability to other high efficiency media such as silica. Figure 3.8 shows the overlaid
chromatograms of acetate, oxalate and fumarate over 4 h using a strong eluent
conditions. Greater than 1000 column volumes of 5.0 mM carbonate-0.5 mM
bicarbonate resulted in 4.3% loss in k for fumarate, the last eluting peak. Although
there is a slow decrease in capacity with usage, baseline separation could be
achieved by lowering the eluent concentration. The absence of split peaks or a
significant decrease in peak efficiency (2,800 plates for fumarate) leads to the
conclusion that the column substrate does not dissolve with aqueous carbonate
eluent unlike silica. To accelerate the capacity loss on a re-coated column with latex
nanoparticles, we tried relatively high ionic strength salt solution to remove the
coating. However, after washing with 1600 column volumes of 0.1 M NacCl, no
decrease in retention time was observed (data not shown). However, exposure to

more than 100 mL of 50 mM KOH (measured pH = 12.4, ~ 8 h contact time)
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Figure 3.8. Overlaid chromatograms of test analytes, acetate 0.2 mM, oxalate 0.08
mM, and fumarate 0.09 mM, under strong eluent conditions 5 mM K2CO3-0.5 mM
KHCOs at 0.80 mL/min, 10 pL injection. Column: 50 x 4 mm i.d. latex coated 3pm
sulfonated carbon clad zirconia.
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of the same re-coated column resulted in a 5.7% decrease in the retention time for
fumarate. This is similar to the decrease in retention observed for carboxylate ions
on a cross-linked polystyrene and quaternized with trimethylquaternary groups on
bare zirconia upon successive treatment with 0.1 M NaOH. We also observed a
similar behaviour when the column is stored in carbonate eluent for several days.
That decrease was attributed to the constant surface modification of the underlying

zirconia by the base treatment.*!

3.4 Conclusions

This work explored creating agglomerated ion chromatography particles
based on a carbon supports. Different strategies were first explored to modify 3 um
carbon clad zirconia by grafting sulfonic acid via diazonium chemistry. Next 72
nanometer-sized latexes were electrostatically adsorbed on the anionic particles.
The resultant plate heights were half those of a commercial polymeric column for
organic anions, while maintaining the selectivity of the latex. The low plate heights
clearly show the feasibility of using small particles in ion chromatography. The
Chapter 4 will explore a small polymeric substrate for high efficiency separations.
This work shows a facile way of functionalizing carbon surfaces, which are equally,
applicable to graphitic stationary phases such as carbon coated silica and alumina
and porous graphitic carbon. The grafting reaction also lays the foundation for
Chapter 5, where we use a similar chemistry on porous graphitic carbon to achieve

novel selectivity without latex coating for superior stability.
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CHAPTER FOUR. Colloidal Aspects and Packing Behaviour of Charged

Microparticulates in High Efficiency lon Chromatography*

4.1 Introduction

Whenever new chromatographic stationary phases are developed, the next
question is: how to best pack the particles? Even with properly tailored surface
chemistry for a particular separation, a “poorly” packed HPLC column will yield
asymmetrical, broad or split peaks, all degrading resolution. Lately, regulatory
agencies such as the United States Food and Drug Administration (FDA) have
recommended studying the scientific principles underlying the column packing
process.!

A review of the current status of packing silica phases is available.?
Nevertheless, in Guiochon’s opinion, the major problem with columns based on
modern fine particles is their packing procedure.> The harsh eluents used in ion
chromatography (IC) are not compatible with conventional silica phases.
Therefore IC separations require chemically and mechanically robust polymeric
supports. Unfortunately, the packing behaviour of small polymeric particles (< 5
um) is almost absent in the column packing literature.> ** We employ 4.4 pm
non-porous charged polymeric particles as a model material and discuss the

challenges associated with packing charged microparticulates. The understanding

* A version of this chapter has been published. M. Farooq Wahab, Christopher A. Pohl and
Charles A. Lucy, Colloidal Aspects and Packing Behaviour of Charged Microparticulates in High
Efficiency Ion Chromatography, Journal of Chromatography A, 2012, 1270, 139-146. (HPLC
2012 Special Issue)
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of packing phenomena described herein is based on packing about 60 such
columns. Such polymeric substrates serve as a support for latex coated
(nanometer sized particles) phases in IC. At least 16 commercial IC columns are
based on this chemistry.

Slurry packing of microparticulates is commonly used in the manufacture
of commercial HPLC columns. However as the particle size becomes smaller,
approaching colloidal sizes of 1 nm to 1 um, it becomes more difficult to pack
efficient columns.* For instance, Jorgenson and co-workers found it necessary to
apply 60,000 psi to pack 1.5 um silica particles in capillaries.” Although the IC
supports are not in the true colloidal range, their behaviour is expected to be
similar to that of colloids.

In the slurry method (Figure 4.1), a suspension of particles is placed in a
reservoir which is connected to an empty column. The reservoir is then
pressurized to force the slurry into the column, resulting in a packed particulate
bed. The column packing process is controlled by: (a) the colloidal behaviour of
the particles in a given medium; (b) the rheology of the suspension; and (c)
formation of the packed bed at constant pressure or constant flow (Figure 4.1).
Following is the background from the fields of colloidal suspensions,!”

rheology,'! and soil mechanics,'* !?

as they relate to the processes involved in the
packing of charged microparticulates.
4.1.1 Colloidal Properties of Slurries

Extensive studies on packing silica phases have established that the choice

of slurry medium is critical — although no theoretical rules exist for choosing one.?
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Figure 4.1. A schematic set-up of the downward slurry packing system; packing
process relies on: (a) colloidal properties of the dilute starting suspension; (b)
rheological properties of the dense suspension; and (c) filter bed formation under
constant pressure or constant flow. The tubing that connects the slurry reservoir
with the column is the pre-column.
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The packing slurries can be classified as non-agglomerating, weakly flocculating
or flocculating slurries depending on the state of particle aggregation within the
given medium. In a non-agglomerating slurry particles exist individually, whereas
in a flocculating medium particle clusters are visible (under a microscope). In
reversed phase packing some workers prefer the balanced density approach,'® 13
high or low viscosity solvents; or surfactants in their slurry media.!>!’
Unfortunately, most of these options are not applicable to IC phases due to
solvent compatibility. Both classic'® and recent works' discussing the packing of
ion exchange particles do not divulge all of the slurry packing conditions.
Guidance for the choice of a slurry medium for IC phases can come from
the Schulze-Hardy rule. It states that the valence of the counter-ion of the

colloidal particle controls the stability of a colloidal suspension.?® The critical

flocculation concentration, CFC, of an electrolyte is given by:

2 (equation 4.1)
cFC ~ 20 (kb_Tj

2Py LA

where z is the charge on the counter-ion, kT is the product of the Boltzmann
constant and temperature (in K), lp is the Bjerrum length (~ 0.714 nm in water),
and A is the Hamaker constant.!! The inverse 6" power dependence on z in
equation 4.1 shows the profound influence of the counter-ion charge on particle
coagulation. A lower CFC would result in flocculating slurries. Conversely, a
higher CFC, favoured by low charge and dilute electrolyte solutions, would yield
a non-agglomerating slurry. Thus, it is important to consider the concentration and

charge of the counter-ion when selecting the slurry medium.

84



4.1.2 Rheology of Suspensions

The rheology of the suspension comes into play when the slurry is driven
from the slurry reservoir into the empty column blank (Figure 4.1). Under shear,
the particles in the suspension experience two dominant forces:*' (a) chemical
forces including electrostatic repulsion and van der Waals attractions; and (b)
hydrodynamic forces originating from the viscous drag of the particles in the
suspending medium and particle-particle interaction induced by the flowing
medium. Thus under certain circumstances, the viscosity of a suspension can
increase (shear thickening) or decrease (shear thinning) with increasing shear rate.
If the shear rate is high enough, the particles form hydroclusters.?* This disruption
in flow results in an increase of viscosity.® It has not been explored how shear

thinning or thickening behaviour affects column packing.

4.1.3 High Pressure Filtration

Once the suspension reaches the outlet frit of the column, formation of the
chromatographic bed results in an increase in the volume fraction (®) of the solid
at the outlet. The upper theoretical bound on ® (densest possible packing of equal
spheres) is 0.74. However theoretical simulations and packing experiments have

).24 With reference to

shown that @ rarely exceeds 0.64 (random close packing
Section 4.1.2, suspensions typically begin to show their “variable” viscosities

when @ exceeds 0.40-0.50.2° These shear rate dependent viscosity (non-

Newtonian) effects have not been reported in the column packing literature with
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the exception of Shelly and Edkins.” As will be shown below, these effects are

highly relevant in the packing of charged microparticulates.

4.2 Experimental

4.2.1 Materials

The non-porous 4.4 pum ethylvinylbenzene-divinylbenzene (EVB-DVB)
particles were synthesized by Dionex Corporation (Sunnyvale, CA, USA) with a
55% DVB crosslink. Elemental analysis gave a wt/wt composition: C (90.1 %), H
(8.2 %), and S (0.04%). Deionized water (=17.7 MQ) was from either a Milli-Q
Plus (EMD Millipore, Billerica, MA, USA) or a Nanopure (Barnstead, Dubuque,
Iowa USA) system. The following (reagent grade or better) were purchased from
Sigma Aldrich (St. Louis, MO, USA): sulfuric acid (95-98%), ammonium
chloride, aluminium sulfate octadecahydrate, sodium bromide, sodium nitrate and
sodium nitrite. Lithium chloride and 30% hydrogen peroxide were from Fisher
Scientific (Fair Lawn, NJ, USA). Magnesium chloride hexahydrate was from EM
Science (Gibbstown, NJ, USA), sodium and potassium chlorides were from EMD
(Gibbstown, NJ, USA). Anhydrous sodium carbonate was from Caledon
Laboratories (Georgetown, ON, Canada). The 72 nm micro-AS4A anion
exchange latex (Dionex Corporation) was synthesized from a dialkylalkanol

amine.
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4.2.2 Sulfonic Acid Functionalization of the Beads

Batches of 2-5 g of the non-porous 4.4 pm particles were diluted in the
weight ratio of 1 part raw material to 20 parts conc. sulfuric acid and heated with
stirring at 85 °C for 1 hour. This temperature was below the glass transition
temperature of the particles (130-150 °C) as determined using a Pyrisl DSC
(Perkin Elmer, Shelton, CT, USA) to ensure that the sulfonation was restricted to
the outer layers of the particles. The reaction was then quenched on ice and
diluted slowly with ~ 150 mL deionized water (Caution: mixture becomes boiling
hot during this process). During sulfonation the resin changed from white to deep
red, most likely due to the formation of trace sulfinates.® Portions of 10%
hydrogen peroxide were added till the colour of the particles changed to brown.
The suspension was allowed to stand for a few minutes and then diluted with ~ 1
L of water and filtered over a 0.2 um glass fiber filter (Millipore Glass Fibre,
Ireland) under vacuum (Note: Glass fibre is recommended for filtration due to the
corrosive nature of the solution. However, it is very fragile when wet.). The
particles were re-suspended in water and filtered on a 0.2 pm nylon filter paper
(Magna nylon, Krackeler Scientific Inc., Albany, NY, USA). The particles were
washed with 5-6 L of deionised water, and stored as a damp cake in a vial to
avoid complete drying which may lead to irreversible dehydration of the resin.

Particles were dried in air overnight on a vacuum suction flask and placed
overnight under vacuum at room temperature in a vial. The moisture content of
the overnight air dried sulfonated resin was 4.8% as determined by

thermogravimetry at 100 °C (Pyris1TGA, Shelton, CT, USA). After sulfonation
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the CHS composition was C (77.2 %), H (7.2 %), and S (4.4 %). Batch to batch
sulfur content was identical. This is equivalent to 1.4 milliequivalent —SOsH /g in
the air dried resin. The zeta potential of the sulfonated particles was -52 mV in

pure water.

4.2.3 Colloidal Characterization of the Resin

A Zeiss EVO MA 15 LaB6 filament scanning electron microscope was
used to observe the surface morphology and measure the particle size. The
particles were 4.2 + 0.5 um with a pore free surface area of 1.3 m?*/g as shown in
Figure 4.2(A) and 4.2(B). Zeta potential of sulfonated resin suspension (2.2 mg/
10 mL) was measured in deionized water in a dip cell using a Zetasizer Nano-ZS
(Malvern, Worcestershire, UK) controlled by Malvern 6.20 software. The
particles were sonicated for 2 min before transferring to the dip cell. The cell was
equilibrated to 25 °C for 2 min prior to electrophoretic mobility measurements.
The mobilities were calculated from the Smoluchowski model built into the
software. Duplicate samples were measured.

Sedimentation experiments, in duplicate, were done in 100 mm long
Wintrobe tubes (Fisher brand or Pfeiffer glass USA, ~ 1 mL volume) supported
on a levelled Wintrobe tubes rack (Clay-Adams Co. Inc., NY, USA). 80 mg of the
sulfonated resin was slurried in 2 mL of the desired slurry medium and sonicated
for 2 min to remove dissolved air (presence of air bubbles can give an incorrect
sediment height). The Wintrobe tube was filled with the slurry to the 100 mm

mark. The sedimentation heights were recorded after 12 - 24 hours.
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Figure 4.2 (A). SEM image of the 55% DVB-45% EVB particles showing the
size distribution of the particle. Note the absence of fines and the smooth surface.
No changes were observed with SEM after sulfonation of the particles and

repacking twice at 4000 psi.
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Figure 4.2 (B). A 50,000 times magnification of the surface of a typical particle,
showing the absence of macropores in the particles.
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A Leitz optical microscope (Wetzlar, Germany) with 25:1 or 45:1
objective magnification was used to monitor the colloidal behaviour on glass
slides with a coverslip. A 0.1 mm deep hemocytometer cell counting slide
(Hausser Scientific Partnership, Horsham, PA, USA) was occasionally used to
monitor the slurry under a microscope. In order to see how the particles would
move in the slurry, we looked at the edges of the cover slip on the slide, where the
liquid is evaporating and drawing the solution by surface tension or by gently
moving the coverslip sideways. Observational tests for non-Newtonian

suspensions are described in detail in Section 4.3.3.

4.2.4 Apparatus

In constant pressure packing experiments, a Haskel pump (DSF-122-
87153, Burbank, CA, USA), driven with N2 gas (Praxair Inc., Edmonton, AB,
Canada), was used. Most experiments used a cylindrical (14 mm i.d.) 40 mL
slurry reservoir from Lab Alliance (State College, PA, USA) connected to a 50 x
4 mm i.d. stainless steel pre-column and then to the empty column. Empty
polyether ether ketone (PEEK) columns (100 x 4 mm i.d. Dionex) fitted with 2
pm stainless steel or Ti outlet frits (Dionex) were used during packing.

In experiments where the slurry temperature was varied, a cylindrical
stainless steel slurry reservoir (~ 27 mL, 660 mm long) surrounded by a stainless
steel water jacket was used. The jacket was connected to a circulating water bath
(IsoTemp 10068, Fisher, Pittsburgh, PA, USA). For constant flow packing, an LC

Varian Pro Star HPLC pump (Varian, Australia) was used with a 10 mL slurry
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reservoir (made by machine shop of the Department of Chemistry, University of
Alberta, 14 mm i.d.) with same pre-column as used in constant pressure packing.
For the constant flow experiments the desired initial flow rate was set for 1 h,
followed by compaction at 2.5 mL/min setting for 30 min (>6000 psi, ~2.26
mL/min measured when collected in a cylinder).

The chromatography system was a Dionex ICS-3000 equipped with either
an electrolytic RFIC™ methane sulfonic acid or potassium carbonate eluent
generation system. With the 10 puL injector loop, connecting tubing were the
Dionex supplied tubings (0.010 inch i.d., part no. 045877). For the 2 pL injection
loop, 1561 PEEK tubing (0.004 inch i.d., S.P.E. Ltd. North York, ON, Canada)
was used. All tubing connections were kept short to minimize extra column
effects. Unsuppressed conductivity detection was used for efficiency testing by
injecting 2 or 10 pL of deionized water at ambient temperature. Virtual Column
Separation Simulator (Dionex) provided the (EP) efficiency/ asymmetry data for

the IonPac® series of commercial columns.

