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ABSTRACT

Solid phase extraction (SPE) has been developed as an alternative to liquid-liquid
extraction (LLE) in the sample preparation process. The advantages of SPE over LLE are
that it is a more useful, reliable tool for sample preparation, which offers greater
selectivity. The selectivity of an SPE sorbent is vital for the isolation of analyte from a
biological matrix containing a myriad of interferences. The use of conventional ion
exchange SPE for such an extraction process might not be adequate due to the adverse
effects of interfering ions.
Metals immobilized on various modified silicas were investigated to determine if the
addition of metals improved selectivity. The selectivity of these sorbents was studied by
the extraction of analytes from high ionic strength matrices. Extraction selectivity was
found to depend on different factors, including the type of bonded species, metal ions
used and the analytes, counter ions, sample pH and elution solvent composition. Utilizing
coordination complexation between analytes and immobilized metal ions, particularly
when different phases are stacked, can increase selectivity for a particular analyte. Metals
immobilized by ionic exchange sorbents were observed to retain analytes of tridentate
chelation capability more than immobilized metals on bonded chelators.

However,

bonded chelators were observed to be advantageous because they more strongly retained
metal ions, relative to ionic exchangers.

The interactions of immobilized silver ions with unsaturated molecules utilizing SPE
were investigated. Retention of silver ions was found dependent on the nature of bonded
phase. The silver ions immobilized by coordination interactions showed weaker retention
than silver immobilized by ionic interactions. Retention of alkenes by silver was found
to have higher flow dependence, as compared to ionic exchange or ligand exchange
processes. Retention of analytes was observed to depend on a variety of factors, including
the type of bonded phase used for silver immobilization, the composition of the elution
solvent, steric factors, the degree of unsaturation, the geometry and position of the double
bonds of the analyte molecules. Extraction selectivity for geometrical isomers decreased
when silver ions were immobilized by long chain cation exchangers versus those on
conventional short chain cation exchangers.
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CHAPTER I
INTRODUCTION

1.1 PHYSICAL FORCES AND MOLECULAR INTERACTIONS
1.1.1 Introduction
The selection of a chromatographic system for a given separation will be facilitated if
there is some knowledge of the forces operating in the system, that give rise to the
separation. The magnitude of these forces depends on the chemical nature of the
interacting molecules as showii in Table I.l. The interactions of analyte molecules with
liquid and/or solid phase are of prime interest from the point of view of chromatographic
separation. In liquids, two independent interaction mechanisms are operating on the
molecular level: non-specific van der Waals forces and specific interactions involving die
transfer of charge (electrons) between interacting molecules. In principle, the nature of
the adsorption forces between adsorbate molecules and solid surface is the same. These
interactions are classified based on the energetics of the interactions between molecules.
Usually, weak interactions with energies in the range of several Kcal/mole are required
for chromatographic processes.

Table LI Energetics of interactions [86].
Covalent Interactions

100-800 Kcal/mole

Ionic Interactions

50-200 Kcal/mole

Ion-induced Dipole Interactions
Charge Transfer Interactions
Hydrogen Bond

3-10 Kcal/mole

Dipole-dipole Interaction
Dipole-induced Dipole Interaction
Tt-n Interaction
Dispersion Interactions

1-5 Kcal/mole

1.1.2 Covalent Interactions
A covalent interaction occurs when two molecules or atoms share a pair of electrons.
This permits each molecule or atoms to have a stable closed-shell electronic
configuration analogous to the electronic configurations of inert gases. This interaction
results in great bond energy, which ranges from 50 kcal/mole to almost 100 kcal/mole
depending on the interacting molecules or atoms [1]. The covalent bonding observed
usually between strong acids and strong bases, which yields very stable products, is of no
importance in the chromatographic process.
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1.1.3 Ionic interactions
According to Coulomb's law, forces between ions of like charge are repulsive and
between ions of opposite charge are attractive. Ionic bonding is non-directional insofar as
it is purely electrostatic. The attraction of one ion to another is completely independent of
direction, and they are considered long-range and strong forces. The main use of ionic
forces in liquid chromatography (LC) is in ion exchange where the sample is at least
partly ionized and the stationary phase contains ionic sites [2-5].

Ions are also attracted or repulsed by the polar ends of dipole molecules. When dipole
molecules are placed in an electric field, the dipoles attempt to become aligned with the
electric field. When the electric field is the result of ionic interaction, the dipole orients
itself so that the attractive end is directed toward the ion and this repulsive end is directed
away. This suggests that ion-dipole interactions are "directional" in that they result in
preferred orientations of molecules although electrostatic forces are nondirectional [1].
These types of forces are important not only in ion exchange chromatography, but also in
aqueous systems of LC systems where a polar stationary phase can interact widi ionic
solutes.

1.1.3 Hydrogen bonding
Hydrogen bonds are formed between molecules containing a hydrogen atom bonded to an
electronegative atom like oxygen or nitrogen. Such is the case in alcohols, amines, and
water, all of which can both donate and receive a hydrogen atom, forming hydrogen
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bonds. However, molecules such as ethers, aldehydes, ketones and esters can only accept
protons and thus form hydrogen bonds only with hydrogen donors such as alcohol
molecules. Hydrogen bonding has bonding energy around 5 Kcal/mol [chromatography:
concept and contrasts. Miller]. Hydrogen bonds are directional in space, and in this
regard they are unlike ionic interactions. Hydrogen bonding is important in separation
processes and may lead to unsymmetrical peak shapes due to surface heterogeneity.

1.1.4 Charge transfer
Charge transfer is a specific type of interaction that occurs when two molecules or ions
combine by transferring an electron from one to the other. This process forms chargetransfer complex from the attractive forces produced [6]. One of the most common
examples of charge-transfer complexation in chromatography is the complex formed
between Ag^ ions and olefins [7-10], which will be discussed in later section.

1.1.5 Van der Waals Forces
Three main classes of intermolecular van der Waals force interactions have been
identified: dipole-dipole, dipole-induced dipole, and

induced dipole-induced dipole

(Table 1.2). They are often called by the names listed in the second column or by the
names of the men who first described them, as listed in third column.
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Table 1.2 Classification of nonionic intermolecular van der Waals forces
Interaction

Name

Investigator

Dipole-dipole

Orientation

Keesom (1912)

Dipole-induced dipole

Induction

Debye(1920)

Induced dipole-induced dipole

Dispersion

London (1930)

Orientation forces are easy to understand through an analogy with magnetic forces. The
opposite poles attract even though random molecular motion keeps the attraction small.
Similarly, the induction forces can be viewed as similar to a magnet attracting nonmagnetized iron. The induction of a dipole depends on the polarizability of the nonpolar
molecule; large molecules with easily deformed electronic clouds have large
polarizabilities. Dispersion forces, however, can not be compared with magnetic forces or
conventional electrostatics. Dispersion forces are weak forces that exist even in monoatomic gases. Dispersion forces are always present between molecules and are the only
forces between nonpolar hydrocarbons such as the alkanes. For this reason alkanes are
often chosen for study or for use as standards [11-14].
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1.2 OVERVIEW OF SOLID PHASE EXTRACTION PRINCIPLES
Chromatographic techniques function under a continuously flowing phase, the mobile
phase, that could be a gas, liquid or a mixture of the two known as a super-critical fluid.
This mobile phase carries the solute molecules through a stationary phase, usually a
chemically modified solid substrate. The retardation of solute molecules occurs by
different forms of equilibrium realized between the mobile phase and a plethora of
stationary phases of different forms and functions. The retention volume, Vr, is often a
measure of the degree of retention. The general elution equation for chromatographic
processes can be elucidated for a multimode retention mechanism as shown in
equation (1):
Vr = V„ + ZK.Vsi

(1)

where Vm is the volimie of the mobile phase in the column, each different Vj represents
the active interfacial areas besides the bulk volume of one or more stationary phases, and
K, is the thermodynamic equilibrium constant [15].

In the case of a single stationary phase in which only one operating mechanism can be
assumed, equation 1 is reduced to equation (2);
V, = V^ + KV,

(2)

where K is the thermodynamic equilibrixun constant and Vj is the volume of stationary
phase. A molecule with a large K value will be strongly retained on the coliram.
Chromatographic techniques have different capacity factors, k\ which are defined by
equation (3) :

k- = A^A^ = K(V^m)

(3)

where As and Am are the amounts of analyte in stationary and mobile phases,
respectively, at equilibrium. Conventional liquid chromatographic separation often
achieved with the capacity factor, k'. value between 2-20. When k' <2, the analyte is not
retained and minimal resolution is obtained; as k' increases beyond 20, the analyte is
strongly retained and may be difficult to elute.

In contrast to continuous chromatography processes, an analyte is quantitatively retained
{k' » 20) under the appropriate conditions in solid phase extraction (SPE). After

selectively removing any interferences with various solvents, the analyte is eluted off the
column by drastically changing the solvent property (k'«2), as illustrated in Figtire I.l.
During retention, the interaction between the sorbent and analyte should be maximized
over other interactions. However, during elution the interactions between the matrix and
sorbents as well between analyte and solvent should be maximized so that these
interactions disrupt the interaction of analyte with sorbent.

Through changes in the experimental conditions such as solvent polarity, pH, and ionic
strength, etc. before and after the application of analyte samples to the column, the
equilibrium coefficient, can be manipulated, and thus the retention of analytes can be
achieved. Hence, solid phase extraction is often called digital-mode chromatography.
In solid phase extraction, the equilibrium between the solid phase and the liquid phase
leads to the partitioning of the analyte molecules between the sorbents and liquid
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according to partial distribution coefficients. An essential condition for effective
adsorption is the perfect mutual contact between the solid and the liquid phases. Different
analytes, whether hydrophilic, ionic or ionizable species, could be effectively
immobilized on a solid sorbent by choosing the proper solid phase sorbents. The
availability of a variety of solid phase extraction sorbents facilitates the preference of
solid phase extraction over liquid-liquid extraction, which is limited by the two phases
miscibility properties. This is not critical for solid phase extraction because of the
different states of the phases.

1.2.1 Adsorbents used in SPE
At the present time, silica based sorbents are the most widely used in SPE applications.
The virtues of silica-based sorbents include their mechanical stability, ideal flow rates
with low backpressure and commercial availability in a wide range of forms. Silica
sorbents are usually used to make different bonded phases. The surface of a silica particle
consists of a plane of exposed silicon atoms, to which are attached different hydroxyl
groups, as can be seen in Figure 1.2. The silica materials are of irregular shapes, as seen
in Figure 1.3. The tailing effect observed in chromatographic systems is sometimes
attributed to the heterogeneous nature of silica surfaces.

Silica sorbents have particle size distribution ranges of 15-100 {im and very porous
structures. The high porosity of silica particles used in SPE greatly increases the effective
surface area of a particle (400-550 m^/g) versus a spherical particle of the same size
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(0.1-0.4 m^/g). Also, the size of the pores affects the extraction of the anaiytes. With
pores with diameter sizes comparable to the molecular diameter of the analyte,
penetration by the molecules is difficult, while pores with large diameters compared to
the molecular diameter of the analyte allow effective penetration and increase the
extraction efficiency.

Along with bonded siUca, polymers of resin type sorbents are also used for different
applications. They are used as alternative sorbents for trace enrichment, since their
homogenous structure results in greater reproducibility for trace enrichment experiments.
By far the most used type of polymeric resin is based on styrene-divinylbenzene
copolymers (ST-DVB), as shown in Figure 1.4. Sorbents of this type have the highest
efficiency towards the extraction of non-polar molecules [16]. However, upon chemical
modification of the resin with polar molecules, the affinity toward the extraction of polar
solvents increases, a mixture of ST-DVB and aerylate resins was used for this
purpose [17].

1.2.2 Chemical modification of silica sorbents
There are two main routes for silane modification, namely monomeric and polymeric
modifications. In monomeric modifications, fi-ee silanols are reacted with triflmctional
halo- or alkoxysilyl derivatives. This yields phases resistant to hydrolysis which are
claimed to posses less silanol on the surface (Figure 1.5). In polymeric modification, the
free silanol of silica sorbents are treated with monoflmctional halo- or alkoxysilyl
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derivatives. This type of modification yields a unifonn, high chain packing density
surface, but the surface is more susceptible to hydrolysis than monomeric modifications
(Figure 1.6). However, in some cases vertical polymerization may compete with the
desired polymerization (horizontal polymerization) process due to an inappropriate
manufacturing approach, i.e. control of water content or temperature, as seen in
Figure 1.7.

1.2.3 Bonded phases in SPE
The silica-based sorbents can be divided into three major categories: Reversed-phases
(CI8, C8, C6, etc.), polar normal phases ( cyano, NH2, diol, etc.) and ion exchange phase
( PRS, sex, SAX, PSA, NH2, etc.), as illustrated in Figures I.S.a, b and c. Because of
this wide variety in bonded phases, the discussion will be restricted to the ones that are
used in the following chapters.

On reversed-phases, e.g. C8, analytes are dissolved in a liquid phase that is more polar
than the sorbents. Retention on the C8 bonded phase is primarily through hydrophobic
interaction with the bonded C8 chain ( Figtu-e 1.9). However, secondary interaction on C8
is possible through the accessible silanol groups present on the surface (Figure 1.10).
Carbon chain length and the accessibility of silanol groups control the magnitude of both
interactions. As the carbon chain length decreases, hydrophobic interactions are
diminished in favor of polar and ionic exchange with the exposed silanol groups on
surface. This effect is shown in Figure 1.11, which shows a C2 bonded phase in which the
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ethylene chain is not shielding the silanol groups on the surface and thus they are easily
accessible.

Ionic exchange phases are used widely for the isolation of ionic compounds through
primary ionic interactions in which the analyte and ion exchange sites on sorbents that are
oppositely charged. These phases are also used for trace metal enrichments provided that
they present a low ionic strength matrix. Acidic and basic compounds are also retained on
ionic exchangers by optimizing the pH at which they are ionized. Ionic exchangers can be
either cationic or anionic . Propyl sulfonate (PRS) and phenyl sulfonate (SCX) are widely
used as cationic exchangers for the isolation of basic drugs in non-polar solvents. They
can undergo polar and hydrogen bonding interactions, as shown in Figures 1.12 and 1.13.

Anionic exchangers such as propylamine (NH2) and primary secondary amine (PSA)
could be also used as chelators, because of the presence of donor atoms, N-atoms.
However, these types of chelators are dependent on the pH, as illustrated in Figures
I.14a-b and 1.15. Also, these phases can have secondary interactions similar to those
mentioned for cationic exchangers, i.e., polar and H-bonding. For the immobilized metal
chelation method, these amine bonded phases could be advantageous over cationic
exchangers because of their ability to form complexes and retain metals more strongly.
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[.3 COMPLEXATION CHROMATOGRAPHY
In chromatographic separations based on complexation [18-24], the chromatographic
retention depends on the stability of the complexes formed between the stationary phase
and the analyte. The formation of these complexes is affected by factors identical to those
observed in a homogenous phase. Ideas about the formation of complexes in the gas
phase or dilute solutions are based on the theory of charge-transfer complexes [25-26],
Briefly, this theory stresses the electronic character of the electron donor and acceptor
species.
The main factor influencing the stability of the complexes is the electronic structure of
the bonded chelator and metal ion. The orientation character of the charge-transfer
interactions is important as opposed to dispersion forces, which depend on the
polarizability of interacting molecules. The orientation character, along with the electron
transfer process, could be predicted using the molecular wave function. However,
additional factors are responsible for the difference between complex formation in
solution and complexation on a sorbent surface, these factors are :
1. A large surface concentration of complexing species may permit the formation of
complexes with "unusual" geometry or stoichicmetry.
2. The limited motion of adsorbed or immobilized metal ions or chelator species causes
steric hindrance.
These are reasons that equilibrium constants measured for complexation in solution may
not always correlate with retention times or capacity factors observed with complexation
on surfaces.
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1.3.1 Silver ion chromatography
Silver complexation is a well known method for the separation of unsaturated molecules,
based on the number, geometry and position of the double bond in the molecules. Its
application was mainly used in thin layer chromatography (TLC) [27-31], gas
chromatography

(GC)

[32-35] and,

more

recently, high

performance

liquid

chromatography (HPLC) [36-41], The system usually involves loading the silver ions
into the solid support, although reversed phase chromatography with silver ions dissolved
in the mobile phase has sometimes been utilized.

The silver ions were primarily immobilized on silica materials in case of HPLC.
However, upon repetitive usage of the column, a problem was encountered due to silver
leakage which had a corrosive impact on the system components. This leakage was found
to be related to the grade of silica and method of silver impregnation on the silica surface.
A more recent [42] advancement was made by incorporating cation exchangers:
macroreticular sulphonic acid resin and benzenesulphonic acid chemically bonded to
silica (SCX sorbent). The advantages of these materials is that leaching of silver does not
occur because the silver is held by ionic bonds. Columns prepared using ion-exchange
resins or silica-based sorbents can be used for long time without loss of resolution or
sample capacity and are well suited for large scale preparative applications because of
their higher capacity for silver ion than uimiodified silica. However, the silica-based
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sorbents were shown more applicable because of a wider range of solvents that could be
applied without shrinkage or expansion as occurred with resins [43].

Silver chromatography has proven to be a valuable technique to simplify and separate
complex mixtures of different compounds into their main group and individual
constituents. These compounds include olefins, fatty acids, lipids and triacylglycerols.

1.3.1.1 Olefin-silver complex formation theory
The nature of the bonding of olefinic compounds with metal atoms, in general, has been
hotly debated [44-46]. The most accepted explanation for the metal-olefin bond theory is
offered by Dewar [47]. Using molecular orbital theory, Dewar developed a better concept
for metal-olefin bond formation, which consists of cr- and K-components. The first was
postulated as arising fi-om an overlap of the filled bonding Tt-orbital of the olefin with
vacant orbitals of the metal, e.g., the 5s orbital of silver, whereas the second component
(7t) was considered to bie due the overlap of the filled d-orbitals of the metal, e.g., 4d
orbitals of silver, with vacant antibonding Ti*orbitals of the olefin, as shown in Figure
1.16. This polar and reversible complex depends on the ct and tt acceptor and donor
properties of the metal ion and on the chemical nature of the olefins. Intermolecular
interactions between silver and olefins clearly involve electron transfer, which is referred
to as charge transfer interactions or complexation.

Figure 1.16: Silver complexation with unsaturated molecules; formation
of a reversible polar complex
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1.3.1.2 Factors affecting retention mechanism in silver complexation
Since the metal ion remains constant, the only factors that could affect silver complex
formation are attributed to the olefins. There are three main factors separating olefins
[48]:
1- Degree of unsaturation: the stability of complexes increases with an increase in the
number of double bonds, which causes an increase in the a-component of the silverolefin complex. This implies that stability of metal-olefin complexes of CIS unsaturated
compounds will be mono<diene<triene<tetraene<etc.
2- Geometry of the double bonds: Stability increases with the ease of accessibility to the
electrons in the filled orbitals and the inhibition of any steric factors of the orbitals. Thus
cis isomers form stronger complex than trans isomers.
3- Position of the double bonds: The stability of the silver-olefin complex is affected by
the position of the double bond in the molecule. An electron- withdrawing group adjacent
to the double bond weakens the complex compared to a similar double bond either with
or without a weaker electron-withdrawing group. This is due to the inductive effect of the
fimctional group resulting in partial withdrawal or delocalization of the n-electrons of the
double bond [49].
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1.3.1.3 APPLICATIONS OF SILVER ION CHROMATOGRAPHY
[.3.1.3.1Separation of olefins
Monounsatnrated alkenes and cycloalkenes have been extensively studied using silver
chromatographic techniques [50-53]. From all methods used the following were deduced:
1. Substitution at the double bond decreases the retention volume. The steric hindrance of
an alkyl group on a double bond decreases the stability of the complex.
2. Cyclic olefins with substitution in the 3-position show greater retention volume
because of the inductive effect of the alkyl groups, which increases the stability of the
complex. The size of the cycle also affects retention. The larger the ring, the more stable
the complex. This is valid up to eight-membered cycloolefins [54].

1.3.1.3.2 Separation of fatty acids
Fatty acids (FA) were separated as derivatized compounds due to their reactive acidic
group. They were analyzed in the form of methyl esters (FAMEs) where up to two double
bonds could be separated on silver-loaded silica gel [55]. Cod liver oil was separated into
fractions containing three to six double bonds on the same gel [56]. Better separation into
fractions with one to six double bonds was achieved through the use of silverimpregnated cationic exchange columns. Geometrical and positional isomers have been
separated using isocratic elution with silver-cationic exchange columns [57-58].
Generally, the retention volume of FAMEs decreased with increasing polarity of the
elution solvents.
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1.3.1.3.3 Separation of triacylglycerols
Triacylglycerols with up to three double bonds and low amounts of linoleate (two double
bonds) were separated on silver-silica columns [59]. Separation was improved with the
impregnation of silver on cation exchange sorbents. Sunflower oil, maize, rat adipose
tissue and safflower seed oil with high content of linoleate were effectively separated into
fractions with different degrees of unsaturation [60-62], With triacylglycerols a higher
percentage of polar solvents were needed to elute the strongly retained species compared
with elution of fatty acids [62].

1.3.1.4 Solid phase extraction in silver ion mode
The application of silver ion to solid phase extraction is very recent, due to the pioneering
work of Christie et al [63-66]. However, its application has been limited to use as a
simple and effective alternative to Ag-HPLC for the fractionation of fatty acid mixtures
based on their degree of unsaturation. Solid phase extraction columns are inexpensive
with respect to HPLC columns and useful for preliminary simplification of a complex
fatty acid mixture prior to GC-MS or GC analysis. These columns could also be
regenerated and used without deterioration in the capacity for selective extraction [67]

1.4 LIGAND EXCHANGE CHROMATOGRAPHY
Ligand exchange chromatography (LEC) is the term used for chromatographic separation
pioneered by Helfferich [68]. Ligand exchange chromatography was accomplished by the
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immobilization of metal ions on an ion exchanger and the displacement of the ligand
coordinated with the metal ion by a stronger ligand.

Metal ions on ion exchangers are not ideally fixed. They do move and bleed off the
column even with the use of dilute ammonia solution containing ammonium ions [69],
This displacement of the metal ion could be minimized through the use of an exchanger
with a bonded chelator that could immobilize metal through stronger complexation, such
as bonded iminodiacetic acids, hydroxyquinol and others.

It is noteworthy to mention a disputed distinction between silver complexation and ligand
exchange complexation. The ligand exchange term means the displacement of one type
of coordinating ligand by another, for example:
R2Zn(NH3)4 + 4 H2N(CH2)2CH3

> R2Zn(H2N(CH2)2CH3)4 + 4NH3

However, in silver complexation, silver ions act as electron acceptors and organic
compounds act as electron donors. This is considered by some as a form of ligand
exchange. However, silver complexation with olefins is less energetic (12-22 Kcal/mole)
than the usually encountered metal-ligand coordination LEC.
LEC is distinguished by its sensitivity to the molecular structure of the ligands. Small
differences in molecular size or shape usually result in a great effect on the binding
strength of metal-loaded sorbents. LEC is also selective and this seen best in the distinct
separation of D and L forms of optically active enantiomers. The greatest aspect of LEC
is its ability to separate the optical isomers of amino acids [70].
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1.4.1 Coordination properties of metals
Transition metal ions are generally classified into (hard) and (soft) acids. Hard acid
cations are those having a noble gas electronic structure or a large charge : radius ratio.
Soft acid cations are those of transition and postransition metals, so they do not have a
noble gas electronic structure (Table 1.3). Hard acids preferably associate with hard bases
and soft acids associate with soft bases.

Table 1.3: Classification of Acids and Bases
Hard bases

RNHz, ROH, RzO', AcO'

Borderline bases

ArNH2, Pyridine

Soft bases

Olefins, Arenes, RCN, R3P, RSH, R2S

Hard acids

Ca^", AI"", Fe^^, Cr^", Ti""

Borderline acids

Fe"^ Co"", Cu^", Zn"", Sn"", Pb""

Soft acids

Cu"^, Ag"^, Cd''"', Hg''", bulk metals
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LEC is prepared with metal ions of the soft acid type, primarily with Cu", which forms
very stable complexes. According to the Irvin-Williams series, as one proceeds along the
first transition series, the stability of complexation rises in the order of:
Mn< Fe< Co< Ni« Cu with a sharp increase in stability at Cu"; then the stability falls
going from Cu" to Zn" [71],

Cu" ion has a square planar distribution of coordinate sites, which sets it apart from the
other mentioned divalent ions. Ni" favors octahedral coordination, and Zn" favors
tetrahedral geometry. Cu" complexes can also be octahedral, but the octahedron is a
distorted one with the axial bonds being much weaker than the axial bonds in square
planar or the equatorial bonds in both geometries [72].

In choosing a cation for LEC, its stability on the stationary phase and its speed of ligand
exchange must be considered. The ideal metal should be retained on the stationary phase
during the ligand exchange process and should forms a labile metal-ligand complex that
is easily interchangeable in favor of a stronger metal-ligand complex.

1.4.2 Metal-ligand equilibria in solution and on the surface
The distribution of metal-ligand between solution and resin is affected by the affinity of
the metal-ligand toward the sorbents or resin. In the sorbents, the water content is limited
and interactions between ligands and sorbent matrix contribute significantly to the energy
of metal-ligand association. In a polystyrene phase, an aromatic ligand will be distributed
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more in the sorbent phase than in solution because of the 7t-bonding between the ligand
and the sorbent matrix [73-74]. The greater stability of aromatic amine complexes in the
resin compared to solution was attributed to this interaction. In general, the stability
constant observed in solution could not be assumed to govern the complex formed in the
sorbents. The sorbent matrix, besides all the factors mentioned in the previous section,
affects complexation on the surface.

1.4.3 Different mechanisms of exchange
Ligand exchange can be achieved with different approaches depending on the desired
output, (Figures 1.17, 1.18 and 1.19). Figure 1.17 shows a mixture of ligands competing
for the immobilized metal ions; in other words, a ligand exchange process. Upon loading,
the ligand that forms the strongest complexation with immobilized copper will be
retained the strongest while other ligands will move out of the column. The complexing
ligand could be desorbed using a high concentration of monodentate ligands such as
ammonia. Figure 1.18 shows the selectivity of a bonded chelator toward different metal
ions present in a given mixture. This method is used mainly to either adsorb the desired
metal ion or for the isolation of a metal from a mixture. Figure 1.19 illustrates the metal
ion transfer process. In this case, the immobilized metal will have a higher affinity or
binding strength for the analyte ligand. Such a process is similar to the immobilization of
copper on bonded PSA and then using EDTA to recover the metal ion because of the
greater complex formation between EDTA and copper ions. This protocol is used for the
determination of the capacity of a bonded chelator for metal ion complexation.
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1.4.4 Application of ligand exchange chromatography
The most relevant application of LEC is its utilization for native enzyme and other
protein purification. Porath et al. have shown that coordination interactions can be
applied to selectively adsorb and isolate these compounds. The LEC of proteins is better
known as "immobilized metal affinity chromatography" (IMAC),a term suggested by
Porath et al. in 1975 [75-80]. This process proved to possess such advantages as high
sorption capacity, quantitative recovery of the protein with no detectable damage to its
structure, and easy regeneration of the sorbents. In IMAC, interactions take place with
functional groups of the amino acids located at the surface of proteins.

In contrast to the conventional short space arms used between the chelator and the matrix
of the sorbent in LEC, IMAC utilizes longer spacer arms between the sorbent matrix and
immobilized metal sites. This facilitates greater flexibility of the affinity for ligands and
provides sufficient accessibility to the large protein molecules in order to allow the
formation of mixed-ligand sorption complexes.

Gels of high swelling capacity such as Sepharose® 6B, CM-Sephadex® C-50 and others
are commercially available and meet the requirement for long spacer arms, e.g,
Sephar0se®-0CH2CH(0H)CH20(CH2)40CH2CH(0H)CH2N=(CH2C00)2M" IDA-gel

Because of their mechanical stability, silica based sorbents are drawing more attention to
be used as metal chelators for protein extraction [81-84], The bonded chelators on silica
based sorbents show promising results. However, the technique still requires more studies
to develop practical chromatographic protocols for protein purification similar to those
for soft gels.

1.4.5 Solid phase extraction as a ligand exchange method
By far the most used application of SPE when it comes to metal complexation is trace
enrichment of metal ions or complexes firom very dilute samples. In addition one
application using SPE in ligand exchange mode has been reported [85]. In this report, a
polymeric resin consisting of 2-amino-l-cyclopentene-l-dithiocarboxyIic acid (ACDA)
with metal ions such as mercury, silver', and platinum^, was used for the extraction of
phenylurea type herbicides in the presence of aniline as interfering ligand. This
application was expanded in this dissertation to include different bonded phases for the
immobilization of different metal ions. Metal loaded SPE was used to investigate the
selective extraction of different nitrogen -containing compoimds.

Immobilized metal sorbents offer greater selectivity for compounds that could form a
coordinate covalent bonds with the metal ion. Immobilized metal-SPE (IM-SPE) is
different than conventional methods because of its ability to extract the desired
compounds firom a mixture that contains related compounds. Another advantage of IMSPE is its lower sensitivity to the ionic strength of the matrix, which can be cumbersome
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during the application of ion exchange-SPE methodology. IM-SPE on bonded chelators is
more advantageous than the immobilization of metal ions on ion exchangers, because the
metal ions are immobilized through covalent bonds and no leakage is observed. However,
using chelator sorbents, the available coordination sites on the metal ions are reduced.
IM-SPE is also affected by the same factors that govem ligand exchange chromatography
processes, such as pH, nature of the metal ions, and type of bonded chelator.

1.5 Statement of Purpose
Silver complexation is a valuable technique for separation of closely related unsaturated
compounds, especially complex lipids and fats. Understanding the effect of the bonded
phases on the stability of silver ion on the surface is important for optimizing the
separation conditions. This dissertation focuses on the investigation of the factors that
affect silver complexation on surfaces. The work presented here addresses the role of the
oxidation state of silver on the surface and its effect on complexation. Additionally, it
attempts to explain the impact of bonded phases on selectivity for selected probe
molecules.

On the other hand, it addresses the influence of utilizing the ligand exchange mechanism
in solid phase extraction (SPE) technique for possible enhancement in the extraction
selectivity.
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The information obtained from

the above mentioned studies will enhance the

understanding of the major factors that affect the retention mechanism of unsaturated
molecules on silver loaded sorbents. This work also contributes to the understanding of
the surface chemistry of the studied metal ions. This information could be utilized not
only for chromatographic purposes but also for other areas of science.
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CHAPTER TWO
FACTORS AFFECTING RETENTION BEHAVIOR OF UNSATURATED
COMPOUNDS WITH SILVER ION IMMOBLIZED ON SOLID PHASE
EXTRACTION SORBENTS

II. I INTRODUCTION
Silver ion complexation has been utilized for many chromatographic separations
involving olefins, including simple olefins [1], unsaturated fatty acids [2], human and
bovine milk fat [3-4], rat microsomes [5] and brain lipids [6]. Silver ion chromatography
has been limited by a lack of satisfactory understanding of the factors that affect the
mechanism of interaction between silver ion and unsaturated systems on the surface.
Most of the early attempts toward understanding the retention characteristic mechanism
were performed using thin layer chromatographic (TLC) plates [7],

The disadvantages of TLC are due to uncontrolled factors, such as flow rate of the mobile
phase, humidity, temperatiure and precise composition of the mobile phase. These factors
lead to irreproducible Rp values that can not describe the retention characteristics of
olefins in quantitative terms. Column chromatography using silver ions that are ionically
linked to propyl-or phenylsulfonic acid moieties bonded to a silica matrix is more
advantageous [8], due to the well-defined chemistry and the ease of controlling
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environmental factors. The use of solid phase extraction methods affords the same
advantages as column chromatography.

