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ABSTRACT 

Understanding the interactions at the modified silica interface used as a stationary 

phase in various chromatographic techniques is of great importance in elucidating the 

mechanism of solute retention. Investigating the factors that control the selectivity and 

efficiency for retention of a solute is also important as it can lead to the manipulation of 

the interfacial properties to give improved separations. In this research, solid phase 

extraction was used to obtain information about silica based anion-exchange stationary 

phases and their interaction with acidic analytes. 

Solid Phase Extraction (SPE) experiments using strong anion-exchange sorbents 

containing a fixed positive charge illustrated the importance of the counter-ion present at 

the surface. From these studies, it was determined that difiierent counter-anions have 

different affinities for the ion-exchange site. Lower selectivity counter-anions (i.e. 

acetate) are more easily displaced from the sorbent by acidic analytes than a higher 

selectivity counter-anion (i.e. citrate). The general trend amongst counter-ions beginning 

with the counter-ion with the greatest affinity for the ion-exchange site is shown here: 

citrate > maleate > sulfate > formate > phosphate > chloride > hydroxide > nitrate > 

propionate > acetate. Overall, selectivity was not only determined to be a function of 

ionic interactions, but was also found to be a function of the extent of hydration of both 

the counter-ion and the surface. 

Weak anion-exchange sorbents consisting of primary and secondary amines were 

also investigated. In order for weak sites to contain ion-exchange sites, the pH needs to 
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be selected so that the surface is ionized. Due to the pH dependence of weak anion-

exchangers, studies were undertaken to determine the effect that pH has on the extraction 

of acidic analytes. It was determined that the pH at the surface is not necessarily that of 

the bulk solution. It was also concluded that ionic, hydrophobic, strong dipole, and 

charge-induced dipole interactions contribute to the extraction of acidic compounds. 

SPE was also applied to the isolation and purification of acidic compounds. With 

a better understanding of the surface/solvent environment, a generic approach was 

developed for the extraction of toxicologically relevant compounds from biological 

matrices. By understanding the influence of pH, counter-anion, and degree of 

hydrophobic character of both analyte and surface, an enhancement in extraction 

efficiency and selectivity was achieved. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 IMPORTANCE OF THE SOLID-LIQUID INTERFACE 

The solid-liquid interface and the interactions that occur in the near surface region 

play an important role in a variety of chemical systems. Increasing the understanding of 

interactions in the near-surface region improves the ability to control chemical reactions 

and/or non-covalent interactions at these interfaces. This is beneficial both for the 

optimization of chemical reactions that occur at a solid-liquid interface, and for the ability 

to model such systems. A few representative areas in which the solid-liquid interface 

plays a vital role include the study of biochemical reactions at membrane surfaces (1-4), 

investigation into catalytic systems to improve the speed and efficiency of reactions at 

membrane surfaces (5,6), and improvements in solid phase synthesis methods popular in 

peptide synthesis and research (7-8). Electrochemical systems are another example of a 

chemical system undergoing extensive and active research due to the interest in modeling 

and understanding the electrode-solution interface (9-15). 

1.1.1 Role of the Solid-Liquid Interface in Analytical Separations 

Of particular interest is the area of separations where the role of the solid-liquid 

interface dominates the system's performance (16-18). Because many separations 

systems utilize or occur at a solid-liquid interface, it is imperative to understand fully the 

factors that effect the behavior of solutes at this near surface region. In analytical 
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separations, the differences in the chemical and physical properties of an analyte of 

interest are utilized to separate it from an interfering matrix, or to separate the individual 

components of a mixture of species. In order to achieve optimum separation, the system 

requires specific, homoenergetic reactions, which will give high selectivity for the 

analyte of interest. Mass transfer across the interface as well as rapid kinetics allow the 

separation to be accomplished in an efficient and timely manner. 

Many separation phenomena such as electrophoresis, field-flow fractionation, and 

a multitude of chromatographic techniques are grouped under the general category of 

differential migration techniques. In differential migration techniques, analytes are 

carried through the system by a driving force, while retarding forces oppose their 

migration through the system. Depending on the degree of interaction with the retarding 

force, an analyte's progress through the system is slowed to differing degrees resulting in 

a different net rate of migration for each of the analytes, thus effecting a separation. 

In a chromatographic experiment, the driving force for separation is a flowing 

stream, such as an inert gas in gas chromatography (GC) or a pumped liquid in liquid 

chromatography (LC). The immobilized stationary phase, which consists of a solid or 

liquid adsorbed or covalendy bonded to a solid support offers a wide range of 

interactions, ranging from very strong ionic interactions to very weak hydrogen bonding 

and van der Waals forces. The functional group attached can vary depending on the type 

of surface desired. Normal phase chromatography utilizes a polar surface with a non-

polar mobile phase. Ion-exchange separations use ionic groups to effect the separations. 

Reverse phases are non-polar and use a polar mobile phase to provide the separation. 
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In a separation experiment, analytes are introduced as a plug at the head of a 

column, and are carried by a flowing stream through the column. The column is a tube 

containing coated, packed particles, or a narrow bore capillary whose walls are coated 

with a stationary phase. As the analytes travel through the column, they partition 

between the mobile phase and the stationary phase. The average rate of migration 

depends primarily on three factors; i) the strength of the interaction between the 

stationary phase and the analyte, ii) the interaction between the analyte and the mobile 

phase, and iii) the interaction between the stationary phase and the mobile phase. 