4.2.5 Packing Procedure

Prior to packing, the Haskel pump was rinsed with a few hundred mL of
the driving solution. Sulfonated resin was washed with 0.1 M HCI and then with
5-6 L of deionised water, and then dried for 30 min under vacuum filtration.
Three grams of damp resin were sonicated for 10 min in the desired volume of the
slurry medium and transferred to the slurry reservoir. The column blank was

empty prior to pressurization. No settling of the slurry into the empty column was
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observed within the 5-6 min loading of slurry and commencing packing. Columns
were packed at 4000 psi for 1.5 h with the same slurry and driving solution unless
otherwise stated. The column was detached from the pre-column when the
pressure decreased below 100 psi. No extrusion of bed was observed upon
removing the column from the packing assembly. The outlet frit was replaced
with a Ultrahigh Molecular Weight Polyethylene frit (UHMWPE, Dionex) and
Zitex membrane (G-108, Dionex).?” A polyethylene frit with no Zitex membrane
was used for the column inlet. After testing of the column, the packing was
recovered from the column by extruding the packed particles and re-used after

washing with 0.1 M HCI and copious amounts of water.

4.2.6 Column Efficiency Testing

The efficiency (width at half height) of our columns and IonPac® AS9
HC, AS11 HC, AS 16, AS18, AS19 and AS22-Fast columns were measured for
the water dip using 1.5 mM or 10 mM MSA at 1.0 mL/min using a 2 or 10 pL
injection loop. Extra column peak variance was subtracted.”® Column pressure of
constant flow packed columns was measured directly by connecting the column to

the pump and bypassing the injector and the detector.

4.2.7 Anion Exchange Separations
The experimental considerations for coating particles with latex
nanoparticles are detailed in Chapter 3 and in our published work.?” A column

that was packed with 3 g resin in a 27 mL heated reservoir at 50 °C was coated
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with AS4A suspension. A 5% (v/v) suspension of AS4A latex (72 nm particles
suspension) diluted in water was flushed through a 100 x 4 mm i.d. packed
column at 1 mL/min using a Metrohm-709 IC pump (Herisau, Switzerland). The
latex suspension was pumped through the column until the turbidity and color of
the effluent matched that of the original latex suspension (~ 33 mL). The coated
column was washed with 0.1 M sodium carbonate followed by Nanopure water
equilibrated with eluent. The IC instrument used to perform anion exchange
separations was as described in Section 4.2.4 except that a 2 mm ASRS 300

suppressor (Dionex) preceded the detector.

4.3 Results and Discussion

The objective of this work was to identify the colloidal and hydrodynamic
factors that govern the packing of small polymeric ion-exchange particles. We
first identify a measure for the quality of packing, and then detail the colloidal and

the hydrodynamic factors that govern the quality of the polymeric packing.

4.3.1 Preliminary Packing Considerations
Commonly unretained probes are used to judge the quality of gas

3031 and jon chromatography??

chromatography,”® LC, electrochromatography,
columns. Herein pure water is used as the unretained probe. Extra-column effects
are particularly significant when monitoring an unretained marker.?® Therefore we

used unsuppressed conductivity to eliminate the extra-column band broadening

associated with a suppressor. Table 4.1 compares our measured efficiencies with
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Table 4.1. Validation of the water dip efficiency test in commercial Dionex
columns.

N (Water
dip)
lonPac® Nature of the Column N Virtual
Column Packed Resin? size/mm  Empirical h° Column®
Not
AS22 Fast 6.5 pm, grafted 150 x 4 5275+25 4.4  available
AS19 7.5 um, grafted 250x 4 8217+48 4.1 6000
7.5 pm,
AS18 agglomerated 250x 4 8486 +£201 3.9 7700
AS16 9 pm, agglomerated 250 x 4 8726 £50 3.2 6000

AS11 HC 9 um, agglomerated 250 x 4 5488 £ 64 5.1 5200

AS9 HC 9 um, agglomerated 250 x 4 694623 4.0 6000

# All resins are supermacroporous (2000 A). No extra-column corrections were made.
b Reduced plate height h = Plate height (H, um) / particle diameter (d,, pm).
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Virtual Column database efficiencies for the void peak. Our measured efficiencies
are consistently higher, indicating the importance of extra-column -effects.
However, the N in Table 4.1 are still compromised by broadening due to injection,
connecting tubing and the detector flow cell. For instance, subtracting the extra
column effects from the efficiency of the 150 mm AS22-Fast column results in a
corrected efficiency (Ncorr) of 6700 vs. 5275. The quoted efficiencies in this work
are those for which all extra column effects have been removed (Ncorr).

With regard to packing a column, the packing pressure is an important
parameter.®>* To prevent bed collapse during column operation, the columns are
typically packed at 2-3 the expected working pressure (~1500 psi for IC). Highly
cross linked particles can tolerate 10,000 psi without mechanical damage. A 21%
improvement in column efficiency was observed for 6000 psi packing as
compared to 4000 psi. A packing pressure of 4000 psi was chosen for further

studies based on the work of Haddad and coworkers.!®

4.3.2 Colloidal Properties of Slurry

4.3.2.1 Effect of Monovalent Cation Slurry Medium

The height of a sediment bed is a useful test in colloid chemistry to
examine the nature of the suspending medium. Sedimentation behaviour has been
studied for packing octadecyl silica (ODS) particles,” but has not been reported
for IC phases. Table 4.2 summarizes the sediment quotients for the resin

suspension in pure water and in electrolyte solutions. A lower sedimentation
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Table 4.2. Sedimentation Quotients of the Sulfonated Resin in Various
Electrolyte Solutions

A) lons/ 100 mM Sedimentation Quotient 2
Li* 100
Na* 100
K* 100
NH4" 100
Mg?* 198
AP 223

B) Effect of AI** concentration /mM

Deionized water 100
0.01 100
0.1 100
1 130

 Sedimentation quotient w.r.t. water = [100*(sediment height in soln.)/(suspension height)]/
[(sediment height in water)/(height of water suspension)]
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quotient indicates a more compact bed which should yield a better packed
column. In Table 4.2(A) the sedimentation height is the same for all monovalent
ions, confirming that the specific nature of the M" ion has no effect on the
sedimentation as predicted by the Schulze-Hardy rule (equation 4.1). Although
the sedimentation heights are the same, optical microscopy further reveals that the
particles in pure water were independent and repulsion was apparent when the
particles approached each other, as seen in a snapshot of a microscope movie in
Figure 4.3(A). This is as would be expected for a charged particle with an
uncompressed electrical double layer.** Due to the larger size of the particles than
the true colloids, the motion was not as frantic as typical Brownian motion, but
rather was more subdued. In contrast, in 0.1 M Na*, the particles were motionless.
When motion was induced by perturbing the coverslip, the particles travelled as
agglomerates, which are highlighted with the ellipses in Figure 4.3(B).

In Chapter 3, we had developed a “vial test” to assess the quality of a
suspending medium.?’ In this test, the resin is allowed to settle in a vial. The vial
is then gently rotated, with a slight tilt, to disturb the bed. The sediment from pure
water was difficult to disturb by gentle rotation, whereas that settled from 0.1 M
Na" was much looser. This difference results from the rate at which the particles
settled. For water, the resin did not completely settle in 12 h, whereas the resin
settled in 1 h in 0.1 M Na". The slower settling rate allows more time for each
independent particle to glide over the bed until they reach a closed packed

structure.>
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Figure 4.3(A). A snapshot from an optical microscope movie showing the slurry
behaviour of sulfonated particles in water. The particles are in constant motion

and free to move.

Figure 4.3(B). A snapshot from an optical microscope movie showing the slurry
behaviour of sulfonated particles in 0.1 M Na®. The particles exist as clusters
which re-form upon disturbance of the coverslip. The clusters remain motionless.
Agglomerated particles are highlighted within the ellipses.
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The slow settling observed for water and Na" slurries is advantageous for
packing. In packing, it is desired that the individual particles are forced into
chromatographic bed by the motion of the slurry solvent, rather than by settling.
Given the slow settling rates observed above, insignificant settling is expected in
the ~ 5 min between loading the slurry reservoir and pressurization of the packer.
To determine the predictive nature of the three tests above, columns were packed
in water and 0.1 M Na", and their efficiencies determined (Figure 4.4). The
efficiency for a column packed in pure water was much greater than that packed
in 0. M Na'. This is consistent with the observations based on optical
microscopy and the vial test, suggesting that these tests are effective predictors of
packing quality in the case even when sedimentation heights are equal.

4.3.2.2 Effect of Multivalent Cation Slurry Medium

Sedimentation of particles from slurries prepared in 0.1 M divalent (Mg")
and trivalent (AI’") ions, as shown in Table 4.2(B), showed greater sedimentation
heights than water, indicating that particles were aggregating under these
conditions. This is consistent with the strong charge dependence on colloidal
stability predicted by the Schulze-Hardy rule (Section 4.1.2). Similarly, rapid
sedimentation of particles takes place in Mg?" and AI** slurries (15-20 min vs. 12
h for water and 1 h for Na*).

Optical microscopy revealed, as shown in Figure 4.5(A) and 4.5(B), that
particles in these electrolytes agglomerated instantly after disturbing the

suspension, and the vial test showed very loose bed structure. Visually one could
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Figure 4.4. Effect of ionic charge on the slurry medium (3 g resin/40 mL) and
same driving solution on a 100 x 4 mm id. column packed with 4.4 pum
sulfonated resin. The efficiency of the water dip decreases drastically as the ionic
charge in the slurry medium increases — after column collapse; packing pressure
was 4000 psi in each case for 1.5 h.

101



Figure 4.5 (A). A snapshot of an optical microscope movie showing the slurry
behaviour of sulfonated particles in 0.1 M Mg*". The particles exist as clusters
which re-form upon disturbance of the coverslip. The clusters, highlighted in

ellipses, remain motionless.

Figure 4.5 (B). A snapshot of an optical microscope movie showing the slurry
behaviour of sulfonated particles in 0.1 M AI**. The particles exist as clusters
which re-form upon disturbance of the coverslip. The clusters (highlighted by the

ellipses) remain motionless.
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see clear agglomerates within 30 s in the Mg®" and AI** suspensions in Wintrobe
tubes. Initially, columns packed using Mg?* and AI** showed similar efficiency to
columns packed with pure water, but soon exhibited a surge in back pressure
(300-400 psi increase from the initial operating pressure) and a dramatic drop in
efficiency to that shown in Figure 4.4. These changes occurred as the
methanesulfonic acid eluent displaced the Mg?* or AI** from the packing. This
increased the inter-particle repulsion, causing the loose aggregate structure to
break (as indicated by the sedimentation test in Table 4.2 (B)) resulting in
compaction of the bed. The resultant voids significantly impact efficiency. The
compaction of the bed is also be related to the rapid settling of the agglomerating
particles in Mg®" and AI’* slurries in the reservoir.

Previous studies of reversed phase packing have demonstrated that
agglomerating slurries result in lower efficiency columns.> 4 Similarly herein,
sedimentation, optical microscopy and the vial test all indicate that 0.1 M multiple
charged electrolytes result in agglomerating slurries that yield loosely packed

columns.

4.3.2.3 Effect of lonic Strength of a Monovalent lon

Section 4.3.2.2 represents an extreme case where all particles exist as
agglomerates. To test the effect of weakly flocculating conditions we studied the
effect of low ionic strength Na* slurries. Sedimentation tests with 0.001 to 0.1 M
Na" showed identical bed heights as water (sedimentation quotient of 100

independent of [Na']). However, in the vial test settled beds formed in < 0.02 M
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Na* were similar to water (i.e. difficult to disturb), whereas those settled from
higher Na* concentration (> 0.05 M) were distinctly loose. Optical microscopy
showed that particles in 0.01 to 0.02 M NaCl were weakly agglomerating (i.e.,
free particles as well as agglomerates were seen undergoing oscillatory motion).
While, with 0.05 and 0.1 M NaCl the suspension was agglomerated and the
motion of the particles came to a halt. Efficiency values for columns packed with
slurries in dilute Na™ are similar to that of pure water (Figure 4.6), but decrease
rapidly when more concentrated Na® was used. This is consistent with the
Schulze-Hardy rule (equation. 4.1) that states that a critical flocculation
concentration will exist for an electrolyte.*® The void time also increased with the

electrolyte concentration, indicating formation of a more porous bed.

4.3.2.4 Using Different Slurry and Driving Solutions

The flocculating behaviour of highly charged ions can be used to eliminate
electrostatic repulsion after packing in a non-agglomerating slurry. This approach
of in situ elimination of repulsive forces was desirable for our negatively charged
microparticulates. In the reverse phase packing for silica, a clever approach was
pioneered®”> *® by using a non-agglomerating slurry and a highly flocculating
driving solution to consolidate the bed. For that purpose, sedimentation
experiments with a trivalent cation (AI*") were chosen to help select the
concentration of highly agglomerating solutions while closely matching the

density of water (e.g. 1 mM AI*"). From Table 4.2(B), it is clear that 1 mM AI*" is
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Figure 4.6. Unretained marker (water dip) efficiency of a column (100 x 4 mm
i.d.) packed with 4.4 um sulfonated resin as a function of ionic strength of NaCl.
The slurry (3 g resin/40 mL) and the driving solvent were made in the same
solution of the salt (triangles represent retention time). Eluent: 1.5 mM MSA at
1.0 mL/min with unsuppressed conductivity detection. Packing pressure 4000 psi
for 1.5 h.
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still a powerful flocculating agent for these particles, yet it is dilute enough to
have similar density as water. Using 1 mM AI*" slurry and water as a driving

solution we obtained Ncorr = 4600. Whereas, using water as a slurry and 1 mM
AI** as a driving solution, the Neorr = 6700 was obtained. This is an improvement
of 45% in N. Thus our results agree with the observations of other authors who
packed silica based columns. Therefore, we agree that a properly chosen
flocculating agent in packing is beneficial, but the slurry liquid is critical as well

as it should be highly non-agglomerating if such an approach is to be adopted.

4.3.3 Non-Newtonian Behaviour of the Resin Suspension

The initial particle slurry is sufficiently dilute that it exhibits Newtonian
viscosity behaviour. However, during the packing process, the suspension
becomes more concentrated (Sections 4.1.2 and 4.1.3), and may exhibit non-
Newtonian behaviour. As Sec. 4.3.2 established that only a non-agglomerating
medium will yield efficient columns, pure water slurries are used in these studies.

The shear thickening behaviour of the sulfonated particles in a non-
agglomerating medium can be observed simply by vacuum filtering the slurry.
Upon filtering to dryness, the filter cake appeared dry so long as the vacuum was
applied. However upon removing the vacuum, the filter cake became a wet
“flowing” liquid (Figure 4.7). Agitation of the slurry with a spatula re-solidified
the suspension. This process was reversible — indicating that the concentrated

suspension will show reversible shear thickening. Structurally, shear thickening
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Example of an extruded material

Figure 4.7. Observational tests on non-Newtonian behaviour of the resin on a

filtration assembly (vacuum on (bottom) and off (top)). Similar reversible
behaviour of becoming a wet paste and a dry cracked solid is seen while doing the

Reynold's dilatancy test using a hand palm.
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can be considered as a transition from an ordered state to a disordered
arrangement of particles leading to a jammed state.” Some suspensions expand
their volume (dilatancy) under shear forces.® All dilatant suspensions are shear
thickening but not vice versa. The Reynold’s dilatancy test from soil mechanics
can be used to test for dilatancy.!? A pat of damp sulfonated particles was placed
in the palm of a hand and a few drops of water were added to make a moist paste.
The resin pat appeared glossy and flowed when the palm was tilted. However as
the palm was stretched (sheared) the suspension lost its gloss and actually
cracked. The loss in gloss or surface drying is an indicator of volumetric
dilatancy.>* As the suspension expands, the imbibed liquid is sucked in like a
sponge making the suspension appear dry. The pat becomes wet again as the
shearing force (stretching movement of the palm) is stopped. This established that
our particle’s suspension is not only shear thickening but also dilatant. Based on
the Reynold’s test classifications, a dense sulfonated resin suspension in water
exhibits “quick dilatancy” (vs. “slow dilatancy” or no dilatancy).!?

A characteristic of shear thickening behaviour is the critical shear rate, i.e.,
the minimum shear rate at which the viscosity begins to rise quickly. As the
movement of a spatula or flexing of a palm are sufficient to shear thickening a
dense sulfonated resin suspension, its critical shear rate is low. This is consistent

with the critical onset of shear thickening being related to the particle diameter dp

1
byF.“O In true colloids (0.1-1 um) very high shear rates are required (~ 10,000
p

s) to induce shear thickening. But for larger particles, (e.g. <5 um used herein),
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the onset occurs even at shear rates of 10 to 100 s'.%C The constant pressure
packing system provides an initial shear rate of ~700 s’ at the column wall. The
high shear rate “solidifies” the dense slurry. Subsequently when the pressure is
released, the “solid” becomes thin again. Extrusion of the packed bed indicates
whether shear thickening occurred during the packing process. Ideally, the packed
bed should appear as much like toothpaste. However, if the shear thickening
occurred during packing, the bed appears as a thin liquid upon extrusion (Figure

4.7).