The stability of immobilized silver ion has been a concern for most applications in which
the widely used bonded phase silica sorbent was used. Silver ion was not stable on the
silica surface and the leaching out problem of silver adversely impacted the
instrumentation due to its corrosive nature. Several approaches to silver leakage were
investigated using different bonded phases. The most successful approach was using
cationic exchangers to avoid unwanted silver leakage. Most studies were done using
propyl-or phenylsulfonate ionic exchange bonded phases. In the following sections, the
use of a novel long chain cationic exchanger, octylsulfonate, for the immobilization of
silver ion will be described. In addition, the use of amine and thiol bonded phases for the
immobilization of silver ion through covalent interaction rather than ionic interactions
will also be described.

In general, these experiments were attempted to provide a closer look at the factors that
govern the stability of silver ion on the bonded phase. These factors include the effects of
chemical and physical properties of the bonded phase on the silver ion stability on the
surface. These factors affect, to a variable degree, the retention mechanism of rr-systems
with immobilized silver on the surface. It is widely agreed that silver forms a polar
charge transfer complex with olefins. However, the orientation of the double bonds and
the oxidation states of silver affect the successfulness and strength of such complexation
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[8]. Therefore, it is necessary to study the physical and chemical factors that affect
adsorption of olefins on surfaces modified with silver ions.

II.2 EXPERIMENTAL
11.2.1 Materials
ISOLUTE® Si (silica), SCX ( p-propylbenzenesulfonic acid), PRS ( propylsulfonic acid)
and HCX (mixed mode of C8 and propylsulfonic acid particles) solid phase extraction
columns were obtained from 1ST (Hengoed, UK). They were supplied as pre-packed
columns with sorbents of mass 100 mg and reservoir capacity 1 ml. Dichloromethane,
acetone, acetonitrile were HPLC grade, purchased from J. T. Baker (NJ, U.S.A) and were
used without further purification. Hexane was purchased from Baxter (CA, U.S.A) and
toluene (99.9%) was purchased from SIGMA®(St. LOUIS). All fatty acids were
purchased from ALDRICH® (ST. LOUIS) as methyl ester derivatives. Silver nitrate was
purchased from Spectrum (Pittisburgh,USA).

11.2.2 Preparation of silver-SPE (Ag-SPE) columns
A typical SPE procedure was followed in preparing an SPE column loaded with silver ion
to its full capacity and to perform selective extraction of the analytes under study. This
procedure involved:
1- Sample pre-treatment
2- Column conditioning
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3- Colunin equilibration
4- Sample loading
5- Interference elution
6- Analj^e elution

Most of the analytes used in this work were pure and no significant sample pre-treatment
was required. The unsaturated analytes were dissolved in hexane, as illustrated in figure
ILL Colimms were conditioned with a mixture of water: acetonitrile and then 2 ml of
0.05 M silver nitrate dissolved in 25 ml of 10:1 water: acetonitrile was loaded on the
column, wrapped in aluminum foil. The column was equilibrating by sequentially
flushing with 1 ml acetonitrile, 1 ml acetone, 2 ml dichloromethane and finally 2 ml
hexane. Samples were then loaded on the column and 1 ml of hexane was used to wash
off any interferences. Analyte elution was done using different solvent mixtures.

11.2.3 Sample analysis
The collected samples, mainly the long chain unsaturated and fatty acids molecules, were
analyzed using a Hewlett-Packard 5980A gas chromatograph equipped with HP-5971
mass selective detector, scanned firom 50 to 400 mass range with cycle time of 1.25
s/scan. Injections were in the splitless mode into a 25 m x 0.25 mm I.D. crosslinked 5%
phenyhnethylsilicone capillary column with 0.25 |im film thickness (J&W Scientific,
USA). GC-MS was controlled using HP-G1030A MS Chemstation and HP G1034B
software. The temperature program was as follows: oven temperature was 3 min

FAME solution at 6 ug/mL
dissolved in hexane

1.
2.
3.
4.
5.

Sample pre-treatment
Column solvation
Column pre-equllibrium
Sample application
Interference elution

6. Analyte elution

AgNOj,2ml,0.05M
acetonitrile, 1 mL, acetone, ImL
dichloromethane, 2mL, hexane
1mL
ImL stanadard solution
hexane, 1 mL
hexane/toluene

Figure II.1; Typical SPE procedure applied for Ag-SPE
complexation
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isothermal at 160°C, ramped to 260 at 20°C/min, held at this temperature for 3 min. The
injection port temperature was 280°C and the detector temperature was 300°C. The total
run time for a 2 fiL sample was 11 min.

The same equipment was used for the analysis of short chain molecules such as 1-octene.
octane and 1,7-octadiene. The temperature program was as follows: oven temperature
was held 3 min at 60°C, ramped to 120°C at 15°C/min and held at this temperature for 3
min. The same injection and detector temperatures were used as above. The total run time
for a 2 |j.L sample was 11 min.

11.2.4 Flow rate experimental procedure
ISOLUTE Si (silica), SCX (p-propylbenzenesulfonic acid), PRS (propylsulfonic acid)
and HCX (mixed mode of C8 and propyl sulfonic acid particles) solid phase extraction
columns were obtained from 1ST (Hengoed, UK). They were supplied as pre-packed
columns with sorbents mass of 100 mg and reservoir capacity of 1 ml. After
transformation into the silver mode, each column was placed in the respective Luer fitting
of the vacuum manifold. Silver-SPE the column was stacked to another column of 15 ml
solvent capacity via a suitable fitting. The latter column was filled with the solvent
mixture and with a conjunction valve. The solvent mixture start filling the silver ion
mode column which provides a continuous flow of elution solvents. Vials were placed
inside the vacuum box and a 1 ml aliquot was collected. Flow rate was measured using a
digital timer.
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II.3 RESULTS AND DISCUSSION
II.3.1 STABILITY OF SILVER ION ON DIFFERENT PEIASES
II.3.1.1 Stability of immobilized silver on silica phase
Silica sorbent was the initial phase used to immobilize silver ion in order to separate a
mixture of unsaturated molecules [9]. This surface did not retain silver ion upon
repetitive usage and this leakage caused corrosion of the detector and pumps in the HPLC
system [10]. Upon adaptation of this impregnation method to SPE silica phase, these
effects were also observed, and further investigation of the factors that resulted were
sought.

Figure II.2 shows the infrared spectrum of a silica surface, characterized by a broad band
at around 3414 Cu"' that can be attributed to different types of hydroxyl groups on the
surface. The absence of strong absorption around 3731 cm"' characteristic of free
hydroxyl stretching bands is due to their presence in a deprotonated form. This is due to
silver salt being dissolved in a 10/90-water/acetomtriIe mixture, which makes the pH of
the siuface to be six. Silica has been reported to undergo a cation exchange not only in
neutral solution but also in solution of pH range 3-6 [11]. Furthermore, the infrared
spectrum of silver on silica seems to resemble those observed with different metals that
are ionically held on silica surface. This illustrates the ionic interaction between silver
and deprotonated hydroxyl groups on the silica surface, as depicted in Figure II.3.
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Figure II.3: Ionized silanol groups on a silica surface
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However, the ionic nature of the interaction between silver and the silica surface was
affected by the chemical and physical nature of the silica itself.

Figure 11.4 shows the breakthrough of silver ions measured, using flame

atomic

absorption spectroscopy, upon washing the Ag-Si column with 10 ml of hexane/toluene
and hexane/acetonitrile. The solvent systems that differ in their chemical nature also
differ in their elution strength, the former being non-polar and the latter being strongly
polar with centers of high electron density. The curve shows that the breakthrough of
silver ions is caused more by washing the Ag-Si column with the hexane/ACN than with
hexane/toluene. This can be explained by the strong interaction that ACN has with silver
ion by complex formation, and with the hydroxy1 groups on the surface through polar
interactions. Toluene reacts with silver ions through charge-transfer complexation [12],
However, this latter interaction is weaker than hydrogen bonding that is formed between
the surface hydroxyl groups on surface and ACN molecules.

II.3.1.2 Immobilized silver on propylamine bonded phase
A propylamine phase was investigated as a possible candidate for establishing a stable
immobilized silver ion column without the leakage problem associated with a silica
phase. This phase was chosen because silver (I) will form a linear complex with the
primary amine on the surface. Amines are known to form complexes with almost all
transition elements [13]. This experiment was an attempt to further understand the
interaction mechanism of silver ions on the surface with double bonds. This issue has

Breakthrough of Ag on Si column

Toluene
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Volume of solvent added (ml)

Figure II.4: Breakthrough of Ag loaded silica sorbent
using toluene and acetonitrile
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been the most controversial part in the development of silver ion chromatographic
techniques [14]. There is no clear agreement on the retention mechanism of unsaturated
molecules on silver ion modified surfaces. Some research groups favor the simultaneous
interaction between silver ion and more than one double bond as an explanation of the
dependence of complex strength on the degree of unsaturation [14]. Others favor
successive interaction of the double bonds with the silver ion as the degree of
unsaturation increases based on solution studies [15]. Silver linked covalently to the ht
stationary phase will provide more understanding about its coordination properties, which
mostly adopts a linear geometry [16].

Figure II.5 shows the infrared spectrum for a propylamine bonded phase. It is
characterized by a strong absorption band at 1095 cm'^ a medium strength band around
1620 cm"' characteristic of N-H bending (scissoring), and a very weak absorption band
around 3450 cm"' and no higher absorption bands could be detected which indicate
absence of hydrogen bonding. On the other hand, no infrared spectra were obtained for
the silver immobilized on propylamine phase. This was due to the oxidation of silver as
the modified propylamine phase was dried for IR measurements. Another technique was
sought to determine the behavior of silver on the primary amine phase.

The XPS technique was used to determine the oxidation state of silver on the
propylamine surface. This technique provides the binding energy of propylamine bonded
phase loaded with silver ion, as shown in Figure II.6. Using the Ag-d5/2 energy level and
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after correction for the base line, which is considered as the binding energy of C-ls, the
oxidation state of silver on the surface can be determined by comparing the experimental
data with established data from different silver compounds with different states. In
Figure II.7, the y-axis being the Auger energy of Ag-d5/2 and the x-axis being binding
energy for Agd5/2, the oxidation state of silver was determined by choosing the closest
silver compounds that overlap with the experimental values. Hence, in this case silver on
propylamine existed as Ag+ ion.

The oxidation state of silver on the bonded propylamine can be explained as follows. The
primary amine complexes can undergo oxidation to give imines via elimination of
hydrogen from the a-carbon. The reductive nature of the bonded propylamine-silver
complex may lead to decomposition of the complex according to the following reaction:
C-C-CHz-NHz-Ag ^ C-C-CH=NH+ Hz +Ag"

This Ag^ in the presence of Ught undergoes photoreduction due to ultraviollet light to
result in the formation of Ag° that has the observed black color.
Additionally, using Pearson's "hard and soft" terms for acid^ase theory, silver is
classified as a soft acid since it is one of the heavier transition metals and has a low
oxidation state. However, propylamine is classified as a hard base since it prefers to bind
strongly to hard acids. This means that the complex formed between silver ion (soft acid)
and propylamine (hard base) is not very stable. The relevance of this theory combined
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Figure II.6: An XPS full scan for the Ag propylamine
sorbent
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with the oxidation characteristics of primary amines provides a clear picture of the
behavior of silver on the surface of the propyl aminephase.

It is noteworthy that upon addition of copper sulfate (blue color) and nickel sulfate (green
color) to propylamine bonded phase, a change in color was observed for nickel sulfate
while copper mciintained the same blue color. This was an indication of complex
formation between the primary amine and the metal ions. Upon drying the metal loaded
sorbents in a vacuum oven at 100°C, the color of nickel loaded on the colimm changed
back to green while the copper-amine column changed to green. This behavior is a
possible indication of an unstable amine-complex that undergoes a facile decomposition.
Such unstable amine-metal complexation supports the above explanation concerning
silver ion interaction with the propylamine through silver being more air and light
sensitive than the other mentioned metal ions.

II.3.1.3 Immobilized silver ion on a thiol bonded phase
Silver salts were also study on a propylthiol bonded phase, because of the strong covalent
bond formation between silver ions and siilfur molecules [15]. Silver complexation with
thiol is highly favorable and has been shown in solution to be very stable complex. This
is attributed to sulfur being donor atom and classified as a soft base [16], and silver being
a soft acid which result in the strong S-Ag bond formation.
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Figure II.8 is an XPS spectrum for silver loaded on a propylthiol bonded phase. Based on
same calculation that was explained previously, the silver d5/2 ion spectrum overlaps
with that of AgF compounds as shown in Figure n.9. This means that the silver oxidation
state is zero similar to its oxidation state in AgF. This means that a covalent bond resulted
from silver interaction with the sulfur of the bonded propylthiol.

This covalent bond formation was supported by the ER spectra of Ag-SH versus that of
bonded thiol phase (SH), as shown in Figure 11.10. The surface hydroxyl groups have
broad absorption bands between 3200-3700 cm"' and the other absorption bands
characteristic of the surface due to Si-0 are around 800-1300 cm"'. Closer looks at the
spectra of both SH and Ag-SH, Figure II. 11, show the stretching bands of aliphatic C-H
at around 2937 cm-1 and S-H at around 2860 cm"'. These bands were shifted downfieid
in the IR spectrum of Ag-SH, which is an indication about the replacement of hydrogen
by the large silver atom that resulted in a decrease in the vibrational frequency.
This S-Ag bond on the modified phase was stable to oxidation. No color change of
sorbents was observed upon drying the samples at 100°C . This was contrary to silver
coordination on NH2 bonded phase where the color change to black appeared rapidly.

n.3.1.4 Immobilized silver ion on cation exchangers
As was the case for silica surfaces, where it can act as cation exchanger, propylsulfonate
and benzenesulfonate bonded phases interact ionically with silver salt solution. However,
their ionic interaction is less affected than silica by the acid-base chemistry of bonded

Tj
t-^ •
CTQ

•-i

00
••

X
C/D
o
§

o'
•-$
en

I—' •

CD
O
£3
13>-* •

o

C/3

o

O"

CD

£3

silver, Ag
Ma

47

1 1 » • " -T~f r T " ••?•*' t "t "

1 ? f

/I

-

370

BINOINO eNenov. mV

I
L

371

1 1 »

aro

1 Li

» L9M

•

-

—— •

:

M7
94
Mk. BtHOlNO eNCBOV. aV
•

i

l

l

7~:"

Figure II.9: XPS analysis for the oxidation state of silver
on thiol sorbent
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phase. Figiu-e 11.12 shows the ER spectrum of silver loaded on a PRS column. It shows a
resemblance in the absorption bands to the silica surface which is related to their similar
ion exchange behavior. Sulfonate functional groups are usually present as monovalent
anions, which makes them highly favorable for stoichiometric ionic interactions with
cations such as Ag'' or Cu^'.

The difference between the silica surface and sulfonate bonded phases is that the surface
has fewer hydroxyl groups in the latter phases. It had been reported that the silica surface
a has silanol capacity that varied from 6.2-8.0 |imole/m^ compared to 4.4-6.2 iJ.mole/m"
for the sulfonate bonded phase sorbents [17]. In this case, the ionic interaction of the
sulfonate groups with silver is independent of the nature of the elution solvents, due to
the stability of the sulfonate negative charge over a pH range of 2-10. Figure II.13a
shows the FAAS data obtained by washing the Ag-PRS column with 10 ml of
hexane/ACN and hexane/toluene. The graph clearly shows the stability of the silver ion
on this surface with a negligible breakthrough for silver ion in using different elution
solvents.

In contrast, there was a greater dependence on the nature of the elution solvents with AgSi because polar interactions are more feasible on the silica surface than on the cationic
exchange surface, as shown in Figure n.l3b. The oxygen atoms of the sulfonate group
are concurrently interacting with silver ion via ionic interactions and polar interaction is
reduced upon modification of the sxurface with bonded propyl-or phenylsulfonate groups.
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Another possible explanation for the difference in the stability of silver modified PRS
sorbents versus that of silver modified silica surfaces is the non-specific ion-dipole
interactions. A polar solvent could form an ion-dipole interaction with the ionic bond
between silver and oxygen by aligning itself with the electrostatic field of the bond [18].
The strength of the ion-dipole interaction is greater on silica surfaces than on propylsulfonate phase due to the delocalization of charge density on the sulfonate oxygens. On
the silica surfaces, the negative charge is localized on each oxygen that interacts with
silver ions. However, on PRS, the three oxygen atoms of each bonded propylsulfonate
interact simultaneously with silver ion.

This could be pictured as a monodentate ligand versus tridentate chelation process, with
the exception that ionic interactions are non-directional. On the sulfonate phase, to
destabilize the ionic interaction between silver ion and the three oxygen atoms, three
competing species will have to interact concurrently with sulfonate oxygen atoms. On the
other hand, destabilization of immobilized silver on silica will only require a competing
species.

The small breakthrough of silver is attributed mainly to the polar interaction or ion-dipole
interaction or a combination of these interactions. It suffices to note the greater stability
of silver ion on the sulfonate bonded phases versus that of silica. The physical and
chemical properties of cation exchangers, such as their use for immobilization of silver
ion, are more advantageous than those of silica, amine and to lesser extent thiol.
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Q.3.2 EFFECT OF THE COMPOSITION OF ELUTION SOLVENT ON RETENTION
OF SILVER-tt SYSTEMS
The selectivity of Ag-7t interactions is greatly affected by the nature of the solvent
composition. Most early works on separation of fatty acids were extensively focused on
the application of chlorinated solvents with acetonitrile, which complexes strongly with
silver ions, displacing unsaturated molecules [19-21]. It was also reported that as the net
dipole of the solvent system increased, the retention and resolution between closely
related unsaturated molecules substantially decreased [21]. Aromatic solvents, however,
have drawn little attention as being adequate solvent systems for achieving the desired
selectivity since their UV absorption interferes with those of unsaturated substituted fatty
acids. Figiire 11.14 presents a chart of solvent strength, with a decreasing order
downward, toward pi-Ag displacement.

An investigation was performed to understand the effect of solvent aromaticity on
retention of Ag-it versus that of solvent polarity. Hexane was used as the base solvent
since it is the least effective elution solvent and will readily provide a better
understanding of the variation of solvent composition on Ag-7t retention. For this study,
two systems were employed, hexane/toluene and hexane/dichloromethane (DCM). These
systems were chosen according to their moderate elution strength and polarity although
toluene is more hydrophobic than DCM and has an Ti-electrons system .

Solvents

Polarity Factor

Acetonitrile

5.8

Methanol

5.1

Acetone

5.1

Ethyl Acetate

4.4

Dichlorormethane

3.1

Toluene

2.4

hexane

0.1

Solvent Strength

Figure 11.14: Chart of solvent strength based on polarity factor
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Figure 11.15 represents the elution of methyl oleate on the same bonded phase using
different elution solvents, namely hexane/toluene and hexane/DCM. This graph shows
the retention for methyl oleate, which eluted completely from Ag-PRS with a 20-bed
volume of 80/20 hexane/toluene. However, it was retained even with an application of
40 bed volumes of 80/20 hexane/DCM. The difference in selectivity between the nonpolar solvent (hexane/toluene) and the polar solvent (hexane/DCM) illustrated the
adequacy of aromatic systems for displacement of unsaturated molecules. However, as
can be seen in Figure 11.15, methyl oleate was retained completely with the application of
80/20 hexane/DCM while it eluted from the Ag-PRS with 80/20 hexane/toluene.

These results could be attributed to the nature and its extent of solvation of the analyte in
the different systems, and to the nature of the bonded phase. In this case, methyl oleate
has a greater degree of solvation in the hydrophobic solvent hexane/toluene; this results
in greater elution. Also, toluene contains a 7c-cloud that can complex with silver ion and
under a mass action effect it will effectively disrupt methyl oleate retention with silver by
competing for 7t-interaction with silver ions. However, the effectiveness of the
hexane/toluene solvent mixture decreased when its elution was performed on Ag-Si.
Figure 11.16 shows that the complete elution of methyl oleate on Ag-Si sorbent required a
larger quantity of 80/20-hexane/toluene elution solvent than it did on Ag-PRS. However,
complete elution occurred with only 20 bed volumes of 80/20 hexane/DCM. This
variation is due to the difference in the polarity of the surface. Silica is an unfavorable
surface for the hydrophobic chains of the methyl oleate molecules. This retarded toluene
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from effectively approaching the Ag-7r complex, which is closer to the polar surface on Si
than on PRS.

Beyond the effects of the bonded phase on selectivity and retention, which will be
discussed in more depth in later sections, hexane-based aromatic elution solvents had
greater effects on retention of unsaturated molecules using Ag-PRS than a hexane-based
chlorinated solvent. The greater effect of hexane/toluene is attributed to both the nsystem of toluene and the increase in polarity as the amount of toluene on the column
increases. Toluene has dual functions; one is to compete with the analyte molecules for
complexation with silver ions and the other is to increase the solvation of the analyte
molecules which weaken non-specific interactions of the analyte with surface. Therefore,
based on the discussed results, the polarity of the solvent system should not be the
limiting factor of the selectivity of the solvent system. It should rather be included as a
major part of many other factors which affect selectivity, such as aromaticity, nature of
the bonded phase, solvation effect, and solvent viscosity.

n.3.3 EFFECT OF BONDED PHASES ON THE RETENTION OF OLEFINS
II.3.3.1 Introduction
Studying the stability of immobilized silver ion on different bonded phases was a prelude
to investigating the effect of the modified silica surfaces on the interaction mechanism of
silver with 7t-systems. Silver ion is immobilized on different modified silica-based

115
sorbent through different types of interactions. Such interactions are ionic on silica, PRS
and sex phases, and coordinate-covalent on bonded propylamine and thiol phases.
Consequently, the inductive effect of these interactions could affect the silver molecular
orbital coordination with the 7c-bonds of the unsaturated molecule. In addition, the effects
of secondary interactions on the surface between the analyte molecules and the modified
surface are vital in providing a more comprehensive understanding of the retention
mechanism of unsatiu^ated molecules by immobilized silver ions. The strength of these
non-specific interactions depends on the nature of the bonded phase. While hydrophobic
interaction is minimal on siUca surfaces it is dominant on bonded octyl phases, the
reverse is true for the relative strength of polar interactions on these phases.

Most of the unsaturated molecules studied are composed of a hydrophobic entity that is
available to undergo hydrophobic interaction if the modified surface facilitates such
interaction. Silica surfaces modified with n-alkyl groups (mainly n-octyl and n-octadecyl)
exhibit hydrophobic properties. However, immobilizing silver ion on a long chain
modified surface requires accessible ionic exchange sites. This requirement for ionic
exchange behavior of the long chain was met with the synthesis of an octylsulfonate
bonded to silica-based sorbent. Utilizing this phase to investigate the effect of secondary
interactions on retention selectivity was highly desired since it would provide a new
prospective of the bonded phase effect on the retention mechanism.
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[1.3.3.2 Retention behavior of unsaturated molecules on Ag-Si Vs Ag-PRS
Equal amounts of 1-octadecene and l-octene were loaded on Ag-Si and Ag-PRS
columns. Figures 11.17 a-b show the retention behavior of 1-octadecene and l-octene,
respectively, on Ag-Si Vs Ag-PRS sorbents. These Figiures reflect a variation in the
retention behavior of monounsaturated olefins on each phase.

Even though the primary interaction of 1-octadecene and l-octene on either phase is the
complexation with immobilized silver ion, the secondary interactions on each phase
affect the retention strength. Si phase is characterized by a hydrophilic surface due to
hydroxyl groups exposed on the surface. These hydroxyl groups H-bond with the
adsorbed water molecules on the surface, which results in an uncomplimentary
environment for the hydrophobic olefin molecules. This leads to the repulsion of the
olefin's hydrophobic chain away from the surface. This inductive repulsion effect
weakens the pi-bond complexation with silver ion and results in a weaker retention.

On the other hand, the stronger retention ability of Ag-PRS is due to modification of the
silica surface by a propyl group. This modification reduces the polar nature of the silica
by replacing a large portion of hydroxyl groups (silanol) with a propylsulfonate group. In
addition, this chemical modification of the surface introduces secondary interactions, in
this case, mainly ionic and to a lesser extent hydrophobic interactions. These
combinations induce an envirormient less repulsive than a silica surface for the
hydrophobic chain of the mono-unsaturated olefins. Therefore, less strains are exerted
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from the hydrophobic chains of the monoolefins on Ag-7c complexation and a slightly
stronger retention appeared for monoolefins on Ag-PRS phase.

Figure 11.18 shows the retention behavior of methyl oleate on Ag-Si and Ag-PRS phases.
A similar trend in terms of retention strength was observed, with Ag-PRS being more
retentive than Ag-Si. The chemical structure of methyl oleate provides different
flmctionalities that can undergo multiple interactions with a modified surface capable of
multiple interaction properties. Ag-Ti complexation is the primary interaction for methyl
oleate molecules. The possible secondary interactions of methyl oleate are hydrophobic
interaction through the hydrocarbon chain part of the molecules with the bonded octyl
group and a slight polar interaction through the ester moiety with free silanol on the
surface.

On silica phase, the ester moiety of methyl oleate could interact non-specifically with the
free hydroxyl group on the surface through polar interactions. However, the hydrocarbon
chain at the other terminal of the double bond is directed away from the hydrophilic
surface. This will result in strain on the Ag-7i complexation to a lesser extent than the
monoolefins.

On the PRS surface, the greater retention is attributed to the primary and non-specific
secondary interactions. Even if the same polar interaction could occur for the ester moiety

Volume added (ml)

Figure 11.18: Retention behavior of methyl oleate on Ag-PRS
and Ag-Si. Stage 0) 1 ml hexane, 1-4) 80/20 hexane/toluene added
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on the PRS phase, the reduced polar nature of the surface will facilitate a more stable Ag71 complex. This PRS bonded phase weakens the repulsive effect of the polar surface.

In conclusion, two main interactions can take place on silver-PRS or Si surfaces: A
primary interaction between the silver and the unsaturated centers and a secondary
interaction between the polar sites of the surface with the ester moiety of the fatty acids.
For an unsaturated system to experience such interactions, the substrate molecule must
take up a conformation in which the distance between the ester group and the unsaturated
bond is close to the distance between silica molecules and silver ions in the adsorbent
layer.

11.3.3.3 Retention behavior of unsaturated molecules on Ag-PRS Vs Ag-SH
Silver ions were immobilized on PRS and a thiol phase, designated as SH,
simultaneously. Figure n.19 shows the retention behavior of 1-octadecene on Ag-PRS Vs
Ag-SH. The elution solvent used in this experiment was hexane. The retention behavior
of the mono olefins on Ag-SH is distinguished by a weaker retention than that of AgPRS. Such a behavior could be a result of different factors, mainly the nature of silver
bonds on the modified surface, and to a lesser extent the nature of the bonded phase.

Silver immobilized on the thiol-bonded phase through the formation of strong coordinate
covalent bonds [22]. On the other hand, silver immobilized on PRS bonded phase
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through the formation of ionic bonds. Due to this difference in the nature of bonding for
silver, a different electronic structure will be obtained. The silver electronic configuration
provides a closer look at its electronic properties in each case. On thiol, the 5s orbital of
silver will be occupied due to the overlap of a pair of electrons of sulfur, which results in
covalent coordinate bonds between silver and sulfur atoms on the surface. Such covalent
coordinate bonds have certain spatial orientation, which results firom the hybridization of
the metal valence orbital. Also, because of the difference in electronegativity between
silver and sulfur atoms a higher electron density will be located toward the sulfur atoms
and consequently induce partial negative and positive charges on sulfur and silver atoms,
respectively.

On Ag-PRS, however, the 5s orbital will be empty and available to accept a pair of
electrons from a donor molecule, such as a monoolefin. In addition, the ionic bond
between silver ions and the sulfonate group is a non-directional interaction. This means
that the available orbital to form a complex with the mono-olefin molecules will be a 5svalence orbital on Ag-PRS and the less energetically stable the 5p-valence orbital on
Ag-SH . Thermodynamically, the orbital energies increase from 5s to 5p the stabilization
energy decrease and a weaker complex is formed. This suggests that immobilized silver
on SH phase will form a less stable complex with the mono-olefins than the one on AgPRS, which is the possible explanation for the weaker retention of 1-octene observed on
Ag-SH than on Ag-PRS.
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This postulate was further investigated by loading a diene-olefin, 1,7-octadiene, on both
Ag-SH and Ag-PRS, and then the column was washed with hexane. Figure 11.20 shows
the retention behavior of 1,7-octadiene on Ag-PRS Vs Ag-SH. It is evident that silver
complexes more strongly with the dienes on PRS than on SH due to the empty more
stable 5s orbital on the former and less energetic degenerate 5p orbital. In this latter case
the Jt-electrons will fill one p orbital and the other two p orbitals will be half filled which
is less stable than a filled 5s orbital.

The strength of the silver diene complex could not be interpreted as a concurrent
interaction with silver ions on PRS as it had been suggested [23]. For such simultaneous
interaction to occur, one 7c-system has to overlap with the 5s orbital and the other pisystem with the next available metal orbital, i.e, the 5p orbital. The 5s and 5p orbitals
have different energies, which will destabilize the Ag-Ti complex. In addition, the
similarity of the electron density near the double bonds implies that an overlap of nelectrons must experience the same energetic orbital. This complexation may result in
great changes in the entropy of the interaction and thus cause a decrease in the stability
of the complex.

Such electrons overlapping between energetically different orbitals are probable in cases
where the substituent group(s) adjacent to one double bond influence its electron density.
This will induce a substantial difference in the electron density between double bonds in
the same molecule, which is not the case for 1,7-octadiene. This stronger complexation of

100

80

o
>

o

o
0)
0^

Ag-PRS

60
40

Ag-SH

20
0
2

4

6

8

10

volume added (ml)

Figure 11.20: Retention behavior of 1,7-octadiene on Ag-PRS and
Ag-SH. Stage 0) loaded sample, 1-10) hexane added

N)

126
silver with aliphatic 1,7-octaciiene is rather interpreted by the alternation of the double
bond overlapping with the silver ion. Moreover, the 5s orbital is spherical and capable of
overlapping with the Tu-electrons on all axes. Having 5p orbitals participating in
complexation will require the lobes of 5p orbitals to be oriented in the proper axes for a
favored bond formation, which is entropically limited and causes lower free energy.
However, altemative overlapping of the double bonds with the 5s orbital of silver is
entropically more favored, less entropy changes thus higher free energy, due to less
constrained s-orbital.

On the other hand, the impact of the heterogeneous surface is as significant as the effect
of the silver oxidation state on Ag-n interactions. This is because on both modified
surfaces the molecule will undergo almost the same non-specific secondary interaction
due to the similarity of the bonded phases. However, there is a difference in the
extraction selectivity of the two phases. While hexane was enough to elute 1-octene from
Ag-SH phase, it needed an elution solvent of 80/20 hexane/toluene to completely elute loctene from the Ag-PRS columns. In addition, hexane failed to quantitatively elute any
dienes from the Ag-PRS while 50% eluted with the use of 60 bed volume hexane from
the Ag-SH column.

The significance of these results, is the difference in complex formation characteristics
between silver and 7t-systems on both phases. The difference in the retention behavior of
olefins on the two phases is attributed to the difference in the oxidation state of silver on
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these phases. This complexation was significantly influenced by the energy differences of
bonding orbitals that provide various extents of the cr-character of charge transfer
complexes.

II.3.3.4 Retention behavior of olefins and unsaturated fatty acids on PRS Vs OCS
So far, the retention mechanisms of olefins and fatty acids on silver modified phases with
different extents of non-specific secondary interactions (Si Vs PRS) have been discussed.
Also, their retention on phases that have different immobilization of silver ion (PRS Vs
SH) due to the different oxidation states of silver has been mentioned. It is, then, a
complementary process to investigate the retention behavior of olefins and fatty acids on
phases that are different in their bonded alkyl chain length though with the same ionic
immobilization process for silver ion. Taking into account that olefins and fatty acids are
predominantly hydrophobic, the bonded octyl group chain length is an important factor
that may lead to greater dispersion interactions.