Analytes that interact with a stationary phase more energetically will spend more time in 

the stationary phase resulting in reduced migration rates. Because the strength of 

interaction between each analyte and the stationary phase is different, separation of two 

species is achieved. 

If the interactions are homoenergetic and the kinetics are rapid, the separation 

should result in the elution of the analyte in a narrow band. However, because the 

migration of the analytes through the system is subject to other forces, the bands broaden 

and result in gaussian peaks. Many factors account for the broadening phenomena. One 

factor is non-uniform flow of the mobile phase due to irregularities in the packing of 

stationary phases. This effect, termed eddy diffusion, causes the distance traveled by 

each molecule as they pass through the same column to be different. Another intra-

column process that contributes to band broadening is longitudinal diffusion, where the 

molecules diffuse outward and away from the concentrated band center. Mass transfer is 

another chemical process, which contributes significantiy to band broadening in liquid 
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chromatography. It refers to the diffusion of analytes into and out of the stationary phase. 

Because of variations in the solvation of the stationary phase and the multiple interactions 

available, the rate of diffusion into and out of the stationary phase is not uniform for each 

molecule. Therefore, even though the energy of interaction for each molecule should be 

the same in theory, the rate at which this process occurs is not. In some cases, secondary 

and energetically dissimilar interactions are the mechanisms responsible for retention. 

Overall, the broadening of the peak is indicative of the kinetics or efficiency of the 

interaction between the analyte and the stationary phase, and the asymmetry of the band 

indicates that the analyte is interacting with a variety of sites with different interaction 

energy (19). 

1.2 SILICA AS A SUBSTRATE FOR CHROMATOGRAPHIC TECHNIQUES 

1.2.1 Physical Dimensions and Chemical Properties of Silica 

Amorphous silica is widely used as an adsorbent in many chromatographic 

techniques including GC, LC, and solid phase extraction. The silica utilized in most 

applications is an amorphous porous solid with surface areas between 50-500 m^/g and 

pore diameters of 50-500 A. Silica's widespread popularity stems from its many useful 

properties. Silica has the mechanical strength to withstand high-pressure conditions (> 

2000 psi), and at room temperature and a pH between 1 and 8, its chemical degradation 

and solubility are low. In addition, silica is available in small particle sizes (< 10 ^m), 

with a narrow particle size distribution, which allows for uniform packing in a bed or 

colunm. Silica particles also provide a large surface area contained in a small volume 
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due to the porous nature of the silica. The pore size distribution can be controlled to yield 

macropores (> 500 A), mesopores (50-500 A), and micropores Oess than a few A). 

Silica is an inorganic polymer with the general structural formula of (Si02)x- hi 

the presence of water, the hydrolysis of the siloxane bond (O-Si-O) gives monosilicic 

acid (Si(OH)4). Silicic acid is difficult to isolate from solution as a monomer, since a 

condensation polymerization takes place. The first stage of this polymerization reaction 

can be described by the following equation: 

2 Si(OH)4 ^ (HO)3SiOSi(OH)3 + HjO 

Further reactions between the molecules thus formed and molecules of Si(OH)4 and with 

one another yield polymers with different lengths of the siloxane chain of the general 

formula SinOn.i(OH)2n+2 (20). This reaction can be described by the following equation: 

Si(OH)4 + (HO)3SiOSi(OH)3 -» (HO)3SiOSi(OH)20Si(OH)3 + H2O 

The result is three dimensional condensation polymers of silicic acid that are amorphous 

due to the constraint of the synthetic process, highly porous, and contain high specific 

surface area. The ends of the polymer chains are hydroxyl groups that appear at the 

surface, and are responsible for most of the chemical properties associated with silica 

(21). 

The surface region of a silica particle contains a variety of different site that are 

shown in Figure 1.1. When a silica particle is formed, the resulting silanols (Si-OH) have 

one or two attached groups, since the presence of a silanol with three hydroxyl groups is 

unlikely (22). Overall, the surface of silica is very complex and heterogeneous (see 

Figure 1.1 for some representative structures). The silicon atoms, which have a single 
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hydroxyl group, are found in two different types of structures on the surface. The first is 

the isolated silanol, which has no other hydroxide groups physically nearby. The other 

possibility is the case in which two hydroxide groups on adjacent silicon atoms are 

oriented in such a way to facilitate hydrogen bonding. These groups are usually referred 

to as associated or vicinal silanols. An additional possibility is the formation of a 

geminal silanol in which two hydroxide groups are attached to the same silicon atom. 

Finally, because of the highly polar nature of ±e surface (silanol + siloxane linkages) 

there is a very strong tendency for silica to absorb water. Therefore, the complete 

structure of the silica surface is a complex mixture of isolated, geminal, and associated 

silanols as well as a variable amount of adsorbed water. In general, the exact proportion 

of each of the various silanol groups depends on the method and conditions of the 

polymerization process (21). 