4.3.3.1 Hydrodynamic Control of the Suspension Rheology

The most convenient way to slurry pack columns is to use a constant
pressure pneumatic pump. This leads to variation in the shear rate during the
packing process, from ~ 700 s! initially, to near zero at the end of packing. Even
with RPLC phases, this leads to axially heterogeneous packed beds.*!: +2
Significant density variations are observed along the packed column length. This
variation in density is even more critical for short columns.!” Guiochon and co-
workers* reported that if short columns are made by sectioning from a longer
column, leaving behind the inlet and outlet sections from the longer length, then
the axial packing density across the shorter sections is very uniform. However, the
variation in packing density across a short column, made without sectioning from
a longer column portion is in fact large.*' We observed a similar behaviour in our

columns, where under some conditions the inlet and outlet appeared loose and wet

rather than tightly packed. To mitigate these undesirable features of the constant
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pressure packing system, we adopted a counterintuitive approach of using a very
low initial flow rate (0.15 to 1.5 mL/min) and then consolidating the bed by
applying high pressure (~ 6000 psi, 2.5 mL/min setting). Numerical simulations
show that slow packing will produce a denser bed.** Figure 4.8 shows the
dramatic effect of packing flow rate on packing on bed morphology. Columns
packed at low flow rates (<0.25 mL/min) extruded as a solid rod. As the packing
flow rate increased, the extruded column appears thinner and thinner. This effect
was independent of the slurry density. Figure 4.9 shows the effect of packing flow
rate on the column backpressure, dead volume and water dip efficiency.
Increasing the packing flow rate resulted in a larger dead volume (right axis) and
lower backpressure (left axis). These are both consistent with a less dense bed
being formed by a higher packing flow rate. The effect of packing flow rate on
efficiency is more complex, with an optimum efficiency being observed at a
packing flow of 0.75-1.5 mL/min.

4.3.3.2 Changing the Slurry Temperature and Onset of Shear

Thickening

The well-known effect of temperature is to reduce the viscosity of
solvents. For dense suspensions increased temperature also has the effect of
increasing the critical onset of shear thickening.** By heating the suspension one
can delay the onset of shear thickening or even eliminate it.** Thus we explored
the effect of controlling the temperature of the slurry reservoir from 5 °C to 80 °C
under constant pressure mode. Figure 4.10 shows 34% improvement was

observed for packing at 50°C relative to packing at room temperature.
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Figure 4.8. Column bed morphology as a function of initial flow rate setting
during packing; at low flow rates the extruded material is in the form of a rod and
as the flow rate is increased the extruded material is a “wet” paste. The packed

columns were extruded at the same flow rate (extrusion method detailed in
Section 4.2).
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Figure 4.9. Water dip efficiency of a column (100 x 4 mm i.d.) packed with 4.4
pm sulfonated resin as a function of pump flow rate setting followed by
compaction at ~ 6000 psi for 30 min. Column backpressure (green-dotted bars)
decreases with the flow rate and retention time increases (in blue squares). The
slurry density was 3 g/10 mL using water as slurry and as driving solvent. Eluent:
1.5 mM MSA at 1.0 mL/min with unsuppressed conductivity detection.
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Figure 4.10. Unretained marker (water dip) efficiency of a column (100 x 4 mm
i.d.) packed with 4.4 um sulfonated resin as a function of slurry reservoir
temperature. The columns were packed for 1.5 h at 4000 psi. The driving solvent
and the slurry medium was water (3 g resin/25 mL). Eluent: 1.5 mM MSA at 1.0
mL/min with unsuppressed conductivity detection.
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4.3.4 Chromatographic Performance of the Latex Coated Columns

To perform anion separations, the sulfonated resin was packed using H20
slurry—H20 driving solvent at 50 °C and then coated with 72 nm AS4A latex
nanoparticles. This latex is designed for low surface area and non-porous resins.
Figure 4.11 shows the separation of 5 common anions in 5 minutes. The
efficiency of fluoride is lowest ~ 2700 with highest asymmetry ~ 1.6. Later
eluting ions show an asymmetry between 1.04 to 1.16 and 7200 to 10936 plates.
The 4.4 micron substrate in 100 x 4 mm i.d. column in Figure 4.11 shows 49 %
improvement in peak efficiency as compared to a commercial 250 mm AS4A-SC
column. Table 4.3 compares the reduced plate heights of the commercial columns
employed in 250 x 4 mm i.d. format with the performance of the column packed
at high slurry temperature under optimum eluent conditions. It is clear that small
particles in short columns can provide superior efficiency as reduced plate heights
of 1.9 can be easily achieved with peak asymmetry close to unity. Unfortunately,
typical polymeric substrates in chromatography are notorious for lower efficiency
than silica phases but it is clear that latex coated columns on a polymeric substrate
can be equivalent or even superior to silica based phases in terms of efficiency

and pH stability.

4.4 Conclusions
This chapter provides an understanding of the column packing processes
for small charged polymeric phases. We explored the colloidal and rheological

factors that influence the packing of polymeric particles bearing permanently

114



= NO,
- 0.2 uS
Br
T A
o) _ NO,
>
> |
©
-
-D =
c
(@]
)  J\
")
0 1 2 3 4 5

Time/ min

Figure 4.11. Chromatograms showing the separation of 5 common anions using
2.0 mM K2CO3-0.2 mM KHCO3; at 1 mL/min with suppressed conductivity
detection on 72 nm AS4A latex coated column. The column (100 x 4 mm i.d.)
was packed in 3 g resin in a heated slurry reservoir at 50 <C at 4000 psi in water
slurry and water driving solvent. Injection volume: 2 pL; concentration of anions:
fluoride (50 uM), chloride (40 uM), nitrite, bromide, and nitrate (60 uM).
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Table 4.3. Reduced plate heights (h) on commercial agglomerated columns

under optimized conditions?

lonPac Series (Particle size)  Fluoride Chloride Nitrite Bromide Nitrate

AS4A-SC (13 pm) 4.5 3.0 2.8 2.6 3.0
AS11-HC (9.0 um) 4.7 43 3.9 3.6 3.8
AS9-HC (9.0 um) 4.4 3.3 3.5 3.2 3.4
AS12A (9.0 pm)? 43 3.6 3.8 3.8 3.8
AS10 (8.5 um) 4.1 3.3 3.7 4.1 5.5
AS18 (7.5 um) 33 2.5 2.9 2.5 2.9
AS4A (4.4 pm)°

packed at 50 °C in water 7.5 2.5 2.0 1.9 2.7

2Column dimensions are 250 x 4 mm i.d., except for the AS12A which is 200 x 4 mm i.d. and the

AS4A (4.4 pm) which is 100 x 4 mm i.d.

b Conditions: Optimum eluents conditions have been used for each column in the Virtual Column
software. Eluent for AS4A (4.4 um): 1.0 mM K»CO;-0.1 mM KHCOs at 1.0 mL/min (2 pL

injection). Separation time: 7 min. Plate heights uncorrected for extra column effects.
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ionized functional groups. The phenomena involved in the column packing
process are very complex. However the knowledge from the established fields of
colloid chemistry and suspension rheology is immensely helpful in explaining the
behaviour of the packed column. The quality of packed column can be controlled
by manipulating the colloidal properties or hydrodynamic properties of the
slurries of the particles. Simple tests using optical microscopy, sedimentation
height, sedimentation bed intactness, settling rate, were devised to predict column
efficiency of packed ion-exchange resins. Their utility was shown as a time saving
effort for the column packer without resorting to actual column preparation. It can
be concluded that aspects of packing of charged microparticulates in columns is
different, especially the shear thickening effects, from what is known from the
column packing studies on silica based phases. However, the common ground
between silica and functionalized polymer is that slurry conditions must be
adjusted to prevent agglomerating slurries since such agglomerating can also
settle in the slurry reservoir. Very high efficiencies corresponding to the reduced
plate heights of 2 can be readily achieved once a well packed column is coated
with latex nanoparticles bearing quaternary ammonium functional groups on

polymer substrates.
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CHAPTER FIVE: Carboxylate Modified Porous Graphitic Carbon — A New

Class of Hydrophilic Interaction Liquid Chromatography Phases”

5.1 Introduction

Hydrophilic interaction liquid chromatography (HILIC) can often retain
and resolve hydrophilic analytes such as pharmaceuticals that are difficult to
separate by reversed phase liquid chromatography (RPLC)." ? In HILIC, a
hydrophilic stationary phase and an organic rich (e.g., > 60 % ACN) aqueous
eluent are used. Polar stationary phases (mainly ion exchangers) have been used
with organic rich aqueous eluents for the separation of hydrophilic analytes since
the early chromatographic literature.> * But it was not until 1990 that the term
“HILIC” was coined by Alpert.! In HILIC, a stagnant water layer forms on the
surface of the hydrophilic stationary phase. Analytes partition between the
stagnant water rich solvent layer and the moving organic rich eluent.! The primary
mechanism of retention is postulated to be partitioning of the analyte into this
water rich layer. However, adsorption, ion-exchange, dipole-dipole interaction,
hydrogen bonding,>’ m-n, and n-n interactions® also contribute to retention on
HILIC stationary phases.

The majority of the stationary phases employed in HILIC are based on

silica, polymers or pure inorganic oxides such as TiO2 and ZrO.. Surface

* A version of this chapter has been published. M. Farooq Wahab, Mohammad E.A. Ibrahim, and
Charles A. Lucy, Analytical Chemistry 2013, 85, 5684-91. 1 conceived the idea, synthesized and
characterized the carboxylate-PGC phase, and M. E. A. Ibrahim performed the chromatographic
characterization.
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modification can alter the selectivity of silica and polymer HILIC phases. Neutral
HILIC phases include diol, amide and cyanopropyl. Zwitterionic phases are
mainly based on sulfoalkylbetaine chemistry. Positively charged phases include
those containing aminoalkyl groups. Negatively charged HILIC phases may be
underivatized silica or polysuccinimide derivatized silica.®’

Hence, a variety of selectivities is available with silica and polymer based
HILIC phases. However, silica has limited chemical and temperature stability,
especially at high and low pH. This fragility is a liability for biological samples
since highly acidic or alkaline washing steps (100 mM acid or base) are often
required to elute any irreversibly bound matrix.” Polymeric particles overcame the
pH stability issue associated with silica, but earlier polymer phases had limitations
associated with swelling-deswelling in organic solvents.! More recent
commercial polymeric HILIC phases such as ZIC-pHILIC®, apHera-NH>®, and
Frulic-N® are stable in common HILIC solvents.’

Porous graphitic carbon (PGC) was introduced by Knox et al.'' as a
chemically robust reversed phase — an alternative to overcome the drawbacks of
bonded silica phases. PGC is pH stable from 0-14, shows very low bleed in mass
spectrometry, and can be used at temperatures up to 200 °C.'"? Some
chromatographers refer to PGC as a “super reversed phase”!? since 20-40% higher
organic modifier is needed to yield the same retention as on a conventional
reversed phase. Paradoxically, PGC also retains highly polar analytes, such as

4

arsenic  species,!* nucleosides, nucleotides, sugars,!” and lipid linked

oligosaccharides.'® This polar retention effect on graphite (PREG)' is due to
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induced dipole interactions between the analyte and the graphitic surface.'® '* In
the presence of organic rich aqueous phases, the unmodified PGC shows only
weak polar retention.?’ Thus PGC must be surface modified to behave as a HILIC
phase.

The chemical inertness of PGC makes it very difficult to covalently
modify the surface.?! The hydrophilicity of carbon can be increased by using
harsh oxidizing agents such as nitric acid,”* hypochlorite, and permanganate.'?
However this treatment forms multiple types of surface oxides on carbon® which
lead to poor chromatographic performance. One of the most promising strategies
for covalent modification of carbon is on-column electrochemical
functionalization by aryl diazonium ions using a packed bed of particles as the
electrode.** %> However, the on-column electrografting apparatus is challenging to
construct. Alternately, free radical chemistry of diazonium ions without
electrochemical reduction can be applied.?6?® Free radicals generated by
peroxides, and alkyl or aromatic halides have also been employed for carbon

29

surface modification.”” Modified carbonaceous phases have been developed

24,30 27,28

mainly for reversed phase applications and ion chromatography.

In this chapter, we report the first description of HILIC on a covalently
modified porous graphitic carbon phase. Benzene carboxylic acid moieties are
covalently attached to the carbon surface via chemical reduction of diazonium
ions pre-adsorbed onto the PGC. Detailed surface and chromatographic

characterization of the phase is described. The selectivity and retention

characteristics of the new carboxylate-PGC phase differs from that of 35
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previously characterized stationary phases (representing different types of

chemistries).>!

5.2 Experimental
5.2.1 Reagents

Porous graphitic carbon (PGC, Sum, Lot # PGC366C) was a gift from
Thermo Fisher Scientific, UK. Deionized water was from a Barnstead E-pure
system (Dubuque, IA, USA). Hydrochloric acid (37% wt/wt) and potassium
hydroxide were from Caledon Laboratory Chemicals (Georgetown, ON, Canada).
Sodium borohydride was purchased from EMD Chemicals (Gibbstown, NJ,
USA). Sodium nitrite ReagentPlus™, 4-aminobenzoic acid, and 50% sodium
hydroxide Uracil, cytosine, benzylamine, 1-naphthoic acid, acetylsalicylic acid,
gentisic acid, o-hydroxyhippuric acid, hippuric acid, salicyluric acid, L-
methionine, tryptophan, glycine, L-serine, L-threonine, cytidine monophosphoric
acid (CMP), adenosine 5’-monophosphate (AMP) sodium salt, adensoine 5’-
diphosphate (ADP) sodium salt, adenosine 5’-triphosphate (ATP) sodium salt,
benzoic acid, 1,2,4-benzenetricarboxylic acid, 1,2,4,5-benzene tetracarboxylic
acid, resorcinol (99%), isocytosine and aniline (99.5%) were from Sigma Aldrich
(St. Louis, MO, USA). HPLC grade acetonitrile (ACN), salicylic acid and toluene
were from Fisher Scientific (Fairlawn, NJ, USA). Ammonium acetate was from
Anachemia (Lachine, QC, Canada) or Fisher Scientific (Fair Lawn, NJ, USA).
Benzyltrimethylammonium chloride (BTMA) was from ACROS Organics (Fair

Lawn, NJ, USA). Phenol (ACS reagent, 99%) was purchased from ACP

124



(Montreal, QC, Canada) and phloroglucinol (> 99 %) was from Fluka (Buchs,

Switzerland).

5.2.2 Apparatus

The packing apparatus consisted of a Haskel pump (DSF-122-87153,
Burbank, CA, USA) driven with N2 gas (Praxair Inc., Edmonton, AB, Canada).
The column packing process used the following supplies from Thermo Fisher,
Dionex (Sunnyvale, CA, USA): an empty polyether ether ketone (PEEK) column
(150 x 3 mm 1i.d.), PEEK screw caps, 2 um Ti and stainless steel frit, Zitex
membrane, and ultrahigh molecular weight polyethylene (UHMWPE) frits. A
cylindrical (14 mm i.d.) 40 mL slurry reservoir from Lab Alliance (State College,
PA, USA) was connected to a 50 x 4 mm 1i.d. stainless steel pre-column and then
to the empty column. The other end of the column was capped with a PEEK
screw cap by a 2 um frit. The whole system was pressurized by the pneumatic
Haskel pump.