The octylsulfonate (OCS) bonded phase is different from the propylsulfonate bonded
phase because it combines hydrophobic and cationic characters on the same particle.
These properties of the OCS bonded phase allow it to interact with the hydrophobic
portion of olefins and fatty acids which contributes to the retention behavior they exhibit
with silver ion.
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The olefin that was used in this case was chosen because it had a greater hydrophobicity,
which allows for the higher probability of hydrophobic interaction with the bonded
phase. A I ml sample volume of l-octadecene, 4x10'^ M, was loaded on Ag-PRS and
Ag-OCS columns. Then an elution solvent mixture of hexane/toluene was used. Figure
11.21 shows the retention behavior of l-octadecene on both Ag-PRS and Ag-OCS. This
Figure shows the greater retention of l-octadecene on Ag-OCS than on Ag-PRS. 1Octadecene eluted completely with the application of 1 ml of 90/10 % hexane/toluene on
Ag-PRS which is not sufficient for its complete recovery on Ag-OCS. However, by
increasing the percentage of toluene a complete recovery was obtained. This difference in
retention of l-octadecene on Ag-PRS and Ag-OCS could be ascribed to the bonded octyl
chains that have a greater advantage in facilitating a lipophilic ambient for l-octadecene
than a propyl chain of the PRS phase. Moreover, the extended octyl chains reduce more
of the surface polar effect on the stability of l-octadecene complex with silver than the
propyl chain, which creates a proper environment for the retention of hydrophobic
molecules on the surface.

Even though the primary interaction of l-octadecene on both surfaces is through
complexation with silver ion, the greater accessibility of hydrophobic interaction offered
by the OCS phase resulted in greater retention, as can be seen in Figure II.22a. This
secondary hydrophobic interaction is possibly occurring between the bonded octyl group
and the extended hydrophobic chain of l-octadecene. Even though the analyte is solvated
by hexane molecules, the hydrophobic interaction with the octyl chain is possible because
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as the alkyl chain increases, solvation of lipophilic molecules increases. In other words,
the hydrophobic interaction between 1-octadecene and octyl chain is highly energetically
favorable.

On the contrary, the PRS surface has a propyl chain that is not energetically favored
enough for 1-octadecene to have non-specific secondary interactions. Also, on PRS the
surface is more accessible than OCS and the polar nature effect is more pronounced. This
means that the hydrophobic portion of 1-octadecene will be oriented away from the
surface. Assuming a possible secondary hydrophobic interaction of 1-octadecene with the
propyl group will require conformational changes for 1-octadecene which are likely to
weaken the Ag-pi interaction.

The absence of secondary interactions and the surface inductive repulsion effect will
reduce the complex stability of 1-octadecene on Ag-PRS and lead to a weaker retention,
as can be seen in Figiu-e II.22b.

Another sample mixture containing l-octadecene and 1-octene was applied on Ag-PRS
and Ag-OCS. Figure n.23 shows the retention behavior of these monoolefins that differ
in their hydrophobic characters. It reveals that 1-octene was retained stronger on Ag-PRS
than 1-octadecene; however, on Ag-OCS, 1-octene was retained weaker than

Figure II. 22b: Retention mechanism of 1-octadecene on
Ag-PRS, elution solvent 80/20 hexane/toluene

% Toluene

Figure 11.23: Retention behavior of 1-octene and
1-octadecene on Ag-PRS and Ag-OCS sorbents
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1-octadecene. Besides having the same complex formation with silver, the only other
possible explanation for this reversibility in selectivity is the extent of secondary effects
of the modified surfaces.

In an attempt to explain these different behaviors. Figure 11-24 gives a pictorial
description of 1-octene on Ag-OCS phase. Given that 1-octene has a similar chain length
to bonded octyi and that complex with silver ion on the surface is directionally flexible, it
would be expected that a stronger complex would be formed. However, the experimental
data did not support such behavior for l-octene on OCS bonded phase.

Perhaps the observed behavior is because 1-octene dissolved in hexane is less affected by
the solvation effect of the bonded octyl than to I-octadecene. This means that hexane is
effectively solvating l-octene and reducing the non-specific hydrophobic interaction with
the bonded octyl chain. In addition, the water molecules absorbed on the surface provide
a repulsive effect that exerts conformational changes. These changes will be more
pronounced on 1-octene than 1-octadecene due to the flexibility of 1-octadecene in
encountering this repulsion. Such flexibility permits a variety of possible configvirations
for 1-octadecene, which possibly include a favored orientation for hydrophobic
interaction with the bonded octyl group. Conversely, the stronger retention of l-octene on
Ag-PRS is due to less repulsion of the polar sites on the surface on 1-octene dian on the
longer chain. The flexibility of the 1-octene chain does not exert significant changes in
free energy to destabilize the Ag-n complex. However, the more flexible 1-octadecene
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will always be oriented with more strain energy exerted on the Ag-n complex on AgPRS. Moreover, the fixed bonded propyl group will be affected largely by steric
hindrance factors exerted on the double bond more than the more flexible octyl group.

Also considering the physical limitation of pore size, the size of the total surface area of
the analyte and the total surface area of the bonded phase play important roles in
retention. In this case, the total surface area of 1-octadecene enhances the higher
probability of non-specific dispersion interactions with the bonded octyl groups.
Additionally, the mobility of the bonded octyl group reduces the net energy required for
the hydrophobic interaction for the more lipophilic molecules of 1-octadecene.

II.3.3.5

Retention behavior of methyl oleate and 1-octadecene on PRS Vs OCS

positional unsaturation factor

A solution of methyl oleate and l-ocadecene of 4x10'^ M was used. 1 ml each of the
sample mixture was loaded on Ag-PRS and Ag-OCS coliunns. The elution solvents used
consisted of hexane/toluene in different percentage ratios. Figure 11.25 shows the
retention behavior of these compounds. It reveals the difference in retention on the PRS
and OCS phases and reiterates that greater retention ability is occiirring on OCS than that
on PRS phase with methyl oleate being more strongly retained than l-octadecene. The
complete recovery of methyl oleate firom an Ag-PRS column was achieved with 1 ml of
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60/40 hexane/toluene, however it required 1 ml of 40/60 hexane/toluene was required for
complete recovery of methyl oleate from Ag-OCS.

On the other hand, 1-octadecene elutes selectively before methyl oleate on both phases,
though with greater retention observed for both analytes on Ag-OCS.

These observations could be the results of different factors, mainly the position of the
double bonds, the presence of a functional group in methyl oleate, the natiu-e of the
elution solvents, and the extent of multiple interactions on both surfaces. The extent of
each factor on Ag-pi complexation is not easily measured though their total contributions
are thought to explain the difference in retention behavior of each phase.

Methyl oleate has the double bond at C9 and 1-octadecene at CI. Taking this positional
factor alone into consideration would result in the greater retention of 1-octadcene than
methyl oleate. This is due to the sterically less hindered double bond at the CI than at the
C9 atom. Nevertheless, this was not seen to be the case because their retention behavior
had a reverse order. This pathway requires the consideration of the effect of secondary
interactions on retention. As seen in Figure 11.26, the primary interaction on the OCS
phase is the double bond between silver and the n-electrons of methyl oleate. This
complexation provides an apparent separation of the ester moiety from the hydrophobic
portion. The presence of toluene in the elution solvent will increase the polar
enviroimient more than hexane will. This means that the interaction of the ester moiety of
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methyl oleate with the accessible polar sites on the surface will be dominant over the
hydrophobic interactions. This secondary polar interaction between the ester moiety of
the fatty acid and the hydroxyl groups on the surface is facilitated by the extended
bonded oct>'l chains, which cause less conformational changes on the ester moiety than
the propyl chains on Ag-PRS do. The hydrocarbon octyl chains may participate in a
concurrent hydrophobic interaction with the carbon chain of methyl oieate that is located
between the double bond and the ester moiety.

Methyl oleate on the Ag-PRS surface interacts primarily through 7i-Ag complexation
(Figure 11.26). However, the extent of the secondary polar interactions is limited to the
orientation of the ester moiety, even though its accessibility is higher than that on the AgOCS phase. In order for secondary polar interactions to occur on the Ag-PRS phase, the
conformation of the carbon chain between the double bond and the ester moiety must
change in such a way that the Ag-7i complex will be minimally affected. Moreover, the
hydrophobic interaction of the linkage carbon chain is unlikely to occur due to the
mentioned orientation factor. Such a thermodynamically unfavored situation will result in
weaker secondary hydrophobic and polar interactions of the methyl oleate on the Ag-PRS
phase.

The proposed simultaneous interactions could possibly explain the stronger retention
behavior of methyl oleate observed on the OCS surface. This could also have an impact
on the stabilization of the Ag-pi complex through a decrease in the strain energy of the
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molecules where both moieties of methyl oleate are in their energetically favored
orientations.

In order to have more support for this proposed simultaneous multiple interactions
process instead of a sequential interactions process, an experiment was designed where
the same sample mixture was loaded on Ag-HCX and Ag-PRS columns. Briefly, HCX
columns consist of a mixture of separate C8 and propylsulfonate particles. Figure 11-27
shows the retention behavior of methyl oleate on HCX and PRS. It reveals a great
resemblance between the retention behavior of methyl oleate on both phases. This
indicates that the primary interaction of methyl oleate on these phases is the Ag-7c
complexation. The physical separation of the hydrophobic octyl particles from

the

cationic exchanger particles reduces their participation in either separate or combined
secondary hydrophobic interactions. This may be interpreted through the consideration of
solute-adsorbent interactions on a molecular basis.

The net energy of interaction and thus retention is a result of the various contributions of
the different constituents present on the bonded octyl particles. In this case the primary
interaction between a bonded octyl group and methyl oleate is through hydrophobic
interactions. However, a non-polar elution solvent eliminates this non-polar interaction
and only the polar portion of oleate, the ester moiety, could determine retention on
bonded octyl particles. In fact, when oleate is loaded on a C8 column, 5% of the total
sample was retained.
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Nevertheless, in the case of methyl oleate loaded on an Ag-HCX phase, the primary
interaction is Ag-7c complexation. Most of the analyte molecules will favorably interact
on the PRS particles more than on bonded octyl particles. This results in a similarity in
retention behavior of methyl oleate on Ag-HCX and Ag-PRS phases.

Overall, these experiments revealed different retention for the same analyte on bonded
phases that possess different alkyl chain cationic exchangers. The secondary interactions
that were observed on the OCS phase enhanced the stability of Ag-pi complexation. The
multiple interactions process for the fatty acids on the octylsulfonate particles occur
simultaneously instead of as a sequential order of interactions. The selectivity factor for
1-octadecene and methyl oleate on Ag-OCS resembles that on Ag-PRS. This implies that
a selective extraction of a mixture of olefins and fatty acids is possible through the
utilization of a commercially available Ag-PRS phase rather than an Ag-OCS that
requires rigorous synthesis and preservation.

II.3.3.6 Retention behavior based on the degree of unsatiiration of methyl oleate and
methyl linoleate on Ag-PRS VS Ag-OCS
The comparison study of the retention behavior of unsaturated molecules with silver
immobilized on PRS wand OCS was extend to fatty acids with different number of
double bonds. The major focus of this section is on the retention of methyl oleate and
methyl linoleate on Ag-PRS and Ag-OCS.
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The same experimental procedure was followed as in the previous section. Figure 11.28
shows the retention behavior of methyl oleate and linoleate on Ag-PR5 and Ag-OCS.
Elution of methyl linoleate from the OCS column required the addition of 0.2%
acetonitrile (ACN) to toluene solution, but it was completely eluted from the Ag-PRS
with 1 ml of toluene.

The greater retention of linoleate on Ag-OCS is primarily due to stronger interaction with
the silver ion because of increased unsaturation and less steric hindrance in the double
bond vicinity. This applies not only on OCS bonded phase where the chemical nature of
the bonded phase is more kinetically favored but also on PRS which has the same
K-complexation with silver.

Considering retention of linoleate on Ag-OCS (Figure 11.29), toluene is acting as a
competing ligand for complex formation of the pi-cloud with the silver ion of the surface.
Such complexation is not energetic enough to displace the linoleate molecules from silver
ion due to further non-specific interactions of linoleate with the surface. Linoleate on an
OCS surface may undergo simultaneous secondary interactions with the heterogeneous
surface; a polar interaction of the ester moiety with the accessible hydroxyl groups on the
surface and to a lesser extent a hydrophobic interaction between the carbon chain and the
bonded octyl group. The net energy of interaction that controls the retention is largely
determined by the association of specific and non-specific interactions of linoleate on AgOCS. This strong retention of linoleate on Ag-OCS was overcome with the addition of
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0.2% ACN to the elution solvent. This small amount of ACN competed with linoleate for
the silver ion as well as forming stronger polar interaction with the surface active sites,
which was not the case with pure toluene.

The effect of small amount of ACN was further investigated to explore the main factors
in eluting the linoleate. A hexane/0.25 ACN was used to determine the strength of ACN
in eluting linoleate. Using hexane will enhance the understanding of the strength of ACN
in displacing linoleate on the Ag-OCS modified surface, because hexane is the least
effective solvent in eluting unsaturated compounds firom immobilized silver ion. Figure
II.30a shows that it takes 20 bed volumes to completely elute linoleate from an Ag-OCS
column and 10 bed volumes from Ag-PRS. This indicates that the small amount of ACN
was not sufficient for total displacement of linoleate from Ag-OCS. Furthermore, the
complete displacement of linoleate was achieved with the use of 10% toluene to
hexane/0.2% ACN elution solvents, as seen in Figtire II.30b. This means that the
alternation of complexation of the two double bonds of linoleate and the non specific
interaction were concurrently overwhelmed by the excess competing molecules, ACN
and toluene.

Accordingly, this solvent composition effect is not specific only for this elution solvent
mixture. It is possible that by increasing the amount of ACN in hexane a similar
selectivity would be obtained.that resembles that shown in Figure n.29. It would be more
important to focus on controlling the nature of the solvent composition by studying its
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effect on selectivity and retention of unsaturated molecules in order to develop an
efficient selective elution method.

II.3.3.7- Retention behavior of methyl oleate and elaidate on Ag-PRS VS
Ag-OCS
The retention behavior of methyl oleate and elaidate with immobilized silver ion offers
another important part of utilization of silver ion complexation. In this case our focus is
on understanding the retention mechanism and those factors that affect such retention.

In geometric isomer complexation with silver, steric factors and the size of the molecules
affect the stability of complex formation. In solution, a direct relation between strain
energy and stability had been reported for different aliphatic and cyclic geometric
isomers of olefins. Estimated strain energy difference between cis and trans isomers was
ranged fi-om 1.8-9.2 Kcal/mole [24]. In this case, the size of the molecules will be
ignored since they have almost the same molecular size and the focus will shift towards
steric factors.

The experimental procedure was very similar to the previously mentioned method.
Figure 11.31 shows the retention behavior of cis and trans isomers on both Ag-PRS and
Ag-OCS. On both phases, selectivity was slightly different, with Ag-PRS showing
greater selectivity than Ag-OCS.
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This difference could be explained with the consideration of higher steric factors on the
trans double bond in approaching immobilized silver on the fixed PRS bonded phase.
However, these dominant steric factors affecting geometric isomers retention on the fixed
Ag-PRS are reduced on the more flexible Ag-OCS bonded phase. This mobility of the
bonded octyl chain will resemble, to a certain extent, a water-like environment and the
absorption of both geometrical isomers will be less configurationally dependent.

In addition, both cis and trans isomers will experience slightly different secondary
interactions on the octyl surface based on their different shapes. The trans isomer is more
linear which favors stronger non-specific secondary interactions.

Methyl oleate and elaidate will have different retention on Ag-PRS, because the propyl
group is fixed relative to octyl group. This means that the spatial orientation of the double
bond will play a significant role in determining the stability of complexation with Ag ion.
Because, the double bond in methyl oleate is less sterically hindered, a more stable
complex will be formed in agreement with the experimental results. Additionally, the
non-specific secondary interactions will have more impact on the stability of the elaidate
complex than on oleate based on their terminal chain geometry. While the bonded octyl
chain facilitates the elaidate secondary interactions, the propyl chain hampers these
interactions; thus less stable the elaidate complex is.
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Overall, these experiments help greatly our understanding of the impact of bonded phases
on elution selectivity of geometrical isomers. They shows that selective elution of
geometrical isomers diminishes with Ag-OCS. This reinforces the hypothesis that the
bonded octyl mobility upon solvation provides a solution-like environment. It is the trans
isomers that are more soluble and form stronger complexes in a silver nitrate solution
than cis isomers [15].

This implies that achieving selective elution of geometrical isomers will require a surface
that has a localized silver ion which allow steric hindrance of the double bond to be the
determinant factors. Using a propylsulfonate phase will provide the requirements for
higher selective elution through its rigidity and its manifestation of the steric hindrance
effect on the retention of geometrical isomers.
II.3.4

EFFECT OF FLOW ElATE ON THE RETENTION BEHAVIOR OF

UNSATURATED MOLECULES USING AG- COMPLEXATION

II.3.4.1 Flow rate effect on retention behavior of mono-unsaturated olefins chain length
effect
Most of the theoretical explanations of the complexation mechanism between silver ion
and olefins emphasized the steric, spatial conformations and electronic nature around the
double bond. These factors combined exert considerable effects on the strength of
complexation between 7t electrons and silver ion [25].
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Surprisingly, kinetic factors that affect this charge transfer complexation on surfaces have
received little attention . A loss of resolution had been observed during the course of
loading a triacylgylcerol sample on SCX-Ag columns at different flow rates [26], but
was not understood. Figure 11.32 shows the flow rate effect on the retention behavior of
1-octadecene and l-octene with silver ion immobilized on a PRS bonded phase. It is
apparent that their retention is flow dependent with 1-octadecene being more flow
dependent than 1-octene. As the flow rate increased, more breakthroughs had been
observed for 1-octadecene than for 1-octene. This flow rate effect on retention can be
attributed to several factors. 1-Octadecene has a longer carbon chain than 1-octene,
providing the former with more facile folding and flexibility than the latter molecule.
This may induce 1-octadecene configurations that will hinder it fi"om adopting a preferred
configuration that allows the molecule's terminal Tc-bond to be suitably oriented to
overlap with silver empty orbitals and form a complex on the surface. This steric effect
had been observed with different size aromatic molecules of substituent reactions [27].

On the other hand, and to a lesser extent, diffusion of olefins is limited by the physical
structure of the adsorbent particles. The bonded phase particles adhere to non-uniform
pores size distribution, with a nominal particle size value of 60 |am (1ST QC). The pores
with diameters that are less than the surface area of 1-octadecene will not be accessible,
while it is less prominent for l-octene. Also, at the solid-liquid interface the
propylsulfonate bonded phase has a negligible flexibility in accommodating the more
sterically hindered molecules, 1-octadecene, to adopt an adequate orientation for the
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double bond to interact with the silver ion on the surface. Figure 11.33 shows a
comparison between the effect of flow rate on the retention of 1-octadecene with silver
ion on propylsulfonate bonded phase and on an octylsulfonate bonded phase.
The longer chain ionic exchange phase showed that olefin retention on this bonded phase
is less flow dependent than that on PRS. This can be explained by the longer chain
bonded phase possesing an octyl spacer that is more flexible

upon solvation. This

flexibility of bonded octyl had been supported by NMR data where total area under its
characteristic peaks increases [28], which resembles a solution-like environment. This
will lead to faster conformational changes that promote the pi-bond to complex with
silver ion.

These experiments were extended to include diene molecules, namely 1,7-octadiene and
1,15-hexadecadiene. Figure 11.34 shows the flow rate effect on their retention behavior on
Ag-PRS. The increase in the degree of unsaturation implies that the molecules will have
linear orientation in the proximity of the it bonds and minimize the steric hindrance on
their interaction with silver ion. In other words, less shielded terminal double bonds will
have a higher probabiUty of contact with silver ions.

The physical limitation of

the porous particles also impacts the retention flow

dependence for the dienes. This could be the reason behind the relatively higher affinity
for flow variation with the longer diene, 1,15-hexadecadiene.

30

O)
3
0
t.
1
(0
CQ2

25

Ag-PRS

Slope= 41.31

20

Ag-OCS

15
10

5
0

H

1
0.1

1

H
0.2

1

1
0.3

1

h0.4

0.5

Flow Rate (cm/sec)

Figure 11.33: Comparison of flow rate effect on 1-octadecene using
Ag-PRS Vs Ag-OCS

16
14

Si

M)
9
O
Ui

SS

e»
at
u

PQ

12

1,15- hexadecadienc

Slope=

10
8
6

Slope=J2i2^^—^

4

1,7-octadiene

2
0

So-

L
0.1

.1

...1 ...

0.2

.1

1
0.3

1

1

1

0.4

0.5

Flow Rate (cm/sec)

Figure 11.34: Flow rate effect on retention of 1,7-ocatdiene
and 1,15-hexadecadiene using Ag-PRS

00

159
On this heterogeneous surface, the portion of silver atoms immobilized on adjacent
propylsulfonate may experience simultaneous interaction with diene molecules. This is
illustrated in Figure 0.35, which shows the portion of the bonded phase where the
distance between silver ions immobilized on the adjacent bonded propylsulfonate groups
is about 5.8 A. This is an approximation calculated from the distance between adjacent
silanol groups on silica surface [29]. With estimation for the distance between terminal
double bonds being around 6.42 A for 1,7-octadiene and 16.05 A for 1,15-hexadecadiene
using theoretical calculation. These calculated distances were taken after a minimization
of energy between carbon atoms was performed. From these calculations the
simultaneous interaction will be more probable with 1,7-octadiene than with the more
folded 1,15-hexadecadiene with the immobilized silver on adjacent sulfonate group.

II.3.4.2 Flow rate effect on retention behavior of mono- vs di-unsaturated fatty acids
In these experiments, flow rate was varied from 0.5 to 6 ml/min using a sample size of 1
ml of 0.2 mM dissolved in hexane. Figure 11.36 shows the retention dependence of
methyl oleate and linoleate on the flow rate on an Ag-PRS phase. It reveals that the
retention of methyl oleate is more flow dependent than methyl linoleate. These two
molecules differ by the degree of unsaturation and from the olefinic molecules discussed
previously by having the ester moieties at the terminal carbon.

Interpreting their retention behavior can be primarily attributed, since they resemble each
other in molecular size and diffusivity [30], to the steric factors exerted on them. Methyl
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with immobilized silver ions on adjacent bonded propylsulfonates
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oleate has one double bond at the 9-carbon atom versus methyl linoleate having two
double bonds at the 9 and 12 carbon atoms. This implies that methyl linoleate has a
favored orientation upon sorption to the stationary phase by having a higher degree of
unsaturation that provides a higher possibility of interactions. Consequently, linoleate
complexes with silver ion through either double bond rather than having only one double
bond as with methyl oleate.

On the OCS sorbents, this flow dependence is less and diminishes as the number of
double bonds increases (Figure 11.37). This behavior could again be explained primarily
by the mobility of the bonded octyl group that lessens the configiu^tional constraints .
This octyl chain is also solvated in hexane and extends into the liquid phase which will
increase the contact probability with molecules diffusing toward the vicinity of the solidliquid interface more than ±e shorter propyl molecule. Combining this factor with the
rotational mobility of the bonded octyl effect and the increase in degree of unsaturation
will greatly magnify the probability of contact and thus achieve faster equilibration.

II.3.4.3 Flow rate effect on retention of methyl oleate and elaidate on PRS Vs OCS
sorbents:

Methyl oleate and elaidate were used as probe molecules.

Due to their different

configiuration around the double bonds, cis and trans isomers show a flow dependent
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Figure 11.37: Flow rate effect on retention of methyl oleate
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behavior on Ag-PRS with trans being more affected by increases in flow rate (Figure
11.38). This expected behavior of oleate and elaidate isomers could be explained by the
orientation probability of the double bond. This means that that upon entry in the pores
the molecules are limited in their assigiraient of configuration, hi other words, a greater
entropy decrease will be observed on the extended trans chain more than on the bent cis
chain, hence less retention for trans than for cis isomers.

During the molecules random walk toward fixed sites of Ag-PRS, the double bond must
be properly exposed in a specific configuration. The double bond of cis isomers has a
50% probability of orienting in the right configuration while the probability for trans
isomers is less due to more steric hindrance of the double bond. In fact, a molecular
simulation of cis-oleate shows that in all direction the double bond is always exposed
away, in the three-dimensional planes, from the bulky portions on its sides. However, the
double bond of elaidate is hindered in certain plane depend on the position of the fixed
site, Ag-PRS, and it only assigned to a limited number of possible positions of contact, as
illustrated in Figxires n.39a-b. Due to the non-uniformity of the pore surface the silver ion
will be oriented in different directions which will have greater probability of contact with
the cis double bonds than with trans ones.

This picture of flow rate dependence of cis, oleate and elaidate on Ag-PRS was
substantially different than on Ag-OCS (Figure 11.40). This Figiure reveals that same flow
dependence was experienced with both isomers. This can be interpreted by the mobility
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of bonded octyl and its enhancement of the degree of contact between the isomers and the
silver on the bonded phase. This rotational mobility reduces the directional limitation
exerted on the double bond of elaidate more than it does for oleate, which is reflected in
the results.

In conclusion, the mobility of the OCS and its extension upon solvation to the bulk of the
liquid phase decrease the orientation requirement for the charge-transfer interaction. This
effect led to a less flow

dependent adsorption of unsaturated molecules to the

immobilized silver ions. The mobility of the bonded octyl emphatically shows the greater
selectivity of silver immobilized on PRS bonded phase, especially in case of geometrical
isomers. This implies that silver immobilized on a fixed site on the surface is more
efficient in selectively interacting with geometrical isomers.

II.3.5 COMPARISON OF FLOW RATE EFFECT ON SILVER COMPLEXATION
WITH IONIC AND LIGAND EXCHANGE PROCESSES

Based on the results firom the previous flow rate effect on Ag-pi retention, its adsorption
kinetic were compared to those of ionic exchange process. In these experiments the
adsorbent/analyte ratio remained the same for Ag-pi charge transfer complexation and
ionic exchange sorbents. The result (Figure U. 41) shows that the ionic exchange process
was the least flow dependent followed by ligand exchange and lastly Ag-Ti complexation.
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Figure 11.41: Flow rate effect on different retention mechanisms using
different processes: Ag-PRS (silver ion complexation), PRS
(Ion exchange) and Cu-PSA (immobilized copper on bonded ethylenediamine phase).
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This variation in kinetics of adsorption could be explained by the degree of accessibility
of the molecules on each surface.

On the ionic exchange particles, the ionized fixed groups have a spherical configuration
with equal charge distribution on the surface. These ionic sites are distributed throughout
the bulk stationary phase rather than at the bottom of the silica matrix. This configuration
will enhance the accessibility for counter ions, analyte molecules, and electrostatic
interaction on the surface, which is less orientation limited. Upon die downfield flow of
liquid phase, the transfer of analyte ions back and forth between different flow states is
considered a two-way random process [30]. This random walk is responsible for analyte
spreading toward the solid-liquid interface. The random motion resulted in a change in
configuration of the analyte ions, which will increase partitioning on the stationary phase.
This will decrease upon molecule entry into the pore due to the nature of the pores. This
configuration limitation is countered through a greater spatial contact with the exposed
spherical cation exchange sites on the surface, which increase accessibility into the
stationary phase. This results in greater accessibility for ionic interactions on the ionic
exchange surface and flow dependence.

On the other hand, silver is ionically immobilized on the directionally limited PRS
sorbents. Its higher degree of interactions is rendered by the nature of bonding that
requires a specific molecular orientation and the fixed PRS spacer. This configurationlimited interaction reduced the probability of contact between the analyte molecules and
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the silver ion on surface. It is also limited by the pore structure where the molecule entry
to the pore will severely limit its positions and orientations. This results in loss of
motions with a corresponding large difference in entropy and less free energy. On the
other hand, the silver ions are fixed on the surface and their charge transfer interaction
will solely depend on the orientation of the analyte. In other words, the analyte molecules
need to be oriented specifically for partition to increase and thus require greater
equilibration time, making a more flow dependent process.

Finally, ligand exchange processes resemble that of silver-pi complexation because
coordination complexation also requires a certain degree of orientation between ligand
and immobilized metal ion but it also depends on the degree of chelation. In this case,
PSA sorbent, a bidentate ligand, was modified with copper metal and ten-amethylethylenediamine was used as a probe molecule. This bonded phase has an extended
spacer from the silica surface which posseses some flexibility upon solvation. In addition,
more coordination orbitals are available in ligand exchange than in silver complexation.
Molecules in ligand exchange will experience the same physical constraints upon entry of
the pore. However, the decrease in entropy is more than with Ag-n due to orientation
limitation within the pore is encountered by the greater probability of contact, due to the
flexible bonded phase that reduce the ligand orientation limitation to overlap. In
Addition, the higher numbers of coordination sites on metals and ligand as well increase
the probability of contact, hence less equilibration time than the previous process.
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CHAPTER in
.APPLICATION OF SPE-AG MODE FOR SELECTIVE EXTRACTION OF ACYCLIC
AND CYCLIC MONOTERPENES

III. I INTRODUCTION
Terpene is a term used to describe a natural product derived from isopentenyi
pyrophosphate. Terpenes are classified as either cyclic or acyclic. Many are
hydrocarbons, alcohols, aldehydes, ketones, and lactones and oxides [1]. Depending on
their carbon number terpenes are categorized in different classes: monoterpenes have 10
carbon atoms, sesquiterpenes have 15 carbon atoms, etc. A list of terpenes including
those used in this can be found in Table lU.l.

The major focus of this chapter will be on selective extraction of monoterpenes, both
cyclic and acyclic, and their derivatives using immobilized silver ion on propyl sulfonate
cationic exchangers. The selected cyclic terpenes studied are: limonene, a-pinene and
car-3-ene; and the acyclic or acyclic are: myrcene, dihydromyrcene and 2,6-dimethyI-oct2-ene and the acyclic derivatives are: citronellol, citronellal, citronellyl acetate and
geranyl acetone. Most of these monoterpenes are of great importance in industry. It has
been estimated that the armual production of citronellol and citronellal is around 15000 K
tons, and of geranyl acetone, limonene and citronellyl acetate around 1000 K tons. Most
of these compounds are of interest to the fragrance industries and manufacturers of

Mono-terpenes
alphapinene
Ummie
N^roene

Sesquiterpenes
bisabdene

cadalene

Table III. 1; Selected types of terpene

--4
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household products [2]. Additionally, some of these monoterpenes, a-pinene and
limonene, play an important role as biogenic volatile organic compounds (BVOCs) in
global tropospheric chemistry, global carbon budget and atmospheric organic acids
production [3].

The utilization of silver in this case is attributed to different factors. From the terpene
perspective, the selected cyclic monoterpenes differ in their number and positions of
double bonds. This is a compelling factor for investigating the potential of silver
complexation. Moreover, the acyclic terpenes contain different ftmctionalities that will
widen the understanding of the effect of functional groups on the interaction of the double
bonds with silver ions. These flmctional groups may have variable effects because of
their different chemical nature and their proximity to the double bonds, which could lead
to more prominent effects on complexation than those observed using fatty acids in
Chapter H. This is due to their difference in configurations. Monoterpenes have more
favorable, non-specific secondary interactions with the surface than the longer chain ester
moieties have on the surfaces studied, mainly PRS and Si phases.
Various techniques such as TLC, RP-HPLC [4], and GC [5], have not provided the
required resolution between monoterpenes, cadinenes and, a-phellandrene that differ in
the location of the double bonds. However, applying silver ion complexation in the
mentioned techniques, specifically RP-HPLC, led to greater improvement in the
resolution of these monoterpene positional isomers. In extending the range of silver ion
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complexation to the other cyclic and acyclic monoterpenes, using SPE will be of great
value since the method is more rugged and reproducible than the normally used TLC.
This is also due to greater automation suitability of the SPE procedure with other online
techniques such as GC analysis system. This combination is vital when it is necessary to
avoid the possible auto-oxidation of monoterpenes due to elongated periods of exposure
to air [6].