The surface properties of silica in many cases depend on the presence of silanol 

groups. At a sufficient concentration these groups make such a surface hydrophilic as 

they act as the centers of molecular adsorption during specific interactions with 

adsorbates capable of forming a hydrogen bond. The removal of the hydroxyl groups 

from the surface of the silica leads to a decrease in the adsorption, and the surface 

acquires more and more hydrophobic properties (23). 

On a fully hydroxylated surface, it is generally agreed that there are 8 pmol of 

hydroxide groups per m^ of silica independent of the origin, type, and structural 

characteristics of the silica (specific surface area, type of pores, size and distribution of 

pores, particle packing density, structure of silica skeleton) (22, 24, 25). It has been 
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determined that some silanol sites are more reactive than others (26-29). The reactivity 

of the silanols depends on the water associated with the silanol and how the geometry of 

the surface allows for interaction of the silanols with each other. The most reactive 

silanols are considered to be the vicinal silanols (24, 30-34). However, an IR study 

showed that basic compounds prefer to associate with acidic, isolated silanols, while 

vicinal silanols are only able to hydrogen bond with hydroxyl groups (35). Other studies 

support earlier work that distinguishes isolated silanols as the more reactive species (36-

38). Geminal silanols can also be considered as active sites for hydrogen bonding and are 

about 4 % of the total hydroxide concentration (39). 

1.2.2 Chemical Modification of Silica 

To improve the homogeneity of the silica surface and to improve the selectivity 

and efficiency of the interaction, the silica surface is often masked by reacting it with 

another chemical species. This process is called bonding. The modification of the silica 

surface can be accomplished by adsorption of surface-active species, the coating of bulk 

film on the surface, or covalent bonding of an organic moiety to the surface. The most 

popular surface modification technique involves the use of reactive silanes, which are 

readily available in a variety of configurations (19). A commercial silane consists of a 

silicon atom which is attached to a group that has a desired fimctionality and from one to 

three leaving groups, such as chloride or alkoxy groups. Silanes are defined as mono-, 

di-, or trifiinctional, depending on the number of leaving groups attached to the silicon 

atoms. 
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Monofiinctional silanes, such as dimethylchlorosilane have two small alkyl 

groups such as methyl, and one leaving group. Due to the presence of one leaving group, 

the silane reacts with one silanol, producing one hydrocarbon chain per original silanol 

group. Trifiinctional silanes, such as trichlorooctyl silane produce bulk modified material 

usually in the presence of excess adsorbed water on the silica surface. After one of the 

functional groups has reacted with the silanol group on the surface, the remaining two 

functional groups react with water to form more silanol groups. These new silanol 

groups react in turn with more reagent thus forming a cross-linked polymer (40). 

Both monomeric (using mono-functional silanes) and polymeric phases (using 

trifunctional silanes) can be synthesized (Figure 1.2 and 1.3, respectively). In order for 

the reactions to go to completion, the silane is hydrolyzed, releasing HCl or an alcohol 

depending on the composition of the silane, then it forms a silyl ether, i.e. siloxane bond 

with the surface silanol. Using trifunctional silanes increases the selectivity of the 

surface and provides a higher surface coverage as compared to monofiinctional silanes. 

A disadvantage of this type of modification is that when a trifunctional silane is added to 

the reaction mixture it may react with other silanes before it reaches the silica surface. 

This will occur if an excess of water is present in the reaction solvent, resulting siloxane 

polymers or oligomers that are be too large to diffuse into the pores of the base silica, 

causing irreproducible coverage on the surface (41-43). 

Many examples of irreproducibility in synthesizing well-ordered bonded phase 

exist in the literature (44, 45), and the lack of reproducibility has been attributed to the 

heterogeneous and porous nature of silica. It has been reported that the curvature of 
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pores affects the surface coverage and that maximum coverage cannot be achieved when 

there are a large number of narrow pores (46). Consistently, higher surface coverage is 

achieved when wider pore silica (average pore size > 120 Angstrom) is used (46, 47). It, 

therefore, follows that wider pore silica would be best able to accommodate these species 

as well as additional monomeric silanes. 

Although the modification of silica does improve the efficiency of the separation, 

the geometry of the underlying heterogeneous silica is not altered by the addition of 

silanes. This means that unreacted silanols will still be found in a non-uniform 

arrangement. In fact, the maximum coverage attainable with the smallest modifier, 

trimethylchlorosilane, is usually 60-70% of the predicted number of silanols initially 

present (48, 49). This is due to the inaccessibility of some of the pore volume to the 

bonding reagent, and the steric hindrance of the side groups, which prevent further 

reaction. The residual silanols are capable of interacting with compounds such as 

alcohols, amines, and aromatic molecules via hydrogen bonds and dipole-dipole forces. 