Chromatographic studies were performed using a model 709 dual-piston
pump (Metrohm, Herisau, Switzerland) operating at 0.8 or 1.0 mL/min. A 6-port
Rheodyne 8125 injection valve (Cotati, CA, USA) with a 2 pL injection loop was
used. A Lambda-Max Model 481 UV detector was used at 215, 254 and 268 nm
(Waters, Milford, MA, USA). Separations were performed at ambient temperature

(~25 °C).
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5.2.3 Methods

5.2.3.1 Synthesis of the Stationary Phase (Carboxylate-PGC)

The synthetic approach using diazonium chemistry is based on Chapter
3.7 1.7 g of porous graphitic carbon (PGC) were mixed with 40 mmol of 4-
aminobenzoic acid in 50 mL deionized water, and stirred over ice using a
magnetic stir bar until the PGC particles were well dispersed (unreacted PGC is
highly hydrophobic and floats in water). The stirring did not cause fracturing of
the particles as confirmed by scanning electron microscopy. To the suspension, 40
mmol of NaNO2 in 50 mL water was added quickly. The solution was allowed to
stir very well before the addition of 33 mL conc. HCI. The mixture was stirred for
30 min to allow adsorption of the diazonium salt onto the PGC. Sodium
borohydride (100 mmol in 50 mL water) was added in small portions over 30 min
with vigorous stirring over ice. (CAUTION: the reaction is vigorous due to the
evolution of both hydrogen and nitrogen. An open 1 L beaker was used for the
reaction). The suspension was filtered using a 0.22 pum nylon filter, and then
successively washed with deionized water, 1% KOH, ACN, and then > 3 L of
deionized water. The modified particles were de-fined by sedimentation (12-18 h)
in deionized water. De-fining is achieved by letting the particles settle in water (or
in a given solvent). The supernatant5 liquid (containing the fines) is discarded.
The grafting reaction was repeated a second time on the de-fined material.
Repetition of the grafting reaction gave similar atomic O content by XPS as a
single grafting reaction. In contrast, surface loading improvements were observed

in our previous study on repeated grafting reaction sulfonic acid moiety on carbon
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by the same borohydride reaction (Chapter 3).2” After the second modification,
the particles were de-fined once more, washed and vacuum dried in air for 90
min. Three different batches of carboxylate-PGC were synthesized from the same

PGC lot to assess the chromatographic reproducibility of the surface modification.

5.2.3.2 Packing of the Stationary Phase (Carboxylate-PGC)

The modified PGC was slurried in deionized water and packed at constant
pressure (5000 psi) with a Haskel pneumatic pump into a 150 x 3 mm i.d. PEEK
column. Pressure was maintained for 1.5 h using deionized water as the driving
solvent. The column was then detached from the packing assembly and subjected
to washing step as discussed below. Finally, PEEK screw caps with UHMWPE
and Zitex membranes were installed on both ends. The column washing step
consisted of mixtures of ACN-NaOH (0.1 to 0.2 M) till the baseline became stable
at 254 nm. Before any separation, a final wash of 0.2 M aqueous NaOH at 40 °C
(at least 60 mL) was used to ensure complete removal of any adsorbed species on
the column. Further nuances of packing charged particles are detailed in Chapter
432

5.2.3.3 Mobile Phase Preparation

The mobile phase consists of a mixture of ACN, ammonium acetate and
water. The pH was adjusted with NaOH or HCI. The aqueous stock ammonium
acetate solutions (2 M) at the desired pH were made and refrigerated. The
reported buffer concentration is the final concentration in the eluent after mixing

with ACN and the reported pH of the buffer is the final pH of aqueous diluted
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buffer of the same volume. The percentage of ACN in this work represents the
volume of the ACN relative to the total volume of the solvents including buffer

and ACN.

5.2.4 Characterization of PGC Phases

X-ray Photoelectron Spectroscopy (XPS) was performed on an AXIS 165
spectrometer (Kratos Analytical, NY, USA). XPS spectra of the unmodified PGC
were collected on the raw material as received. The modified particles were
thoroughly soaked and washed with 1% KOH, deionized water and ACN, and
then allowed to vacuum dry for 2 days prior to XPS analysis. The zeta potential
was measured using a Malvern Zetasizer (Worcestershire, UK). Two 23 mg
portions of the modified material were suspended in 15 mL of deionized water
and 0.1 M NaOH, respectively, sonicated, and then transferred to the Zetasizer dip
cell. The electrophoretic mobilities of the particles were converted into zeta
potentials using the Smoluchowski equation within the Zetasizer software
(version 6.2). Methods to determine the water layer thickness under HILIC
conditions by Karl Fisher titration and Bicker et al.**> were inappropriate for the
carboxylate-PGC phase. Measurement of water adsorption is the most direct
measure of relative hydrophilic character of a stationary phase. Direct method
(Karl Fisher titration) was attempted to measure the water adsorption on
carboxylate-PGC and silica various ACN-water compositions. However, both of
these phases showed statistically negligible difference in water adsorption. The

only exception to the method** is that we did not vacuum dry material in an oven
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for 3 days at 90 °C, since carbon spontaneously forms surface oxides and oxidizes
itself. Instead, the stationary phase was dried with acetone and kept in vacuum
dessicator at room temperature for 24 hours. An indirect chromatographic
measurement of the water layer, by Bicker's method*® was not successful due to

the lack of a suitable unretained marker on carboxylate-PGC.

5.3 Results and Discussion

Our aim is to design a hydrophilic graphitic carbon column for HILIC
separations. To be useful as a HILIC phase, the carbon surface must be "wettable"
by water in order to form a surface water layer. In this chapter, benzene
carboxylate groups are attached onto porous graphitic carbon (PGC) to convert
the hydrophobic PGC surface into a hydrophilic surface suitable for HILIC.

Numerous approaches have been reported in the literature to introduce
bonded functionalities onto carbon for reversed phase and ion chromatography.?*
27.30.35 Quch bonded PGC phases have shown improved peak shape or decreased
retention, but no selectivity changes. Figure 5.1 shows our synthetic route for
introducing benzene carboxylate functionality onto PGC. This synthesis mimics
the electrografting process in which the diazonium ions are reduced by a working
electrode and the aryl radicals are formed adjacent to the carbon surface. Here, the
in-situ formed diazonium salt of 4-aminobenzoic acid is pre-adsorbed directly
onto the PGC surface (Figure 5.1). Due to the pre-adsorption, the aryl radicals

generated by borohydride reduction are formed close to the surface.?6-3
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Figure 5.1. Scheme for creating carboxylate functionality on porous graphitic
carbon (PGC) using in situ generated benzene carboxylic acid diazonium salt.
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PGC Carboxylate
PGC

Figure 5.2. Difference in wettability between PGC and carboxylate-PGC in
deionized water. The hydrophobic PGC particles do not disperse in water but
hydrophilic carboxylate-PGC particles disperse uniformly. Unmodified PGC
continues to float even after a month of standing showing their extremely
hydrophobic character.
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Figure 5.3. Scanning electron microscopy (SEM) images of both unmodified
PGC (top) and carboxylate-PGC (bottom). The porous structure at higher
magnification is clear (right) showing that the grafted layer does not clog the
pores. The mechanical strength of the graphitic particles is also evident as the
particles were subjected to stirring via magnetic bar, sonication, and 5000 psi. The
modified particles were extruded from a slurry reservoir (1.5 h) and they still
remain intact without any breakage.
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Borohydride does not attack the carboxylate group.’” After modification, the
particles become highly hydrophilic as shown in Figure 5.2. Additionally no
physical damage to the particles was evident, in contrast to that observed when
diazonium salts are reduced with sodium metal in non-aqueous medium.®
Scanning electron microscopy (SEM) of the modified and unmodified
PGC particles (Figure 5.3) showed no changes in surface morphology or pore
structure. The SEM also confirms the robustness and mechanical strength of the

carboxylate-PGC particles, as no fragments were observed even after vigorous

magnetic bar stirring, sonication, and exposure to 5000 psi for 1.5 h.

5.3.1 Characterization of the Carboxylate-PGC

Based on elemental analysis the bulk unmodified porous graphitic carbon
particles were 99.3% C with very low (0.2%) oxygen content. Synthesis as per
Figure 5.1 decreased the carbon content to 97.7% and increased the bulk oxygen
to 1.2%. Assuming all oxygen atoms exist in the carboxylate moiety, the bulk
oxygen content is equivalent to 320 peq -COOH/g dry weight of the stationary
phase (moisture free particles). Thermogravimetric analysis (under nitrogen)
showed a negligible weight loss (0.3% decrease) up to 200 °C, indicating an
absence of moisture and other volatile matter. This also confirms the thermal
stability of the carboxylate-PGC phase.

The zeta potential of carboxylate-PGC in deionized water was -33 £+ 3 mV,
indicating that anionic surface functional groups are present. The zeta potential

increased to -38 £ 3 mV in 0.1 M NaOH due to further ionization of the

133



carboxylic acid groups. For comparison, a sulfonated divinylbenzene-
ethylvinylbenzene resin has a zeta potential of ~ -50 mV in deionized water and in
0.1 M NaOH,* a sulfobetaine type zwitterionic silica exhibited a zeta potential of
-16 mV in 20 mM ammonium formate buffer (pH 7),** and methylacrylate based
particles have a zeta potential of —30 to =10 mV at pH > 1.5.*! Unmodified PGC
particles do not disperse in water, and therefore their zeta potential could not be
determined. These results indicate that the carboxylate-PGC particles should
behave as an anionic HILIC phase whose surface charge can be controlled by pH.
Surface composition analysis is also critical to rationalize the behavior of
the stationary phases. The XPS survey scans (Figure 5.4) show that the PGC
surface is composed predominantly of carbon, with 2 atom % oxygen. The surface
oxygen content on bare PGC (Table 5.1) is comparable to the previously reported
~ 2.7 atom % oxygen.*® "Surface oxides" form spontaneously along the edges of
the graphene sheets on graphitic carbon when exposed to air.*? However, these
surface oxides are non-specific and are composed of carbonyls, phenols, lactones,
carboxylates and quinones.”* ** Grafting benzene carboxylate groups on PGC
results in a 167 % increase in atomic oxygen. The high resolution XPS of oxygen
(Figure 5.5) shows the presence of both doubly bound (532.2 eV, C=0) and
singly bound (533.8 eV, C-O) oxygen,* supporting the presence of carboxylate
groups on the modified PGC. Assuming that the population of carbon atoms is 7.3

x10” mol/cm? (i.e., equal to that of the flat surface of the basal plane graphite),**
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Figure 5.4. Survey XPS scans of PGC (as received) and carboxylate-PGC. XPS
measurements were performed on an AXIS 165 spectrometer. The general XPS
conditions are as follows: The base pressure in the analytical chamber was lower
than 3 x 10 Pa. A monochromatic Al Ka source (hv = 1486.6 eV) was used at a
power of 210 W. The analysis spot was 400 x 700 pum. Survey scans were
collected for binding energy from 1100 eV to 0 with an analyzer pass energy of
160 eV and a step of 0.35 eV. The small peak in the carboxylate-PGC survey scan
at 980 eV is the oxygen Auger peak.

135



Table 5.1. Surface composition from XPS survey scans of unmodified PGC

and carboxylate-PGC

Element Peak, % Atomic % Atomic o/C
eV concentration concentration | Peak area ratio®
(PGC)? (carboxylate-
PGC)P
Carbon Is, 98.0 94.6 0.053
285.0
Oxygen Is, 2.00 5.35 0.147
533.4
Nitrogen Is, 0 0¢
393.7

% The composition was calculated from the peak areas in the spectra using the CasaXPS
(version 2.3) with Scofield values of relative sensitivity factors (RSF). A linear background
was used. The oxygen peak position was found in the range from 531.8 eV to 533.4 eV in
XPS survey scans in the preliminary work.

b The second grafting reaction gave similar surface oxygen content as the first grafting
reaction. The data reported in the table refers to two times grafted reaction.

¢ The surface coverage of -COOH on carboxylate-PGC was estimated by subtracting the O/
Cis ratios of both the modified and unmodified PGC, and then multiplying by the carbon
atom density on basal plane graphite. This calculation assumes a flat sheet of basal plane
carbon.

4 Nitrogen was not found in high resolution scans indicating the absence of diazo-linkages or
other adsorbed reaction by-products.
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Figure 5.5. High resolution deconvoluted XPS spectrum of the oxygen 1s band.
Fitting the spectrum shows the presence of both doubly bound (532.2 eV, C=0)
and singly bound (533.8 eV, C-O) oxygen on the carbon surface of carboxylate-
PGC. Fits were generated in the CasaXPS software. Both one component and two
component fits were attempted for each spectra. The curves above are the
optimized fits that yield the chemically most realistic results. The full widths half
maximum of PGC and carboxylate-PGC are 3.351 eV and 3.366 eV respectively.

137



we conservatively estimate the oxygen surface coverage of carboxylate-PGC to be
6.8x10"'° mol/cm?. However it should be noted that XPS cannot explore the level
of grafting inside the pores of the particles. This oxygen coverage is near that
expected for a complete monolayer coverage on the outer surface of the
particles.** Moreover, this grafting makes the particles sufficiently hydrophilic to
be dispersed in water (Figure 5.2) whereas unmodified PGC floats on water. This
hydrophilic character was also observed for sulfonated carbon clad zirconia
(Chapter 3).?” No residual -N=N- signal is observed at 405 eV by XPS signal,
whereas residual diazonium has been observed on carbon electrochemically
modified by diazonium chemistry.?® 4> 46 On the other hand, nitric acid oxidized
carbons show oxygen as well as nitrogen species in XPS.* Thus the carboxylate-
PGC particles are free of side products which might lead to undesired

chromatographic interactions.

5.3.2 Approaches for Packing Carboxylate-PGC

Colloidal properties of charged particles are highly critical during the
packing process. The aspects of chromatographic particles bearing charged
functional groups have been examined in detail and involve non-Newtonian
rheological properties as discussed in Chapter 4.32 Mild shear thickening was
observed with carboxylate-PGC. Water was chosen as the slurry and driving
solvent because the carboxylate-PGC gave a stable non-agglomerating suspension
in water which should yield a tightly packed bed.3> The early eluting peaks

indicate the quality of the packed bed, whereas the late eluting peaks convolute
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the properties of the packed bed along with multiple interactions. The water
packed column with modified particles produced ~ 5000 plates/m for 2,5-
dihydroxybenzoic acid (early eluting peak). This efficiency is better than the 3400
plates/m efficiency for early eluting peaks on di-tert-amylperoxide modified PGC
(packed by Thermo Fisher)*® but lower than that of 11,000 plates/m reported for
unmodified PGC (Hypercarb™) capillaries with ACN.*’ Unfortunately, further
details and optimized conditions for packing for any carbon phase are not
disclosed in the literature. Attempts to pack our carboxylate-PGC material using
ACN as the slurry/driving solvent resulted in agglomeration of the particles,
indicating that ACN is not an optimum medium for packing. Thus, the

carboxylate-PGC particles have a different packing behavior than Hypercarb™,

5.3.3 HILIC Behaviour of Unmodified and Carboxylate-PGC

Unmodified PGC (Hypercarb™) shows a reversed phase behavior.'®
Figure 5.6 shows the effect of % ACN on the retention of uracil (neutral) and 1-
naphthoic acid (anionic) on unmodified PGC and carboxylate-PGC. Uracil and 1-
naphthoic acid are weakly retained on unmodified PGC (k < 0.5 and 4
respectively for 90% ACN). This minor increase in retention of uracil and 1-
naphthoic acid on unmodified PGC is most likely due to small amounts of
“hydrophilic” surface oxide functionalities, most likely phenolics (singly bonded
oxygen) as supported by XPS (Figure 5.5). PGC can retain polar analytes by
PREG, i.e., by induced dipoles."” However PREG would decrease retention of

polar analytes with increasing ACN. In Figure 5.6 retention increases with %ACN

139



——Uracil £
--A--Naphthoicacid ;” - 15
5 /
Carboxylate-PGC
12
4 =
s
5 3
& ©
5 ;. 9 o
= £
K o
o
©
c
2 - -6 x
1 - - 3
0 L L Ll 0
55 65 75 85 95

Figure 5.6. Retention behavior of uracil and 1-naphthoic acid on carboxylate-
PGC (red) and Hypercarb (black) as a function of % ACN in the eluent.
Experimental conditions: columns, carboxylate-PGC (150 x 3 mm 1i.d.);
Hypercarb (100 x 4.6 mm i.d.); flow rate, 0.8 mL/min; eluent, 10 mM ammonium
acetate (pH = 8.3) in 60—-90% ACN; analytes, 0.2 mM uracil and 1-naphthoic acid
in the same % ACN as the mobile phase; UV detection at 254 nm with a 2 pL
loop.
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supporting the speculation that the increased retention seen here reflects a low
level of hydrophilic interaction.?