The success of silver ion complexation using SPE with the mentioned monoterpenes will
be of interest, especially on small-scale preparative studies. Their selective extraction is
important because it is difficult, using conventional methods, to obtain complete
resolution between terpenes that have similar structures but differ in the positions of their
double bonds.

In Chapter II, a small amount of 1-octene present in a solution of 1,7-octadiene was
successfully extracted using silver ion complexation on any silver loaded cationic
exchanger or thiol phase. The same idea is sought for monoterpenes because they
experience different steric and electronic effects on the double bonds, and have different
positional double bonds.

These experiments will provide a different perspective that was not emphasized in
Chapter II, i.e., the effect of the location of the double bond and the effect of the variable
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functional groups on the retention mechanism. The combination of these studies with the
silver complexation studies based on degree of unsaturation and geometry will provide a
greater understanding about the nature of silver complexation with 7r-systems on
modified surfaces. It will also show the role of non-specific secondary interactions of the
functional moieties, in the monoterpenes on their retention mechanism with immobilized
silver ions. These secondary interactions may occur between alcohol, aldehyde and ester
moieties present in different monoterpenes and the active sites on the modified surfaces.
Also, the impact of the position of the double bond, as either endocyclic or exocyclic, on
silver ion complexation is an important factor that will be discussed based on
experimental results.

III.2.1 EXPERIMENTAL
III.2.1.1 Materials
ISOLUTE SPE cartridges PRS, Si, C2,C4, PH, and HCX 100 and 50mg sizes and VacElut manifold were obtained fi-om International Sorbents Technology (Hengoed, UK). A
vortex mixer was obtained firom Fisher Scientific (Pittsburgh, PA). Hexane, acetone,
acetonitrile and dichloromethane were HPLC grade. Toluene (99.9%) was purchased
firom Sigma (St. Louis, MO). All terpenes were purchased firom Aldrich (St. Louis, MO)
and the derivatizing agent N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA ) was
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purchased from Pierce Rockford (IL). Silver nitrate was purchased from Spectrum INC
(NJ).

III.2.1.2 Equipment
The collected acyclic monoterpenes were analyzed using a Hewlett-Packard 5980A gas
chromatograph equipped with HP-5971 mass selective detector, scarmed from 50 to 400
mass range with a cycle time of 1.25 s/scan. Injections were in the splitless mode into a
25 m of 0.25 mm i.d crosslinked 5% phenylmethylsilicone capillary column with 0.25 m
film thickness (J&W Scientific, USA). GC-MS was controlled using an HP GI030A MS
Chemstation and HP G1034B software. The temperature program was as follows: oven
temperature was 3 min isothermal at 70°C, ramped to 150 at 10°C/min and held at this
temperature for 3 rain. The injection

port temperature was 280°C and the detector

temperature was 300°C. The iotzd run time for a 2 L sample was 12 min. The same
equipment was used for the analysis of short cyclic monoterpenes. The temperature
program was as follows: oven temperature was held 3 min at 60°C, ramped to 120°C at
15°C/min and held at this temperature for 3 min. The same injection and detector
temperatures were used as above. The total run time for a 2 L sample was 11 min.

m.2.1.3 METHODS
in.2.1.3.1 Preparation of a silver-SPE column
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The SPE procedure used in the previous chapter was followed in preparing an SPE
column loaded with silver ion to its full capacity. Briefly, 2 ml of 0.05 M AgNO, solution
was loaded on each cartridge, wrapped in aluminum foil, namely Si, PRS and HCX.
The columns were then equilibrated by sequential flushing with 1 mi acetonitrile, 1 ml
acetone, 2 ml dichloromethane and finally 2 ml hexane. The sample was then loaded on
the column and 1 ml of hexane was used to wash away any interferences. Analyte elution
was done using different solvent mixtures.

III.2.1.3.2 Selective extraction of cyclic monoterpenes
The Isolute columns in silver-mode were positioned in the respective Luer fitting of the
vacuum manifold. The colunms were conditioned with hexane and then lor 0.5 ml,
depending on the column mass capacity, of a sample mixture of limonene, aphellandrene, a-pinene and car-3-ene of concentration 4 mM was loaded on the modified
bonded phase sorbents. The column was washed with I ml hexane to remove
interferences. This washing step fraction was collected to determine breakthrough of
monoterpenes. n-Decane was added as an internal standard to all collected samples. The
same experimental procedure was performed on the acyclic terpenes though different
elution solvent compositions were used.
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Derivatization of citronellol for GC analysis was performed using the method developed
by Leloux and coworkers [7]. 50 nL of MSTFA was added and the sample was vortexed
for 5 sec and heated at 60°C for 3 min. After the sample cooled it was injected into the
gas chromatograph.

in.3 RESULTS AND DISCUSSION
in.3.1 Flow rate effect on retention of terpenes
in.3.1.1 Introduction

Because of the flow dependence behavior that silver complexation adheres to, terpenes
were considered as other 7t-eIectron donors that should undergo the same limitations as in
the case of the fatty acids studied in Chapter U. However, the monoterpenes have
different shapes than the long straight chains of fatty acids. This may affect exposure of
the double bond to complexation with immobilized silver ions on the bonded phase. Ring
size and the position of the double bond will impact the complexation [8]. Additionally,
the proximity of functional groups to the double bonds in some compounds could have a
major impact on their probability of contact with immobilized silver on the surface. This
is because of their own interaction with the immobilized silver ions or through non
specific secondary interactions with the silanol groups on the surface [9].
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III.3.1.2 Flow rate effect on retention of cyclic monoterpenes
The flow rate of loading the sample on a SPE column is an important factor to be
investigated in order to characterize a given chemical interaction process and determine
whether it is more controlled by kinetic or thermodynamic factors. The cyclic
monoterpenes chosen were monocyclic limonene and a-phellandrene, and bicyclic
a-pinene and car-3-ene. The first two compounds differ only in the position of the double
bonds: where as limonene has one in the ring and one external, a-phellandrene has two
double bonds within the ring. The bicyclics each have one double bond located within a
ring.

in.3.1.2.1 Flow rate effect on retention of limonene and a-phellandrene

Figure m.l shows the effect of the flow

rate on the retention of limonene and

a-phellandrene using a PRS modified phase. In this Figure, it appears that as flow rate
increases, limonene has less flow dependence than a-phellandrene double bonds in aphellandrene are conjugated and this will lead to derealization of the accessibility This
can be explained based on the molecular configurations and ring strain of both molecules
and their effect on of the double bonds for complexation with silver ions upon diffusion
at the liquid-solid interface. In this case, because of the similar ring size between the
limonene and a-phellandrene, ring strain energy difference is considered a negligible
factor in determining their retention behavior.
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The major factors that could affect the accessibility of those terpene double bonds are
their molecular configiu-ations and the steric hindrance exerted on the double bonds. The
ring conformations should resemble those of cyclohexene and 1,3-cyclohexadiene. The
former usually adopts a half-chair conformation. Figure in.2 depicts possible
conformations of the two cyclic monoterpenes. From this Figure, it is evident that steric
hindrance is greater on the double bonds of a-phellandrene than on those of limonene.
Thus, the double bonds in a-phellandrene will have less probability to be exposed for
complexation with immobilized silver. In Limonene, the latter, the terminal (exocyclic)
double bond is less sterically hindered than the double bond in the ring (endocyclic
double bond) and will have higher probability of exposure to complex formation with
immobilized silver on the Ag-PRS modified surface. In addition, the 7r-electrons, which
affects its complexation with, immobilized silver ions [17]. This delocalization of electrons is a well-established phenomenon in organic chemistry of conjugated alkene
compounds. This delocalization of -electrons of the two double bonds of a-phellandrene
will reduce the individual double bond probability of contact with immobilized silver ion
on surface, thus greater flow dependence for a-phellandrene than for limonene.

in.3.1.2.2 Flow rate effect on retention of a-pinene and car-3-ene:

The study of the effect of the linear velocity on the retention of a-pinene and car-3-ene
was separated from that of a-phellandrene and limonene due to their differences in
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number of double bonds and structure. While the latter have two double bonds and are as
monocycHc terpenes, the former have one double bond and are as bicyclic terpenes.
Figure III.3 shows the effect of flow rate on the retention of a-pinene and car-3-ene. In
this graph, car-3-ene is observed to be less flow dependent than a-pinene only at flow
rates higher than 1 ml/min. The contact with silver ion on the surface is mainly dependent
on the accessibility of the n -electrons in given molecules. In this case, the two molecules
each have one double bond inside the cyclohexene ring. The double bond is hindered
greatly by the presence of a substituted ring in car-3-ene and a pseudo-cyclobutane ring in
a-pinene. These groups reduce the accessibility of 7t-electrons in both molecules to
interact with the immobilized silver ion on the PRS phase.

The impact of the flow rate on a-pinene is more pronounced than that on car-3-ene,
mainly due to a greater steric hindrance of the double bond in a-pinene than that in car-3ene. a-pinene has greater strain energy than car-3-ene [10]; this difference does not seem
to play a major role in the retention of a-pinene with immobilized silver ions, because of
its greater dependence on flow rate variations. Considering their favored conformations
(Figure in.4) combined with the impact of flow rate on each molecule, the steric
hindrance is probably the major factor in their retention. The flow changes can affect their
equilibration time, because the silver ions are mostly fixed on the PRS bonded phase and
the approaching molecules have to assume certain orientations for effective contact with
the silver ions.
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Figure IIL3: Effect of flow rate on the
retention of a-pinene vs car-3-ene using
Ag-PRS sorbent

187

Larger steric factor

Car-3-ene
Samller steric factor

Figure III.4: Pictorial of the 3-D molecular
structures for a-pinene vs car-3-ene, showing
steric factors on the double bond

188

a-Pinene and car-3-ene show greater flow dependence when compared with cyclohexene
retention behavior. Figure

in.5 shows the flow rate effect on retention of cyclohexene

compared to that of car-3-ene, it can be noticed that at flow rates less than I ml/min the
breakthrough difference between cyclohexene and car-3-ene is minimal and increases
drastically as the flow rate increases. Cyclohexene and car-3-ene may have similar
probability of contact with silver ions on PRS modified sorbents at slower (less than or
equal to I ml/min), flow rates. At these flow rates, there is probably enough time for both
molecules to have proper orientations for complexation with silver ions. On the other
hand, when the flow rate increased to more than 1 ml/min, the breakthrough increased for
car-3-ene more than it does for cyclohexene. This is due to greater steric hindrance
exerted by the substituted cyclopropane ring on the double bond. This makes the
occurrence of favored orientations at those faster flow rates sufficient to allow the
adsorption of most car-3-ene molecules to take place. Additionally, cyclohexene has a
preferred conformation in the form of a half-chair. Figure

in.6, in which four carbon

atoms flanking the double bond are coplanar and there is no adjacent methyl group that
can hinder the double bond. During random walk of cyclohexene molecules, this
conformation is easily assumed with a little change of entropy as in the case of longer
chained fatty acids. Thus, a greater number of cyclohexene molecules are retained at flow
rates comparable to those used for fatty acids in Chapter n.
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In comparing the effect of the flow rate on the retention of a-pinene versus that of
cyclohexene, the impact of steric factors on the retention of a-pinene is seen at linear
velocity higher or equal to 0.08 cm/sec. As the linear velocity increases, the breakthrough
difference between cyclohexene and a-pinene becomes greater, as seen in Figure III.7.

in.3.1.3

Effect of the flow rate on retention of acycUc monoterpenes and

their

derivatives
III.3.1.3.1 Effect of the flow rate on retention of acyclic monoterpenes
The effect of the flow rate on the retention of acyclic monoterpenes was also studied for
the determination of the optimum flow rate required to retain most of the loaded samples.
This also would aid in the understanding of the effect of introducing branching groups,
methyl groups, and degrees of unsaturation on the retention of acyclic terpenes as the
flow rate is varied.

The acyclic monoterpenes used were myrcene, dihydromyrcene (citronellene) and 2,6dimethyloct-2-ene. They were dissolved in hexane and loaded on Ag-PRS columns at
linear velocities ranging from 0.04-0.48 cm/sec.

Figure in.8 shows the flow rate effect on the retention of myrcene, dihydromyrcene and
2,6-dimethyloct-2-ene. This Figure also shows the flow

dependence of silver

complexation with Tt-systems. The pattern observed in this case is similar to that that had
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been observed in case of long chain olefins in Chapter II. There is an inverse relationship
between the degree of unsaturation and the effect of the flow rate on the retention of
unsaturated molecules: as the number of double bonds increases the effect of the flow rate
on their retention decreases.

Also, it could be stated that the increased number of methyl groups around a double bond
increases the role of steric hindrance as a major contributor in dictating the complexation
of such double bonds with silver ions over other effects, specifically any electronic effect.
This does not imply that the inductive effects fi-om electronic or strain variation do not
play important roles, but only indicates that these effects cannot be resolved while the
steric effect is more predominant.

In this case, the acyclic monoterpenes were shown to be flow dependent with variable
degrees of dependence, based on the number of the double bonds. The differences are
because upon loading those acyclic molecules on an Ag-PRS bonded phase, their main
interaction on the surface is silver complexation. There are possible small contributions
fi^om secondary non-specific interactions, mainly hydrophobic interactions between
analyte molecules and the bonded propyl group. However, the analytes are dissolved in
hexane and such hydrophobic interaction is nearly negligible because of the weaker
solvation effect of the propyl group versus that of hexane. This means that the number of
double bonds plays a crucial rule in their retention behavior under different flow rates.
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Since the nature of complexation is based on the configurations and number of double
bonds of the analyte molecules, then their rate of adsorption is affected by changes in the
kinetic factors, specifically flow rate.

This means that molecules that have n double bonds may have higher degree of contact at
slower flow rate due to its having enough time to reach the correct orientation of the
double bonds as it move across the column. Additionally, a molecule that has n+1 double
bonds will have higher probability of complexation than the previous molecule because it
requires less change in entropy in order to complex with silver. This explanation agrees
with the experimental results observed in Figure III.8 where the increasing number of
double bonds appears to have an inverse effect on the retention under various flow rates.

In conclusion, monoterpenes that differed solely in their degree of unsaturation show
different flow

dependence. These variations could be attributed to the increased

probability of contact of a double bond with immobilized silver ions. This probability of
contact increases with an increase in the number of double bonds. This implies that as the
flow rate increases the effect will be more noticeable with monoterpene molecules that
have lower numbers of double bonds than with monoterpenes with higher numbers of
double bonds. This dependency is encountered with slower equilibration time between
immobilized silver ions and molecules with fewer double bonds.
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III.3.1.3.2 The effect of flow rate on retention of acyclic monoterpenes
The effect of flow rate was also investigated on using different monoterpenes, namely
citronellyl acetate, citronellal and citronellol, which are illustrated in Figure III.9. These
compoimds differ in their degree of unsaturation, and in their functional groups.
The same procedure was performed on these molecules as with the previously discussed
molecules. These molecules were dissolved in 80/20 dichloromethane/hexane. The flow
rate was varied from 0.5-6 ml/min and the column used was a modified PRS with silver
ion solutions.
Figure 111.10 shows the effect of flow rate on the retention of citronellyl acetate,
citronellal and citronellol. In this Figure, the impact of the flow rate on retention is
observed to be stronger on citronellyl acetate than on the other two molecules. Kinetically
speaking these molecules have same probability of contact with immobilized silver ions
because of the similarity in their degree of unsaturation and position of the double bond.
Additionally, their probability of contact is enhanced due to the presence of flmctional
groups that are capable of interacting in non-specific polar interactions with the silanol
groups on the surface.
Upon loading these molecules dissolved in hexane/DCM on an Ag-PRS colurrm, their
adsorption to the stationary phase is enhanced because of their higher affinity to that
phase than to the mobile phase. The stationary phase is more polar than the mobile phase
and considering the polarity of these molecules it is logical that they have a greater
adsorption to the stationary phase. Their non-specific secondary interaction is mainly a

Figure IIL9: Conformations of citronellai (1),
citroneloll (2) and citronellyl acetate (3), after energy
minimization.
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Figure III. 10: Flow rate effect on retention of citronellol,
citronellal and citronellyl acetate using Ag-PRS
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polar interaction between their functional groups and the silanol and to lesser extent, the
silver ion sites on the surface[l2].

Additionally, this lower flow dependence could be due to the nature of the interactions
that are taking place. These interactions are the silver complexation and the polar
interactions; both are classified as orientational interactions or forces. This means that for
the two molecules to interact they must be in the right orientation. The presence of the
double bond on one terminal and the functional group on the other leads to higher
probability of contact since the motions of the molecule do not require large changes in
their conformation.

Energetically speaking, the change in entropy for these molecules is smaller than that
observed with molecules that have greater steric effects on the double bonds or the
fimctional group located in the core of the molecules. Additionally, these entropic
changes are smaller than those that occurred in the case of the longer chain molecules
studied in Chapter H. This lower change in entropy probably reduces the impact of flow
rate variation, because of faster equilibration and a smaller difference in the free energy
of the analyte molecules, and between the analyte molecules and the modified Ag-PRS
sorbents.
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In conclusion, adsorption-desorption of a molecule adhered to the stationary phase
occurs depending on the orientation of the molecule. A molecule is adsorbed when it
takes a backward step with respect to the on-moving zone and desorbed when it takes a
step forward with respect with the on-moving zone. This process is randomly occurring
due to the use of non-uniform packed particles, and takes a finite time as do all kinetic
processes. The less breakthrough observed for all these molecules is probably due to their
higher affinity for the stationary phase, and the observed order; citroneIlol< citronellal<
citronellyl acetate is due to their different strengths of nonspecific polar interactions as
illustrated in Figure EH.11.

III.3.2 Selective extraction of cyclic terpenes
III.3.2.1 Selective extraction of limonene,a-pinene and car-3-ene
Using SPE for extraction of sensitive and active compounds is a step forward toward
establishing a method of

selective extraction of terpene mixtures. Their selective

extraction without employing silver complexation shows that some interactions are taking
place on the columns. This was noted due to color changes observed on the columns,
such as PRS or SCX. Reactivity of some monoterpenes with the sorbent particles was
also reported in the literature where a-pinene shows instability upon loading on Tenax©
sorbents [13].
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The cyclic monoterpenes limonene, a-pinene and car-3-ene, were chosen because of their
extensive

applications

in

industrial

manufacturing

processes

and

also

their

environmentally negative aspect upon reaction with ozone molecules, especially a-pinene
[14]. More importantly, these molecules provide an excellent example for utilizing silverSPE as a tool in the selective extraction of non-polar monoterpenes, since most of SPE
applications deal with the extraction of one analyte or group of analytes that have
resemblance in their chemical behaviors. In using Ag-SPE, the considerations of factors
that affect selectivity are the same as in the case of fatty acids, such as bonded phase
effect, solvent compositions and quantity of sample loaded.

In this experiment, a sample mixture containing limonene, a-pinene and car-3-ene was
loaded on PRS columns in silver and non-silver modes. The same elution solvent
composition was used in both cases. Prior to discussing this specific case, it is noteworthy
to mention that their primary interaction is complexation of the double bonds with
immobilized silver ion in the case of Ag-PRS and hydrophobic interactions in case of
PRS. However, the non-polar nature of the sample mixture would diminish the
hydrophobic interaction with the bonded propyl groups on a PRS phase.

Figure

in.12

shows the retention behavior of a sample mixture versus solvent

composition using PRS modified phase in silver and non-silver cases. In the case of PRS
with no silver, most of the analyte molecules eluted firom the column with 1 ml of
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Figure 111.12: Comparison of selective extraction between
Ag-PRS and PRS columns; step 1) 1 ml hexane,2) 1 ml
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hexane. Using an Ag-PRS column, 1 ml of hexane eluted only a small amount (20%) of
a-pinene, with no detectable limonene or car-3-ene observed. Upon addition of the 2nd
ml of hexane on PRS, most of the sample molecules eluted concurrently, while on AgPRS only a-pinene was eluted (52%). The residual a-pinene and most of the car-3-ene
were eluted from Ag-PRS using a solvent mixture of 95/5 hexane/DCM. Limonene was
eluted using 80/20 hexane/DCM elution solvent. These results show the high
complexation ability of silver and the enhancement in extraction selectivity between
related molecules that are not separated by using normal SPE procedures.

From this, it can be observed that the interaction that occurred between the silver ions and
limonene was stronger than those with car-3-ene and a-pinene. This could be attributed
to a higher degree of unsaturation and/or less steric factors exerted on the double bonds of
limonene as opposed to car-3-ene and a-pinene. The need to increase the polarity of the
solvent mixture is another indicator for the strength of complexation between silver ions
and the cyclic monoterpenes. Also, in case of limonene, it had been reported that a greater
interaction occurs between the silver ions and unsaturated molecules when the separation
between the double bonds is two methylene units[13], which is agreeable with the
experimental results observed for limonene.

The stronger interaction between silver ions and car-3-ene versus that of silver and apinene is another example of how steric factors play a major role in their retention
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behavior and consequently effect selectivity. Car-3-ene and a-pinene have one double
bond that is endocyclic, but the endocyclic double bond of a-pinene is more shielded than
that of car-3-ene which means that a less polar solvent mixture could be used to
selectively separate a-pinene from car-3-ene.

It is noteworthy that during the course of this experiment a small peak coeluted with
limonene. Upon using mass spectrometry to determine the structure of that peak Figure
111.13, it resembles the spectrum of a-pinene. A closer look shows that this small peak is
due to the presence of a trace amoimt of P-pinene in the standard solution of a-pinene. Ppinene has its double bond exocyclic at the terminal carbon atom, which allows the
interactions with silver ions to be strong enough that it will elute only when the polarity
of the solvent mixture is increased. This is another indication of silver complexation
ability to discriminate between closely related unsaturated molecules. It is advantageous
to utilize silver complexation in the purification of a standard solution from the presence
of similar compounds that may differ only in the position of double bonds.

Also, there was a change in color when the monoterpene mixture was loaded on a PRS
column. This color change was a probable indication of certain interactions taking place
on the PR5 columns. A closer investigation shows that the instability of monoterpenes
was due to oxidation of Ag to Ag+ upon exposure to air. This was found after loading
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each monoterpene separately onto the PRS column and analyzing the eluant using GCMS. In case of limonene and car-3-ene no change occurred, but with
a-pinene the molecules underwent a chemical reaction on the surface. This was
confirmed by the analysis of the reddish solution obtained. The mass spectrometry
analysis showed that a-pinene may be forming an oxidative compound of a-pinene
(Figure III.14). This reactivity was not observed on Ag-PRS and the sample was shown
to be stable even after longer time of exposure to air. The GC-MS analysis of collected
sample revealed that the same compounds were present independent of time. This could
be attributed to a complexation process that may stabilize a-pinene and prevent its
oxidation upon exposure to air.

Additionally, it was important to determine the exact amount of elution solvent needed
for 100% recovery because this determination provides the boundaries for the extraction
of cyclic monoterpenes. In addition, the determination of the volume of elution solvents
necessary to only elute the desired analyte molecule will enhance the extraction
selectivity. Figure in.15 shows the minimum volume required establishing 100%
recovery of a-pinene using 99/1 hexane/DCM. This Figure shows that only 400 |j.L was
needed for complete elution of a-pinene before car-3-ene start to elute. However using
500 m-L of 95/5 hexane/DCM eluted car-3-ene (Figure HI. 16). Limonene was eluted with
800 |aL of 80/20 hexane/DCM (Figure 111.17). Quantitative selective elution of these
cyclic monoterpenes is summarized in Table in.2.
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car-3-ene using Ag-PRS, elution solvent 95/5 hexane/DCM
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Figure III. 17: Retention volume required to elute limonene
using Ag-PRS; elution solvent 80/20 hexane/DCM
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Table 111.2: Elution solvent composition for 100% recovery of cyclic monoterpenes
Elution Solvent

99/1 hexane/DCM

95/5 hexane/DCM

80/20
hexane/DCM

a- pinene

96.20±

3.VV0

recovery
Car-3-ene

94.72±4.3%recovery

Limonene

95.4±2.8%
Recovery

" Mean ± standard deviation based on average of (3 replicates).s

in.3.2.1.1 Stationary phase effect on extraction selectivity of cyclic monoterpenes

Based on the effect of the nature of the stationary phase on the extraction selectivity that
was observed for olefins studied in Chapter II, A similar investigation was conducted for
the selective extraction of a mixture of cyclic monoterpenes. Using different sorbents,
namely Si, PRS, SCX and HCX, in the silver mode, cyclic monoterpenes were loaded in
same manner on each sorbent. Figures EQ.lSabc show the retention behavior of the cyclic
monoterpene mixture using Ag-Si, Ag-SCX and Ag-HCX. Using the same elution
solvent mixture as the one used with Ag-PRS shows that Ag-Si reduces the selectivity
efficiency because of the coelution of different terpenes. This was specifically seen with
a-pinene and car-3-ene, which elute with the addition of 1 ml of hexane. Since Ag-Si has
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Figure III. 18a: Effect of bonded phase on selective elution
of cyclic monoterpene mixture; Ag-Si (top) vs Ag-PRS
(bottom) step 1) 1 ml hexane, 2) 1 ml hexane,
3) 1 ml 95/5 hexane/DCM and 4) 1 ml 80/20 hexane/DCM.
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a highly polar surface, it will repel the non-polar monoterpenes away from the surface
causing a weaker complexation with silver ions. Also, the amount of water present in the
solvent mixture is high enough to form polar layers through interactions with the surface
silanol, causing an unfavorable surface for the monoterpenes and weakening their
interaction with silver ions which are immobilized close to the surface.

The slight difference in retention behavior observed for cyclic monoterpenes on Ag-PRS
versus Ag-SCX is possibly due to a greater non-specific hydrophobic interaction
encountered on SCX sorbents between the cyclic monoterpenes and the phenyl group of
the bonded phase. These interactions between the phenyl moiety and cyclic monoterpenes
are greater than the interaction of the terpenes with the bonded propyl group of the PRS
sorbents, because of stronger Tt-interactions with the phenyl moiety. Such an interaction
was observed when a monoterpene solution was loaded on a phenyl bonded phase and
compared to a C2 and C4 bonded phase (Figure HI.19). Upon elution using 1 ml hexane,
only around 85% of monoterpenes were recovered from phenyl bonded phase compared
to 95% recovered with C2 and C4 phases. Beside this variation, both Ag-PRS and AgSCX similarly affected the extraction selectivity of cyclic monoterpenes. The greater
retention observed on both phases compared to that of Si was due to the decrease in the
polar nature of the surface through modification with the bonded phase that displaced
active silanol.

Limonene

a-Pinene

75

80

85

90

95

100

% Recovery

Figure III. 19: Non-specific interactions of cyclic
monoterpenes on different bonded phases;
PH= bonded phenyl group
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On Ag-HCX the retention behavior of the cyclic monoterpenes resembled that observed
on Ag-PRS. This is possible due to silver complexation being the predominant interaction
that is taking place with these non-polar molecules. The hydrophobic interactions
between C8 particles and the monoterpenes are not playing a major role. This could be
because the solvent composition is effectively solvating the analyte molecules and
reducing the possible hydrophobic interactions. This can also be attributed to the physical
separation of the ionic exchange particles from the non-polar particles. Such particle
separation combined with the small molecule sizes physically hinders simultaneous nonpolar and complexation interactions. The conjunction of these factors could explain the
similar retention behavior observed on both Ag-PRS and Ag-HCX.

III.3.2.2 Selective extraction of acyclic monoterpenes
Selective extraction of acyclic monoterpenes presumably is easier to predict because there
are less secondary interactions than what were encountered during the selective extraction
of cyclic monoterpenes. In acyclic monoterpenes, the main secondary effect is the steric
factors localized on the double bonds. In this case, two acyclic monoterpenes were
investigated and a structurally similar olefin was used, namely myrcene, dihydromyrcene
(citronellene) and 2,6-dimethyl-2-octene, respectively. These molecules have C8 chain
lengths and the number of double bonds varies from one to three. These monoterpenes
have been reported to be fairly stable compared to the previously studied cyclic
monoterpenes [15].
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These acyclic monoterpenes underwent the same experimental procedures used with
cyclic monoterpenes. Their selective extraction was studied using Ag-PRS and in the
followed discussion, a comparison with different bonded phases will be introduced.
Focusing on Ag-PRS was intended because of its stability and greater

extraction

selectivity versus other bonded phases.

In Figure III.20 the extraction selectivity is compared between the three-analyte
molecules on a PRS phase in silver and non-silver mode. On Ag-PRS, as the polarity of
the elution solvent increases, the mixtuire starts to elute. It can be seen that at 1 ml
addition of hexane,

less than 1% of the total sample mass loaded of 2,6-dimethyl-2-

octene was eluted. As the amount of DCM increased to 10% in hexane, 2,6-dimethyl-2octene completely eluted without any myrcene or dihydromyrcene coeluting. Increasing
the amount of DCM to 20% was sufficient to displace dihydromyrcene through
complexation with silver ions. As more DCM was added, 30%, some of the myrcene
started to elute but the elution was not complete until addition of another I ml of 70/30
hexane/DCM. This may indicate a non-linear relation between the percentage of DCM
and the degree of unsaturation of the monoterpenes. A complete recovery of myrcene was
accomplished with the use of 1 ml 60/40 hexane/DCM, as shown in Figure in.21.

2,6-DimethyI-l-octene Dihydromyrcene Myrcene
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Figure IIL20: Selective extraction of acyclic
monoterpene mixture; elution step 1) 1 ml hexane,
2) 1 ml 90/10 hexane/DCM, 3) 1 ml 80/20 hexane/DCM
and 4) 2 ml 70/30 hexane/DCM.
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Figure 111.21: Extraction of myrcene using Ag-PRS;
Elution step 1) 1ml hexane, 2) 1 ml of 60/40
hexane/DCM and step3) 1 ml of 60/40 hexane/DCM
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The extraction selectivity was greatly enhanced by the difference in the degree of
unsaturation between the analyte molecules. This difference in the degree of unsaturation
seems to be a greater factor for enhancing extraction selectivity than is seen in
compounds with the same degree of unsaturation but with different geometry or position
of double bonds such as methyl oleate and elaidate or the cyclic monoterpenes discussed
previously.
The minimum volume necessary to selectively extract each analyte efficiently was also
determined for the acyclic monoterpenes. The same purpose that was stated for cyclic
monoterpenes is also valid for those compounds. In Figure in.22 the volume needed for
complete recovery of 2,6-dimethyl-2-octene was 800 p.1 of 90/10 hexane/DCM; 900 |il of
80/20 hexane/DCM was needed to selectively elute dihydromyrcene, and 700 |al of 60/40

hexane/DCM used for complete elution of myrcene.

III.3.2.2.1

The effect of the stationary phase on

extraction selectivity of acyclic

monoterpenes
Different phases were also investigated to determine the contribution of stationary phases
to the extraction selectivity. The phases used were Si, PRS, SCX and HCX. These phases
varied in their chemical nature and thus provided different molecular interactions. These
acyclic molecules are non-polar and their major interactions with these bonded phases
would be through silver complexation primarily and to a lesser extent non-specific
hydrophobic secondary interactions. Figure in.23 shows the effect of bonded phases on
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Figure IIL22: Minimum volume of elution solvent used for
selective extraction of acyclic terpenes; X-axis represents
different solvent composition, 700 |il 60/40 hexane/DCM,
800 |j,l 90/10 hexane/DCM and 900 }il 80/20
hexane/DCM
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elution selectivity of analyte molecules using Ag-HCX and Ag-PRS. Accordingly, there
was a negligible contribution of the C8 bonded phase on extraction selectivity.