The residual silanols provide either an increase or decrease in selectivity, resulting in 

improved or poor resolution, respectively. For most separations, the residual silanols are 

undesirable (50-56) because they promote unwanted secondary interactions that may 

cause peak asynmietry. This problem has been addressed by using endcapping reagents 

that serve to block the residual silanol sites and, therefore, improve the heterogeneity of 

the surface. The most common reagent used in endcapping is trimethylchlorosilane 

(TMS). Although it is relatively small, it is still not able to diffuse into all of the pores 

therefore only 60% of a bare silica surface can be modified with TMS (57). In addition. 
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the alkyl groups bonded to the silica surface hinder endcapping, and this gets worse as the 

length of the alkyl modifier increases (58). Therefore, different bonded phases will not 

be endcapped to the same extent, producing a variety of surface regions. 

1.2  ̂Role of Water and Other Solvents on Silica and Modified Silica Surfaces 

The water in the near surface region of bare silica and modified silica surfaces can 

influence many of the interactions at the surface. Thus many investigations on the 

behavior of water at the surface of silica have been undertaken. Water on the surface 

affects the reactions used to modify the surface with various silanes. It also plays a role 

in the reactivity of silanols on the surface, and it is the driving force in the polymerization 

reactions between silane modifiers in solution. The forces that govern the retention and 

selectivity of a solute involve a complex synergy of interactions with the residual silanols 

on the surface, the bonded phase, and the solvent molecules. Various types of 

experimental methods, such as NMR, neutron scattering, thermogravimetric analysis, 

calorimetry, and IR spectroscopy, have been used in the investigation of the stmcture and 

dynamic properties of water in the vicinity of the silica surfaces (59-87). The general 

picture that emerges from these studies is that the silica-water interaction results in a 

significant modification of the structure and behavior of water in the near surface region 

of silica in comparison to those of bulk water. It has been inferred that the structuring of 

water in the near surface region effects the selectivity of the surface and the dynamics of 

the stationary phase-mobile phase interactions. This means that water would play an 

important role in the selectivity and retention of solutes in chromatographic systems. 
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Because surface silanol groups are the primary sites for adsorption of water 

molecules, the extent of surface hydroxylation determines the mechanism to which water 

is adsorbed onto the silica surface. On a fully hydroxylated surface, essentially each 

molecule of the &^t layer of water is adsorbed to the surface hydroxyls via two 

hydrogens. In this case, the adsorption structure is layered, i.e. water molecules tend to 

occupy all surface hydroxyls before formation of the subsequent water layer has started 

(78,79). 

On sparsely hydroxylated surfaces, the hydroxyl groups are isolated silanols 

randomly distributed throughout the surface with the distance between them sufficiently 

large to prevent formation of the multiple water-hydroxyl bonds. Because of the large 

distance, the adsorption due to the bridge mechanism, in which each water molecule 

adsorbs on two hydroxyl groups, is of low probability (70). Instead, water is adsorbed 

via only one hydrogen bond, i.e. through the oxygen of the water molecule onto the 

isolated silanol. The result is a cluster of water surrounding the first adsorbed water 

molecules (77, 78). 

Adsorption studies of water on the silica surface have provided useful information 

on the layering of water at the silica-water interface. Experiments show that water 

organizes itself on the silica surface in three distinct layers (76, 79). Figure 1.4 shows a 

likely schematic of the manner in which the three layers are adsorbed onto the surface 

(76). The second and third water layers are weakly adsorbed and can be removed 

completely with dry solvents or by heating to 120® C. The first water layer results from 

strongly hydrogen-bonded water to the silanol groups, and does not commence to leave 



Layer 3: Water held weakly by hydrogen bonding 

Layer 2: Water held weakly by hydrogen bonding 

Layer 1: Water strongly held by hydrogen bonding 

Silanol Group 

Figure 1.4 Schematic of Three Layers of 
Water Adsorbed on the Silica Surface 
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the surface until a temperature of 200° C. If heating is continued up to 400° C, all 

adsorbed water is completely removed, and the number of hydroxyl groups decreases. 

By 900° C, only isolated silanols remain, and the number of siloxane bridges present 

increases. Heating to 1200° C completely dehydroxylates the silica surface so that the 

surface is completely covered by Si-O-Si and Si atoms. By temperatures greater than 

1200° C, the silica surface consists of only siloxane bridges. The fully dehydroxylated 

surface containing siloxane bridges is considered to be hydrophobic, whereas the fiilly 

hydroxylated regions are hydrophilic. Therefore, heating of the silica progressively 

converts a hydrophilic surface into a hydrophobic one by eliminating all water and 

surface silanol groups and forming only siloxane bridges (76, 79). 

The freezing of water near silica surfaces has been studied in great detail as well, 

and the results have also provided useful information on the layering and structure of 

water in the vicinity of silica. Analogous to the adsorption studies, three layers of water 

have been hypothesized based on the freezing characteristics of water in the near surface 

region. The water layer closest to the silica surface does not crystallize and remains 

unfrozen even at temperatures near -190° C. The middle water layer does exhibit a phase 

transition, but it occurs at a temperature and energy lower than that of bulk water. The 

outer most water layer exhibits all of the properties of bulk water. Further investigations 

revealed that freezing of water in the body of pores (30-120 A) result in a thin unfrozen 

layer of water around the edges of the pore (65). 