In contrast, in Figure 5.6 carboxylate-PGC shows significantly greater
retention for both polar analytes. Further retention increases significantly at high
%ACN, consistent with HILIC behavior.! * 1-Naphthoic acid has a k of ~ 16 with
90% ACN despite being deprotonated at the mobile phase pH (8.3) — given that
both carboxylate-PGC and the acid are negatively charged at this pH. Further,
retention increases significantly at high %ACN, consistent with HILIC behavior."
“8 With 60% ACN, benzylamine (pKa = 9.35) eluted with a k of 2.3, but did not
elute within 40 min i.e. k > 43 with 70% ACN. This behavior parallels the strong
retention of cationic benzyltrimethylammonium (BTMA as chloride) on bare

silica columns under HILIC conditions.?!

5.3.4 HILIC Selectivity of Carboxylate-PGC

One of the most important parameters in optimizing separation resolution
is the selectivity factor.*” My collaborator Mohammed Ibrahim had previously
devised a graphical visualization for the selectivity of HPLC columns to reflect
the hydrophilic and electrostatic character of the column.?! Figure 5.7 illustrates
the selectivity of 35 different stationary phases in addition to the carboxylate-PGC
phase. In the selectivity chart (Figure 5.7), the retention factor ratio kBrma/kuracil 1S
plotted against the retention ratio Acytosine/ kuracil. The use of relative retention
eliminates the influence of factors such as surface area. For example in Figure 5.7,

columns no. 2 and 3 are both 3.5 um ZIC-HILIC phases with different surface
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Figure 5.7. Selectivity plot of Carboxylate-PGC (no. 36) and PGC (Hypercarb™,
no. 34) with respect to 35 commercial columns (see Table 5.2 for commercial
column data). Legend: bare silica (¢), amide (m), diol (4), amine and/or triazole
(), polymer substrate and/or polymer coated silica (#), zwitterionic (+), RPLC
(%), latex coated silica (*), proprietary polar phase (»), unmodified PGC
(Hypercarb™) (0, 34), carboxylate-PGC (o, 36), Acclaim WCX-1 (o, 35).
Conditions: eluent, 5 mM ammonium acetate, pH 6.8, in 80% ACN; test analytes,
0.044-0.44 mM BTMA, cytosine, and uracil in 80% ACN; UV detection at
254 nm. 20 pL loop injection for all columns except PGC, Acclaim-WCX-1, and
carboxylate-PGC, where a 2 pL loop was used. Data adapted from reference 31

142



Table 5.2. Characteristics of the commercial stationary phases in Figure 5.7.
Data from reference 31. (S = Surface area, Dimensions: Length x diameter)

Name Particle Functional Pore S Column
# (Company) Diameter Grou size | (m?/g) | Dimensions
Pany) | (support) P (A (mm x mm)
Polymeric
ZIC-HILIC 5
1 ,Hm sulfoalkylbetaine 200 135 100 x 4.6
(Merck) (Silica) zwitterionic
Polymeric
2 (ZI\I/I(;YI:I(I)LIC (35?11%3 sulfoalkylbetaine 200 | 135 | 150x4.6
zwitterionic
Polymeric
3 (ZI\I/IC;HI(I)LIC (33?11“3 sulfoalkylbetaine 100 | 180 150 x 4.6
ere ¢ zwitterionic
5um Polymeric
4 (Z&(;;EE)ILIC (Porous | sulfoalkylbetaine ; ; 50 x 4.6
polymer) | zwitterionic
Nucleodur
HILIC 5 um Sulfoalkylbetaine
> (Macherey- (Silica) | zwitterionic 110 340 100x4.6
Nagel)
PC HILIC 5 um Phosphorylcholine
6 (Shiseido) (Silica) | zwitterionic 100 450 100x 4.6
TSKgel
Amide 80 5 pm Amide (polymeric
7 (Tosoh (Silica) | carbamoyl) 80 450 100x4.6
Bioscience)
TSKgel Amide . .
8 | 80 (Tosoh 3 pm | Amide (polymeric 80 | 450 50 x 4.6
Bioscience) (Silica) | carbamoyl)
PolyHydro-
9 | xyethyl A (;ﬁg;) 5:12171%1 I}I‘ﬁg’xy'ethyl 200 | 188 | 100x4.6
(PolyLC) p
LiChrospher 5 pm
10 | 100 Diol (Silica) | 2,3-Dihydroxypropyl | 100 350 125x 4.0
(Merck)
Luna HILIC 5 um . .
11 (Phenomenex) (Silica) Cross-linked diol 200 185 100 x 4.6
PolySulfoethyl 5 pm Poly(2-sulfoethyl
12 -A (PolyLC) (Silica) | aspartamide) 200 188 100x 4.6
Chromolith Si Silica
13 | (Merck) monolith Underivatized 130 300 100x 4.6
Atlantis HILIC 5 pm o
14 Si (Waters) (Silica) Underivatized 100 330 100 x 4.6
Purospher Sum
15 | STAR Si (Silllica) Underivatized 120 330 125x 4.0
(Merck)
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Name Particle Functional Pore S Column
# (Company) Diameter Grou size | (m?/g) | Dimensions
Pany)” | (support) P (A) (mm x mm)

LiChrospher S um

16 | Si100 M Underivatized 100 400 125x 4.0
(Merck) (Silica)
LiChrospher 5 um ..

17 Si 60 (Merck) (Silica) Underivatized 60 700 125 x 4.0
Cogent Type . 1

18 | C Silica dum ) Silica hydride ("Type | -y | 359 100 x 4.6
(Microsolv) (Silica) C” silica)
LiChrospher S um

19 | 100 NH; b 3-Aminopropyl 100 350 125 x 4.0
(Merck) (Silica)
Purospher S um

20 | STAR NH» M 3-Aminopropyl 120 330 125x 4.0
(Merck) (Silica)
TSKgel NH,-
100 3 um .

21 (Tosoh (Silica) Aminoalkyl 100 450 50x4.6
Bioscience
Atlantis HILIC 3 pm o

22 (Waters) (Silica) Underivatized 100 330 50x 1.0
Onyx silica Silica

23 | monolith monolith Underivatized 130 300 100 x 4.6
(Phenomenex)
Zorbax HILIC 3.5 um .

24 plus (Agilent) (Silica) Underivatized 95 160 100 x 4.6
Silica
monolith Silica Silica — cationic

25 | coated with . : 130 300 80x 4.6
ASO-SC monolith nanoparticle
(Homemade)
Zorbax RRHD 1.8 um

26 | HILIC plus (éili% 2) Underivatized 95 160 100x 3.0
(Agilent)
Acclaim 3 Sili tioni

27 | Trinity P1 hm tHica-cationic - - 150x 3.0
(Dionex) (Silica) nanoparticle
Cosmosil 5 um

28 | HILIC (Siﬁca) Triazole 120 | 300 150 x 4.6
(Nacalai)
Acclaim
HILIC-10 .

29 | (Dionex 3um | Proprictary neutral |, | 55, 150 x 4.6
Thermo (Silica) polar functionality
Scientific)
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Particle . Pore S Column
Name . Functional ; > . .
# (Company) Diameter Group size | (m/g) | Dimensions
(Support) (A) (mm x mm)
Zorbax
30 | Eclipse XDB- (;ﬁ‘;) Octadecyl 80 | 180 | 150x 4.6
C18 (Agilent)
. 5 pm
3p | XBridgeCI8 | i Octadecyl 130 | 185 | 150x4.6
(Waters) BEH)
YMC Pro C18 3 um
32 (YMC) (Silica) Octadecyl 120 340 150x 2.0
Zorbax SB-aq 3.5 um
33 (Agilent) (Silica) Octadecyl 80 180 150x 2.1
Hypercarb™
34 | (Thermo (Csarlvllamn) Underivatized 250 120 100 x 4.6
Fisher) ©
Acclaim-
35 | WCX-1 S.Hm Carboxylic acid 120 300 150x 4.6
) (Silica)
(Dionex)
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areas (135 and 180 m?/g, respectively). As the surface chemistry of these columns
is the same, identical HILIC selectivity would be expected. Indeed, columns 2 and
3 are very closely clustered in Figure 5.7. Similarly LiChrospher Si 100 and
LiChrospher Si 60 pair (columns no. 16 and 17) which differ only in surface area
are adjacent in Figure 5.7.%!

Irgum and co-workers ¢ used the relative retention of cytosine/uracil as a
generic measure of the “hydrophilic” character of HILIC columns. Cytosine and
uracil are both highly hydrophilic (octanol/water partition coefficients at pH 7 of
10717 and 107'%, respectively), and so both show strong HILIC retention. A
higher kcytosine/kuracit ratio indicates a more hydrophilic column. BTMA is a
hydrophilic quaternary amine and it will undergo electrostatic interaction with the
stationary phase regardless of the eluent pH. Therefore, the ratio Astma/kuracil
reflects the electrostatic character (attraction or repulsion) of the stationary phase.
Also, on positively charged HILIC phases (e.g., amine), BTMA still exhibits
measurable retention, despite experiencing electrostatic repulsion. By using these
two parameters, various classes of columns (silica, zwitterionic, diol, RPLC, and
amine) can be classified.’!

Unmodified PGC (column no. 34) is a strong reversed phase material,'!> 2
and so appears to the left of Figure 5.7. It also exhibits weak anion exchange
character, consistent with its ability to retain inorganic anions (data not shown).
Attaching benzene carboxylate groups to PGC increases the water "wettability" of
the phase, consistent with the behavior seen with aryl carboxylate modified glassy

carbons.”® The ratio of kBrMmA/kuracit for the Carboxylate-PGC column (no. 36,
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kstma/kuracit = 4.3) is lower than that of silica, indicating a weaker electrostatic
character. The ksrma/kuraciit of Carboxylate-PGC is comparable to that of the
Dionex Acclaim WCX-1 phase which consists of alkyl bonded silica phase with a
carboxylate terminus. Cytosine shows much stronger retention on carboxylate-
PGC (kcytosine/kuracit ~14.9) vs. silica (keytosine/kuracit ~3). This may be due to
hydrogen bonding interactions with the carboxylate moiety along with the
hydrophilic character of this phase. Crystallographic studies of cytosine-
carboxylic acid co-crystals show hydrogen bonds exist between the amino group,
the pyrimidine backbone of cytosine and the carboxylate moiety.”!

To determine whether the high cytosine retention may also be influenced
by the underlying graphitic carbon of PGC, the retention of isocytosine, an isomer
of cytosine, was studied. If retention were purely hydrophilic in nature,
isocytosine would be much less retained due to its higher octanol/water partition
coefficient than cytosine (10> vs. 1017 at pH 7). In contrast, isocytosine is
retained even more strongly on carboxylate-PGC phase than cytosine (k> 70 vs. k
= 19.3, respectively). This indicates that the shape selective properties of the
underlying graphitic planes of PGC*® are still operative on the carboxylate-PGC
phase.

To further examine the selectivity of carboxylate-PGC, Figure 5.8
compares the elution order of six carboxylic acids on the carboxylate-PGC phase
to that on nine commercial chemistries.’> 3 The number in the rows indicate the
elution order of the six acids. The elution order on carboxylate-PGC shows

different selectivity than the other HILIC phases. Of the nine commercial phases,
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Figure 5.8. Comparison of the selectivity of six aromatic carboxylic acids on nine
different column chemistries and carboxylate-PGC under HILIC mode. Analytes
separated by commas coelute. The positions of the peak numbers reflect the actual
retention time of the analytes. Experimental conditions: column, carboxylate-PGC
(150 x 3 mm i.d., 5 pm); flow rate, 1.0 mL/min; eluent, 20 mM ammonium
acetate (pH = 6.97) in 85% ACN; analytes, 0.12—0.35 mM of (1) salicylic acid,
(2) gentisic acid, (3) acetylsalicylic acid, (4) salicyluric acid, (5) hippuric acid,
and (6) o-hydroxyhippuric acid. UV detection at 254 nm with a 2 pL loop.
Retention data for the commercial columns is from reference 53.
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the elution order of carboxylate-PGC is most similar to that of the diol and PVA
phases. In addition, salicyluric acid has an unusually strong retention (k= 13.9) on
the carboxylate-PGC phase. On other HILIC phases including the Acclaim WCX-
1 phase with terminal carboxylic acid groups - salicyluric acid shows similar
retention to its isomer a-hydroxyhippuric acid. These two acids differ in the -OH
position from the rest of the acids; -OH is phenolic in salicyluric acid whereas it is
a secondary alcohol in a-hydroxyhippuric acid. The selectivity factor a of the two
isomers on carboxylate-PGC is 14 with respect to each other, whereas the
selectivity factors for the rest of the nine columns range from 0.70 to 0.92. As
noted for cytosine above, this may indicate retention contributions from the shape
selectivity properties of flat graphitic planes.’* > Indeed, on unmodified PGC
salicyluric acid shows much stronger retention (k =1.1) than all of the other acids
(k ~0.2). Such a high isomeric selectivity on carboxylate-PGC is an appealing
incentive for exploring covalently modified carbon based HILIC phases.

We note that all of the acids in Figure 5.8 are negatively charged (pKa of
2.9-3.7) under the chromatographic conditions. Similarly the carboxylate-PGC is
negatively charged (zeta potential ~ - 33 mV in deionized water). Therefore all the
negatively charged acids should undergo electrostatic repulsion and elute before
the void volume. However in electrostatic repulsion hydrophilic interaction
chromatography (ERLIC) when the organic content increases above 60%,

hydrophilic interaction dominates the electrostatic effects.*®
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5.3.5 Switching Retention Mode of Carboxylate-PGC with pH

The carboxylate functionality displays weak acid behavior (pKa ~ 2.8 -
3.1).°% 7 At low pH, carboxylate modified glassy carbon was hydrophobic, as
measured by contact angle.’® Adjusting the pH above the pKa increased the
wettability of the modified glassy carbons.’® A similar change in hydrophobic to
hydrophilic character is illustrated in Figure 5.9 for the carboxylate-PGC phase.
The hydrophobic toluene is retained due to interaction with the underlying carbon,
and shows little change in retention with pH. At pH 9.7, benzoate is repelled by
Donnan exclusion and elutes essentially unretained, while the deprotonated
aniline shows weak hydrophobic retention. At low pH, benzoic acid retention
increases due to protonation of the analyte and phase, while the protonated aniline
shows lower reverse phase behavior. A silica column with alkyl carboxylate
terminus (Acclaim WCX-1) shows very similar retention behavior with respect to

pH.SS

5.3.6. Chromatographic Separations on Carboxylate-PGC at High pH

To illustrate the applicability of the carboxylate-PGC as a HILIC phase,
we performed separations of carboxylates, nucleotides, phenols and amino acids
(Figure 5.10). Many of these separations were facilitated by the use of alkaline
mobile phases that would damage traditional silica based HILIC phases. Aromatic
carboxylic acids can be retained on RPLC columns only by using low organic
modifier content. However, the low organic modifier content can cause “phase de-

wetting” leading to a drastic decrease in retention.>
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Figure 5.9 Selectivity changes with pH on Carboxylate-PGC for aniline, benzoic
acid and toluene. Conditions: Column, 150 x 3 mm 1.d., Carboxylate-PGC; eluent,
25 mM ammonium acetate in 65% ACN; desired pH adjusted with HCI or NaOH,
2 uL loop injection, UV detection at 254 nm.
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Similarly, ion chromatography phases cannot be used for organic acids due to
their low conductivity especially in organic-rich mobile phases. Thus HILIC is an
attractive alternative for carboxylic acids separations. Figure 5.10 (A) shows the
separation of five fully deprotonated aromatic carboxylic acids (pKa: 1.9 - 4.7).%
Retention increased with the number of carboxylic acid groups, i.e., benzoic acid
<  phthalic acid < 1,2,4-benzenetricarboxylic  acid < 1,2,4,5-
benzenetetracarboxylic acid. 1-Naphthoic acid is more retained than phthalic acid
based on its hydrophobic interaction with the underlying graphitic surface.
Retention due to electrostatic attraction can be ruled out since the analytes and the
stationary phase bear the same charge under alkaline conditions. All such anionic
analytes should be expelled by Donnan exclusion from a negatively charged
particle. The presence of a low dielectric medium solvent and high ionic strength
ensures retention due to hydrophilic interaction despite the electrostatic repulsion.
This parallels the ERLIC behavior of cationic analytes on cation exchangers in the
presence of low dielectric medium solvent and high ionic strength buffers.*®
Analysis of nucleotides and nucleosides is challenging with RPLC.!> ¢
Several silica columns have been designed with polar embedded groups to
increase the polarity of the stationary phase. Nonetheless very low retention
factors (k < 2) are still observed for nucleotides.®® Bare PGC can be used for
nucleotides, but requires "electronic" modifiers such as diethylamine under
gradient conditions to elute the otherwise strongly retained nucleotides.®® ATP
shows poor chromatographic performance on PGC compared to other

nucleotides.!® The nucleotides were irreversibly adsorbed when trifluoroacetic
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acid was used on PGC.!"> Thus, many challenges are still observed with the
separation of nucleotides by RPLC on either silica bonded phases or bare PGC.