Figure 111.24 shows the difference in extraction selectivity observed between Ag-PRS and
Ag-SCX. This elution selectivity difference was relatively more pronounced with
myrcene than that with the other two compounds where more of the polar elution solvent
(60/40 hexane/DCM) was needed for their complete elution. This is another indication of
a stronger n-n interaction occurring between the conjugate systems of the bonded phenyl
group and the double bonds of myrcene. The strength of tt-tc interaction increases as the
number of Ti-electrons in the given system increases [16]. However, all of these acyclic
mono-terpene molecules probably have the same hydrophobic interaction with the
bonded propyl, because there is no iz-n complexation taking place on Ag-PRS.

in.3.3 Selective extraction of acyclic monoterpenes

In the previous case, the studied acyclic monoterpenes revealed a great impact of the
elution solvent composition and nature of bonded phase utilized in silver complexation
mode on their extraction selectivity. This section deals with determination of the
extraction selectivity of monoterpenes; namely citronellyl acetate, citronellal and
citronellol using Ag-PRS. These compounds have a large application for their distinctive
properties that involve fragrance and household and food products. However, they are a
novel group of small molecules that have the presence of the double bonds accompanied
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with different functionalities. Their chemical characteristics could introduces new
challenge for the application of SPE-Ag. That is; the impact of functional group on the
selectivity of Ag-7i complexation.

Samples were dissolved in a mixture of 80/20 DCM/hexane and the same procedure was
followed as in the previous sections. Using Ag-PRS, the elution of these molecules is
summarized in Figure in.25. It was observed that citronellyl acetate eluted first using a
less polar solvent than the other acyclic terpenes, followed by citronellal and finally
citronellol, which was eluted only with the addition of 1% isopropanol. This extraction
selectivity was compared with that of PRS in the non-silver mode. In Figure 111.26, the
upper curve shows the retention behavior of the monoterpenes on PRS compared to that
observed on Ag-PRS, the lower curve. From this graph, there is a clear indication that the
interactions of the functional groups with the active silanol on the surface have a major
impact on their retention behavior and consequently affect their extraction selectivity. On
a PRS surface, the possible interaction those molecules could experience is a polar
interaction. Accordingly, the strength of this interaction depends mainly on the type of
functional group. In this case, citronellol with a terminal alcohol moiety would have the
strongest interactions with active silanol on a surface followed by citronellal, and finally
citronellyl acetate. In fact, this polar interaction according to the data in Figure III.26 has
a major impact on extraction selectivity because it required strong polar solvents to
disrupt this interaction. In the case of Ag-PRS the polarity of the elution solvent was
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increased in order to effectively disrupt their retention. This increase in polarity could be
attributed to possible concurrent multiple interactions that are taking place on the AgPRS surface, as seen in Figure III.27. These multiple interactions are possible because of
the relatively, (compared to long chain olefins), smaller molecular size and molecular
conformations that are probably positioned properly to enhance such interactions.

Additionally, the extraction selectivity of these monoterpenes on Ag-PRS was compared
to that on other bonded phases in silver mode. Figure in.28 shows the impact of bonded
phase nature on extraction selectivity of the compounds. It can be noticed that the most
distinguished difference is between Ag-PRS and Ag-Si while similar extraction
selectivity was observed for the other bonded phases.

On Ag-Si there was a weaker retention for citronellal compared to that on AG-PRS.
Coelution of citronellal and citronellyl was observed with the addition of 80/20
hexane/acetone, while citronellol did not elute completely until 1% isopropanol was
added to the 20/80 Hexane/Acetone. This loss in extraction selectivity could be due to the
physical structure of the silanol surface and its effect on silver complexation. The
proximity of immobilized silver ions to the surface silanol may reduce the multiple
interactions because greater entropic changes are necessary to accommodate simultaneous
multiple interactions than those needed for Ag-PRS. The possible predominant factor that
impacts extraction selectivity on Ag-Si is either their polar interaction or dieir
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Figure III. 27: Simultaneous interactions of citronellol on
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complexation with silver ions. The same experiment was performed on Si in non-silver
mode. Figure 111.29 shows that there is a resemblance, to a certain extent, in their
extraction selectivity on both Si and Ag-Si. This may indicate that these monoterpenes
are undergoing fewer concurrents multiple interactions on Si-sorbents.

III.3.4 Comparison of extraction methods
Most SPE extraction procedures utilize between 1-10% of the available adsorbent
capacity for performing a desired extraction. In using Ag-SPE for fractionation and
selective extraction of mixtures of unsaturated compounds, it is important for the up-scale
purposes of the method to determine the maximum quantity of sample mixture that could
be employed prior to a loss of resolution occurring. A study of this may provide more
practical aspects of the Ag-SPE technique. Columns with different mass capacity of
sorbent were used, such as 50 and 100 mg sorbent size. PRS modified phase was used
and the amount of immobilized silver obtained via atomic absorption analysis was
0.98 ia,M/m* which agrees with the reported manufacturer surface coverage of bonded
propylsulfonate. Different analyte mixtures that were 4x10'^ M in concentration were
used. One such mixture contained myrcene, dihydromyrcene and geranylacetone while
the other mixture contained FAMEs of oleate, linoleate and linolineate. These sample
mixtures were loaded on Ag-PRS columns with different percentages ranging from 160% of the molar ratio with respect to immobilized silver ions.
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Figure III.29: Effect of polar interactions on the retention
behavior of citronellol using Si sorbents in silver and
non-silver modes. Greater resemblance in retention behavior
with both modes
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Tables III.3 and III.4 show the extraction capacity of Ag-PRS toward terpenes and long
chain fatty acid mixtures, respectively, as a function of the sample mass loaded on the
column. According to these tables, it is evident that the extraction capacity of Ag-PRS
reached a maximum when the sample size is 40% of the molar ratio of immobilized silver
ions on PRS sorbent. However, in Table in.4 this extraction capacity of Ag-PRS
decreases for the FAMEs, mixture where maximum is reached around 30% of the molar
ratio of immobilized silver ions on the PRS sorbents.
As the analyte/Ag ratio increased, extraction selectivity decreased. However, the
extraction capacity of Ag-PRS was greater for terpene extraction than for the FAMEs
mixtiu-e. This could be attributed to differences in molecular size between terpene and
FAME molecules. Otherwise, these unsaturated molecules should experience the same
primary interaction, i.e., 7C-Ag complexation. However, because of pore size limitation, as
the molecular size increases, the lower is the depth of penetration within the pore, hence
fewer molecules are able to complex with Ag ions. Therefore, for FAME molecules,
many pores with diameters less than FAMEs molecular surface area may not be
accessible. Additionally, in pores with larger diameters, the amount of non-accessible
sites inside the pores is higher due to a blocking effect resulting from an increased
number of FAMEs complexing with silver ions compared to those sites blocked by
complexation of terpenes, as seen in Figure in.30. Therefore, some of the molecules in
both mixtxires may be retained through non-specific interactions on the surface. This
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Table III.3: Extraction capacity of Ag-PRS sorbent for acyclic terpenes
1 Acyclic terpenes

Ag-PRS

!

10% Molar Ratio

% Recovery,

% Recovery

% Recovery

80/20 hex/DCM

60/40 hex/DCM

20/80 hex/DCM

Dihydromyrcene

93.45±3.21

0

0

Myrcene

0

94.32±2.06

0

Gemayl acetone

0

2.13± 0.050

92.64± 3.96

20% Molar Ratio

% Recovery,

% Recovery

% Recovery

80/20 hex/DCM

60/40 hex/DCM

20/80 hex/DCM

Dihydromyrcene

93.45+ 3.38

0

0

Myrcene

0

95.32± 3.45

0

Gemayl acetone

0

5.63± 0.17

88.27± 3.72

30% Molar Ratio

% Recovery,

% Recovery

% Recovery

80/20 hex/DCM

60/40 hex/DCM

20/80 hex/DCM

Dihydromyrcene

94.38± 5.67

0

0

Myrcene

0

96.14±5.75

0

Gemayl acetone

0

5.13± 0.25

89.23± 7.74

40% Molar Ratio

% Recovery,

% Recovery

% Recovery

80/20 hex/DCM

60/40 hex/DCM

20/80 hex/DCM

Dihydromyrcene

94.18± 6.83

0

0

Myrcene

16.34±0.92

78.57± 4.43

0

Gemayl acetone

6.35± 0.59

15.62+1.52

74.26± 6.85

237

Table III.4: Extraction capacity of Ag-PRS for methyl oleate and methyl linoleate
10% iMolar Ratio

% Recovery,

% Recovery

100% DCM

90/1ODCM/acetone

95.17±5.41

0

0

94.60±6.10

% Recovery,

% Recovery

100% DCM

90/1ODCM/acetone

Methyl oleate

94.45± 4.83

0

Methyl linoleate

3.16±0.2l

88.25±5.51

30% Molar Ratio

% Recovery,

% Recovery

100% DCM

90/1ODCM/acetone

Methyl oleate

95.15±5.06

0

Methyl linoleate

21.68± 1.33

75.42± 4.71

40% Molar Ratio

% Recovery,

% Recovery

100% DCM

90/10DCM/acetone

Methyl oleate

94.38± 7.76

0

Methyl linoleate

45.84±4.14

61.52± 4.32

' Methyl oleate
1
Methyl linoleate
20% Molar Ratio

N=3

Aliphatic terpenes
Less inaccessible
pores volume

Fatty acids
greater inaccessible
pores volume

Figure III.30: Effect of pores diameter on extraction
capacity of Ag-PRS sorbents for fatty acids Vs aliphatic
terpenes
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latter explanation may shed some light on the reduction of extraction selectivity observed
as sample size increased. The nature of the elution solvent will have higher energetic
favorability than the non-specific interactions exhibited by different analyte molecules,
and thus lead to non-selective elution of analyte components.

In conclusion, to achieve sufficient extraction selectivity, the sample size, depending on
type of analyte mixture, should not exceed 30-40% of the bonded silver ions on a given
bonded phase. This also proves that the Ag-SPE method could be used for preparative
work in terms of fractionation of a mixture of unsaturated molecules based on their
degree of unsaturation with high percent recovery, 92%. This Ag-SPE method could be
scaled up to gram quantities for selective extraction of unsaturated fatty acids and
monoterpenes. There is no reason that seems to prevent using Ag-SPE for fractionation or
isolation of other classes of compounds, such as triacylglycerols and lipids, which differ
in their degree of unsaturation and to a lesser extent geometric and positional unsaturated
isomers.
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CHAPTER IV:
UTILIZATION OF ETHYLENE DIAMINE BONDED PHASE AS A BIDENTATE
CHELATOR

IV.1 INTRODUCTION
Solid-phase extraction in terms of metal ions is mainly used as a trace enrichment
method. There are three main approaches for enrichment of trace metals and their
complexes in SPE : cationic and anionic exchange sorbents, and hydrophobic sorbents
such as octadecyl bonded phase [1-2]. Immobilized chelating groups were recently
employed for trace metal enrichment due to their higher selectivity toward metal ions [3].
Nevertheless, immobilized chelating groups on silica-based sorbents for SPE have not
been widely studied as an approach for immobilized metal affinity chelation (IMAC)
techniques. This latter approach resembles in principle that of the immobiUzed metal
affinity chromatography technique discussed in Chapter I. Using a ligand exchange SPE
domain has similar advantages to those of the IMAC technique. However, in the wide pH
range 2-9.5, silica based sorbents are more mechanically stable than soft gel, which is
typically used in IMAC. Additionally, using silica sorbents it is easier to control the flow
properties and less cumbersome to reactivate the materials.

In this chapter, PSA silica based sorbent, which is bonded to ethylenediamine and used
mostly as an ionic exchanger, was employed as an inunobilized ligand because of the
ability of PSA to act as a bidentate ligand toward a wide range of metal ions. The
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advantage of using PSA as a ligand exchange sorbent is the reduction of the effect of
ionic strength on metal complexation, which otherwise predominates the ion exchange
approach. PSA sorbents could provide different interaction mechanisms depending on the
conditions of the experiment and on the nature of the compounds to be extracted or
preconcentrated. These different mechanisms are summarized in Figure IV.1.

Because the primary concern is to enhance the extraction selectivity for the analyte of
interest present in a high ionic strength matrix, the immobilized metal ion on a ligand
exchange sorbent has to be retained through the formation of a coordinate-covalent bond.
The formation of a complex is governed by the binding strength of complexation between
the immobilized metal and ligand molecules. Their formation constants in this particular
application have to be lower than the bonded chelator immobilized metal formation
constant. It had been established that complex formation selectivity increased as the
difference in formation constants between complexes increased.

This chapter deals with the study of the factors that affect both the immobilization of
metal ions on bonded chelator sorbents and the complex formation between immobilized
metal ions and analyte molecules. Factors that affect the inunobilization of metal ions on
bonded chelators are mainly the chelate structure, the nature of the metal ions, the pH of
metal ion solutions and the variation of the effect of the metal counter ions on metal
inmiobilization on bonded chelator sorbents. The main factors that play major roles in
analyte retention on immobilized metal chelator (IMC) sorbents are the nature of metal
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Figure IV. 1: Different interaction mechanisms on a PSA sorbent
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ion coordination, metal counter ion, analyte chelation properties, pH effect, composition
of elution solvents, and molecular structure of the analyte.

The solution chemistry of metal complexation is an extensive resource for providing a
rough picture of metal complexation on surfaces, and the formation constants reported for
metal complexes in solution are considered rough guides for surface complexation [4],
However, on the surface, complexation is not only affected by the factors that govern
complex formation with the immobilized metal but also by the composition of the
neighboring surface where complexation occurs. This is true considering the nonuniformity of the surface where complexation takes place and the possibility for non
specific interaction between analyte and surface active sites.

The metals used in this study, namely Cu", Ni", Co", Zn", and Cd" had been chosen
because of the differences in their coordination properties, which provides a larger
application to different analyte molecules. The behavior of the metals on a PSA phase
was compared to that on an iminodiacetic acid (IDA) bonded phase. PSA and IDA are,
respectively, bidentate and tridentate chelators, and the metal complexes on both phases
were studied. This was done to understand the retention mechanism of complexing agents
on these bonded chelator phases.

Ligand exchange chromatography used in liquid chromatographic applications is best
known for its ability to separate compounds with closely similar structures, such as
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enantiomers of optically active ligands [5]. Such selectivity is possibly applicable in the
case of IMC-SPE because the same chemistry occurs on both phases with the only
difference present being in their particle sizes.

The selectivity character of EMC-SPE is an advantage in the extraction of drugs that can
act as ligands on the immobilized metals from a biological matrix of high ionic strength.
With this in mind, the combination of the ionic and ligand exchange techniques in SPE
using stacking phases methods present a new and challenging technique. This may be a
valuable tool for the enhancement of the selectivity in an extraction of an analyte from a
biological matrix with high ionic strength. This type of extraction is difficult, if not
impossible, to achieve through the ion exchange technique alone.

IV.2 EXPERIMENTAL
IV.2.1 Materials
Most of the chemicals used were of analytical reagent grade quality. All solid phase
extraction cartridges were obtained from International Sorbent Technology( Hengeod,
UK). Ammonium acetate, sodium acetate, sodium chloride, ethylenediamine tetra-acetic
acid,

pyridine,

1-,

2-,

1,3-,

and

1,4-pyridylacetic

acids,

ethylenediamine,

tetramethylethylenediamine, diaminenephthalene and amphetamine were purchased from
Aldrich (St. Louis, U.S.A). Metal ion stock solutions were prepared from the metal ion
salts. Solutions of Cu", Ni", Co", Zn" and Cd" were prepared from their nitrate salts.
However, Cu" metal ions solutions were prepared fix)m acetate, sulfate and nitrate metal
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salts. Different salts were used for making solutions of Cu" to study the effect of the
auxiliary ion on its chelation with the bonded ligands. Nitric acid and sodium hydroxide
were used to adjust the pH of the buffer and metal solutions to the desired values. pH was
measured using a digital pH-meter that was calibrated using standard buffers of pH 4 and
10. Milli-Q water was used throughout the experiments and was obtained from a
Millipore water purification unit.

IV.2.2 Instrumentation
Most chelation capacities for metal ions were determined using a thermo Jarrel Ash
(Model IRIS equipped with CID detector, type = CID38) Inductive Coupled Plasma,
Conditions of analysis were the following:
Element

Maximum emission line

Cu

3273

Ni

2216

Zn

2062

Cd

2288

Co

2436

Instrumental parameters:
Source = ICAP

Auxiliary flow = 1

Grating = 2

Pump rate =130 rpm

Prism = 2

Ptirge time = 90 sec

Slit width = 53.0

Rinse volume = 1ml
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Slit height = 53.0

low limit =100 ppb

Nebulizer flow = 32

# of replicates = 4

Significant Figures = 4

Atomic Absorption (Thermo Jarrel Ash Corp.®) was carried out for studying metal
complexation with counter ligands for ligand exchange in copper or nickel modes.
Ultraviolet absorption was used for determining the solution complexation and
comparison with surface complexation. The absorption wavelength was dependent on the
complex understudy.

rv.2.3 Procedure

IV.2.3.1 Metal ion complexation capacity
The complexation capacity for metal ions was studied by the cartridge method as a
function of concentrations and pH. In this method, metal ion solutions of different
concentrations, 0.32 to 3.2 mM, but the same pH were passed through the packed 100 mg
PSA colunms. The effluent and washings were collected for analysis. The amount of
metal ions immobilized was also determined by passing 0.05 M EDTA through the
cartridge and collecting 1 ml fractions of the eluent. The concentration of metal ion was
then determined as before.

IM

In these experiments, the competing ligands were chosen with different binding capacity
and chelation properties. They ranged from monodentate to tridentate. These ligands
were passed through metal loaded columns and the eluent was collected. One milliliter
aliquot of 5% ammonium hydroxide was added and then the amount of copfper was
determined using UV-VIS measured at A, = 258 nm. These results were corrected by
subtracting the amount of metal ions that may be eluted by same buffer solution that was
used to dissolve the ligands.

IV.2.3.2 Stacked phases procedure
An ionic exchange column was interfaced with ligand exchange columns using an
adjusTable connector. The ionic phase was stacked on top of the ligand exchanger.
EDTA
And other analyte solutions of different ionic strength were first loaded onto the ionic
exchange column and the effluent was passed to the ligand exchange columns. After
these steps the two columns were separated and different elution solvents were used
depending on the kind of analyte used. The collected samples were then analyzed using
either an AA as was the case for IDA and EDTA eluents, or UV-VIS as was the case for
pyridylacetic acids, amphetamines and 1,8-diaminonaphthalene.

IV.3 RESULTS AND DISCUSSION
IV.3.1 Complexation capacity of PSA sorbents for different metal ions
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The determination of metal ion complexation capacity is an important step that reflects
the complexation at the surface and how it correlates with the complexation in solution.
Ethylenediamine (EDA) bonded on silica sorbents (PSA), has pKai= 9.89 and pKa2=
7.08 at 25''C and ionic strength y.= 0.01 M. It is apparent that pH plays a major role in
determining the available binding sites of bonded EDA that will complex with metal ions
at a given pH value.

Figure IV.2 shows the complexation capacity of metal ions, in terms of mmole of metal
ion per gram of the PSA as a function of pH for Cu", Ni", Zn", Cd" and Co". The highest
capacity at a given pH was observed with Cu", followed by Ni" while Co", Zn" and Cd"
have a similar complexation with PSA. From this graph, the dependence of the
complexation capacity of different metal ions on the pH varied with the pH with some
metal ions, such as Cd" and Zn", showing less pH dependence than other metal ions. This
may be due to their effective formation constants with PSA do not vary drastically with
the change of pH. This graph also shows that a strong correlation between the
complexation capacity of metal ions and their formation constant with PSA in solution.

Additionally, it is noteworthy to mention that the complexation capacity determined at
high pH values was found to be greater than the values reported by the manufacturer for
the PSA. It had been reported the capacity of bonded phase is 0.3 meq/g [6] but it was
found to be 0.32 meq of Cu" capacity. This increase in complexation capacity suggests
that possible non-specific metal binding to the PSA surface is occurring. An attempt to
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determine the cause of this variation was made through the quantitative determination of
the metal ions that bind to a C2 bonded phase. C2 was chosen because it had a chain
length shorter than the propyl chain that links bonded EDA with the sorbent matrix found
on PSA. The non-specific complexation capacities for metal ions determined on C2bonded phase provide approximate values for the ones that were observed on PSA
sorbents. Table IV. I summarizes a comparison between complexation capacity of metal
ions observed on both phases. From this Table it is seen that as the pH increased on both
phases the complexation capacity increased. This is expected considering that at higher
pH the deprotonation of PSA increased and more free silanol on both phases became
negatively charged. However, the increased retention of the metal ions on both phases
was different, with coordinate covalent and ionic interactions on PSA at high pH values
while only ionic interaction was observed on a C2 phase. This was illustrated by the
drastic change observed on the complexation capacity curve of Cu" ion on PSA
compared to that of Cu" observed on a C2-phase. This difference could be because metal
ions experience multiple interactions that take place on PSA as pH increases, pH> 6, as
illustrated in Figure IV.3.

The complexations of the metal ions were sTable and negligible leakage was observed
with the use of acetate buffer at pHs less than 6.8; Ni" breakthrough was 0.72 jimole with
addition of 5 ml of acetate buffer. At pH = 6.2, Zn" and Cd" had breakthroughs of
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Table IV. 1: Complexation capacity for different metal ions of PSA columns as a flmction
of pH
PH

4

5

6

7

8.2

9

9.5

Cu-PSA

6.64''±
0.28

11.32±
0.48

18.62±
0.78

28.83±
1.22

29.56±
1.24

30.12±
1.17

30.26±
1.32

Cu-C2

0.32±
0.01

0.44±
0.02

0.57±
0.02

0.79±
0.03

0.92±
0.04

1.02±
0.04

1.10±
0.04

Ni-PSA

4.08±
0.26

7.24+
0.40

12.65±
0.69

18.63±
1.01

20.57±
1.12

21.15±
1.14

21.20±
1.14

Ni-C2

0.31±
0.01

0.43±
0.02

0.56±
0.02

0.8l±
0.03

0.95±
0.04

1.03±
0.04

l.07±
0.05

Zn-PSA

3.52±
0.01

7.37±
0.02

I0.29±
0.02

I2.23±
0.02

13.38±
0.03

14.27±
0.04

15.02±
0.06

Zn-C2

0.32±
0.17

0.45±
0.02

0.64±
0.04

0.78±
0.04

0.92±
0.05

1.12±
0.06

l.86±
0.07

Cd-PSA

3.23±
0.21

5.38±
0.34

6.27±
0.41

7.29±
0.47

8.39±
0.54

10.23±
0.65

Cd-C2

0.29±
0.02

0.43±
0.03

0.54±
0.04

0.78±
0.05

0.94±
0.07

1.04±
0.07

mg

t

1

12.62±
0.81
'
j
1.86±
0.09

pH>6

Figure IV.3: Possible retention of copper ions on PSA sorbents, chelation
with bonded EDA and ionic interaction with ionizable silanol group on
surface.
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1.05 (imole, while immobilized Cu"-EDA showed no leakage until the pH of the acetate
buffer was dropped to less than 6. This metal ion stability on the chelator sorbents
indicates a sTable complexation between the bonded EDA and metal ions.

IV.3.2 Effect of metal counter ion on stabilization of immobilized metal ions
It has been reported that metal counter ions present in the metal salts have an effect on
the complexation of the metal ion and also on the stability of complexation with respect
to the pH and elution of metal ion [7]. Because Cu" and Ni"

exhibit greater

complexation stability upon immobilization, different salts of these metals were
investigated, namely acetate, sulfate and nitrate salts of copper and nickel.

The differing counter ions may be a source of complexation with the metals immobilized
on PSA sorbents through some possible ionic interactions. It was noticed that upon
increasing the pH to above pH 8, a precipitate was formed with nitrate and sulfate metal
salt solutions, while the acetate did not show the same behavior. This could be attributed
to the formation of stronger ion-complexes between Cu" and Ni" and acetate ions, which
are compete successfully with the hydroxyl groups in the solutions. It was noted that
precipitate formation for Cu" was greater than that for Ni".

Figures IV.4 a and b show the complexation capacity of different copper and nickel
solutions as a flmction of pH. From these Figures, the complexation capacity of the metal
ions on the colunm, at a pH less than 7, was less for acetate than for nitrate and sulfate

Cu-Nitrate

P, 19

Cu-Sulfate

Cu-acetale

PH

Figure IV.4a lEffect of copper counter ions salts on the metal complexation
capacity using PSA sorbent

Ni-Nilratc
Ni-Sulfale
Ni-acetale

Figure IV.4b:Effect of Nickel counter ions salts on the metal
complexation capacity using PSA sorbent
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solutions. The reverse was true when the pH was increased past 7, which could be due to
the formation of metal hydroxide in the nitrate and sulfate solutions at high pH. This
causes the precipitation of the metal ions from these solutions. On the other hand, at
lower pH, the greater metal complexation capacity of the column observed with nitrate
and sulfate is due to less hydroxide formation with all salt solutions and to a weaker
effect of the metal counter ion on complexation with bonded chelator. In fact, it was
found that in the pH range 5-7, the complexation capacity of the colimm was greatest
with nitrate solutions, followed by sulfate solutions and finally by acetate solutions. A
similar observation was reported during separation of sulfa drugs using different Cd"
salts [8].

The electrostatic effect of counter metal ions was also suggested on the elution of the
Immobilized metal ions from the PSA phase. In this case iminodiacetic acids (IDA) and
Ethylenediaminetetraacetic acids (EDTA) of 3 mM concentration were used as
competing ligands to recover the immobilized metal ions from the PSA phase. Their
respective dissociation and formation constants with some metal ions are reported in
Table IV.2.
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Table IV.2: Formation constant of EDTA and IDA with selected metal ions
Ni^"

-T
Zn

Cd

EDTA

17.4*

17.1

14.6

14.2

IDA

10.56"

8.33

7.15

5.71

o
U

Cu-"

1 Metal

Mn"'

i

14.5

11.4

i

6.96

4.72

j
I

i

*; values represent Log Kf,
values represent only the first formation constant

According to Table IV.2, Cu" and Ni"-IDA have first formation constants similar to
those reported for Cu",Ni"-EDA [9]. EDA was loaded in I;l molar ratio with respect to
the previously determined immobilized metal.

Figure IV.5 shows the elution of Cu" ions from PSA using IDA as a competing ligand.
In this graph the amoimt of metal ions recovered with this EDA solution varied with the
metal ions salts. It can be seen that the greatest breakthrough was observed with
immobilized Cu" on PSA loaded using copper nitrate solution, followed by sulfate ones
with copper acetate showing the lowest % elution. Two important points needed to be
addressed here, first the effect of the metal counter ions on the elution of metal ions using
competing ligand, EDA, and second the coordination of IDA with chelated metal ions on
the surface.

In the first place, there was an apparent competition with EDA for the chelate loaded
metal sites on a PSA column by the counter ions: acetate, sulfate and nitrate, with acetate

Cu(N03),
CuSO^

o

•43

Cu(OOCCH3)2

W
riS

2

3

Volume (ml)

Figure IV.5: Effect of metal counter ions on elution of copper retained on
using different metal salts, pH=8.2
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being the strongest competing ion for these metals. This was reflected as a decrease in the
% elution of metal ions. Secondly, EDA did not seem to be quantitatively effective in
stripping the metal ions from the PSA surface. It can be proposed that at a given pH an
equal molar ratio of IDA: M" was not sufficient to form a stronger complex because of
the coordination properties of the metal ions. In this case, copper is known to prefer the
square planar though it can exist in octahedral geometry. In any geometry it assumes, this
loaded copper has two of its coordination valences coordinate with the bonded EDA and
the remaining valences are occupied with water or counter metal ions. IDA, as a
tridentate chelator, could only form a 1:1 complex with copper because of the
coordination state of Cu" on PSA. Metal-ligand formation is sensitive to the molecular
structure of the ligand. This indicates that EDA has to have the right orientation upon
contact with immobilized copper to form a complex, and thus strip the metal from the
surface. However this surface complexation is limited also by the accessibility of the
immobilized copper where possible steric hindrance by the bonded chelator may affect
the observed complexation behavior of IDA.

As the pH increased, the effective % recovery of the immobilized metal increased by
10% with the use of EDA. This could be due to an increase in the tridentate form of IDA
which, in turn, increases its probability of complexing with immobilized metals, and thus
the elution of metal ions from the PSA columns (Figure IV.6).

pH=9.00

pH=6.8
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60
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40
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0
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Figure IV.6: Effect of pH on the chelation of immobilized copper,
on PSA, with IDA. Copper was loaded using different salts
IDA was loaded as 1:1 IDA:Cu molar ratio
i-j
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o
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On the other hand, EDTA was effective in eluting metal ions because of stronger
complexation with metal ions than the EDA ligand. EDTA has higher formation constant
at every pH than EDA. This is important since elution depends on the free energy of the
immobilized metal. The same elution pattern was observed with EDTA, as in the case of
IDA, but, the differences between using sulfate and nitrate metal salts were diminished
because EDTA-M" complexation has a much higher binding energy compared to that of
sulfate and nitrate metal interactions. Also, acetate metal salts showed only a slight
difference from

the previous counter ions metal salts in the case of EDTA:M"

complexation, as seen in Figure rv.7 This higher % elution was a result of complex
formation with a tetradentate chelator which is more suitable for stable complex
formation than a mixed complex formation between EDA with tridentate and one or three
different ligand molecules, such as acetate, or hydroxide. This results in lower entropy
changes for EDTA versus that of EDA and hence EDTA, quantitatively, is acting as a
stronger competing ligand for the immobilized metal ions.

From the above it can be concluded that the electrostatic interaction between immobilized
metal and its counter ions plays an important role in the stability as well as the
complexation capacity of the metal ions. Upon using a competing ligand to recover metal
ions for measurement of colimm metal capacity it is important to consider the
thermodynamic and kinetic factors in order to achieve effective metal recovery from a
chelator bonded phase.
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Figure IV.7: effect of chelate nature on elution of immobilized copper,
EDTA was used to elute Cu loaded on PSA columns using different
metal salts.
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IV.3.3 Effect of ligand concentration on metals adsorption
In the previous section, the competing ligands used, EDTA and IDA, were employed in a
1:1 molar ratio with the metal. In this section the effect of varying the concentration of
the competing ligands with respect to immobilized metal on PSA was investigated. This
study could lead to a greater understanding of the strength of chelation on the surface and
of the limiting factors that affect complexation with competing ligands due to the
chemical and physical properties of the surface.

Different solutions of EDA and EDTA were used in which the concentration range was
varied from 3 mM to 0.3 M. These solutions were loaded on an immobilized PSA column
where the copper was loaded using copper nitrate because it has the highest complexation
capacity. Figiu-e rV.8 shows the effect of IDA concentration on the recovery of the
immobilized copper ions on PSA sorbents. This Figxire reveals that as the concentration
of EDA increased, the % elution of loaded copper increased due to higher amount of
ligand competing for the same quantity of immobilized copper. The % elution of
immobilized metal also increased as the concentration of the counter ligand, EDTA,
increased. This could be explained as an analog to the effect of mass action on retention
where a higher number of competing ligands increase their probability of contact with
immobilized metal ions. This mass action effect is well known in ionic processes where
an increase in the ionic strength of competing ions loaded onto a column suppresses the
interaction of ions with greater selectivity for the bonded ionic exchanger.

IDA 10X
IDA5X
IDA 4X

-o-

IDA 3X
IDA1X

Volume added (ml)
Figure IV.8: IDA concentration effect on elution of Cu-^immobilized
PSA sorbent. pH was constant at 6.8 , 1X= 1:1 IDAiCu^^molar ratio
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Another important feature of this data is the limitation on % elution of the immobilized
metal ions because of the physical structure of the pores of the bonded phase material.
This was observed with IDA solutions of molar ratio ten times higher than that of
immobilized metal ions, as shown in Figure IV.8. At this concentration ratio, a critical
% elution is observed where any further increase in EDA concentration did not chnage the
% elution of metal ions. This is because the pores of the particles have specific sizes that
limit the diffusion capacity of IDA, as depicted in Figure IV.9. Once the pores reach
saturation, further increase in EDA concentration will have no impact on the % elution of
metal ions and this critical satiu-ation seems to be reached around an IDA concentration
of 0.015 M. This same behavior was also observed in the case of using EDTA as a
competing ligand where the saturation of the pores was reach with 0.012 M EDTA
solution, as shown in Figure IV.IO.