The melting behavior of water has been used to show that water in the near 

surface region is more organized than that of bulk water. For instance, studies show that 
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ice in the near surface region melts at a lower temperature and enthalpy of melting than 

that observed for the bulk ice transition (81). Upon freezing, the ice at the silica surface 

is unable to attain the fully extended hydrogen-bonding structure of bulk ice, thus 

creating fewer hydrogen bonds to be broken in order for the water to melt. Experiments 

also show that the size of the pore has an effect on the behavior of water. Due to the 

constraints imposed by a narrow pore and the ability of the water to hydrogen bond to 

silanol groups, the ice in the near surface region melts at a lower temperature and 

enthalpy of melting (81). Studies of the melting behavior of water in the near surface 

region also suggests that the silanol activity plays a role in how the water behaves on the 

modified silica surface. The importance of the chain length of the modifler on the surface 

and its effect on deactivating the surface has also been studied. Evidence suggests that 

short chain modifiers (trimethyl) cause the water/ice in the near surface region to melt at 

lower enthalpies of melting, whereas with long chain modifiers (octyldecyl, CI8), the 

behavior of water is more like that of bulk water. On the trimethyl-modified silica, the 

surface is blocked only at the point of attachment to the surface therefore water is able to 

hydrogen bond with silanols on the surface (see Figure 1.5). The octyl modifier exhibits 

a more rigid confoimation, and similar to the trimethyl modifier, allows water molecules 

to probe the surface (see Figure 1.6). The octadecyl folds over onto itself, and therefore 

sterically blocks the surface and unreacted silanols from interacting with the water (see 

Figure 1.7) (81). 

In agreement with melting point differences, other physical properties of water in 

the near surface region of silica are also different than those of bulk water. For instance. 



Fieure 1.5 Tri-methyl modified sUica; the surface is bloclced only at the point of 
therefore water is able to hydrogen-bond with the silanols on the surface. 
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Figure 1.6 Octyl modified silica; exhibits a more rigid conformation, and similar to the 
trimethyl modifier, allows water molecules to probe the surface. 



Figure 1.7 Octyldecyl modified silica folds over onto itself, and therefore sterically 
blocks the surface and unreacted silanols from interacting with water. 
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the density of water confined to narrow silica pores (140 A at 25° C) is 966 kg/m^ which 

is 3% lower than the density of bulk water, 997 kg/m^ (83). Studies of water at distances 

approaching 3-5 nm from the surface show that water is more ordered than that of bulk 

water. (60, 83). This is confirmed by mobility measurements in which the fireedom of 

motion of water in the near surface region is greatly reduced and gradually increases in 

motion on progressing away from the surface. (65). The translational mobility measured 

over a distance of approximately 10 A from the surface is 2.1 * 10"® cm^/s at 298 K, a 

factor of ten smaller than the mobility of pure water (1.8 * 10'^ cm^/s) (66). The viscosity 

of water has been measured near clay and quartz surfaces where the viscosity can be 

increased as much as twenty times that of bulk water due to association with these silica 

surfaces (84). The heat capacity of a variety of silica surfaces was measured to be 1.25 

kcal/g K, which is 25% greater than the bulk heat capacity (0.998 kcal/g K) (85, 86). The 

dielectric constant has been measured and it was found that it dramatically decreases to 

distances less than 10-20 A from the surface of mica (87). 

As stated previously, modified silica are prepared using mono-, di-, or 

trifunctional silanes. By reacting a monofunctional silane with silica, brush-type reversed 

phases are prepared, and reacting with trifunctional silanes prepares bulk modified 

material. The brush type phase can be pictured with the hydrocarbon chains moving 

fireely in the mobile phase, whereas the bulk material hydrocarbon chains are far more 

restricted in movement as a result of the cross-linking of the polymer. Due to the 

significant differences in structures of the two types of phases, it is expected that they 

exhibit different properties in the presence of water. Studies have shown that the brush-
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type phase having significant chain length can associate with themselves at high water 

content. The bulk-type, on the other hand, does not exhibit dispersive properties between 

hydrocarbons themselves as they are fairly rigidly held in the polymeric structure of the 

phase (40). Other studies show that clustering of the bonded hydrocarbons occurs in 

totally aqueous media (89-91). At 25 °C, the collapse or folded state has been shown to 

be the preferred arrangement for hydrocarbons C7 and above in totally aqueous media 

(89,92). 

The effect of organic solvent on the behavior of water is important for LC where 

mobile phases containing a mixture of organic solvent and water are primarily used. 

Studies show that various organic solvents affect the behavior of water to a degree that 

depends on the ability of the solvent to hydrogen bond with water. For instance, 

increasing the percentage of methanol in methanohwater mixtures resulted in decreasing 

enthalpy of melting. This is explained by methanol's ability to strongly hydrogen bond 

to water and thus create a homogeneously mixed solution at the surface. The water in the 

near surface region therefore cannot attain the extended hydrogen bond network of bulk 

ice due to its interaction with the methanol. Acetonitrile, on the other hand, is a weak 

hydrogen bond acceptor and has only a slight affect on the behavior of water in the near 

surface region (88). 