In recent years, HILIC has become a popular separation mode for these
hydrophilic nucleotides.*® Figure 5.10 (B) shows the fast baseline resolution of
four nucleotides (CMP, AMP, ADP, and ATP) on carboxylate-PGC under
isocratic conditions. In line with the ERLIC behavior seen for the carboxylic acids
in Figure 5.8 and 5.10 (A), the negatively charged nucleotides show retention on
carboxylate-PGC. The retention order is related to the number of phosphate
groups in the nucleotides. ATP, being the most polar analyte is retained most
strongly. This is different than the elution order seen on bare PGC.%

Figure 5.10(C) shows the separation of phenol, resorcinol and
phloroglucinol in 3 min at pH 9.7. As expected, the most polar phloroglucinol (3 -
OH) shows the highest retention, followed by resorcinol and phenol. Bare PGC on
the other hand, showed co-elution of the tested phenols under the same conditions
(data not shown). The retention order on carboxylate-PGC follows the solubility
order of the phenols at pH 9 (phenol 109 g/L, resorcinol 222 g/L and
phloroglucinol 579 g/L),> consistent with HILIC theory. Finally, Figure 5.10(D)
shows the separation of four amino acids namely, methionine, threonine, glycine
and serine on carboxylate-PGC and elute in the same order as listed. This elution
order corresponds with the solubility: methionine has the lowest water solubility
(16 g/L) as compared to the rest of the three amino acids (> 80 g/L)*° at pH 7.

Serine shows higher retention than glycine due to its additional hydroxyl group.
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Figure 5.10. Separation of (A) aromatic carboxylic acids, (B) nucleotides, (C)
phenols, and (D) amino acids on carboxylate-PGC. All chromatograms were
processed by Savitzky-Golay smoothing. Experimental conditions: Column,
carboxylate-PGC (150 x 3 mm i.d.), flow rate: 1.0 mL/min; eluent, (A), (D) 20
mM ammonium acetate (pH =7.6) in 80 %ACN, (B) 50 mM ammonium acetate
(pH =9.8) in 60 %ACN, (C) 20 mM ammonium acetate (pH =9.7) in 70 %ACN;
analytes: (A) 0.18-0.67 mM of (1) benzoic acid, (2) phthalic acid, (3) 1-naphthoic
acid, (4) 1,2,4 benzene tricarboxylate, (5) 1,2,4,5 benzene tetracarboxylate; (B)
0.05-0.14 mM of (1) CMP, (2) AMP, (3) ADP, (4) ATP; (C) 0.2-0.75 mM of (1)
phenol, (2) resorcinol, (3) phloroglucinol; (D) 0.17-5.31 mM of (1) L-methionine,
(2) L-threonine, (3) glycine, (4) L-serine. UV detection at 254 nm for (A) and (B),
268 nm for (C) and 215 nm for (D) with a 2 uL loop.
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Amino acids with high pKa (e.g. histidine and lysine) were strongly retained,

similarly to benzylamine on carboxylate-PGC.

5.3.7 Column Stability and Retention Time Reproducibility

Cis silica columns begins to leach silica (10-30 pg/mL) when exposed to
10 mM NaOH : EtOH (50:50 v/v). Increasing the NaOH to 100 mM, increases the
Si concentration in the effluent to 511 pg/mL.%!" Simultaneously retention of the
basic analyte amitryptyline increased by 20-31% due to the formation of new
silanols and detachment of the bonded phase.’! Thus, silica based columns are
incompatible with high pH eluents.

In contrast, PGC is stable from pH 0-14.!! Flushing the Carboxylate-PGC
column with 100 mM NaOH : ACN (50:50 v/v) for 5 h (262 column volumes)
had little impact on retention (tr decreased by 0.7% for benzylamine and 0.9% for
tryptophan, Figure 5.11). High pH eluents maximize the negative charge on the
carboxylate PGC. The zeta potential of carboxylate-PGC in 0.1 M NaOH
increases from -33 mV in deionized water to -38 mV at pH > 12. This increases
the "wettability" of the carbonaceous stationary phase.*

Column synthesis reproducibility is also critical from a given lot. In order
to assess the reproducibility of the synthesis three batches were synthesized from
the same lot. Figure 5.12 shows the overlaid chromatograms from the three
columns. Retention time RSD for early and late eluting acid were 2.6 % and
5.0%, respectively for three separate columns of carboxylate-PGC (Figure 5.12).
The low relative standard deviations show that the batch to batch column

performance is very good.
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Figure 5.11. Stability of Carboxylate-PGC column under strong alkaline
conditions. Experimental conditions: Column, Carboxylate-PGC (150 x 3 mm
i.d., 5 um), flow rate: 0.8 mL/min (dead volume =0.91 mL); eluent, 100 mM
sodium, hydroxide (pH =12.6): ACN (50:50, v/v), analytes: 5 mM benzylamine
and 0.5 mM tryptophan in the same % ACN as the mobile phase. UV detection at
254 nm with a 2 pL loop. The y-axis error is less than the size of the markers.
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Figure 5.12. Reproducibility of synthesis of Carboxylate-PGC. The three
columns were prepared separately from the same lot of PGC, and tested under
HILIC conditions. Analytes separated by commas show refer to co-elution.
Column II was even exposed to alcoholic KOH during pre-conditioning.
Conditions: Columns, Carboxylate-PGC (150 x 3 mm 1i.d.), flow rate: 1.0
mL/min; eluent, 20 mM ammonium acetate (pH =6.9) in 85 %ACN; analytes 1.
salicylic acid, 2. gentisic acid, 3. acetylsalicylic acid, 4. salicyluric acid, 5.
hippuric acid and 6. a-hydroxyhippuric acid. UV detection at 254 nm with a 2 pL
loop.
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5.4 Conclusions

Porous graphitic carbon is a highly attractive substrate for hydrophilic
interaction liquid chromatography due to its appealing selectivity, high chemical
compatibility, pH stability, temperature resistivity, and mechanical strength. The
surface chemistry of highly hydrophobic carbon was modified with a benzene
carboxylate moiety using diazonium chemistry. This modification converted the
reversed phase PGC into a HILIC phase. The carboxylate-PGC demonstrated a
selectivity that is different from that of 35 other columns with an additional
advantage of retaining hydrophobic compounds. The effectiveness of the
carboxylate-PGC column under high pH conditions was also demonstrated. The
diazonium modification approach employing a hydrophilic functional group
yielded the first example of HILIC on modified porous graphitic carbon, thus

opening a new avenue of selectivity on robust stationary phases.
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CHAPTER 6. Elution Profiles and Overloading Effects on Analytical lon

Chromatography Column*

6.1 Introduction

Ion chromatography (IC) has become a standard analytical technique for
the determination of inorganic and organic ions. More than 70 IC columns are
commercially available with different selectivities and capacities to deal with a
wide range of analytes in various matrices.! Modern IC phases consist of
macroporous polymeric beads with fixed ion exchange sites. Thus, IC columns
are characterized by their exchange capacity.> * Typical capacities of analytical
ion exchangers range from 40 to 2800 peq/column for conventional diameter
columns (> 2 mm i.d.).* In suppressed ion chromatography, higher capacity
analytical columns are rarely used, as a more concentrated mobile phase would be
needed, which would overwhelm the capabilities of the suppressor.

A consequence of using predominantly low capacity anion exchangers is
that the analytical columns are prone to overload. In many samples, the ionic
concentrations can be disproportionately high,’ e.g., in the case of seawater the
ionic strength can be as high as 500 mM with trace anions of interest present at
the micromolar level. In such cases, the trace anion peaks are severely distorted,
with the shape and height depending upon the proximity to the overload peak.® An

example is the analysis of bromate in a highly concentrated matrix.® In such cases,

* A version of this chapter has been submitted as M. Farooq Wahab, Jordan K. Anderson,
Mohamed Abdelrady, and Charles A. Lucy to Analytical Chemistry. Author contributions: The
data presented here were equally collected by J. K. Anderson (Chem. 299) and myself. M.
Abdelrady performed initial survey experiments in this project as an undergraduate summer
student under my supervision.
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the bromate peak shifts its retention time and broadens due to the column
overloading by the matrix ions, even when the peaks are baseline resolved under
analytical conditions. In disinfection by-product analysis using two dimensional
IC, this broadening and peaks shift will affect the width and position of the time
window used for heart cutting (Figure 2.5).”

The objective of this chapter is to explore the impact of overload in ion
chromatography, and to develop general rules for prediction of whether the

overloaded peaks will be tailed or fronted.

6.1.1 Overloading Effects in Analytical HPLC

Overloading effects in preparative and analytical reversed phase
chromatography have been studied in detail.®*'° Chromatographic overload can be
due to: (a) volume overload; or (b) concentration overload.!'"> '? Volume overload
is caused by injection of a large sample volume. Such overload is characterized by
broad, symmetric and often flat topped peaks, even for low analyte

concentrations.'?

Volume overload is easily diagnosed from the symmetric
flattened peak profile.

Concentration overload leads to a variety of peak shapes including
fronting, tailing, split peaks and peaks which have secondary humps.'* The
specific peak shape observed under concentration overload conditions depends on

the shape of the sorption isotherm (i.e., plot of Cs vs. Cm) as shown in Figure 6.1.

Figure 6.1(A) represents the ideal analytical condition where the analyte
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Figure 6.1. Development of elution profiles (A, B and C) under overload
condition as seen in the column and the detector. The shades in the column reflect
the concentration gradient of the analyte on the stationary phase.
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concentration is within the linear isotherm range (when the analyte occupies <<
1% of the exchange capacity).'* As a result, sharp Gaussian peaks are observed.
Under concentration overload conditions, the isotherm will not be linear but rather
can take on a variety of nonlinear profiles. Type I isotherms (Figure 6.1(B)),
which include Langmuir isotherms, have convex curvature and give rise to tailing
peaks. Type III isotherms (Figure 6.1(C)) have concave curvature and show "anti-
Langmuirian" peaks having a diffuse front and a steep rear.!> However, as will be
discussed below, fronting) peaks can also occur when competitive components
each follow a type-I isotherm.'®!® Type II or S-shaped isotherms give rise to very
unusual peak shapes.!'®2°

The determination of sorption isotherms and peak profile prediction
requires extensive numerical modeling.'® In most HPLC separations, the mobile
phase contains additional components besides the primary eluent (e.g., organic
solvent in RPLC). As a result multiple species (i.e. both mobile phase components
and analytes) are simultaneously competing for sorption sites on the stationary
phase.! 2° Assuming Langmuir isotherms, the competitive situation is described
by:

Qi _ by Cy (equation 6.1)
qs 1+ Xj=1biCy

where gk is the amount of the analyte or mobile phase component in equilibrium
with the stationary phase vs. s which is the saturation capacity of the given
compound. In the right hand side, bk is the Langmuir coefficient specific to the k'

component, and the denominator sums the impact of all species sorbing onto the
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surface.!® ! On the basis of the competitive Langmuir isotherms (equation 6.1),
models have been developed to predict the peak shape under overload conditions
in normal phase and reversed phase chromatography.!> 2* Whether tailing or
fronting is observed depends on the relative retention of the strong mobile phase
component and the analyte; and the relative retention of mobile phase system
peak and the analyte peak. Unfortunately, the rules developed for reversed phase
cannot be easily applied in IC given the fact that system peaks in IC are
essentially eliminated by suppression. We will use the IC selectivity coefficients
Kea (Section 1.8.2) in our discussion. The fundamental equilibrium in ion
2123

exchange chromatography is:

yAX-(resin) + XEy-(mobile) (equatlon 62)

yAX_(mobile) + X1_::‘}/_(resin)

where A* is the analyte ion of charge x and E¥" is the eluent ion of charge y. This
equilibrium results in the retention law for the analyte retention factor (k):**

1 X Q w x (equation 6.3)
logk = ~logK, 5 + ~lo (—)+lo (—)——10 [EY7]
g y 8 R4E y g y g Vo y g

where Kk is the retention factor, Kag is the ion exchange selectivity constant of
anion over eluent, Q is the nominal column capacity in mmole, W is the weight of
resin in the column, Vwm is the dead volume of the column (mL), and [EY] is the
eluent concentration in molarity. For a monovalent eluent and monovalent analyte
the corresponding ion exchange selectivity constant Kea (reciprocal of Kag) is for
eluent over anion can be derived:*®

Q (equation 6.4)

CEA =K
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6.2 Experimental
6.2.1 Chemicals and Reagents

Sodium bromide and disodium tetraborate decahydrate were purchased
from Sigma-Aldrich (St. Louis, MO, USA); sodium nitrate and sodium chloride
were from EMD Chemicals (Gibbstown, NJ, USA); and sodium bicarbonate,
anhydrous sodium carbonate and sodium acetate trihydrate were from Caledon
(Georgetown, ON, Canada). Deionized water (> 17.7 MQ) from a Barnstead or
MilliQ system was used for solution preparation. Sodium chloride, sodium
bromide and sodium nitrate solutions were prepared in deionized water in the

range of 0.1 mM to 500 mM for column overloading studies.

6.2.2 Instrumentation

Either a Dionex ICS-2000 or ICS-3000 ion chromatography system
(Thermo Scientific, Sunnyvale, CA, USA) was used. A Dionex EluGen III NaOH
eluent generator was used for the generation of NaOH eluent for the IC-2000. The
carbonate eluent was prepared manually. All connections were made with PEEK
tubings. Injections used a 20 pL loop. For overloading studies, samples in the
concentration range (0.1 - 500 mM) were injected in duplicate. Three Dionex
columns (250 x 4 mm i.d.) were used: IonPac AS23; IonPac ASI1S8; and
IonPacAS16. The properties of the columns are summarized in Table 6.1. Studies
were at 1.0 mL/min and ambient temperature or 30 °C, as noted. A 4 mm ASRS-
300 suppressor (Dionex) was used in the recycle mode prior to conductivity

detector. Chromeleon (version 6.80) was used for data collection at 20 Hz.
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Table 6.1. Column characteristics

Columns (Capacity)? Eluent Selectivity® Column Chemistry

AS16 (170 peq) Hydroxide Latex coated resin, 9 pm,
alkanol quaternary ammonium
ion, “ultralow hydrophobicity”

AS18 (285 peq) Hydroxide Latex coated resin, 9 pm,
alkanol quaternary ammonium
ion, “low hydrophobicity”

AS23 (320 peq) Carbonate Hyperbranched resin, 6 pm,
alkanol quaternary ammonium
ion, “ultralow hydrophobicity”

* nominal capacities as reported by the manufacturer.

® manufacturer's recommended eluent.
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6.2.3 Calculations

The retention data needed to calculate Kga from equation 6.4 was obtained from
Virtual Column (Dionex Corporation, SP 6.80) when available. The parameters
(Vm, Kk, eluent concentration, [E]) used in equation 6.4, were directly obtained
from the chromatograms (k) in the case of borate. The dead volume Vm was
determined from the dead time based on the water dip and the flow rate.
Calculated selectivity coefficients for common monovalent ions have already
been listed elsewhere.”> The data was obtained from the Virtual Column data.?
The statistical moments were determined by the Chromeleon software (Dionex

Corporation, SP 6.80). The second centralized statistical moment (variance) is:

_ J( = w)? f()dt (equation 6.5)
Ho

Uz

in which p, is the zero statistical moment (area), y, is the first statistical moment
(i.e. center of gravity) and f(t) represents the baseline corrected signal over time t.
The peak skewness S is calculated as:

~ (Wgtg) (equation 6.6)

S
Vikz

where tr is the retention time of the peaks. When S = 0, the peak is symmetrical; S

< 0 implies fronting; and S > 0 indicating tailing.

6.3. Results and Discussion
The peak elution profile fundamentally gives information about the

processes occurring on the stationary phase and within the mobile phase. Modern
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IC columns are intentionally designed to be of low capacity to enable use of low
concentrations eluents that can be easily suppressed for conductivity detection.
Extensive research has gone into improving the efficiency' and selectivity® of the
ion exchange phases to enable fast and high resolution separations. However the
chromatographic figures of merit such as retention time, column efficiency and
peak asymmetry change with analyte concentration when a column becomes
overloaded.?® This work investigates the peak overload patterns observed in ion
chromatography with a variety of common IC analytes and eluents (borate,
hydroxide and carbonate). This enables the establishment of guidelines to predict

peak shapes under overload conditions in ion chromatography.