From the preceding sections it was observed that metal complexation on the surface
showed correlation with solution complexation. The stability constant observed in
solution gave a rough estimation for the binding behavior of metal with PSA. It was
observed that a counter ligand with a formation constant similar to that of the bonded
chelator was not effective in displacing the immobilized metal ions from PSA. This was
attributed mainly to the type of coordination that occurs between the competing ligand
and metal ions as well as the metal coordination properties. Additionally, their
coordination complexation was affected by steric factors induced by the surface structure
in the proximity of the immobilized metal ions. Also, the metal salts used had an effect

Figure IV.9: Physical structure of pores silica limitation on diffusion
of excess IDA
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on the complexation capacity based on the strength of complex ion formation. The
stronger the electrostatic interactions the lower the capacity and the stronger their
stability for elution using counter ligands.

IV.3.4 Selective extraction of pyridylacetic acids isomers using Cu-PSA
The characterization of metal-ligand complexation on the PSA sorbent and the
determination of their capacity and stability led to further investigation of the
applicability of this method toward the selective extraction of compounds of interest,
namely the pyridylacetic acid isomers shown in Figure FV.l 1.

The selected compounds had been reported to coelute and show some difficulties in
establishing a protocol for their elution based on using an ionic exchange mechanism
[10]. However, the use of immobilized metal on SPE, particularly PSA sorbents, may
provide a new method of selective extraction for these compounds.

According to their pKa values, these compounds will act as bidentate ligands at any pH
greater than 6.8. They were dissolved in ammoniiun acetate buffer solution, pH=7.2, at
different concentrations of 0.03 M and 6 mM. These concentrations provide different
number of moles when the sample is loaded at a constant volume of 1 ml on a Cu-PSA
column. Additionally, calculation of the dissociation coefficients, a-values, reveals that
98.73, 99.71 and 99.52% of 2-, 3- and 4-pyridyIacetic acids, respectively, are in the
bidentate forms. The copper ion on PSA has two of its coordination valences chelated to
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CH

COOH

N

MW= 173.60g/mole
pK,= 1.31, pK2= 5.31

MW= 173.60g/mole
COOH

N

pK,= 2.07, pK2= 4.66

MW= 173.60g/mole
pK,= 1.80, pK2=4.88

Figure IV.l 1: Pyridyl acetic acids isomers: 1) 2-pyridyl acetic acids
2) 3-Pyridyl acetic acid and 3) 4 Pyridyl acetic acid
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the nitrogen groups of bonded EDA. These acid molecules could occupy the other two to
provide a preferred coordination structure of copper metal.

Figure IV.12 shows the retention behavior of a 0.03 M pyridylacetic acid mixture. The
composition of the elution solvent used to selectively elute individual components of the
isomeric mixture was 20/80 ACN/H2O. The quantitative determination of eluents was
performed using UV-VIS. Accordingly, 2-pyridylacetic acid was retained stronger than
3- and 4-pyridylacetic acids. The recovery was not satisfactory, especially for
2-pyridylacetic acid, which had 54% recovery with 15-bed volume. This insufficient
recovery was attributed to greater complexation between immobilized copper and 2pyridyl molecules. This was suggested becasue upon washing the column with methanol,
less than 3% of the acid was detected, which means that non-specific interactions with
the surface were negligible with respect to complexation coordination between 2-pyridyl
molecules and immobilized metal ions.

Additionally, it can be seen in Figure IV.12 that a coelution of 3, 4-pyridylacetic acids
was observed. This may be either due to greater elution volume used or to a weaker
complexation with immobilized metal ions on PSA. It is noteworthy that an elution
solvent composition of 90/10 H2O/ACN was used but its elution capacity was insufficient
to elute 2- and 3-pyridylacetic acids. The effect of volume of elution solvent was further
investigated in order to determine the volume necessary to elute selectively individual
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Elution Step
Figure IV.12: Retention behavior of 2,3 and 4pyridyl acetic acids on
Cu-PSA. Elution Step l)500ul 80/20 CAN/H2O, 2) 1000 |i 1 of the same
elution solvent, 3) 1500|nl of the same elution solvent and 4) 2000 |li 1 of
the same elution solvent used in step I
K>

272

components with greater recovery. Figure IV.13 shows the minimum eiution volume
needed to elute most of the 3- and 4-pyridylacetic acids from a Cu-PSA column.
According to Figures IV.13a-b, 83% of 3-pyridyIacetic acid was eluted with 800 jil of
80/20 H2O/ACN and 92% of 4-pyridylacetic acid was recovered using 600^1. However,
there was still some coelution observed at a 400|il eiution volume where 32% of 4pyridylacetic acids eluted from

the Cu-PSA coluiim. No detectable amount of 2-

pyridylacetic acid could be seen using this eiution solvent composition.

Improving the extraction selectivity may require using different solvent compositions.
Another eiution solvent of 90/10/1 H2O/ACN/NH3 was used to improve the selective
eiution of 3- and 4-pyridylacetic acids. Introduction of ammonium hydroxide is attributed
to the fact that NH3 is a strong monodentate complexing agent and is easily incorporated
onto the immobilized metal ions.

Figure IV. 14 shows the selectivity of the extraction of 2-, 3- and 4-pyridylacetic acids as
a function of eiution solvent volumes. In this case, the eiution of 2-pyridylacetic acid
from the immobilized metal on PSA shows a 91% recovery using 700 |il without any
significant coelution from the other mixture components. As for 3- and 4-pyridyIacetic
acids, their extraction selectivity improved; 3-pyridylacetic acid was recovered with 93%
efficiency using 500 |al of eiution solvent, while 4-pyridylacetic acids was recovered at
93% efficiency using a 300|J.L of eiution solvent. However some coelution still occurred
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Figure IV.13a: Minimum volume of elution solvent required for Pyridyl
isomers using 80/20 H2O/ACN
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with the addition of 200 |il of elution solvent whereas 30% of 4-pyridylacetic acid
coeluted with 3-pyridyIacetic acid.

The solvent system did enhance the extraction selectivity of these pyridylacetic acid
isomers. This is because in this solvent system, the competing complexing agents ACN
and NHj are more effective in displacing the pyridyl that is complexing to immobilized
copper. Additionally, NH3 may have a major impact on the elution of pyridyls since it
forms stronger complexes with copper than does acetonitrile [9]. It can displace the
analyte molecules faster, providing a rapid extraction of the pyridyl isomers from the
metal loaded columns. This may explain the lower minimum elution volume required for
eluting analyte molecules as compared to that observed using 80/20 H2O/ACN.

In addition to the above studies, an attempt to study the coordination nature of pyridyl
compounds with immobilized copper ion was sought because it may help understand the
effect of the bonded chelator on the coordination valences of copper. Different solutions
with molar ratios of 1:1 and 1:2 of Cu": L were used, where L represents pyridylacetic
acids. These solutions were allowed to equilibrate with metal-loaded PSA sorbents for 2
min. Figure IV.15 shows the specific and non-specific interactions of the loaded 1:1
molar solution on Cu-PSA. It appears that 90% of the loaded 1:1 sample experience
ligand-exchange between the Cu"-solution and Cu"-surface. The collected sample shows
that 8% of the 1:1 samples were retained at the surface through non-specific secondary
interactions. However the 90% of the sample retained through complexation was

Elution Step
Figure IV.15: Binding capacity of Cu-PSA for a 1: 1 Cu:2-py solution using
the following elution steps; stepl) collected sample, 2) 1ml of 100% MeOH
3) 1ml of 80/20/0.1 Hfi/ACN/NH^ and step 4) 1ml 80/20/0.1 H2O/ACN/NH3

278

recovered using 80/20/1 H2O/ACN/NH3 elution solvent. This may indicate that copper
ion immobilized on surface has a stronger binding strength than copper in solution. This
could also be due to less entropy change encountered when one bidentate ligand from a
metal complex in solution displaced two monodentate ligand molecules on the
immobilized metal on the surface, which means higher free energies for ligand exchange
between copper complex in solution and immobilized copper on the surface.

The same behavior could be seen with the application of 1:2 Cu":L sample solution, as
shown in Figure IV.16. This Figure shows the cumulative elution of 1:2 molar solution
loaded on the Cu-PSA column as a function of the composition of elution solvents
monitored at wavelength

262 nm. By measuring the effluent of the loaded sample, it

was seen that the amount of sample that eluted with 1 ml of a MeOH wash was 10%,
which is similar to that observed with the 1:1 Cu":L molar solution. When the column
was washed with I ml of 90/10/1 H2O/ACN/NH3, 78% of the sample was eluted. This
illuminates the ligand exchange process between the copper complex in solution and
immobilized copper on the surface. Additionally, this retention behavior is an indication
of coordination characters of immobilized Cu-PSA. The 1:2 solution experiences analyte
ions exchanging from solution to surface which could be due to a possible formation of
an octahedral copper complex. This coordination may be facilitated by the suitable
oreintation of the pyridylacetic acids molecules where they probably occupy the axial
positions and the bonded EDAs occupy the equatorial positions, as illustrated in
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Figure IV.17. This provides a stable octahedral copper complex. Such EDA equatorial
positions are assumed in the literature with the formation of Ag-.EDA 2:1 complex where
the EDA acts as a bridging ligand connecting the two silver ions through occupying the
equatorial positions [11].

.According to the above studies, bidentate ligands acted as probe molecules to determine
the applicability of immobilized copper on a bonded chelator. Their phase equilibrium
reflected their coordination characters where they may form a square planar coordination
complex. Also they may illuminate the coordination of immobilized copper as in this case
where the immobilized copper has the ability to form an octahedral complex with the
bonded EDA occupying the equatorial positions and the two pyridylacetic acids
occupying the axial positions. These experiments may also offer a method for selective
extraction of three pyridylacetic acid isomers, though with some coelution observed with
3- and 4-pyridylacetic acid. Additionally, the above experiment reflects the effect of
elution solvent composition. The presence of competing ligands in an aqueous-organic
solvent mixture improved the selectivity of the extraction of pyridylacetic acids isomers
by having a stronger complex formation with immobilized copper which consequently
led to the faster extraction that was observed as an improvement in extraction selectivity.

rv.3.5 Effect of ionic strength on chelation
It is customary to include sodium chloride, |i=0.0-1.00, in buffer solutions used in EMAC.
The major reason behind this high ionic strength buffer is to suppress the ionic interaction
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Figure IV. 17: Pictorial description of axial and equatorial
sites in Cu;2-py complexed at PSA sorbents., Eq== equatorial
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of biomolecules with the gel surface. This ionic effect has an unwanted effect when using
SPE, because in this latter method the extraction of the analyte of interest from a
biological matrix with high ionic strength will reduce the selectivity of extraction using
ionic exchange sorbents. However, this difficulty could be minimized by the utilization of
stacked phases of ionic and ligand exchangers. In this mode of operation the
complexation between analyte in a biological matrix and irrunobilized metal ion is less
affected by the ionic strength than the interactions in an ionic exchange process. The
electrostatic effect of the metal counter ions discussed in Section IV.3.2 played a role in
affecting the observed complexation and elution of the immobilized metal ions. Stacking
the phases could also reduce this latter effect by applying an ionic exchanger that
minimizes the ionic strength, then eluent from ionic phase will interact with the IMC
phase.

EDTA was used as a competing ligand to investigate the effect of excess ionic species on
the % elution of immobilized metal ions. EDTA solutions with the same molar
concentration of 0.05M but different ionic strength, |j.=0.0, 0.05, 0.1 and 0.5 M, were
applied to a Cu-PSA column. Figure IV.18 shows the effect of ionic strength of the
EDTA solution on the % elution of immobilized Cu". As the ionic strength of the EDTA
solution increased, the % elution of metal ions increased. This could be explained by the
fact that on a Cu-PSA surface, EDTA molecules will primarily interact with metal ions
through formation of a stronger complex than that of the bonded chelator (EDA). The
excess charged species might facilitate the solvating of the EDTA-Cu complex into the
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liquid phase. Also, these ionic species may experience electrostatic interactions with the
charged EDA molecules that remained uncomplexed because of the applied pH.
Additionally, the increase in ionic strength of the EDTA solution has an impact on the
thermodynamic values of the formation constants with copper metal ions. Theoretically,
the formation constant increases as the ionic strength of the solution increases [12].

This observation was reflected in the % elution of the immobilized Cu" ions. The effect
of the ionic strength on the % elution of immobilized metal ions was repeatedly smdied
by stacicing an ionic exchange column, SAX, with the ligand exchange columns (Figure
IV.19). The combination of different phases had no impact on the % elution of metal ions
using the previous EDTA solution (Figure IV.20). In this graph, the effect of ionic
strength on the % elution was negligible compared to that observed in Figure IV. 18. The
reduction in ionic strength effect occurs because most of the negatively charge ions retain
on the ionic exchange phase while the positively charge sodium ions pass through to the
IMC (Cu-PSA). The latter eluent consisted mainly of EDTA and Na"*" ions. This was
reflected in their interactions where the EDTA solution with |j.=0.0 M exhibits similar
complexation capacity as the EDTA solution of {a=0.5 M. The positively charged sodium
ions could not compete for either the free binding or chelated sites of bonded EDA. The
only interaction they may experience is an electrostatic interaction with accessible silanol
groups on the surface of Cu-PSA. Hence EDTA complexation with Cu" using different
EDTA solutions was not changed drastically with an increased amount of positively

^ PRS = propyl sulfonic acid
SAX= propyl quaternary amine

Ligand = Propyl ethylenediamine bonded phase

Figure IV. 19: Stacked phases of ionic (top) aligned over
ligand exchange (bottom) column
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charged ions and thus the % elution was not different between EDTA solutions with
different ionic strength.

This combination of stacked phases seemed to be effective in reducing the ionic strength
of the matrix by diminishing the impact of counter ions present in large excess on the
binding strength of immobilized metal ions. This combination was furthermore applied
for the extraction of the analyte present in a high ionic strength matrix. The applicability
of this method will be discussed in the next section.

IV.3.6 Combination of ligand and ionic exchange phases for extraction of mono- and
bidentate ligands from A high ionic strength matrix.
The combination of ionic/ligand exchange sorbents was adapted for the extraction of
ligands present in a high ionic strength matrix. These ligands form weak complexes with
the metal ions in solution, and their reported formation constants in solution [9] predict
that they fall in the necessary range for possible complex formation on the surface
without appreciable displacement of the immobilized metal ions.

rv.3.6.1 Metal content of effluents
The content of metal ions in the columns used, namely Cu-PSA, Ni-PSA, Zn-PSA, CoPSA and Cd-PSA, did not vary upon loading and eluting analyte samples, except for
small amounts of Cd" and Co" which were detected with sample collections, as shown in
Table rv.3.
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Table IV.3: Metal ion content on PSA columns prior to and after application of analyte
solution*

Metal ion

Before sample addition

After sample elution

Cu"

29.15^±1.23

ND°

Ni"

I9.60± 1.06

ND

Zn"

13.24±0.85

ND

Cd"

9.34± 0.48

1.32±0.067

Co"

12.62± 0.79

I.63±0.098

^ values expressed as (imole.g'
ND= non-detectable at operating level
* These measurements were averaged from using a separate ligand exchange column
with analyte solutions with |a=0.0-0.05 M. And using stacked phases with solutions of
ionic strength higher than }i.=0.05 M.

This observed stability of the immobilized metal ions was attributed to the namre of the
analyte solution applied. This analyte solution was dissolved in 20% MeOH which may
minimize the pH changes on the surface upon loading analyte solution and thus less of an
effect was observed on metal binding strength with bonded EDA. The bleeding that
occurred with Cd" and Co" could be a result of non-specific retention that these metal
Ions experienced on a PSA surface at pH= 7.2. It has to be noted that the dissolved
analytes were nitrate salts and the nitrate ions have no significant impact on competing
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for the binding sites of the immobilized metal ions compared with the binding strength of
analyte molecules.

A mention should be made about some immobilized metal columns specifically, Zn-PSA
and Co-PSA. The former columns show no improvement in extraction selectivity in
stacked and non-stacked phases and with the latter column difficulty was observed in
loading the sample where clogging of the frontal section of the packed column occurred.
Also, Co-PSA was not stable upon addition of high ionic strength solutions. A change in
the sorbent color was observed with the addition of elution solvents which contain
different proportions of alcohol. This observation could be due to oxidation of metal ions
or decomposition of the analyte molecules on the surface. Further analysis with these
loaded metals columns was not pursued in favor of Cu-PSA, Ni-PSA and Cd-PSA loaded
sorbents.

rv.3.6.2 Ionic strength effect on retention behavior of analyte

Figures rv.21a-c, show the % recovery of analyte samples containing, separately,
methamphetamine, amphetamine and 1,8-diaminonaphthalene with ionic strength
|j.=0.5 M on SAX:M"-PSA stacked phases. In these Figures, the % recovery seems to be
higher using the SAX:Cu"-PSA phase than the Ni and Cd stacked phases. This could be
due to the greater binding strength of analyte molecules with immobilized copper ion and
also the greater stability of Cu-PSA to high ionic strength solution as seen in
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Figure IV.21a: Recovery of amphetamine using different
immobilized metal ions in the stacked mode; the elution
solvent used was 80/20 H20/Et0H mixture
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Figure rv.20. However, Cd-PSA shows a metal bleeding problem associated with
applying analyte samples with high ionic strength, as seen in Table IV.3. This bleeding
results in the reduction of immobilized metal capacity and thus fewer samples, which
seems to affect the % recovery of the analyte sample used. It is noteworthy that the ionic
exchange phase, SAX, stacked with M"-PSA phase did reduce the effect of negatively
charged species from the possible formation of ion-complex with the bonded metal ions
under mass action effect.

Figures IV.22. a-c, show the volume of the elution solvent, 80/20 HaO/EtOH, needed
when a mixture of the three compounds was applied on SAX:Cu-PSA, SAX:Ni-PSA and
SAX:Cd-PSA, respectively. The mixture sample had an ionic strength of ^=0.5 M and
concentration of 0.003 M. These Figiu-es show that a greater volume of the elution
solvent above was needed for all three mixture components to be eluted from the Cu-PSA
sorbents than Ni-PSA and finally Cd-PSA. This is probably due to the higher binding
strength that these basic amines experienced with immobilized Cu" ions than with the
other two immobilized metal ion sorbents. Additionally, there was a coelution observed
for amphetamine and methamphetamine on Cd-PSA, but not on the other two metal
sorbents. Moreover, the ligand exchange phase separately provided similar retention
behavior for analyte mixture sample of ionic strength < 0.05 M, as illustrated in Figure

rv.23. However, the extraction selectivity deteriorated as the ionic strength of the analyte
mixture was greater than 0.1 M, as seen in Figure IV.24. At, higher ionic strength,
immobilized metal ions bled off the columns when the sample solution was loaded
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Figure IV.22a: Elution volume needed to elute amines mixture
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directly on the ligand exchange column. This bleeding is probably due to the mass action
effect of the excess negatively charged species present in solution on immobilized metal
ions.

These results are a reflection of the effectiveness of the stacked phase approach on
enhancing the extraction selectivity by a significant reduction in the effect of ionic
strength of the matrix on the extractability of the analyte using SPE. This approach may
provide an alternative tool for the selective separation of ligands from biological matrices
of high ionic strength, which are usually studied using ion exchange.

IV.3.6.3 Elution solvent composition on selective extraction of amine mixture
The composition of the elution solvent is a major factor affecting the extraction
selectivity. From the above sections, the elution volume used to provide that extraction
selectivity was 20/80 Et0H/H20. It can be noticed from Figures IV.22 a-c that the same
elution order of the mixture components was observed using the stacked phases
approach. However, their extraction selectivity was readily affected by the amount of
alcohol used. Table IV.4 shows the effect of ethanol concentration in elution
Solvent composition on the retention of mixtures loaded on stacked SAX:Cu-PSA
sorbents. It can be seen that as the concentration of alcohol increased, the more soluble
the bases were, and the more easily they were eluted from the column. However, the
extraction selectivity of the mixture starts to diminish as the percentage of ethanol in the
elution solvent increases to 30%. The highest selectivity seems to be observed with the
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use of 10% ethanol in water to eiute methamphetamine quantitatively because of the
large difference in elution volume compared to the other two components.

Table IV.4: Extraction selectivity as function of ethanol concentration in elution solvent
loaded on Cu-PSA sorbent.

Ethanol concentration

10%

20%

30%

40%

50%

1,8-Diaminonaphthalen 2.6"

1.8

1.1

0.5

0.2

Amphetamine

2.3

1.6

1.00

0.5

0.2

Methamphetamine

1.80

1.40

0.9

0.5

0.2

Elution volume of:

: Elution volume expressed in ml.
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In an attempt to improve the extraction selectivity, ammonia was incorporated in the
solvent system, because it competes for the binding site of the immobilized metal ions
better than alcohol. This was based upon the results obtained from selective e.xtraction of
p>TidyIacetic acid isomers previously discussed in this chapter. Table IV.5 shows the
effect of the addition of ammonia to the alcohol/water elution solvent mixture on the
elution of the amines from the Cu-PSA sorbents.
Table rv.5: Effect of ammonia concentration on the retention behavior of amines
using Cu-PSA sorbent

%NH3

0.1%

0.5%

1.00%

Amphetamine

0.8»

0.5

0.4

Methamphetamine

0.5

0.3

0.4

1,8-Diamino
naphthalene

1.4

0.9

0.4

* Volume expressed in (il

A general observation is that a lower volume of elution solvent was required to elute the
amines from the metal loaded sorbents. As the ammonia concentration increased the
volume of the elution solvent volume decreased. Also, this relatively small difference in
the ammonia concentration on the elution volume had a significant impact on the elution
of the amine whereas the amphetamines were coeluted with the same elution solvent
volume, 800p,l of 90/10/0.5 H20/Et0H/NH3. The effect of coordination of the analyte
ligand with the immobilized metal on the surface can be noted. The amphetamines and
methamphetamine coordinate as monodentate, while 1,8-diaminonaphthalene coordinates
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as a bidentate ligand with immobilized copper:Ammonia in the elution solvent acts as a
monodentate ligand and is more effective in disrupting the interaction of the
amphetamine and methamphetamine than it is for that of the bidentate ligand
1,8-diaminonaphthalene.

With the application of ammonia, the extraction selectivity was achieved using less
volume compared to that obtained using 80/20 ethanol/water. From the value reported in
Table IV.5, the extraction selectivity was enhanced as compared to using an elution
solvent of merely ethanol/water. The optimum elution solvent compositions for greater
extraction selectivity of the amines compounds seem to be 90/10 H20/Et0H for the
selective extraction of methamphetamine and 90/10/0.1 H20/Et0H/NH3 for the selective
extraction of amphetamine and 1,8-diaminonaphthalene.

This incorporation of ammonia into the elution solvent seemed also to improve the
extraction selectivity of the amine mixture using Cd-PSA and Ni-PSA. Figures rv.25a
and b show a comparison of the effect of elution solvent composition on the elution of the
amine bases using Ni-PSA sorbent. From these Figures, it was apparent that the coelution
difficulty of amphetamine and methamphetamine observed using 20/80 Et0H/H20 as
elution solvent was reduced comapred to the 90/10/0.1 HzO/EtOH/NHj elution solvent.

Overall, the elution order of the amines seemed to be the same upon using different metal
loaded sorbents. On using the same metal loaded sorbent, the change in elution solvent

(D

40
Metamphetamine
• Amphetamine
A Diamine

1000

Volume added(|LlL)

Figure IV.25a: Effect of the elution solvent composition
on the extraction selectivity of amines using Ni-PSA; elution
solvent used was 90/10/0.1 H20/Et0H/NH3
O
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Figure IV.25b: Effect of the elution solvent composition
on the extraction selectivity of amines using Cd-PSA;
elution solvent used was 90/10/0.1 H20/Et0H/IS[H3
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composition did not alter the elution order of the amines. Each individual compound
could possess different binding strengths toward different immobilized metal ions for this
elution order to occur. Diaminonaphthalene acted as a bidentate ligand and was retained
stf' iger. More elution solvent was required to extract it on all different metal loaded
sorfaents. Amphetamine eluted second. Its complexation strength was stronger with
immobilized Cu" than with Ni" and Cd". Methamphetamine was the least retained on all
metal loaded sorbents. Its weak retention, relative to amphetamine, is possibly due to
greater steric hindrance effect exerted on the amine group in methamphetamine. This
steric hindrance is because of the displacement of H atoms by a methyl group on the
amine nitrogen and on the carbon atom next to the amine nitrogen. Both amphetamine
and methamphetamine are considered as monodentate chelators because of only one
donor nitrogen group present in each molecule. Thus, it is these groups alone that dictate
their binding strengths with immobilized metal ions. The less hindered the nitrogen
atoms, the more accessible to coordination, as in amphetamine. Additionally, the more
shielded the nitrogen atoms of the amine group due to alkyl substitution the less
accessible to coordination and the weaker the binding strength with the immobilized
metal ions, as in the case of methamphetamine.

Overall, these experiments provided a novel approach to enhance selectivity using a
stacked phase of ionic and ligand exchangers. This combination has proven to be a
valuable tool in reducing the effect of the high ionic strength of the matrix containing the
analyte molecules on the extraction efficiency and consequently on analyte extraction
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selectivity. Moreover, the immobilization of the metal ions on a chelator phase reduced
their coordination numbers. Nevertheless, this reduction in coordination valences did not
affect the ability of the immobilized metal to complex with mono- and bidentate ligands
as was the case with amphetamine and pyridylacetic acids.

It is also important to mention the effect of metal counter ions present in the metal salts
that were used. These counter ions have been shown to affect the complexation capacity
of metal ions. The stronger the possible ion-complex formation, the smaller the
complexation capacity. In copper salts of acetate, sulfate and nitrate, copper acetate was
shown to have the smaller complexation capacity followed by sulfate and then nitrate.
Moreover, these metal counter ions seem to stabilize the immobilized metal ions. Upon
an attempt to elute the copper metal ions from EDA chelator sorbents using EDA as a
competing ligand, copper metal ions solution forms stronger ion-complexes with acetate
ions, than with sulfate, and nitrate was shown to have the least % elution of copper metal
ions as a function of IDA applied.

The increase in the ionic strength of the EDTA solutions was shown to directly affect the
binding strength of immobilized metal ions. The higher the ionic strength of the EDTA
solution, the larger was the % elution of the immobilized metal ions from the bonded
EDA sorbents. This mcrease in ionic strength was assimied to have a solvation effect on
the immobilized metal and to increase the formation constant between the metal ion and
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EDTA molecules. However, using stacked phases drastically reduced this increase in
ionic strength effect on the % elution of loaded metal ions.

Finally, in certain cases and with certain loaded metals on PSA sorbents. The binding
strength of the analyte with immobilized metal ions on the surface seemed to resemble
their binding strength in solution. On the contrary, some metal ions, Zn" and Co", upon
interactions with different Iigands, such as amines, showed no correlation to their solution
complexation. This implies that stability constants observed in solution for complex
formation should be taken as rough indicators of the complex formation on surfaces. This
is because the complexation on the surface is not limited to the metal and the ligand
molecules but also include the surroundings of the immobilized metal ions and their
accessibility, which is limited to the physical structure of the sorbent particles.
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CHAPTER V
SELECTIVE EXTRACTION OF ANITHISTAMINE DRUGS OF
ETHYLENEDIAMINE DERIVATIVES WITH IMMOBLIZED METAL IONS ON
SILICA-BASED BONDED PHASE SORBENTS

V.l INTRODUCTION
Antihistamine drugs comprise a wide variety of pharmaceutical compounds with different
pharmacological actions. Of this antihistamine family, ethylenediamine derivatives are
extensively used in different pharmaceutical drugs. This antihistamine group has
different biological activities from

the rest of the antihistamine family. However,

discussions of their biological behavior are beyond the scope of this dissertation. The
selected antihistamines of the ethylenediamine derivatives , shown in Figure V.l, contain
three nitrogen atoms, except for promethazine, which contains only two nitrogen atoms.
Two of the nitrogen atoms are positioned in the ethlyenediamine chain of the molecule
and the third nitrogen atom is present as a part of the pyridine ring, except in
promethazine. A common feature of all the compounds is that their nitrogen atoms exist
in tertiary amine groups. The pKa values of these molecules, calculated using Pallas®
software, indicates that upon dissolving them in solutions of pH= 9 and above, they
would be present in their deprotonated forms.

In general, antihistanune determination in biological samples was done using different
techniques. TLC was initially applied. However, their resolution suffered from a lack of

<;W2-m-N==S3

Tripelennamine
MW= 291.8 g/mole
pKy= 4.87, pK2= 8.76

Promethazine

MW= 320.9 g/mole
pK,=-2.62, pKj= 8.89

N
CI

Methapyrilene
MW= 297.8 g/mole
pK,= 4.87, pK2= 8.87

Chloropyramine
MW= 326.3 g/mole
pK,= 4.57, pK,= 8.82

Figure V.l: Antihistamine Drugs of ethylenediamine Derivatives

o
vO
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establishing a solvent system capable of resolving the antihistamines studied [1]. LC-MS
was also used for the analysis of antihistamine present in body fluids.

Recently,

diphenylmethane antihistamines were extracted using Solid Phase Micro Extraction
(SPME) and analyzed using headspace capillary gas chromatography [2-5]. In this
extraction method some diphenylmethane antihistamines were not recovered due to
irreversible interaction with the coated silica polymer on a fused silica fiber of the kind
usually used in SPME.

In this chapter, the extraction of the selected antihistaminic ethylenediamines was
investigated using IMC-SPE based on the promising results of Chapter IV for the
selective extraction of mono- and bidentate ligands. These antihistamines are considered
as tridentate ligands because of the number of nitrogens and other donor atoms, like the
sulfurs that are present in promethazine and methapyrilene.

Also, the ethylenediamine backbone which is present in each molecule is known to form
complexes with metal ions when present in other compounds, combined with the greater
selectivity offered by the IMC-SPE, should enhance the complexation properties of
different immobilized metal ions.

In this chapter, the immobihzation of metal ions on different phases and the resulting
effect this immobilization has on the extraction selectivity of analyte molecules using
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IMC-SPE will also be addressed. The sorbents used varied from chelator-bonded phases,
IDA-Si and EDA-Si, to ionic exchanger phases, SCX-Si and CBA-Si.

V.2 EXPERIMENTAL
V.2.1 Materials
Four different ethlyenediamine antihistaminic drugs were examined in this study.
Pormethazine-HCl, Methapyrilene-HCl, Tripelennamine-HCl and Chloropheniramine
were

purchased from

Sigma

tetramethylethylenediamine,

Chemical

(St.

Louis,

MO).

N,

N'-benzyl-N,N-dimethylethlyenediamine,

N,

N',

N'-

Ammonium

acetate, sodium chloride and ethylenediaminetetraacetic acids were purchased from
Aldrich (St. Louis, U.S.A). Metal ion stock solutions were prepared from the metal ion
salts. Solutions of Cu", Ni", Co", Zn" and Cd" were prepared from their nitrate salts.
Organic solvents were analytical grade purchased from B&J (Burdick and Jackson,
U.S.A) and used without ftirther purification. 1ST ISOLUTE® solid phase extraction
columns were obtained from International Sorbent Technology (Hengoed, UK).