The configuration of the alkyl chains of bonded stationary phases in the presence 

of organic solvents has also been investigated. For brush-type phases, slow equilibration 

times between solvent and stationary phase were observed when the mobile phase 

composition was switched fixim water to methanol. In the presence of water, the chains 
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are depicted as lying flat on the surface but in the presence of methanol, these chains 

extend toward the surface normal to the "bristie" state. By suddenly changing the mobile 

phase from methanol to water, the chains collapse and entrap methanol, which is 

observed to escape very slowly (40, 90, 93). It was also determined that as the chain 

length of the organic conditioning solvent increased, the amount of released solvent was 

found to be dependent upon both the polar and non-polar nature of the solvent, as well as 

the unreacted surface silanol groups and bonded hydrocarbon moieties respectively (90). 

13 CHEMICALLY MODIFIED SILICA USED FOR SOLID PHASE 

EXTRACTION 

1.3.1 What is Solid Phase Extraction 

Solid Phase Extraction (SPE) is a method of sample preparation that concentrates 

and purifles analytes from solution. The isolation occurs by sorption of the analyte onto a 

solid phase, followed by their elution with an appropriate solvent. SPE is a form of 

digital liquid chromatography that removes the solute onto a solid-phase sorbent by 

various sorption mechanisms. The term digital refers to the on/off mechanism of sorption 

and desorption (94). The mechanisms of retention include reverse phase, nonnal phase, 

and ion-exchange. The goal of SPE is to quanititatively remove the analyte from solution 

and completely recover it in an appropriate solvent. 

13.2 Solid Phase Extraction Sorbents 

The sorbents used for SPE are similar to those used in liquid chromatography, 

including normal phase, reverse phase, size-exclusion, and ion-exchange. Table 1.1 lists 
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Table 1 Common Sorbents Available for Solid Phase Extraction 

Sorbent Structm  ̂

Reversed Phase 

Octadecyl (C-18) -(CH2),7CH3 

Octyl (C-8) -(CH2)7CH3 

Ethyl (C-2) -CH2-CH3 
Cyclohexyl -CH2CH2-cyclohexyl 
Phenyl -CH2CH2CH2-phenyl 
Graphitized carbon Aromatic carbon throughout 
Copolymers Styrene-divinylbenzene 

Normal Phase 

Cyano (CN) -(CH2)3CN 

Amino (NH2) -(CH2)3NH2 

Diol (COHCOH) -(CH2)3C)CH2CH(0H)CH2(0H) 
Silica gel -Si-OH 
Florisil Mg2Si03 

Alumino AI2O3 

Ion-Exchangers 

Amino (NH2) -(CH2)3NH2 

Quaternary amino -(CH2)3lsr(CH3)3 

Carboxylic acid -(CH2)2CCX)H 
Aromatic sulfonic acid -(CH2)3-phenyl-S03H 

Size-Exclusion 

Wide pore hydrophobic (butyl) -(CH2)CH3 

Wide pore ion-exchangers -COOH 
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the common silica based soibents that are available and their mode of interaction. 

Typically, the sorbents consist of 40-^m silica gel, as opposed to the l-IO-)xm particles 

used for HPLC sorbents, with approximately 60-A pore diameters. Chemically bonded to 

the silica gel are the phases for each mode of interaction. 

Alkyl-modified silica sorbents provide a means of non-polar interaction or 

hydrophobic interactions between the carbon-hydrogen bonds of the sorbent functional 

group and the carbon-hydrogen bonds of the analyte. These forces are commonly known 

as "van der Waals" or "dispersion" forces. Since most organic molecules have some 

non-polar structure, non-polar interactions are often used to retain analytes on sorbents 

offering non-polar functional groups on the surface. 

For these reversed-phase sorbents, the alkyl group can be as long as an octadecyl 

(C18) chain or as short as an ethyl group (C2). They are created by bonding the alkyl 

group to the silica using trifiinctional silanes that have the desired attached alkyl group. 

The structures of the bonded phases created using these silanes are different due to the 

size of the silane and their ability to diffuse into micropores. Smaller silanes can interact 

with a higher percentage of the surface area, resulting in greater coverage of the silica. In 

addition, the smaller silanes allow more access to the silica surface because the attached 

alkyl group is not long enough to stop analytes from diffusing into the smaller pores. 

Figure 1.8 is a representation of pores that have been modified with silanes of different 

lengths (ethyl vs. octadecyl). As the length of the alkyl chain on the silane increases to 

butyl, hexyl, octyl, and octadecyl, a smaller portion of the silica surface is modified. 

Figures 1.8 and 1.9 are graphical representations of how different silanes are excluded 



Figure 1.8 Representation of Pores that have been Modified with Silanes of Different Lengths 



C2 C4 C6 C8 C18 

3.5 ^mol 2.4 ^mol 2.2 (imol 2.5 ^mol 1.6 ^mol 

Figure 1.9 Graphical Representation of how Different Silanes are Excluded from Increasing 
Amounts of the Silica Surface 
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from increasing amounts of the silica surface along with their corresponding surface 

coverages. Among C2, C8, and C18, there is a definite decrease in surface area as the 

size of the silanes increase (95). 