6.3.1 Overload Peak Shapes with Borate Eluent

Borate is a commonly employed eluent in suppressed IC separations for
high resolution separation of weakly retained inorganic and organic anions.?’
Borate has weak elution power?’ on anion exchangers and is therefore used in
high concentration to elute ions in a reasonable time. Figure 6.2 shows the peak
shape when 1 to 500 mM bromide is injected into AS16, AS18 and AS23 columns
with a 32 mM tetraborate eluent (pH ~ 9.1). All three columns show tailing
behaviour when overloaded (S > 0 for all concentrations), and the skewness (i.e.,
amount of tailing) increases with the injected concentration. Simultaneously, the
efficiency in Figure 6.3 drops from 7000 - 3440 under analytical conditions to

<40 plates at 500 mM Br". It should be noted that injection of 500 mM Br™ only

utilizes 3-5% of the total anion exchange capacity of these columns.
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Figure 6.2. Overload profiles of bromide ion on AS16, AS18 and AS23 columns.
Conditions: eluent, 32 mM sodium tetraborate (pH ~ 9.1) with a flow rate of 1.0
mL/min, Br” concentration: 1, 10, 100, 300 and 500 mM, suppressed conductivity
detection in recycle mode. All columns are 250 mm x 4 mm i.d. and used with 20
uL injection loop.
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Figure 6.3. Efficiency and skewness trends with borate eluent on analytical
columns as function of bromide concentration. Conditions: Columns AS16 (0),
AS18 (0) and AS23 columns (A) (250 x 4 mm i.d.); eluent, 32 mM sodium
tetraborate at 1.0 mL/min; Br" concentration: 1, 10, 100, 300 and 500 mM with 20
uL injection; suppressed conductivity detection in recycle mode.
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6.3.2. Peak Shapes with Hydroxide Eluent

Hydroxide is an ideal eluent for suppressed IC, as its suppression product
is pure water, which yields the lowest conductivity background possible for any
aqueous eluent.?® Fundamentally, hydroxide is a weak eluent for anion exchanger
resins, due to its very strong interaction with water. A highly hydrated ion, like
hydroxide, prefers the aqueous phase rather than the hydrophobic resin phase
where waters of hydration are not readily available.”” Figure 6.4 shows the
bromide overload behaviour on the AS16 column for various NaOH eluent
concentrations. Two trends are evident: (a) bromide shows fronting overload
behaviour; and (b) the concentration of the hydroxide eluent does not affect the
fronting characteristics of the overload peaks. This behaviour is in stark contrast
with the tailing behaviour observed on the same column with a borate eluent
(Figure 6.2).

As seen previously for borate (Figure 6.3), the efficiency drops from
>5000 plates under analytical conditions to < 1000 plates at 100 mM Br ~ and ~
200 plates by 500 mM Br ~. The peak skewness in each case is < 0 (Sasi¢ ~ -1.2
with 500 mM Br for all NaOH eluent concentrations).

6.3.3. Prediction of Peak Shape Under Overload IC Conditions

Sections 6.3.1 and 6.3.2 show that simply changing the eluent used with a

given IC column (AS16) can alter the type of overload observed. We propose a

qualitative and semi-quantitative explanation for the overload elution profiles.
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Figure 6.4. Overload profiles of bromide ion on AS16 (250 x 4 mm i.d.) columns
with sodium hydroxide eluent at 30 °C. Conditions: eluent, 7.5 - 32 mM NaOH at
1.0 mL/min; Br™ concentrations of 0.1, 1, 10, 100, 300 and 500 mM; suppressed

conductivity detection in recycle mode. Column is used with a 20 pL injection
loop.
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As discussed in Sec. 6.1.1, overload behaviour cannot simply be viewed in
terms solely of the analyte sorption behaviour. Rather, the components in the
mobile phase compete with the analyte(s) for the sorption sites on the stationary
phase, resulting in the competitive Langmuir isotherm (equation 6.1).

Fundamental studies have shown that in normal and reversed phase
chromatography the strength of the adsorption of the strong mobile phase
component dictates the analyte peak shape under overload conditions.!® 1> 17 The
comparative adsorption strength of the mobile phase components vs. the analyte
was determined by injecting the mobile phase component (acetonitrile, or
methanol) and the analyte into the RPLC column using pure water as an eluent. If
the strong mobile phase component in RPLC (e.g., methanol or acetonitrile) was
more weakly adsorbed onto the stationary phase than the analyte, the analyte
peaks were always tailed (i.e., Langmuirian) under overload conditions.?% 30 3!
Alternately, if the strong mobile phase component was more strongly sorbed onto
the stationary phase than the analyte, fronting might be observed.?°

In IC, the eluent consists of water (extremely weak eluent component) and
the eluent ion (E", strong eluent component). In anion exchangers, the eluent anion
competes with the analyte anion for the limited number of available sites on the
stationary phase (equation 6.2). The selectivity coefficient Kea of a monovalent
eluent vs. a monovalent analyte provides insight into the relative interaction
between the charged species and the resin. If Kea = 1, then the analyte anion

interacts with the stationary phase similarly to the eluent anion. If Kea > 1 the
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eluent anion interacts more strongly than the analyte, and if Kea < 1 then resin
retains the analyte anion more strongly than the eluent anion.*

The Kaorate, r values were determined based on bromide retention on each
column and equation 6.4. The Kaorate, Br for the AS16, AS18 and AS23 columns
are 1.2, 0.62, and 0.67 respectively. That is, borate has either comparable or lower
affinity for the stationary phase than does the bromide ion. In Figure 6.2, all
overloaded bromide peaks were tailed when borate was used as eluent, regardless
of the column capacity or chemistry. This is consistent with past fundamental

studies!?- 20> 30

which stated that tailed analyte peaks are observed for competitive
Langmuir isotherm where the strong eluent component (borate in this case) is
more weakly retained than the analyte.

Qualitatively, this tailed peak shape can be explained using Figure 6.1
Under competitive Langmuir isotherm conditions, both the A" and E™ can act as
eluents. Under trace conditions (Figure 6.1A), the analyte concentration is low,
such that elution depends only on E". Hence, Gaussian peaks are observed at tr. In
Figures 6.1B and 6.1C high analyte concentrations have been injected such that
the eluent behaviour of both A~ and E” must be considered. In Figure 6.1B the E
is less strongly sorbed than A°. The highly concentrated analyte plug readily
displaces the more weakly retained E°, and saturates the ion exchange sites. The
excess A self-displaces the retained analyte, causing the analyte band to move
down the column more rapidly. Hence, under such conditions the sharp front of

the overloaded band in Figure 6.1B elutes earlier than the true retention time

observed under analytical conditions (Figure 6.1A). The resultant peak in the
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chromatogram shows a sharp front and a gradual tail that extends back to tr. The
larger the concentration of sample injected, the greater the analyte self-
displacement and so the earlier the peak maximum is observed.

In the case of NaOH eluent with the AS16 column (Figure 6.4), all
overloaded Br™ peaks are fronted. The peak shape is independent of the hydroxide
ion concentration. Traditionally, hydroxide is a weak eluent for anion exchanger
resins, because of its very strong interaction with water. A highly hydrated ion,
like hydroxide, prefers the aqueous phase rather than the hydrophobic anion
exchanger resin phase where waters for hydration are not readily available.?
However, replacing one or more of the alkyl groups on a quaternary amine anion
exchanger with a more polar functional groups such as an alkanol greatly
increases the affinity of the resin to hydroxide eluent (i.e., increases the
hydrophilic character of the resin).?>> 3 On such hydrophilic resins, hydroxide ion
becomes a more powerful eluent. For instance, simply changing the ion exchange
site from trimethylammonium group to dimethylethanolamine reduced the
retention factor kK of Br™ from 19.2 to 0.92 when using a 100 mM OH- eluent.?
While the exact functional groups on commercial IC columns are proprietary, the
manufacturer does qualitatively indicate the hydrophilicity of the ion exchange
sites, which are summarized in Table 6.1. The "ultra-low" hydrophobicity
designation for the AS16 suggests that OH™ is an effective eluent on this column.
Indeed, the selectivity Ko, Br is 3.6 on AS16,% indicating that the AS16 resin

retains hydroxide ion more strongly than the bromide ion.
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In the fundamental studies of overload in reversed phase chromatography
discussed above, the “first and foremost” condition that determines peak shape
under overload conditions is the relative retention of the analyte vS. strong mobile
phase component. For a weakly retained eluent (e.g., borate), this condition is
sufficient to dictate that the peaks will be tailed.'*** However, if the mobile phase
component is more strongly retained than the analyte, overload peaks may either
be tailing or fronting.'> 2* Whether fronting or tailing is observed depends on the
first system peak of the mobile phase. If the first system peak of the mobile phase
component appears before the analyte peak in the chromatogram, as is observed in
IC,** the overload peaks will be fronting.'2°

Qualitatively, the fronting behaviour observed in Figure 6.4 can be
explained in the light of the competitive Langmuir isotherm. Again, the key
consideration is that both the A" and E" act as eluents. In Figure 6.1C, the injected
A" acts as a weaker eluent than the displaced E". Thus, the analyte within the high
concentration zone elutes down the column more slowly than if it would be by E
Under these conditions, the peak maximum observed under overload conditions
(Figure 6.1C) elutes after the retention time under analytical conditions (Figure

6.1A). As a result, at the column exit, the detector shows a gradual front and a

sharp trailing edge, as observed in Figure 6.4.

6.3.4. Generality of Selectivity Coefficients for Predicting Peak Shapes
In the following sections, we evaluate the utility of selectivity coefficients

for predicting peak shapes under overload conditions.
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6.3.4.1. Bromide Overload on an AS23 Column with Various
Monovalent Eluents

The AS23 is an ultra-low hydrophobicity column with alkanol amine
quaternary groups.® We investigated overload of bromide on the AS23 using
hydroxide, bicarbonate and acetate eluents (Figure 6.5). Both fronting and tailing
were observed for bromide on the AS23. With 25 mM NaOH, the overloaded
bromide peak fronted (S = -0.5). This is the shape which would be predicted based
on the selectivity coefficient Kow, sr of 2.7, i.e. fronting is predicted if the eluent
ion is more strongly retained that the analyte. The fronting is less pronounced than
obsersed on the ultralow hydrophobicity AS16 column (Kon, r of 3.6) where the S
=-1.2 (Sec. 6.3.2).

Acetate and bicarbonate are weak eluents as judged by the selectivity
coefficients, Kaicarb, Br = 0.99 and Kacetate, 8Br = 0.41 respectively. Thus similar to
borate (Sec. 6.3.1, Figure 6.2), both acetate and bicarbonate eluents show highly
tailed overload peaks. However, despite the difference in the selectivity
coefficient for acetate and bicarbonate, the skewness are comparable (S = 1.14 vs.

1.11 respectively).

6.3.4.2. Overload of Chloride, Bromide and Nitrate on AS18 Column

The manufacturer describes the AS18 as a "low hydrophobicity" column.
In contrast, the AS16 and AS23 columns discussed in Sec. 6.3.3 and 6.3.4.1 are
“ultra-low hydrophobicity” columns. Measurements of Kona for a variety of

analytes confirms these qualitative descriptions of the resins.?® Figure 6.6 shows

180



Eluent: NaOH

Eluent: NaHCO,

Eluent: CH;COONa

2] 500 mM Br 500 mM Br- 500 mM Br
- ~ e
& |
2
°
=]
g lwoous ]200 us 50 us
Q
| 10 mM Br-
—— —l v | 7 =
0 2 4 6 4 8 12 0 5 10 15 20 25 30 35 40
Time / min Time / min Time / min

Figure 6.5. Overload profiles of bromide ion using three different eluents on an
IonPac AS23 column (250 x 4 mm i.d.). Conditions: eluent, 25 mM NaOH, 25
mM NaHCO3 and 25 mM CH3COONa at 30 °C; Flow rate, 1.0 mL/min; injection
volume, 20 puL; suppressed conductivity detection in recycle mode.

181



1000 ps

500 mM CI 500 mM Br 500 mM NOy
"] ~ . .
a
oy
2
°
3
b1
c
]
(%]

] 1048 \
_ 0i1mMCl 0.1 mM Br . 0.1 mM NO;
20 3.0 4.0 5.0 6.0 20 4.0 6.0 8.0 100 20 4.0 6.0 8.0 10.0
Time / min Time / min Time / min

Figure 6.6. Overload profiles of chloride, bromide and nitrate ion on an IonPac
AS18 (250 x4 mm i.d.) column with sodium hydroxide eluent. Conditions: eluent,
1.0 mL/min of 32 mM NaOH at 30 °C; 20 pL injection; suppressed conductivity
detection in recycle mode.
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Figure 6.7. Overload profiles of bromide ion on an IonPac AS18 column (250 x4
mm i.d.) with sodium hydroxide eluent. Conditions: eluent, as indicated at 1.0
mL/min at 30 °C; Br™ concentration: 0.1, 1, 10, 100, 300 and 500 mM, suppressed
conductivity detection in recycle mode; Injection volume: 20 pL.
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the overload behaviour of Cl', Br' and NOs™ under trace (0.1 mM) and overload
conditions (500 mM) on the AS18 column. On the low hydrophobicity AS18
column, the weakly retained chloride peak is fronted (S = -0.77) whereas
moderately retained bromide (S = 0.6) and nitrate (S = 0.9) peaks are tailed. This
behaviour is consistent with the relative strengths of the affinity of hydroxide with
respect to each analyte anion. The Kona for chloride, bromide and nitrate on the
AS18 are 5.8, 2.1, and 1.6 respectively.?® Since hydroxide ion has a strong affinity
on the AS18 resin with respect to the chloride, the overload peak is fronted as
predicted from the discussion of Figure 1(C). On the other hand, hydroxide has a
comparable affinity as the nitrate and bromide ions on the ASI18 resin. As
observed with borate/bromide on the AS16 column (Section 6.3.1) and
bicarbonate/bromide on the AS23 column (Section 6.3.4.2), such a condition
results in peak tailing. The peak shape for bromide does not change with respect
to change in the hydroxide concentration (Figure 6.7).
From the above test cases (Figures 6.2, 6.4, 6.5, 6.6 and 6.7) we can conclude:
a. If the Ke, ais small (< ~2), a tailing peak will be observed under overload
conditions.
b. If the Kg, ais large (> ~2), a fronting peak will be observed with a given
monovalent eluent and monovalent anion.
c. Additionally, the peak shape (fronting vs. tailing) does not depend on the
concentration of the monovalent eluent. This last observation does not

hold with a divalent eluent, as will be discussed below.
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6.3.5. Overload Peak Shapes with a Divalent Eluent

Carbonate-bicarbonate is the most widely used eluent in suppressed ion
chromatography because of its powerful elution properties (at low concentration)
and buffering properties.? 3

Figure 6.8 shows the overload behaviour of bromide on the AS23 column
using four concentrations of a 10:1 carbonate-bicarbonate eluent. At low total
concentrations of carbonate-bicarbonate (2.5 to 5 mM), all bromide overload
peaks are fronted (S ~ -1.3). As the eluent concentration is increased to 10-25 mM
total carbonate, the peak shape switches to tailing (S ~ 0.5). Similarly, in Figure
6.9, the peak profile on the AS16 resin also evolves from severe fronting (S ~ -
1.3) at low concentration of total carbonate to classical tailing at 25 mM
carbonate. This peak shape transition with carbonate eluents in Figures 6.8 and
6.9 is in stark contrast to what was seen with monovalent eluents (Figures 6.2 and
6.7), where the peak shape was either always fronting or always tailing, and did
not depend on the eluent concentration.