V.2.2 Instrumentation
Most chelation capacities for metal ions were determined using a thermo Jarred Ash
(Model IRIS equipped with CK) detector, type = CID38) Inductive Coupled Plasma. The
conditions of the analysis were as follows:
Element
Cu

Maximimi emission line
3273
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Ni

2216

Zn

2062

Cd

2288

Co

2436

Instrumental parameters:
Source = ICAP

Auxiliary flow = 1

Grating = 2

Pump rate =130 rpm

Prism = 2

Purge time = 90 sec

Slit width = 53.0

Rinse volume = 1ml

Slit height = 53.0

low limit = 100 ppb

Nebulizer flow = 32

# of replicates = 4

Significant Figures = 4

V.2.3 Preparation of PSA-M columns
The cartridge was first equilibrated with the acetate buffer that was also used to dissolve
the metal salt. 1ml aliquots of metal salt solutions were loaded on 100 mg/ml
ISOLUTE® cartridges. Most metal ions produced coloring of the sorbents except for Zn
and Cd. Metal breakthrough was determined by collecting 1 ml aliquots and measuring
the metal content using flame atomic-absorption spectrometry. Saturation of the column
with metal ions was reached when the difference between the metal content in the
effluent and that of the influent was equal to 5%.
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V.2.4 Preparation of EDA-Silica sorbent bonded phase
ISOLUTE® 53

A average

pore silica sorbent

was first

reacted

with

3-

gylycidoxypropyltrimethoxysilane and then with iminodiacetic acid (IDA) by a method
adopted firom the literature [6]. Another method was adopted also fi'om the literature for
the synthesis of immobilized IDA on silica sorbent [7]. In this latter method, A
propylamine bonded to silica sorbent was reacted with excess sodium monochloroacetic
acid in a phosphate buffer medium at a temperature of 100°C for 2 hrs with vigorous
shaking. The product was then filtered and dried under vacuum.
The immobilization of IDA was verified using ER and elemental analysis. IR yielded
nearly identical results using both methods: 3400(-OH), 2900 (-CH2-), I630(-C00"),
1110 ("Si-O") cm"'. Elemental analysis shows different carbon contents: the former
method yielded 1.23% carbon and the latter method yielded 1.67-% carbon. This increase
in carbon content suggests that the latter method is more effective in the immobilization
of IDA on silica. Therefore, most of the EDA materials used were based on method 2.

V.2.5 Measurement of formation constants of antihistamines
Each antihistamine was allowed to react with different metal ions in order to determine
possible complex formation. Job's method [8-9] was used as a rough indicator for the
complex formation. In this case, metal ions and antihistamine ligands were mixed with a
constant total volume of 10 ml, while the number of moles of the reactants in each
mixture remained constant. The mole ratio of reactants was varied systematically. For
example, 1 ml of 3 mM Cu solution was added to 9.00 ml of 3 mM Promethazine
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solutions and further diluted with phosphate buffer to 25 ml total volume to form one
mixture. Nine other mixtures were made in this manner but with different mole ratios of
reactants. Absorption was monitored at different wavelengths depending on the
antihistamine compounds and metal ion as well; these are listed in Table V.l.

Table V.l maximum absorption wavelengths for different mixtures of antihistamine
compounds and metal ion

Cu"

Ni"

Zn"

Cd'

Co"

Mn"

Promethazine

294''

294°

294°

294°

294°

294°

Chloropheniramine

304

304

304

304

304

304

Methapyrilene

310

310

310

310

310

310

Tripelennamine

310

310

310

310

310

310

units expressed in nm
^ wavelength was set compared to the complexation observed for Cu": AH, since the
most color intensity was observed with Cu":AH solutions.
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Table V.2 summarizes all the measured values of formation constants of M";AH
complexation. Due to the limitation of this method, the above measured values are a
rough estimate and should not be taken as standard for stability constants.

Table V.2: Determination of formation constant for antihistamines with different metal
ions using Job's method
Meth*

Trip*

Chloro*

Pro*

Cu

L2±0.Il»10'

8.2±0.89*10^

8.3±0.80»10^

4.1±0.72*10'

Ni

8.6±0.8»10^

3.1±0.34*10^

3.4±0.32*10^

1.8±0.50*10^

Zn

4.7±0.44»10^

1.6±0.29*10^

2.6±0.31*10^

2.1±0.64*10^

Cd

4.8±0.58»10^

3.6±1.02*10^

2.3±0.28*10^

0.5±0.2*10^

Co

0.8±0.16*10^

1.9±0.42*10^

1.7±0.42*10^

0.9±0.50*10^

Mn

0.7±0.14*10^

0.5±0.27*10^

0.6±0.17*10^

N/A

N/A: '^ot applicable, data showed a large uncertainty for this value
*: Pro= Promethazine, Trip= Tripeleimamine, Meth= Methapyrilene and
Chloro=Chloropyramine
V.2.6 EMC-SPE extraction of antihistamine
Antihistamine samples were dissolved in borate, acetate and water solutions, at
concentration of 50 ppm with pHs of 9.1, 7.8 and 6.8, respectively. The analyte solution
was loaded in I ml aliquots on different inmiobilized metal sorbents. The compositions of
the solvent systems used to elute the antihistamines were 80/20 H2O/ACN, 80/20/1
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HaO/ACN/NHs and 80/20/2 H2O/ACN/NH3. Collected samples were diluted with 2ml of
the same buffer used to dissolve the analyte for subsequent UV-VIS measurements. After
the determination of the analyte concentration level, further dilution using 5% NH3 was
carried out to determine the metal content that resulted from column bleeding during the
elution of the analyte molecules.

V.2.7 Sample analysis
Using I-cm cells and the appropriate maximum adsorption wavelengths, the effluents of
the antihistamine, which had been loaded separately on different inrunobilized metal
sorbents, were removed. After establishing their elution volume, the eluent of the
antihistamine mixture was then monitored at different wavelengths to determine the
concentration of the extracted analyte using different elution solvents.

V.3 RESULTS AND DISCUSSION
V.3.1 Determination of the formation constants for metal-antihistamine complexes
According to the values listed in Table V.2, Cu" seems to have the highest stability
constants among all of the antihistamines studied. A series of complex formation
strengths with respect to metal ion affinity for antihistamine could be deduced in the
following decreasing order: Cu"> Ni"> Zn",Cd">Co"»Mn". Also, the binding strength
of antihistamines was varied. Methapyrilene was shown to have the strongest
complexation compared with the other antihistamines. For example, in case of the
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Cu:AH series, the stabihty constants for complexation of different antihistamines with the
same metal ion could be stated in the following decreasing order: Methapyrilene>
Chloropyramine> Tripelermamine> Promethazine. The same order of binding strength
was observed using the other metal ions studied. However, this order was not so distinct
with Co" and Mn" with which the antihistamines did not have strong complexation.
Moreover, in case of Co" and Mn" complexation, attempts to evaluate the formation
constants were tedious because of the high uncertainty in obtaining linear equations
which resulted in very small stability constants as summarized in Table V.2.

The maximum absorption of M": L complexes varied with the nature of the metal ions,
which may indicate the formation of different coordination complexes. Based on the
mole fraction data. Promethazine seems to exist in a 1:2 M": L complex with Cu" and
Ni" and in a 1:3 M": L complex with Zn" and Cd". All other antihistamines tend to form
1:2 complexes with all metal ions studied. The coordination geometry of the latter
compounds is possibly distorted octahedral, since all the selected metal ions under study
prefer octahedral complexes. This complexation is probably occurring through the
coordination of nitrogen atoms with metal ions. The less shielded nitrogen atoms of the
ethlyenediamine moiety, may be positioned on the axial positions of the same plane, and
the more shielded one on an equatorial positions. The other possibility is that they may
coordinate in a square planar geometry, due to the greater steric hindrance exerted on the
pyridine nitrogen in an octahedral geometry. This square planar geometry may be formed
with Cu" metal ions because copper complexes that adopt square planar geometry are

318
considered more stable than distorted octahedral complexes. As for Zn", Ni" and Cd",
these metal ions are known to form octahedral complexes with nitrogen compounds with
similar structure to the antihistamines in this study.

V.3.2 Retention behavior of antihistamines with immobilized metal on different bonded
phase sorbents
The previous experiments dealt with the investigation of the complexation of
antihistamines with different transition metal ions in solution. The purpose was to
establish their potential as complexing agents in order to investigate their selective
extraction. Using Job's method, the data showed weak complexation taking place
between antihistamines and most of the selected metal ions, with questionable
complexation with the of use of Co" and Mn". These complexes were studied only in
solution, where all the coordination sites of the metal ions were available to chelate with
antihistamines and not on surfaces, whose heterogeneous structure adversely affect
complexation [11]. The extraction selectivity of the complexes is governed by their
ability to coordinate on the surface with immobilized metal ions. This coordination
depends also on the coordination properties of the metal, which are altered during the
immobilization of the metal ions depending on the bonded phase used.

In this section, metal ions were immobilized on different bonded chelators and this
immobilization adversely affected the binding ability of the metal by reducing the
number of coordination sites. This means that antihistamines can only form 1:1
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complexes if three donor atoms are anticipated in complexation or possibly 1:2 if only
two donor atoms of antihistamines coordinate with the immobilized metal ion.

V.3.2.1

Retention behavior of antihistamines using immobilized metal on chelator

sorbents
The immobilization of divalent metal ions on PSA had been shown in Chapter IV to have
certain extraction selectivity toward mono- and bidentate ligands of different chemical
natures. The selected antihistamines are distinguished from the previously analyzed
ligands by their ethylenediamine moiety and their potential to act as tridentate ligands
due to the presence of extra donor atoms in the molecules. Their distinct feature is the
different possibilities of complexation with metal ions on the surface which are probably
similar to those observed in solution.

Based on the estimated acid dissociation constants [10], the distribution coefficients for
Promethazine, Methapyrilene, Tripelennamine and Chloropyramine as a function of pH
are shown in Figures V.2a-d, respectively. Accordingly, these molecules will be fully
deprotonated with pH >9.00. However the intermediate form will dominate at pH 4-8 for
Promethazine and at pH 6-8 range for the other antihistamines.
Figures V3.a-d, show the sorption of an antihistamine mixture loaded on Cu-PSA, NiPSA Cu-IDA and Ni-IDA, respectively, as a function of pH. On both columns, the
results are surprising when they are compared with the estimated pH for maximum
sorption, which is based on theoretical data. From these graphs, the maximum sorption
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for Promethazine and Tripelennamine occurs at pH=8.0 wliile those for Methapyrilene
and Chloropyramine occur around pH=9.2 on both immobilized metal sorbents.
However, based on the calculation of the distribution coefficient, at pH>9.0 these
antihistamines should be flilly deprotonated with a higher number of donor atoms
available for coordination.

These differences could be attributed to various factors, which may impact analyte
sorption, such as the alteration of coordination sites of the metal ions and antihistamines
on Cu-PSA and Ni-PSA sorbents, steric factors and the nature of the stationary phase.
Furthermore, it can be noted that the maximum sorption of analyte did not reach 100%
sorption capacity, which is due to the breakthrough of the analyte that was observed even
at a flow rate as low as 0.5 ml/min. This behavior may indicate a weak complex
formation on these immobilized metals sorbents. It is noteworthy that on IDA sorbents,
the % sorption was higher than those observed using PSA sorbents.
The evaluation of the pH was important in order to estabUsh the optimum sample
conditions needed to enhance extraction selectivity.

Tables V.3 and V.4 show data from the extraction experiment in terms of % recovery as a
function of different elution steps using IDA and PSA sorbents. In both tables, there is a
similar trend on each different metal-loaded sorbent toward the elution of analyte
molecules, with IDA quantitatively being slightly different from PSA. The methanol
rinsing step showed a higher percent desorption than that of the 80/20 H2O/ACN elution
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TABLE V.3; % Desorption of antihistamines from different M"- PSA-SPE sorbents as a
function of the elution step
Metha*
100%
MEOH
Cu-PSA
Ni-PSA
Zn-PSA
Cd-PSA

80/20
H2O/
ACN
13.24
± l.ll
4.53±
0.29
6.40±
0.43
8.37±
6.38

86.18±
7.23
91.48±
5.32
88.20±
6.28
85.31±
5.94

Trip*
100%
MEOH
82.30±
5.49
89.2±
6.60
90.06±
5.22
88.00±
6.42

80/20
H2O/

ACN
14.00±
1.18
5.14±
0.41
5.38±
0.39
7.12±
0.58

Chlor*
100%
MEOH
85.00±
7.01
93.05±
7.25
88.43±
6.72
89.26±
6.78

H2O/

Pro*
100%
MEOH

ACN
9.23±
0.70
5.48±
0.41
7.22±
0.55
6.84±
0.52

82.42±
7.50
90.3±
8.40
86.48±
8.30
83.13±
7.98

80/20

80/20
H2O/
ACN
9.36±
0.89
5.22±
0.50
10.25±
0.98
13.20±
1.27

*: Pro= promethazine, Trip = Tripelennamine, Meth = Methapyrilene and
Chloro = Chloropyramine

Table V.4: % Desorption of antihistamines from different M"- EDA-SPE sorbents as a
function of the elution step
Metha*
100%
MEOH

Trip*
100%
MEOH

Chlor*
100%
MEOH

Pro*
100%
MEOH

80/20
80/20
H2O/
H2O/
ACN
ACN
ACN
ACN
Cu82.42±
13.30±
13.15±
13.42±
81.80±
81.64± 16.20± 83.28±
7.56
EDA
1.22
1.09
5.87
1.37
1.08
5.97
5.99
Ni-IDA 82.31± 13.42± 86.00± 10.82± 84.26± 13.10± 81.35± 16.24±
7.56
1.51
0.89
1.12
5.92
1.10
5.84
6.15
Zn81.38± 15.20± 78.64± 16.13± 81.48± 13.28± 80.32± 14.25±
6.98
1.34
EDA
1.16
5.53
1.38
6.02
1.26
5.34
Cd80.24± 14.62±
81.35± 12.13± 79.02± 14.28± 82.34± 13.2±
IDA
7.70
1.40
1.20
5.77
0.98
1.26
6.50
5.45
*: Pro= promethazine. Trip = Tripeletmamine, Meth = Methapyrilene and Chloro =
80/20
H2O/

Chloropyramine; n=3

80/20
H2O/
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solvent step. This indicated that most of the analyte molecules were retained nonspecifically, because MeOH is a good solvent for the disruption of hydrophobic
interactions. However, there were slightly more complexation interactions occurring on
Cu-PSA and Cu-IDA than all other immobilized metal on chelators sorbents, which
resembled the behavior observed in solution.

Nevertheless, the weak complexation that occurred in each case reflected in the lower
sorption percentages of the

analyte molecules suggests that steric factors and

coordination properties of the analyte molecules have a major impact on their
complexation. Whereas in Chapter IV it was observed that the decrease in the
coordination number of a metal ion upon immobilization on PSA sorbents did not totally
block its complexation capacity, it was observed here that complexes were formed with
mono- or bidentate, non-sterically hindered, ligand molecules. Complexation with IDA,
which is considered a tridentate ligand that has a strong formation constant with copper,
did not provide similar results with antihistamine sorption to the immobilized metal on an
EDA surface. This must be due to the coordination properties of the analytes.

Antihistamines loaded on M"-EDA sorbents did show greater complexation compared to
that observed on M"-PSA sorbents. This difference is possibly because of the effect that
bonded chelators have on the coordination of metal ions. It is well known that IDA will
chelate with most selected metals in distorted octahedral structures. In these structures.
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three of the metal coordination valences are chelated with bonded EDA and the remaining
sites are occupied by water or buffer molecules [11],

On the other hand, bonded ethlyenediamine in PSA columns chelates two of the metal
coordination valences leaving four more for water or buffer molecules [12]. Accordingly,
immobilized metal ions on PSA sorbents should have more available sites for
complexation than on EDA sorbents. However, the data obtained showed contradictory
behavior where more complexation occurred on M"-IDA than on M"-PSA. This behavior
could be explained based on the structure of the metal ions on each surface and the
chelation geometry. It could be that the chelating metal ion on EDA exposes more of the
metal ion than when it is on PSA. Also, taking the coordination of the analyte into
consideration, the antihistamines could be positioned in such a way that two or three of
its donor atoms are more easily overlapping the available sites of the exposed metal ion
on IDA than on the more sterically hindered PSA surface, as depicted in Figure V.4.

The steric factors exerted on the donor atoms of the analyte molecules, which accounted
for the overall lower sorption on both phases was investigated more closely. Figures
V.5a-b show the retention of two compounds loaded on Cu-EDA and Cu-PSA, which are
structurally

related

to

tetramethylethylenediamine

the
and

antihistaminic

analytes,

N'-benzyl-N,N-

specifically

N,N,N'N'-

dimethylethylenediamine.

These

molecules share the ethylenediamine moiety present in these antihistamines. In these
giaphs, the analytes exhibited complexation interactions to a different degree with

Figure V.4: Pictorial demonstration of axial chelation on Cu-IDA
versus equatorial chelation on Cu-PSA
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Figure V.5a: Retention of Tetramethyl ethylene diamine(TMEDA)
and Benzyl dimethyl ethylene diamine(BEDA) on Cu-PSA sorbent
Elution step 1) 1ml, 100% MeOH, 2) 1ml, 80/20 H2O/ACN and
3)lml, 80/20 H2O/ACN
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Figure V.5b: Comparison of the retention behavior of Tetramethyl
ethylene diamine(TMEDA) and Benzyl dimethyl ethylene diamine(BEDA)
on Cu-IDA and Ni-IDA sorbent. Elution step 1) 1ml, 100% MeOH, 2) 1ml,
80/20 H2O/ACN and 3) 1ml, 80/20 H2O/ACN
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N,N,N'N'-tetramethylethyIenediamine forming more stable complexes than the latter
molecule. However, both molecules show stronger complexation interactions than non
specific hydrophobic interactions unlike what was observed with antihistamines.

The nitrogen atoms in these molecules are sterically hindered by the substitution of
hydrogen atoms by four methyl groups in N,N,N'N'-tetramethylethylenediamine and by
two methyl groups and a benzyl group in N'-benzyl-N,N-dimethylethylenediamine. In
antihistamines, the steric hindrance of the nitrogen molecules is even greater with the
hydrogen on one nitrogen being substituted by two methyl groups and on the other
nitrogen atom by a benzyl and pyridine group or two benzyl groups as in Promethazine.
Thus, from

the experimental data on the substituted ethylenediamines and the

antihistamines, it can be stated that as the bulkiness of the substituted groups increases,
the strength of complexation decreases due to the shielding of the donor atoms.

Energetically speaking, the bulkier the molecules the higher the entropy and the lower
are their free energies. As the free energy decrease, so does the interaction of two
different molecules. On M"-IDA, a chelated metal complex has less entropy than the
same chelated metal complex on PSA sorbent, because of the greater number of
molecules associated with the complex formation on M"-PSA. This will lead to more
favorable interactions on M"-IDA assuming that M"-IDA and M"-PSA complexes have
similar enthalpy.
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Another approach to the study of the weak interactions of antihistaminic molecules with
M"-1DA and M"-PSA. is by soaking the column with the analyte during the loading step
for different lengths of time. Figures V6.a-b show the % sorption as a flmction of soaking
time. In Figure V6.a, the antihistaminic sample was loaded and soaked on the Cu-PSA
cartridge, while in Figure V6.b, the antihistaminic sample was loaded on the Cu-EDA
cartridge. It is apparent that retention increased with soaking time and reached a
maximum plateau of 75 and 85% sorption on Cu" and Ni"-PSA and IDA sorbents. These
Figures indicate that adsorption of a ligand on an immobilized metal is kinetically limited
and that a finite time is needed for the antihistamine molecules to assume a favorable
conformation for complex formation.

Moreover, another approach was investigated by loading the IMC sorbents with a
solution of 1:1 molar ratio of M":AH. Figure V.7 shows a comparison between this
approach and the soaking approach. It is evident that the EMC sorbents allow a shorter
equilibration time with faster and greater sorption of the analyte molecules by loading the
metal complex forms of the antihistamines on the IMC surface. This is due to their easier
complexation in solution, where AH and M" ions are moving freely. On the surface, such
complexes have facile retention due to the higher affinity of bonded chelator toward
metal complex. It is energetically more favorable to have a metal complex in solution
coordinated with a bonded chelator on a surface, than to have an immobilized chelated
metal ion on the siirface coordinating with a counter ligand.
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Figure V.6a: Effect of soaking on the retention of methapyrilene
using Cu-PSA and Ni-PSA
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These results also suggest a lower retention of analyte molecules loaded directly on IMC
sorbents. This was due to a combination of steric factors exerted on both the analyte and
immobilized metals. However, loading their metal complexes on bonded chelator
sorbents lessens the steric factors observed during the direct-loading approach and
resulted in greater retention. This latter behavior was also attributed to the impact of the
higher affinity of the bonded chelator toward metal complexes than an immobilized metal
toward a weaker ligand (antihistamine).

These results also mirrored the effect of a bonded chelator on the coordination of
immobilized metal ions. In this sense, metal ion immobilized on EDA is less hindered
than that immobilized on PSA. The coordination effect resulted in stronger retention of
antihistamines on EDA sorbents.

V.3.2.2 Retention behavior of antihistamines using immobilized metals on ionic
exchange sorbents
The same selected metals were immobilized using cationic exchange sorbents, namely
sex, PRS and CBA. These metal ions can be attached firmly to the ionic exchange
sorbents. The immobilization of metal ions on these sorbents was stable in the system of
solvent used except when ammonia was incorporated in the elution solvent system. This
caused the metal ions to bleed from

the column. This was noticed mainly with

immobilized copper and to lesser extent with other metal ions. To keep a steady
concentration of metal in the exchangers, it is a common practice to add a small amount
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of metal salt to the elution solvent. The concentration of the metal used in the elution
solvent system to encounter the bleeding problem was 10~* M.

In the following section, the factors that affected the retention of antihistamines on
immobilized metal chelator sorbents will be studied so as to compare the effect of bonded
phase on extraction selectivity.

V.3.2.3

Effect of the pH of the sample on the retention of antihistamines using

immobilized metals on ionic exchange sorbents
In order to determine the effect of pH on the sorption of the antihistamines using
immobilized metal ions on different ionic exchangers, samples with the same analyte
content (1 ml of 0.003 M) but different pHs were loaded onto columns at a flow rate of
0.5 ml/min. Tables V.5-V.7 show the data obtained for sorption of different
antihistamines using different loaded metal exchanger sorbents, namely M"-SCX, M"PRS and M"-CBA. As seen in these data, analyte sorption increased with increasing pH,

indicating complexation with the immobilized metal ions on ionic exchangers at
deprotonated sites. However, the maximum sorption of Promethazine occurred at pH 7 on
all loaded metals on different ionic exchangers. This suggests that the calculated pKa
values are probably higher than the actual values.
The sorption behavior as a function of pH suggests that the calculated pKa values are
probably higher than the actual values for the antihistamines. Generally, this is supported

Table V.5; Sorption of antihistamines as a fiinction of pH using
M"-SCX-SPE

4
5
6
7.2
8
9.2
10

% Pro*
40.0 ± 1.6
52.1±2.1
73.3± 3.8
91.2 ±5.9
92.5 ± 4.8
92.2 ± 4.
92.8± 4.4

Cu-SCX
% Trip*
46.3± 1.9
53.5 ± 2.7
68.3 ± 3.6
89.2 ± 6.0
91.2±3.9
94.5± 5.7
95.2±4.9

% Meth*
41.3±1.7
62.8 ± 3.2
84.5±5.1
93.5± 5.4
93.2± 3.2
93.4±4.7
92.8± 3.8

% Chloro*
48.2± 1.9
60.8±3.1
72.0±4.6
91.5± 4.6
95.2±4.3
94.6± 6.3
94.8± 3.4

4
5
6
7.2
8
9.2
10

%Pro
33.8±1.2
45.1±2.3
66.3± 3.2
88.6±6.1
91.2±5.8
90.± 5.9
91.0±5.1

Ni-SCX
% Trip
43.3± 1.3
50.4± 1.9
69.5± 3.9
85.2± 5.8
99.2± 6.7
98.6± 7.2
98.9± 7.7

% Meth
40.7± 1.8
58.4±2.1
69.3± 3.4
86.5± 5.2
85.4± 4.9
85.9±5.1
87.3±5.1

% Chloro
38.5±0.8
44.1± 1.8
62.8±3.l
78.6± 4.9
89.6± 4.8
91.2± 4.6
91.1±4.1

%Pro
30.5±1.1
42.6± 2.3
63.8± 2.9
78.6± 4.3
92.5± 4.8
91.9± 4.9
92.6± 4.6

Zn-SCX
% Trip
38.2± 1.4
45.1± 1.8
64.2± 3.2
79.9±5.1
93.8± 6.2
93.3± 5.3
93.6±5.1

% Meth
34.9± l.l
42.6+ 1.7
58.7± 2.8
79.5±4.6
83.2 ±4.9
92.2±4.7
92.6± 3.9

% Chloro
38.5± 1.7
51.1±2.4
62.3± 2.9
86.3±4.2
85.5± 4.1
91.4±5.4
91.2±5.1

pH

pH

pH
4
5
6
7.2
8
9.2
10

*: Pro= promethazine. Trip = Tripelennamine, Meth = Methapyrilene and
Chloro = Chloropyramine; n=3
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Table V.6: Sorption of antihistamines as a function of pH using
M"-PRS-SPE

4
5
6
7.2
8
9.2
10

% Pro*
31.1± 1.1
43.2± 2.8
64.4± 3.2
82.3± 5.6
83.6± 5.8
83.4±5.9
83.9±5.6

Cu-PRS
% Trip*
37.011.1
44.6± 1.6
59.4± 2.8
80.3± 4.3
82.3±4.3
85.6±4.6
86.3±3.1

% Meth»
32.4± 1.6
53.9± 2.2
75.6± 2.9
84.6± 4.2
84.2±4.1
84.1±5.3
84.3± 5.2

% Chloro*
39.3± 1.1
51.9± 2.6
63.1±2.9
82.6±5.1
86.3± 5.
85.7±5.l
85.9± 5.2

4
5
6
7.2
8
9.2
10

% Pro
25.1± 1.4
37.2± 2.9
58.4± 2.4
80.6±3.9
83.2± 4.1
82.8± 3.9
83.1±4.1

Ni-PRS
% Trip
35.3± 1.3
42.5± 1.4
61.6±3.7
87.6± 5.7
91.3±6.5
90.6± 7.0
9l.0±7.5

% Meth
32.8± 1.1
50.4± 1.8
61.3±3.1
78.5± 4.8
77.4± 4.6
77.9± 4.7
79.2± 3.9

% Chloro
30.6± 1.6
36.2± 1.4
54.9±2.6
70.6±3.4
81.6±4.1
83.2±3.8
83.1±3.7

pH

pH

Zn-PRS
% Chloro
%Pro
% Trip
% Meth
pH
4 25.1±0.9
33.5± 1.2
32.6±1.2
29.4± 0.4
5 37.2± 1.4
45.7 ±2.1
37.2± 1.6
39.7±1.9
58.8+2.1
56.9± 2.6
6 58.4± 2.8
53.3± 1.8
7.2 73.43± 4.3
80.9± 4.4
81.4±5.7
80.2± 4.6
80.3± 4.6
8 87.3± 4.1
88.5± 5.6
82.1±4.7
9.2 86.5± 4.2
86.0± 4.1
87.9± 5.9
83.1±4.1
10 87.2± 4.3
85.1±4.2
88.2± 5.3
87.2± 4.2
*; Pro= promethazine, Trip= Tripelennamine, Meth= Methapyrilene and Chloro=
Chloropyramine; n=3

Table V.7: Sorption of antihistamines as a function of pH using
M"-CBA-SPE

pH
4
5
6
7.2
8
9.2
10

pH
4
5
6
7.2
8
9.2
10

pH

% Pro*
32.1± 1.6
44.2±2.1
65.4± 3.8
85.3±5.8
86.4± 4.8
85.3±4.9
86.2± 5.4

Cu-CBA
% Trip*
38.5± 1.1
45.6± 1.8
60.4± 2.8
81.1±5.6
83.4± 4.9
86.5± 4.6
87.3± 4.1

% Meth*
33.4±1.2
53.6±2.l
76.6± 3.9
85.3±5.1
85.3± 5.3
85.5± 5.2
85.8±5.1

% Chloro*
40.3±1.9
52.9± 1.9
64.1±3.7
83.6± 5.7
87.3± 5.6
86.7± 5.8
86.6± 5.9

% Pro
26.4± 1.2
38.7± 2.1
59.1±2.6
81.6±5.8
84.5± 5.9
84.6± 5.8
84.4± 5.4

Ni-CBA
% Trip
36.6± 2.3
43.8± 2.8
62.9± 4.0
78.5±5.1
92.6± 6.0
91.9±5.8
92.3± 6.2

% Meth
34.2± 1.9
51.7±2.9
62.1±3.6
79.3± 4.6
78.7±4.5
79.2± 4.6
80.7± 4.6

% Chloro
31.9±2.2
37.5± 2.6
56.2± 3.9
71.5±5.1
82.5± 5.9
84.8±6.1
84.8± 6.1

Zn-CBA
% Trip
31.6±2.6
38.7± 2.5
57.8± 3.6
73.4±4.7
87.5± 5.6
86.9± 5.6
87.2± 5.7

% Meth
28.4± 1.5
36.2± 1.9
52.3± 3.3
73.8± 4.2
77.4±4.1
85.8± 4.6
86.1±4.5

% Chloro
32.1±2.
44.6± 3.2
55.9± 4.0
79.9± 5.7
79.1±5.6
85.3± 6.2
84.8± 6.1

%Pto

4
5
6
7.2
8
9.2
10

24.7± 2.3
36.2± 2.7
57.1±4.8
73.1±5.2
86.3± 7.7
85.5± 7.5
86.2±7.1

*: Pro= Promethazine, Trip= Tripelennamine, Meth= Methapyrilene and
Chloro= Chloropyramine; n=3
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by the fact that after pH= 7, the % sorption reached a plateau for two pH units, as seen in
Figures V.8 a-b. Additionally, using immobilized divalent cationic metals could leave a
net positive charge on the surface of the coliamn. It is highly unlikely for antihistamines
to be retained ionically at elevated pH, because as the pH increases the deprotonated form
increases as well, while the positively charge form decreases. Besides, it is energetically
more favorable for deprotonated nitrogen atoms of the antihistaminic ligand to form
coordinate charged ligand to form coordinate covalent bonds than to have ionic
interactions at an elevated pH.

An additional point that can be made from these data is the greater sorption that was
observed for antihistamines with immobilized metal ions on different ionic sorbents. As
an example. Figures V.9 and V.IO show the sorption of Promethazine and Methapyrilene,
respectively, on immobilized Cu" using SCX, PRS and CBA sorbents, as a ftmction of
pH. In these Figures it is apparent that most antihistamines have higher sorption on CuSCX than on Cu-PRS and Cu-CBA. The difference that occurs in analyte sorption on
these sorbents may be an indication of a mixed retention mechanism on Cu-SCX. The
most probable non-specific interaction that these antihistamines may have on Cu-SCX is
Ti-bonding between the antihistamine aromatic groups and bonded phenyl groups of the
SCX sorbents. This is because of the close proximity of the bonded phenyl to the
complex formed on the surface. The tailing observed on the separation of aromatic
amine mixtures using acrylic resin Bio-Rex70 and polystyrene resin has been attributed
to such 7i-bonding [13].
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Figure V.8a: Sorption of antihistaminic compounds using
Cu-SCX, Pro= promethazine, Tri= Triplennamine, Meth= Methapyrilene
and Chlor= Chloropyramine
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The sorption of analytes to immobilized metal on ionic exchangers was shown to be
faster than that observed with immobilized metals on chelator sorbents. Figures V.11-12
show the sorption of Promethazine and Methapyrilene on Cu-SCX as a function of
soaking time. Since the other antihistamine analytes show similar behavior to
Methapyrilene, their discussion will be omitted; Promethazine is included because of its
different behavior from the other antihistamines. This graph suggests that antihistamines
had shorter diffusion pathways on ionic exchanger surfaces. This is because the metal
ions are close to the surface, and thus more accessible to the analyte molecules.

V.3.3 Effect of solvent mixture on selective extraction of antihistamines
In Chapter IV, it was shown how the solvent composition influenced the extraction
selectivity of the amines as well as pyridylacetic acid isomers. The determination of the
elution solvent is crucial in SPE for a successful extraction of a group of compounds.
Moreover, in utilizing ligand exchange, it is very important to choose the most effective
elution solvent composition in order to enhance extraction selectivity. This is due to the
interest in selective extraction of an individual component from a loaded mixture.