Ionic-exchange sorbents are also frequently utilized in SPE, and they provide 

ionic interactions between an analyte molecule carrying a charge (either positive or 

negative) and a sorbent carrying a charge opposite to that of the analyte. Ion-exchange 

sorbents usually contain both weak and strong cation and anion functional groups bonded 

to the silica gel. Strong cation-exchange sorbents contain ion-exchange sites consisting 

of sulfonic acid groups, and weak cation-exchange sorbents contain sites consisting of 

carboxylic acid groups. Strong anion-exchange sites are quaternary amines and weak 

anion-exchange sites are primary, secondary, or tertiary amines. Strong and weak refer to 

the fact that strong sites are always present as ion-exchange sites at any pH, while weak 

sites are only ion-exchange sites at pH values greater or less than the pK,, which 

determines whether a site contains a proton or not. The ion-exchange moiety is usually 

attached to the silica of the silane via a short alkyl chain. The relatively small size of the 

ion-exchange silanes allows them to diffuse into some of the smaller pores, so the surface 

coverage of ion-exchange sorbents is generally not limited by the base silica. The 

structure of the resulting bonded phases is impacted by the nature of the ion-exchange 

silanes and the procedures used to fabricate these sorbents. 

For anion-exchange sorbents, the anionic silane is a quaternary amine group. 

When it is bonded to silica, it is the ionic group that governs the bonded phase structure 

and the surface coverage. Because anion-exchange silanes are ionized during the 
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bonding process, the individual silanes are repulsed from each other, therefore the 

probability that the silanes will form oligomers in solution before reaching the silica 

surface is minimal. Also, the charged species hinders the formation of siloxane bonds 

between free silanes and those already attached to the surface. This behavior severely 

reduces the surface coverage of the sorbent, but the bonded phase that is formed is highly 

cross-linked and well anchored to the surface. 

In contrast to anion-exchange sorbents, cation-exchange sorbents are not usually 

synthesized using ionic silanes. Because the typical cation-exchange groups, sulfonic 

and carboxylic acids, react very energetically with trifiinctional silanes, neutral silanes 

that can be oxidized or sulfonate are used to create precursor sorbents. After the initial 

modification process is complete, the precursor sorbent is treated with the appropriate 

reagents to produce the desired acids. The solutions used to perform this post-

modiHcation process are often very acidic and cause the siloxane bonds to be broken. The 

bonds that are severed during this process include bonds between silanes and the silica 

surface, so post-modification can noticeably reduce the surface coverage. Since the 

siloxane bonds of highly interconnected silanes are more resistant to acid attack, the 

remaining bonded phase assumes a structure that is similar to those of anion-exchange 

sorbents. 

Polar interactions are another means of isolation, and these interactions include 

hydrogen bonding, induced dipole-dipole, pi-pi, and a variety of other interactions in 

which the distribution of electrons between individual atoms in the functional group is 

unequal, causing positive and negative polarity. This property allows an analyte 
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molecule bearing a polar functional group to interact with a polar group on a sorbent. 

Groups that exhibit these types of interactions include hydroxyls, amines, carbonyls, 

aromatic rings, sulfahydryls, double bonds and groups containing heteroatoms such as 

oxygen, nitrogen, sulfur, and phosphorous. Because of the polar nature of the silica 

substrate and of unbonded silanol groups, polar interactions are characteristic of all 

bonded silicas. For polar interactions, cyanopropyl (CN), aminopropyl (NH2), and diol 

functional groups are chemically bonded to the silica gel. 

Although the literature examines extensively bonded-phase SPE sorbents, there 

are applications of organic materials as important phases. One of the most common 

organic polymers utilized in SPE is styrene-divinyl benzene (Figure 1.10). This resin 

differs from silica-based material in that they do not contain silica but are entirely organic 

polymers. Typically, they have large surface areas (600-1200 m^/g), greater capacity 

than the bonded phases because of higher carbon percentage, and a more hydrophobic 

surface (94). Although their major contribution to SPE is in the area of reversed-phase 

retention, fiinctionalized polymer materials such as ion-exchange resins that consist of 

hydrophilic ion-exchange groups attached to the backbone of copolymerized styrene-

divinyl benzene have been utilized. 

133 The Basic Steps of a Solid Phase Extraction Procedure 

Figure 1.11 illustrates the entire process of the solid phase extraction. First the 

SPE sorbent is conditioned with an organic solvent such as methanol. The purpose of the 

conditioning step is to wet the packing material and to solvate the functional groups of 

the sorbent. To illustrate this point further, take into consideration a C18 sorbent. In its 
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Figure 1.10 Structure of Styrene-divinylbenzene Sorbent 
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Figure 1.11 Steps to a Solid Phase Extraction 
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dry fonn (before conditioning), the C18 bonded-phase material is randomly oriented on 

the surface. If an aqueous sample is introduced to this bonded phase in its "dry" state, the 

environment surrounding the hydrocarbon would be highly polar, an environment 

incompatible with a CIS bonded phase. The situation for bonded solid phase sorbents is 

illustrated in Figure 1.12. The environment around the bonded hydrocarbon moiety is 

polar (e.g. aqueous), therefore the organic group tries to minimize its exposure to the high 

polarity medium. It can accomplish this by forming clusters or aggregates among bonded 

groups that are close to each other. In such a configuration, the organic surface that is 

exposed to the solute as it comes in contact with the sorbent is very small. Conditioning 

with methanol allows for the environment surrounding the hydrocarbon moiety to be less 

polar, therefore the sorbent is more open and available for interaction with the solute (see 

Figure 1.13). After conditioning with methanol, water or an aqueous buffer is applied to 

the sorbent. This step serves to activate the column so that the sorption mechanism 

works properly for aqueous samples (94). 