An anion exchange resin interacts more strongly with a divalent anion than
a monovalent ion by the principles of electroselectivity.>*3® This principle states
that a doubly charged ion will create a larger Donnan potential between the resin
phase and the aqueous phase, leading to its stronger attraction than a singly
charged ion. Thus, in the carbonate-bicarbonate system, COs>" is the strong
eluting ion, despite both bicarbonate and hydroxide ions also being present.? 33

For instance, on the Dionex AS4A, which contains alkanol quaternary ammonium

groups, the inter-eluent selectivity (Kcarbonate, bicarb.) 1s 13.8 and Kbicarb, hydroxide
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Figure 6.8. Overload profiles of bromide ion on the IonPac AS23 (250 x 4 mm
i.d.) column as a function of sodium carbonate-bicarbonate concentration.
Conditions: eluent, Na2CO3-NaHCO3 in 10:1 ratio at 1.0 mL/min at ambient
temperature; Br~ concentrations of 0.1, 1, 10, 100, 300 and 500 mM with 20 pL
injection; suppressed conductivity detection in recycle mode.
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Figure 6.9. Overload profiles of bromide ion on the IonPac AS16 (250 x 4 mm
i.d.) column as a function of sodium carbonate-bicarbonate concentration.
Conditions: eluent, Na2CO3-NaHCOs3 in 10:1 ratio at 1.0 mL/min and room
temperature; Br~ concentrations of 0.1, 1, 10, 100, 300 and 500 mM with 20 pL
injection; suppressed conductivity detection in recycle mode.
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= 1.54.%° Thus, CO3* plays the main role over all other monovalent eluent anions
in the carbonate-bicarbonate system by an order of magnitude.

Based on Section 6.3.3, if the affinity of an eluent anion for the stationary
phase is higher than that of the analyte ion, fronted peaks will be observed. This is
what is seen with low concentrations of total carbonate on both the AS23 and
AS16 (Figures 6.8 and 6.9).

However, in these figures a peak shape transition from fronting to classical
tailing is seen at higher carbonate concentrations. This is due to the change in
multivalent selectivity with ionic strength. This is a well-known occurrence in the
ion-exchangers (in water purification) literature where sulfate ion tends to elute
carlier than chloride in high ionic concentration waters.’” 3% 40 The
electroselectivity reversal®’ can be explained in terms of the Donnan potential. At
low ionic strength, the resin attracts the anion in the mobile with a force, which is
proportional to the analyte’s charge density. As the ionic strength is increased, the
absolute value of this Donnan potential decreases and at a certain point becomes
zero. As a result, the resin loses its preference for the multivalent anion. Thus,
each anion exchanger has a specific inversion point where it will lose the affinity
of the divalent anion over the monovalent anion, depending on the nature (cross-
link and functional group) of the resin. This effect is quantified by equation 6.3,
which shows that the retention of a multi-valent ion is more strongly dependent on
the eluent strength than a monovalent ion.?!- 24
To investigate the effect of ionic strength on the relative retention of CO3*

and Br~ a series of separations were performed in which these two ions were
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treated as analytes and increasing concentrations of a hydroxide eluent were used.
Figures 6.10 and 6.11 plot the log k for CO3* and Br against the log [NaOH] on
the AS23 and AS16 columns, respectively. The plot shows that as the NaOH
concentration (hence the ionic strength) is increased, the anion exchanger resin
loses its affinity for the divalent anion (carbonate) relative to the monovalent ion
(bromide). Indeed, the slopes in Figures 6.10 and 6.11 are near the ideal slopes
predicted by equation 6.3. At higher ionic strengths (higher [NaOH]) elution order
reversal occurs between the two ions. The intersection point of the lines
corresponds to the critical ionic strength where electroselectivity reversal occurs.
From the log k and log [NaOH] plot, we can extract the critical ionic strength at
which the bromide and carbonate ion would reverse their elution order (the
intersection point of two lines). In the case of AS23 (Figure 6.10), the critical
crossover ionic strength is 19 mM. That is, at an ionic strength lower than 19 mM,
the AS23 column retains CO3> more strongly than Br, which at a higher ionic
strength CO3* will be more weakly retained than Br.

Considering again the reversal in peak shape seen in Figure 6.8, at low
carbonate concentrations the ionic strength is low and the eluent ion (CO3%) is
more strongly retained than the analyte (Br’). As was discussed in Section 6.3.3,
under such conditions peak fronting is observed. As the eluent concentration in
Figure 6.8 is increased, a transition in overload peak shape is observed between 5
mM CO3*/5 mM HCO3™ (1=15.5 mM) and 10 mM CO3*/1 mM HCOs (I=31
mM). The critical ionic strength that is observed for this AS23 column (Figure

6.10) is 19 mM. Thus, when the ionic strength of the carbonate eluents exceeds 19
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mM, the eluent ion (CO3%) is more weakly retained than the Br~ analyte, and so
peak tailing is observed.

The AS16 column shows a similar pattern where the electroselectivity
reversal between bromide and carbonate occurs at an ionic strength of ~30 mM
(Figure 6.11). Thus, fronting is expected for carbonate eluents of ionic strength
below 30 mM and tailing would expected for higher ionic strength carbonate
eluents. This general trend is observed in Figure 6.9, but the precise transition in
peak shape does not occur precisely at the critical ionic strength. Peak fronting is
observed in Figure 6.9 for the 10 mM CO3*/1 mM HCO;3 eluent which has an
ionic strength (I = 31), slightly greater than the 30 mM critical ionic strength
determined in Figure 6.11.

Thus, the behaviour of carbonate eluent is consistent with the ideas
developed in the Section 6.3.4. Simply put, if the eluent anion is more strongly
retained than the analyte anion, the analyte will definitely produce fronting peaks
under overload conditions, as observed with low concentrations of carbonate
eluent. Conversely, if the eluent is less strongly retained, as in the case of high
carbonate eluents, peak tailing may be observed. However, as was concluded in
Section 6.3.4.2, the transition between peak fronting and peak tailing does not
occur exactly at the conditions predicted by theory, but at conditions close to

those predicted.
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Figure 6.10. Retention behaviour of bromide and carbonate ion on a log k vs. log
[NaOH] plot using an AS23 (250 x 4 mm i.d.) column. The horizontal line (blue)
separates the fronting and the tailing regions. Conditions: eluent, NaOH at 1.0
mL/min, analyte concentration: 0.1 mM Br™ (o) and 2.5 mM CO3* (A), 20 uL
injection loop, and suppressed conductivity detection in recycle mode. The slopes
for CO3* and Br~ are -1.94 and 1.00, respectively.
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Figure 6.11. Retention behaviour of bromide and carbonate ion on a log k vs. log
[NaOH] plot using an IonPac AS16 (250 x 4 mm i.d.) column. The horizontal line
(blue) separates the fronting and the tailing regions. Conditions: eluent, NaOH at
1.0 mL/min; analyte concentrations of 0.1 mM Br™ (0) and 2.5 mM COs* (o); 20
uL injection loop; suppressed conductivity detection in recycle mode. The slopes
for CO3* and Br~ are -2.02 and 1.11, respectively.
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6.3.6 Analytical Significance of Tailing vs. Fronting on Analytical Columns
The fronting or tailing of the major component will affect the shape and

retention time of adjacent trace peaks.*! 42

If the major component exhibits tailing,
its peak maximum will shift to earlier time with concentration overload (e.g.,
Figure 6.2). Any analyte eluting just before the shock wave (sharp front of a tailed
peak) will be "displaced" by the shock wave to yield a sharpened peak at an
earlier retention time .** On the other hand a trace peak which elutes just after the
overload peak will experience tag-along effects which smear the trace analyte
underneath the overloaded matrix peak.** Thus overloaded tailing peaks are
undesirable in cases where a trace peak is eluting adjacent to the overloading peak
on both sides.

Fronting peaks shift their retention times to a later retention time (e.g.,
Figure 6.4). Any trace component that elutes after the fronting overload peak can
be "displaced" to a longer retention time.*? On the other hand, a trace peak which
elutes before the fronting peak can be "pulled back" and broadened at longer
retention times.*?

This work has demonstrated that both tailing and fronting can be observed
in IC with the same column. Future studies will be performed to determine how

the overload peak shape of the major component affects the analysis of other trace

components with the sample.
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6.4 Conclusions

Concentration overloading phenomenon in chromatography has both
theoretical and practical significance. In the case of IC eluents, competitive
Langmuir isotherms offer a realistic picture of the process occurring inside the
column. This work showed a simple criterion of the relative retention of the
analyte anion and eluent ion for predicting peak shapes under overload conditions.
When the eluent ion is less retained than the analyte ion, peak tailing is observed.
If the eluent ion is more retained that the analyte ion, peak fronting occurs.
Eluents such as borate and bicarbonate are always weakly retained, and so they
always exhibit tailed peaks under overload conditions. Hydroxide is more
complicated. Recent column development efforts have sought to make hydroxide
a more effective (i.e., more retained) eluent through the creation of more
hydrophilic anion exchange sites. However, such hydrophilic IC columns will be
more prone to exhibiting peak fronting.

For monovalent eluents and monovalent analytes the peak shape does not
change with eluent concentration. With divalent eluents such as carbonate, the
peak shape of the overloaded analyte may change with eluent concentration due to
the effect of electroselectivity. This effect states that the IC retention of a
multivalent ion is more strongly affected by the ionic strength of an eluent than a
monovalent ion. Thus, the relative retention of the carbonate eluent and a
monovalent analyte will switch at a critical eluent ionic strength. Regardless, of
this complexity, the ultimate rule governing overload peak shape in IC remains

the same: if the eluent ion is less retained than the analyte ion, peak tailing is
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observed; whereas if the eluent ion is more retained that the analyte ion, peak

fronting occurs.
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CHAPTER SEVEN. Conclusions

7.1 Conclusions and Prospects

The research presented in this thesis revolved around the factors that
control the resolution of a chromatographic separation, namely the efficiency N
and selectivity factor a. For that purpose, new carbonaceous stationary phases for
separating ionic and polar compounds were developed. The modified carbon
based phases provided a different selectivity for polar molecules. The synthesized
stationary phases were characterized via surface analysis techniques and
chromatographic performance. Once the column chemistry was designed, the
efficiency N of a given stationary phase was improved in two ways: a) by
employing small particles; and b) by optimizing packing of the particles.
Additionally, to obtain a deeper fundamental understanding of peak shapes of
ionic analytes, this thesis also probed the factors that lead to distortion of a peak
profile under overload conditions.

Chapter 2 reviewed the state of the art approaches for achieving fast and
high-resolution separations of inorganic and small organic ions.! Faster ion
chromatography (IC) separations can be achieved by reducing the length of
columns packed with large particle sizes (> 5 um), by compromising the
efficiency on polymeric phases. More recently, commercial columns employing 4
pum in 15-25 cm long columns were introduced.

Commercial IC has yet to produce columns packed with 2-3 um particles

to compete with UHPLC. Carbon clad zirconia particles are available in 2-3 um
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sizes. However, carbon does not easily lend itself to surface modification. The
research described in Chapter 3 was a two pronged approach: a) to devise a
generic and convenient strategy for modifying carbon surfaces; and b) to use the
high efficiency ion chromatography phase in a short column.? The idea was to
"transfer” the chemistry of commercial (polymeric) agglomerated phases onto a
carbonaceous phase. An agglomerated anion exchanger was created by grafting
benzene sulfonic acid on the carbon clad zirconia using diazonium chemistry
followed by adsorbing a layer of custom made Dionex polycationic latexes. The 5
cm column provided lower plate heights (e.g. than the commercial counterpart
column for organic ions) but a reduced plate height of ca. 6 was observed for
organic ions. The commercial column also produced reduced plate heights of 5-6.
A well packed column shows reduced plate heights around 2. This implied that
the packing of 3 pm particles were not optimized. This chapter showed the
feasibility of using particles smaller than 4 um in ion chromatography. However,
the poor reduced plate heights indicated that further research refinements in
packing of the "charged" particles were needed. Additionally, this work gave
insight into the best approach for modifying carbon based phases. These
approaches have subsequently been employed to create new highly stable carbon
based stationary phases with a novel selectivity. One example will be given in
Chapter 5.2

As summarized in Chapter 2, over the past few years Dionex, the world
leader in IC, has been working on small (< 5 um) polymeric particle IC. In a

collaborative project with Dionex, a model 4.4 pum polymeric substrate was
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chosen to investigate the fundamental processes that control column packing.
Packing is a closely guarded secret by column manufacturers, and so the literature
provided very little guidance. Chapter 4 rationalized the packing behaviour of
small polymeric charged particles in HPLC columns.*

Due to their small size, IC particles behave very much like colloids.
Chapter 4 showed that high ionic strength slurries are detrimental for packing due
to agglomeration of the particles. Thus, slurry conditions should promote a
dispersed suspension, i.e., slurry should be at low ionic strength with low valency
counter-ions. However, such dispersed slurries of charged particles show non-
Newtonian rheological properties, i.e. the concentrated slurry solidified when
shear forces acted on it, but liquefied when pressure was removed from the
consolidated bed. This was the first time that shear thickening process was
reported in the chromatography literature. In addition to discovering the shear
thickening properties of the suspension of charged particles, Chapter 4 also
demonstrated how to minimize this undesired property, i.e., by heating the slurry.
Using this packing approach, reduced plate heights as low as 2 were obtained for
the 4.4 um agglomerated phase. Personal communications with Dionex have
informed us that they have modified some of their packing procedures in light of
these results. There is certainly a bright future for small particle ion
chromatography to compete with UHPLC's speed and high resolution. Subsequent
studies with carbonaceous phases in Chapter 5 have demonstrated that the

conclusions made on these polymeric charged particles are relevant to charged
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stationary phases made of different materials. A personally invited tutorial is
being prepared for packing HPLC columns in Analytica Chimica Acta.®

In addition to efficiency N, the selectivity factor o is a critical
chromatographic property. Separation of highly polar compounds is very difficult
in reversed phase chromatography. Hydrophilic interaction liquid chromatography
(HILIC) is the fastest growing separation mode in the industry, as it can retain
polar compounds.® Extensive experiments were designed to modify porous
graphitic carbon (PGC) particles based on the methodologies developed in
Chapter 3. The goal was to convert the highly hydrophobic “super reversed
phase” PGC surface into a polar HILIC phase. The porous graphitic carbon
surface was decorated with benzoic acid groups using the diazonium salt of 4-
aminobenzoic acid. This modification converted the PGC into a polar hydrophilic
surface — a requirement in HILIC. This was first report of HILIC on a modified
PGC in the literature.® After synthesis and optimization of the packing procedure,
the surface and chromatographic properties of this new phase were studied. This
new class of HILIC phase is different from 35 silica and polymeric phases tested.
Personal communications with Thermo Scientific, the manufacturer of PGC,
stated that they had made four attempts to modify PGC for chromatographic
purposes, without much success.

This work has opened avenues for making carbon based HILIC or mixed
mode HPLC stationary phases. For instance, | have synthesized a novel hybrid
silica and modified graphitic phase, which combines the good characteristics of

both silica and carbon. Chromatographic characterization of this phase is
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underway by my collaborator (M. E. A. Ibrahim). Preliminary results are that this
hybrid phase retains the high efficiency of silica phases, while keeping the unique
retention properties of the modified carbon phase.” A major chromatography
company (Phenomenex, USA) has shown interest in exploring this hybrid phase.
Finally, returning to efficiency, an often overlooked factor that can lead to
poor efficiency is overloading of the column by the analyte. Under overload
conditions, the peak shape changes from symmetric high efficiency peaks to
fronted, tailed or even split peaks. While asymmetrical peaks are often seen with
low capacity ion chromatography columns, no studies of this behaviour existed in
the literature. My goal for Chapter 6 was to find out a "predictable” trend for the
peak shape, under overload conditions, with a given eluent. Three commercial
columns with different ion exchange chemistries were studied with common IC
eluents. It was determined that the overload behaviour was characteristic of a
competitive Langmuir isotherm. As such, a simple peak shape criterion was found
to be valid in all cases. If the eluent anion is more strongly retained than the
analyte ion on an ion exchanger, the analyte peak is fronting. On the other hand, if
the eluent is more weakly retained on the stationary, the analyte peak always tails
under overload conditions.® This work has very important consequences in terms
of stationary phase design in IC and for predicting the behaviour of trace analytes
when other components are present in high concentrations. The trace peaks shift
their retention time because of overloading effects. A new graduate student in our
group (M. H. Naeeni) is currently studying this peak interaction behaviour. These

peak interaction effects are also important in two dimensional liquid
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chromatography (for heart cutting purposes). As was discussed in Chapter 2, two
dimensional IC is a promising solution for the analysis highly complex ionic
samples, which have disproportionate amounts of analytes.

Overall, the body of knowledge presented in this thesis will be useful in
both fundamental and practical aspects of the design and packing of stationary
phases employed in the separation of ionic and highly hydrophilic compounds.
We expect to see exciting new phases based on small particles, which offer very
unique selectivity, and high efficiency along with high speed. This is the goal,
which separation scientists have been successfully pursuing over the last 50 years

and will continue to do so in the times to come.
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