In this section, the effect of the organic component on the elution of a mixture of
antihistamines will be discussed. As well as the effect of ammonia as a competing ligand
in inducing a faster extraction using a shorter elution volume. These factors will be
discussed using immobilized metal chelators-solid phase extraction (IMC-SPE) and
immobilized metal ionic exchangers-solid phase extraction (IME-SPE) sorbents.
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Figure V.l 1: Comparison of the effect of soaking promethazine using
IMC-SPE versus IME-SPE
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on methapyrilene loaded on IMC-SPE versus IME-SPE
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V.3.3.1- Influence of the concentration of acetonitrile on the extraction selectivity of
antihistamines using IMC-SPE
In this case, Cu", Ni" and Zn" salts (3xlO'^M) were loaded on PSA and EDA (100 mg/ml)
sorbents. Since the other metal salts did not provide a significant extraction selectivity
toward antihistamines, their discussion will be omitted. Figures V.13-V.15 illustrate the
impact of acetonitrile concentration on the recovery of the antihistamines, namely
Promethazine and Methapyrilene. It is interesting that at an ACN concentration of 0-10%,
the recovery was lower, which indicates a normal phase retention pattern. In this range,
the recovery is lower with decreasing acetonitrile concentration. As the ACN
concentration increases beyond 10%, the extraction selectivity decreases because of a
simultaneous increase in the recovery of all antihistamines.

Comparing M"-IDA with M"-PSA shows that both have similar patterns. However,
ACN was more effective in eluting analytes from M"-PSA. It should be mentioned that
Promethazine was the least retained followed by Tripelennamine and Chloropyramine
concurrently and finally Methapyrilene. Also from Figures V.13-V.15 it can be seen that
the IMC-SPE columns that give the best extraction selectivity are Cu-EDA and PSA.

These data provide a picture of the behavior of the metal chelator bonded phase in die
environment of the elution solvent, which may tend to act as a polar bonded phase [14]
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This is attributed to the direct impact of the ACN concentration on disruption of the
retention of antihistamines on IMC-SPE.

The optimum solvent composition would be chosen based on its direct effect in
improving extraction selectivity between antihistamines. Considering Cu-PSA or CuIDA, an elution solvent of 90/10 H2O/ACN would be suitable for elution of Promethazine
and a solvent ratio of 80/20 H2O/ACN for the other three antihistamines.

V.3.3.2 Influence of acetonitrile concentration on extraction selectivity using IME-SPE
The same experimental procedure was followed as in the previous section. Repeatedly,
Cu, Ni and Zn were immobilized using SCX, PRS and CBA. Tables V.8-V.10, show the
% recovery obtained using different concentrations of ACN in H2O on M"-SCX,
M"-PRS and M"-CBA, respectively. In these Tables the data show that the effect of ACN
is not as significant as its effect observed on IMC-SPE. However, the increase in ACN
concentration was shown to decrease the extraction selectivity of the IME-SPE sorbents
at concentration of ACN > 30%. These data also show the great extraction selectivity of
IME-SPE because at less than 10% ACN concentration, only Promethazine was eluted;
however , the other antihistamine analytes started to elute with concentration of ACN >
10%. Note that at 30% ACN, 82% of Tripelennamine was recovered with less than 55
and 10% recovery for Chloropyramine and Methapyrilene respectively. This indicates an
improvement in extraction selectivity of M"-SCX compared with IMC-SPE.
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Table V.8: % Recovery of antihistamines using M"-SCX
Cu-SCX

1

0% ACN

5 % ACN

10% ACN 15% ACN 20%

Pro*

6.2±0.4

14.8±0.4l

28.7±1.9

46.4±0.8

67.5± 5.3 82.4±5.3

Metha*

0

0

2.3±0.1

10.5±0.41

18.1±0.8

25.2±1.1

Trip*

0

6.8±0.2

17.4±0.6

3l.5±1.5

62.1±

82.4±2.1

0

3.6±0.2

7.8±0.3

21.6± 0.7

38.4±1.8

55.1±3.9

Chloro*

30% ACN

'

Ni-SCX
0% ACN

5% ACN

10% ACN 15% ACN 20%

Pro

12.3±0.6

23.2±1.58

34.7±2.3

56.3±4.73

77.5±6.0

92.4±7.3

Metha

0

0

7.6±0.52

16.8±1.41

27.4±2.0

45.1±2.4

Trip

0

12.4±1.08

26.0±1.77

34.1±2.93

68.7±5.2

86.4±4.9

Chloro

0

7.2±0.5

15.9±1.03

29.8±2.56

44.6±3.3

69.9±3.82

30% ACN

Zn-SCX
Pro

0% ACN

5% ACN

10% ACN

15% ACN 20%

30% ACN

Metha

16.5±1.4

26.8±2.3

38.7±3.3

58.2±4.9

80.2±6.8

90.4±7.7

Trip

0

0

5.8±0.362

18.1±1.1

29.7±1.8

43.6±2.7

Chloro

0

10.110.86

23.7±1.6

35.5±2.5

61.2±4.3

82.5±5.8

0

4.1±0.3

12.7±1.0

23.4±1.8

42.4±3.4

65.7±5.3

*: Pro= promethazine, Trip = Tripelennamine, Meth = Methapyrilene and
Chloro = Chloropyramine; n=3

,
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Table V.9: % Recovery of antihistamines using M"-PRS
Cu-PRS
0% ACN

5 % ACN

1()% CAN

15% ACN

20% ACN

30% ACN

Pro*

12.5±0.7

21.4±1.3

38.7±2.4

59.2±3.6

74.3±4.6

89.2±5.5

Metha*

0

0

6.5±0.3

14.6±0.7

25.4±1.3

35.3±1.8

Trip*

0

13.2±0.8

27.6±1.3

41.8±2.1

11.1+1.6

91.7±5.8

Chloro*

0

8.4±0.4

15.6±0.8

29.711.4

47.4±2.6

63.6±3.4

IC)%ACN

15% ACN

20% ACN

30% ACN

Ni-PRS
0% ACN 5% ACN
Pro

18.2±1.5

32.6±2.7

44.2±3.6

65.7±5.4

86.9±7.2

91.7±7.6

Metha

0

0

6.6±0.3

17.4±1.0

26.5±1.4

47.5±2.5

Trip

0

10.2±0.6

25.4±1.4

32.2±2.5

67.6±4.4

88.316.0

Chloro

0

9.4±0.6

17.2±1.

26.1+1.9

42.4±3.2

66.7±4.9

ICl%CAN

15% ACN

20% ACN

30% ACN

Zn-PRS
0% ACN 5% ACN
Pro

23.2±2.1

34.3±3.03

46.5±4.4

65.7±6.3

82.4±7.1

91.418.5

Metha

0

0

6.6±0.5

13.4±0.9

24.6±0.4

41.412.9

Trip

0

13.14±0.87 24.1±2.5

33.2±2.8

58.5±4.4

80.316.7

Chloro

0

5.38±0.40

21.3±1.7

40.4±3.1

61.214.5

10.9±0.3

*: Pro= promethazine. Trip = Tripelennamine, Meth = Methapyrilene and
Chloro = Chloropyramine
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TABLE V.IO: % Recovery of antihistamines using M"-CBA

Cu-CBA
0% ACN

5 % ACN

10% ACN

15% ACN

20% ACN

30% ACN

Pro*

16.2±1.7

26.4±0.5

43.7±3.5

68.3±5.2

86.3±7.2

92.3±7.7

Metha*

0

3.2±0.I

8.4±0.4

26.8±0.1

36.3±1.9

45.5±2.5

Trip*

0

17.1±0.6

31.2±2.3

53.3±3.4

81.2±5.2

91.1±5.8

Chloro*

0

12.5±0.4

24.2±1.3

38.4±2.2

62.3±3.4

78.2±4.3

1

Ni-CBA
0% ACN

5% ACN

10% ACN

15% ACN

20% ACN

30% ACN

Pro

16.2±1.3

38.2±3.4

48.4±4.1

68.4±5.8

89.2±7.5

91.2±7.6

Metha

0

3.4±0.2

9.3±0.5

24.4±1.4

37.2±2.2

58.5±3.4

Trip

0

15.3±1.9

31.2±2.6

45.2±3.4

65.8±5.6

89.4±7.54

Chloro

0

12.3±0.9

22.5±1.6

39.8±2.9

58.1±4.4

72.3±5.5

Zn-CBA
0% ACN

5% ACN

10%ACN

15% ACN

20% ACN

30% ACN

Pro

20.2±1.7

32.3±2.8

44.2±3.8

61.2±5.1

79.2±6.8

89.3±7.8

Metha

0

0

3.610.2

12.4±0.7

21.4±1.4

38.1±2.1

Trip

0

14.3+1.2

26.3±2.3

36.4±3.1

61.3±5.1

83.2±6.8

Chloro

0

8.2±0.7

42.2±3.6
26.3±2.2
13.6±L1
*: Pro= promethazine. Trip = Tripelennamine, Meth = Methapyrilene and

64.2±3.7

Chloro = Chloropyramine

i

1
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Also, these values show greater extraction selectivity observed on a SCX bonded phase
than on PRS and CBA. This may be the result of a mixed retention mechanism that
improved the extraction selectivity of M"-SCX. The mixed retention resulted in lower
recovery values at comparable levels of ACN compared with PRS and CBA sorbents.
Additionally, M"-CBA exhibited lower extraction selectively than M"-SCX and M"PRS. This may be due to the immobilization of metal ion through coordination bonding
rather than ionic bonding immobilization as is the case for SCX and PRS. The
immobilization with a -COO' group reduces the capacity of the immobilized metal ions
to bind with more antihistamine molecules compared to the immobilized metal ions on
SCX and PRS sorbents. As a matter of fact, the immobilization of metal ions on CBA
shows no sign of metal bleeding problems which was not the case using SCX and PRS
sorbents.

Another important feature of the data is the effect of metal ions on retention of the
analytes using IME-SPE. Antihistamines loaded on immobilized copper ions provided
the greatest retention compared with the other metal ions on all different ionic exchange
sorbents. Figure V.16 shows a comparison between Cu", Ni" and Zn" immobilized on
SCX sorbents in terms of % recovery values for Methapyrilene. In this Figure the lower
recovery at any given ACN concentration was observed on Cu-SCX compared to NiSCX and Zn-SCX columns. This high affinity of copper ion toward amines is not
uncommon for Cu", which has been utilized in studies of different amine systems [15].
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% ACN

Figure V.16: Comparison of the retention behavior of methapyrilene
loaded on M"-SCX. Lower curve is on Cu-SCX sorbent,The other
two curves coincide with each other, Ni-SCX and Zn-SCX
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V.3.3.3 [nfluence of ammonia concentration on extraction selectivity using IMC-SPE
In the previous chapter, it was found that the addition of small amount of ammonia, l2%, caused a drastic change in the extraction selectivity as well as a decrease in the
elution volume of each analyte. The pyridylacetic acid isomers showed a greater binding
strength with metal ions than did antihistamines. This implies that the change in ammonia
ratio should occur in a smaller range than that used with pyridyl isomers in order to
enhance extraction selectivity.

Figures V.17 and V.18 show the influence of NH3 concentration on retention of
antihistamines using Cu-PSA and Cu-IDA, respectively. The discussion below is devoted
to immobilized Cu because other metal ions show no significant selectivity towards
individual antihistamine molecules using ammonia in the elution solvent system. From
Figures V.17 and V.18, a general decrease in analyte retention was observed with
increasing anunonia concentration; however, this increase in ammonia concentration had
a deleterious effect on the extraction selectivity of Cu-IDA relative to Cu-PSA. This is
probably due to an increase in the pH of the elution solvent as ammonia concentration
increases. This change in pH would have greater impact on Cu-EDA compared to more
basic Cu-PSA sorbents, because at high pH chelation increased more with the tridentate
chelator, IDA; however, PSA will always be a bidentate chelator at elevated pH.
The optimum extraction selectivity of Cu-IDA and Cu-PSA using ammonia in the elution
solvent could be observed with the addition of 0.1% ammonia in the 90/10 H2O/ACN
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Metha-Cu-PSA
Trip-Cu-PSA
Chloro-Cu-PSA
Pro-Cu-PSA

2,5

% NH3

Figure V.17: Effect of NH3 concentration on extraction
selectivity of Cu-PSA for antihistaminic mixture; Pro= promethazine, Tri=
Triplennamine, Meth= Methapyrilene and Chloro= Chloropyramine
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Cu-IDA Mclha
Cu-IDA 'I n
-A- Cu-IDA Chloro
Cu-IDA Pro

Figure V.18: Effect of NH3 concentration on extraction selectivity of Cu-IDA for
antihistaminic compounds; Pro= promethazine, Tri= Triplennamine,
Metha= Methapyrilene and Chloro= Chloropyramine
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solvent system. At this elution solvent composition Methapyrilene was eluted at a low
level, 12% recovery, compared to the other three antihistamines, which eluted
concurrently at a 70% recovery level.

This factor was studied using IME-SPE in which the same trend was observed, as can be
seen in Figures V.19-V.21, in which a mixture of antihistamines was loaded,
respectively, on Cu-SCX, Cu-PRS and Cu-CBA. In these graphs, the effect of the
increase in ammonia concentration was more pronounced in the displacement of
antihistamines in a non-selective manner from all the immobilized Cu"-IME-SPE. It can
also be seen that Cu-SCX was more retentive than PRS and CBA sorbents, which
indicates again the impact of a multiple retention mechanism of antihistamine on CuSCX sorbents.

Obtaining an optimum elution solvent composition that contained ammonia was tedious
because of the non-selectivity of ammonia in displacing antihistamines. This could also
be attributed to the fact that upon increase in the ammonia concentration to >0.5%, metal
bleeding from the columns was observed with SCX and PRS sorbents, which may
decrease the overall extraction selectivity by eluting the metal complex from
stationary phase.
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Figure V.19: Effect of NH3Concentration on extraction selectivity of Cu-SCX for
antihistaminic compounds; Pro= promethazine, Tri= Triplennamine,
Metha= Methapyrilene and Chloro= Chloropyramine
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Figure V.20: Effect of NH3 concentration on the retention of antihistaminic
compounds using Cu-PRS; Pro= promethazine, Tri= Triplennamine,
Metha= Methapyrilene and Chloro= Chloropyramine
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Figure V.21: effect of NH3 concentration on the retention of
antihistaminic compounds using Cu-CBA sorbent; Pro= promethazine,
Tri= Triplennamine, Metha= Methapyrilene and Chloro= Chloropyramine
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V.3.4 Optimum elution solvent for selective extraction of antihistamines
Based on the results from previous sections, it was difficult to adopt an elution solvent
system that would be applicable on all sorbents. Such a solvent system(s) should be
capable of enhancing the extraction selectivity of IMC-SPE or EME-SPE toward each
antihistamines. Accordingly, in the case of using IMC-SPE for selective extraction of
antihistamine mixture. Table V.ll shows the influence of different elution solvent
systems on extraction selectivity of IMC-SPE. This Table shows that some compounds
could be extracted efficiently such as Promethazine and Methapyrilene; however,
Chloropyramine and Tripelennamine were eluted simultaneously with the presence of
some Methapyrilene with all different solvents studied.

With IME-SPE, Table V. 12 shows the optimum elution solvent systems, which provide
certain extraction selectivity. In these cases anraionia was present at low concentrations
to avoid the loss through the elution of immobilized metal ions from

the ionic

exchangers. Nevertheless, comparison of IME-SPE to IMC-SPE shows that the elution
solvent system used in IME-SPE elevated its extraction selectivity above the IMC-SPE
approach. Even though the elution solvent systems used on IMC-SPE were different from
IME-SPE, the extraction of Promethazine using IME-SPE had lower amount of other
antihistamines compared to IMC-SPE. Methapyrilene, had less extraction selectivity
using IME-SPE, specifically less with M'^-SCX than with IMC-SPE.

TABLE V.l 1; Optimum Solvent composition for selective extraction of antihistamines
using EMC-SPE
90/10 H20/ACN
Solvent system
Promethazine
Methapyrilene
Tripeleimamine

87.34±8.34

95/5/0.1%
H2O/ACN/NH3
91.23± 8.80

12.32± 0.70

10.64± 0.61

28.63± 1.66

21.43± 1.75

30.99± 1.98

23.62± 1.36

Chloropyramine

Table V.l2: Optimum composition for the selective extraction of antihistaminic
using IME-SPE
80/20 H20/ACN
Solvent system
Promethazine
Methapyrilene
Tripelennamine
Chloropyramine

84.35± 6.84
6.34± 0.52
21.23± 1.23
28.34± 1.93

95/5/0.1%
H2O/ACN/NH3
78.34±6.8l
28.52± 1.93
41.63±3.00
38.23±2.81
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Overall, the unsatisfactory selective elution observed using both EMC-SPE and IME-SPE
was attributed to the lack of an effective solvent system. It can be added that some of the
antihistamines may actually have similar binding strength with immobilized metal,
specifically Chloropyramine and Tripelennamine, which may have perplexed their
selective elution under the ciurent conditions. The data obtained from these experiments
suggest the use of MII-SCX over other IME-SPE and IMC-SPE sorbents because of its
higher selectivity. In the broader picture of this study, IME-SPE sorbents provide metal
ions with more coordination valences and greater accessibility for analyte molecules than
IMC-SPE sorbents. These differences, combined with antihistamines acting as tridentate
chelators, favor the use of EME-SPE over IMC-SPE for selective elution of analyte
molecules.
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CHAPTER SIX
CONCLUSIONS AND FUTURE WORK

VI.1 CONCLUSIONS
VI.1.1 Reproducibility of silver ion using solid phase extraction
Conventional solid phase extraction experiments require the use of a specific phase based
on the desired extraction. The cartridge is usually not reusable and it loses
reproducibility. However, during the course of the work presented in this dissertation,
silver ion complexation on SPE cartridges, especially using cation exchangers, was
shown to be reproducible and stable for at least two weeks. In this work it was observed
that passing a sufficient amount of silver nitrate dissolved in an ACN/H2O mixture
through them easily regenerates the silver-loaded SPE cartridges. In this dissertation it
was reported that the extraction capacity of these cartridges is higher than that for most
other SPE methods. It was shown that the resolution did not deteriorate with the use of
40% of the total bonded phase capacity for acyclic terpenes. Additionally, Ag-SPE could
be used to scale up fractionation; there are no reasons that hamper its application to the
field of isolation of fats for small-scale preparative methods.

VI.1.2 Effect of different immobilization routes for silver on its stability on different
bonded phases
A scan of the literature about silver ion chromatography reveals the lack of investigation
into the factors that affect the stability of the immobilized silver ions on a given surface.

374

This deficiency is met with a myriad of papers that deal with the unique ability of silver
ion to discriminate between very closely related unsaturated compounds, such as
geometrical isomers, which are difficult to resolve using conventional reversed phase
chromatographic systems.

In this dissertation the effect of the bonded phase on the stabihty of silver ion on a given
sorbent was explored. The relevance of this study was due to the fact that silver stability
impacted directly on the retention mechanism of an unsaturated system. In this
dissertation, silver stability was shown to be affected by the type of intermolecular
interactions and the physical and chemical properties of the bonded phase. The weak
stability of silver ions on silica compared to cation exchange sorbents, upon addition of
polar solvent, was attributed to a greater dependence of silica surface on the acid-base
chemistry of the solvent systems. Also, the stronger stabihty of silver ions on cation
exchange sorbents was found to be mainly due to the resonance structure of the sulfonate
group, which resembles a tridentate chelator and makes the ionic interaction with silver
ion more stable than that with silica. In a series of experiments, retention of silver ions on
PRS or sex was not substantially disrupted by the polarity of the solvent. This stability
was also found to be due to possible ion-dipole formation which tends to weaken the
stability of silver ion on siUca more than on a cation exchanger.

This dissertation also addressed the effect of immobilization of silver through covalent
bonding using bonded thiol and amino group phases. The surprisingly less stable
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immobilization of silver using bonded propylamine phase was found to be due to the
great effect of water content on the reduction of the bonded amine group, which disrupted
silver complexation with the amine group. Additionally, surface analysis using XPS
showed that silver on an amine sorbent was present as a monovalent metal ion. These
silver ions were very amenable to autooxidation, which usually resulted in the formation
of silver oxide. Using a propylthiol bonded phase was more successful by immobilizing
silver ion through the formation of a coordinate covalent bond between silver and bonded
sulfur atoms on the surface.

These different immobilization routes were found to affect the retention mechanism of
unsaturated molecules using silver complexation. The best extraction selectivity was
observed using silver immobilized on cation exchangers. They were shown to be more
reproducible and resistant to solvents with higher polarity compared to silica or amine
phases. Silver immobilized on propyl thiol bonded phase has shown acceptable
selectivity, although the retention of the Tc-system was generally weaker than that with
cation exchange, due to the change in coordination valences of silver upon chelation with
the propylthiol bonded phase. The weaker retention is due to the formation of less stable
complexes between the 5p orbital of the silver on thiol bonded phase and the 7i-electrons
of an olefin than those formed between the 5s orbital of the silver and the 7i-electrons of
an olefin with its 5s orbital when silver is immobilized on cation exchange phases.

VI.1.2 Retention mechanism ofii-system (simultaneous vs non-simultaneous)
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It was shown that complexation with silver ions does not favor the simultaneous
formation of a chelate-like complex as the number of double bond increases, but rather,
the increase in the strength of complexation with increased degree of unsaturation should
be viewed as a higher probability of alternation of the double bonds overlapping with the
silver ion. This was supported by comparison of the complex formed between a diene and
silver on PRS and thiol phases, where the former show a more stable complex than then
latter phase. If silver has the tendency to form chelator like complexes with a 7r-system, it
should be observed on both phases.

VI.1.3 Flow rate effect on retention of K-systems
In this dissertation, it was shown that the complexation of silver ions with 7i-systems had
more dependency on the flow rate on the column than either ion or ligand exchange
processes. This higher flow dependency was due to greater limitations on the orientation
of the double bonds for the formation of charge transfer complexes with silver ions. Also,
it was shown that the higher the number of double bonds, the less flow dependent the
compound is. This was shown to be true when different fatty acids were analyzed and
linoleate was less affected by an increase in the linear velocity. There was also a
correlation between the size of the molecule containing the double bond and the linear
velocity. The residence time needed to be higher for large molecules compared to that for
small molecules, e.g., 1-octadecene vs 1-octene. This was due to the greater tendency for
the long chain molecule to hinder the double bond from approaching the immobilized
silver ion than the molecule with the small chain.
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On the other hand, this dissertation showed that the retention of 7t-systems with silver
ions immobilized on a long chain cation exchanger (Ag-OCS) was less flow dependent
compared with those observed on Ag-PRS. This is because the OCS behavior resembles a
"water-like" environment once exposed to the liquid phase used in these experiments.
This experiment showed that silver ions have higher mobility when immobilized on OCS
than on PR5. This greater mobility permits a shorter equilibration time between the silver
ions and loaded 7r-system. However, silver ion on a fixed propyl chain will have less
mobility and the 7i-containing molecules must approach the fixed silver ion in the right
orientation, which may require longer residence time.

VI.1.4 Bonded phase effect on Ag-complexation
In this dissertation, it was revealed that the same molecules undergo different retention
using silver complexation on different bonded phases. For molecules that are mainly
unsaturated hydrocarbons, it was shown that their retention decreases when they are
loaded on silver ion immobilized on silica surface versus Ag-PRS. This was attributed to
the greater polar nature of silica and to the proximity of silver ion to the active hydroxyl
groups on the surface, which tend to form layers fi-om the water found in the solvent. This
creates a hydrophilic environment that destabilizes the Ag-7t complex and induces lower
retention.
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Also, the introduction of the novel bonded long chain cationic exchanger in this
dissertation was shown to be useful for a better understanding of the greater selectivity
observed using Ag-PRS sorbents. The combination of hydrophobic and ionic phases on
the same particle was shown to enhance the retention of Ti-systems because of the greater
ease for these molecules to have simultaneous multiple interactions, namely Ti-Ag
complexation as a primary interaction and polar and to a lesser extent hydrophobic
secondary interactions. The extent of the simultaneous multiple interactions on Ag-PRS
was hindered by the conformations of the molecules studied.

These simultaneous multiple interactions were shown to be limited to Ag-OCS and were
not observed on Ag-HCX, in which the hydrophobic and ionic phases are present on
separate particles. The lower retention observed using Ag-HCX Vs Ag-OCS was
attributed to the physical separation of the phases.

This dissertation reported that the extraction selectivity decreased with the use of long
chain cation exchangers due to their mobility, which minimized the small differences
between molecular configurations, as in the case of the selective extraction of the
geometrical isomers of methyl oleate and elaidate. To achieve the selective extraction of
geometrical isomers requires a surface that has fixed silver ions. This allows the steric
factors of the double bonds to play the determinant role in retention strength. The AgPRS phase was shown to provide improved extraction selectivity compared to Ag-OCS
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through its rigidity and manifestation of the steric hindrance effect on the retention of
geometrical isomers.

VI.1.5 Utilization of bonded chelator for SPE applications
The work presented on this subject is mainly focused on the greater selectivity offered by
the Ugand exchange principle over conventional techniques. In this dissertation, work
was done using PSA bonded chelator on silica based sorbents. It was shown that the
metal capacity of the bonded chelator increased as the formation constant between the
metal and the chelator in solution increased. Metal complexation was shown to be
affected by the factors that govern its coelution complexation. Also, the electrostatic
effect of counter metal ions accounted for the difference in the retention of the same
metal ion using different metal salts. The greater the formation of the ion-complex, the
lower the metal capacity of the bonded chelator was.

The concentrations of competing ligands have a direct effect on the complexation of the
metal ions on a bonded chelator. However, the physical structure of the pores determined
the maximum saturation of the competing ligand. It reaches a critical point after which an
increase in concentration has no impact on the elution of metal ions from the bonded
chelator.
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This dissertation showed that the main advantage of utilizing ligand exchange is its
ability to enhance selectivity for extracting an analyte from

a matrix of high ionic

strength. This was illustrated when mixtures of pyridyl isomers ranging from 0.01 to
0.1 M was loaded on a column. By using the stacked phases method, the ionic strength
effect was diminished and similar extraction selectivity for analyte molecules was
observed regardless of ionic strength variation.

It has also been shown that metal ions immobilized through complexation interaction
with bonded chelator could complex to their full coordination valences. Immobilized
copper on PSA was shown to complex with two more bidentate molecules, which
suggests that copper may adopt an octahedral geometry on the surface.
Overall, the combination of stacked phases was proven to be a more valuable tool in the
extraction of an analyte present in a high ionic strength matrix compared to a single phase
method such as ion exchange where the extraction selectivity is hampered by the
presence of an excessive amount of interfering ions.

VI.1.6 Selective extraction of amines using M"-SPE on different bonded phases
The adaptation of ligand exchange to SPE for the selective extraction of closely related
compounds was reported in this work. However, the unsatisfactory results of establishing
a scheme for the selective elution of individual compoimds were attributed to different
factors. The steric factors exerted on the analyte molecule were dominant and most of the
analyte mixture applied on bonded chelator was retained mainly through hydrophobic
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interactions rather than through complexation with an inunobilized metal ion. Also, the
decrease in the coordination valences of immobilized metal ions was an important factor.
It was shown that the same analyte was retained more through complexation with metal
ions on an ionic exchange siu^ace than on a bonded chelator surface. Diffusion was
shown to be slow because of the greater steric factors. However, there was faster
equilibrium when an analyte-metal complex was loaded on a bonded chelator phase. This
was attributed to great affinity of the bonded chelator for the metal ions.

VI.2 FUTURE WORK
Introduction of a thiol bonded phase into the field of Ag-rc complexation may lead to the
opening of a new venue for the understanding of the effect of silver coordination on the
surface. It was proven that most of the silver-olefin complexes in solution exist in 1:1
M:olefin complex forms. However, silver was immobilized on the thiol (Ag-SH) through
the formation of covalent bond, resulting in filling the 5s orbital of silver and introducing
the possible interaction of the 5p orbital of silver with the Ti-electrons of olefins.
However, silver immobilized ionically results in only the 5s orbital interacting in
complex formation.

More experiments should be done using Ag-SH phase for the study of different
unsaturated systems with different flinctionalities, such as amines, alcohols and esters
containing unsaturated compounds. These compound have different electronic characters
which may elucidate the electronic factors affecting a charge transfer complex formation
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when silver is covalently bonded. The Ag-SH phase should also be studied for the
selective extraction of fatty acids that differ in their degree of unsaturation. The most
stable compounds will be the ones with three double bonds because of sufficient
electrons that could transfer to the 5p orbital of the immobilized silver. Most of the
steroid molecules fill such requirements and their application in this sense could prove
the applicability of Ag-SH in the selective extraction of unsaturated molecules.

Also, the dependence of charge transfer complex formation on the electronic properties
of different metal ions should be investigated. Theoretically, the optimum metal ions are
the one that will increase the cr-character, electron acceptor, and reduce the tt-character,
electron donor, of the bond. Such ideal metals are Pd", Co", Cu' and Pt". These metal
ions could be employed on thiol bonded phase because of their strong covalent bond
formation with the thiol group.

Additionally, the ambiguous classification of silver complexation needs to be ftirther
studied. This could be done by loading an Ag-PRS to full capacity with fatty acids of a
certain degree of unsaturation followed by loading the same column with a certain
amount of another fatty acid with a higher degree of uxisaturation in order to deteraiine if
any displacement takes place. This type of experiment could lead to a better
understanding of the retention mechanism of unsaturated molecules with immobilized Ag
on sorbents. It will also aid in its classification as part of ligand exchange or a separate
special case of complexation.
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The synthesis of different long chain bonded cation exchangers could be proven to be
valuable based on the experimental results showing a significant impact on the retention
of fatty acids. Also, the use of long chain cation exchangers (ClS-SOs") could elaborate
on the loss of selectivity toward geometric isomers found with the use of a bonded
octylsulfonate phase, with which the loss was attributed to the greater solvation of the
extended C8 chain in the liquid phase compared to shorter propyl chain.

The enhanced selectivity that is provided by using ligand exchange technique in SPE
should be greatly investigated. This investigation should include the characterization of
different bonded chelators. These chelators may include, but are not limited to, bonded
EDTA, or a thiol containing chelator. A thiol bonded phase used for silver complexation
could be a possible candidate for improving the enrichment and separation of specific
metal ions because of its great potential for sustaining a wider variety of chemical
envirotmients. Such a phase could be valuable for the preconcentration of mercury ion or
its complexes. The advantages of an Ag-SH bonded phase lies in the resulting metal
complex, where the metal coordination valences are greater and available for
coordination with different potential ligands. Thiol tends to form strong complexes with
Ag, Cu and Ni. Their immobilization on a thiol bonded phase may lead to greater
interactions with an anayte of interest that behaves as multidentate.
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Multidentate bonded chelators should be studied for the analysis of analytes that could
chelate with one or two sites on the immobilized metal ions. Immobilized copper on IDA
or EDTA should be very useful for the extraction of amino acids and small peptides that
are of biological interest. There is a great need in pharmaceutical industries for the use of
IMC-SPE as a purification technique for the products of biochemical reactions.

Also, the extraction of an analyte present at a trace level (ppm-ppb) in complex matrix
should be studied. Adding excess metal ions to form a complex in solution should
approach this problem. Complex formation in solution has faster equiUbration times than
on surfaces, and will have higher affinity for the surface upon loading it on IMC-SPE
sorbents, due to the greater affinity of the bonded chelator toward specific metal ions.
This approach should be a valuable tool to enhance the extraction selectivity of the
bonded chelator for closely related compounds present in the same solution at trace level
concentrations.

Overall, the use of IMC-SPE sorbents is a very suitable tool when selectivity is of prime
importance. They can be used with all classes of compounds that can form covalent
bonds with metal ions. Currently, the preconcentration of protein from a biological matrix
is a challenging problem in their mass spectrometry analysis [1-2], which is hampered by
the presence of excessive amoimt of ionic species. Stacked phases SPE, combining
immobilized metal affinity with ionic exchange SPE sorbents, should be an adequate
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approach toward enhancing the purification of proteins and reducing the effect of the
ionic strength of the matrix.
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