Next, the sample containing the analytes are applied to the column. In SPE, the 

analyte distributes itself between a solid surface and the liquid sample, either by 

adsorption to the surface or through penetration of the outer layer of molecules on that 

surface. The process .vhereby the analyte is completely adsorbed onto the solid surface is 

termed "retention" (21). The retention of analytes in a chromatographic experiment is 

given by the equation put forth by Martin and Synge (95): 

VR = VM + KdVS 
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Figure 1.12 C18 Chain Without Conditioning with Methanol 
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Figure 1.13 C18 Cliain With Conditioning Using Methanol 
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where Vr is the retention of a particular analyte, Vm is the volume of the mobile phase, 

Vs is the volume of the stationary phase, and Kd is the distribution coefficient. The 

distribution coefficient indicates what fraction of the analyte has remained in solution and 

what fraction has adsorbed or entered the solid phase. In terms of concentrations, Kd is 

defined by the following 

Kd — [analyte] sorbent I [analyte] sample 

If the analyte is entirely trapped on the sorbent, the distribution coefficient will be very 

large. The total volume required to elute an analyte depends on the interaction between 

the analyte and the stationary phase. 

During retention, it is possible that many compounds in the complex sample 

matrix could been retained on the solid surface at the same time as the analyte of interest. 

Upon elution, these interferences will be desorbed from the surface along with the 

analytes of interest. To minimize the number of interferences, one or more wash steps 

between retention and elution will be performed in an attempt to remove or rinse many of 

the interferences from the sorbent while at the same time still retaining the analytes of 

interest Each wash step involves another distribution between the analyte and the co-

retained species, the solid surface and the liquid that it passing over it (21). 

Once the analyte is retained on the solid surface and many of the interferences 

have been removed, a solvent must be employed to remove the analyte from the surface. 

When a liquid provides a more desirable environment for the analyte than the soUd phase 

does, the compound of interest is desorbed from the surface and can be collected in the 

liquid phase as it exits. This is called elution, and it is characterized by a k' between the 
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concentration of the analyte on the solid surface and in the eluting liquid that is very 

small in volume. The eluting solvent is specifically chosen to disrupt the analyte-sorbent 

interaction and should remove as little as possible of the other substances sorbed on the 

column (21). 

1.4 STATEMENT OF PURPOSE 

An understanding of the interactions at the modified silica interface used as a 

stationary phase in various chromatographic techniques is of great importance in 

elucidating the mechanism of solute retention. Investigating the factors that control the 

selectivity and efficiency for retention of a solute is also important as it can lead to the 

manipulation of the interfacial properties to give improved separations. In this research, 

solid phase extraction will be used to obtain information about silica based anion-

exchange stationary phases and their interaction with acidic analytes. 

One of the major goals is to obtain insight on the physical and chemical nature of 

silica surfaces that have been modified with anion-exchange functional groups. Of 

particular interest is the structure and role of water in the near surface region and how this 

water is behaving in the presence of a counter-anion. Because anion-exchange involves 

displacement of another anion, the effect of counter-anion on analyte retention will also 

be addressed. 

An additional goal is to develop an understanding of the combined interactions 

between acidic analytes and anion-exchange modified silica. Although the primary 

interaction is expected to be ion-exchange, other interactions such as hydrophobic or 
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charge-induced dipole interactions between the surface and the analytes may contribute 

to solute retention. Understanding these combined interactions by adjusting the pH of the 

surface and analyte environment will aid in determining the retention mechanism. 

From a practical stand point, solid phase extraction can be used for the isolation 

and purification of acidic compounds. With a better understanding of the surface/solvent 

environment, a generic approach can be developed for the extraction of toxicologically 

relevant compounds from biological matrices. By understanding the influence of pH, 

counter-anion, and degree of hydrophobic character of both analyte and surface, an 

enhancement in extraction efGciency and selectivity can be achieved. 
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CHAPTER! 

STRONG ANION-EXCHANGE MODIFIED SILICA USED IN SOLID PHASE 

EXTRACTION 

2.1 INTRODUCTION 

2.1.1 Ion-Exchange 

Ion-exchange separations have been widely used for several decades, 

predominantly for the routine analysis of amino acids, protein mixtures, nucleic acid 

bases, nucleosides, and nucleotides (96-103). Ionic interactions are important in the 

separations' process because it allows for an increase in selectivity. Table 2.1 illustrates 

the difference in energies for a variety of interactions. It is this increase in interaction 

that allows a separation of an ionic analyte from a neutral analyte. 

In solid phase extraction (SPE), ionic interactions occur between an analyte 

molecule carrying a charge (either positive or negative) and a sorbent carrying a charge 

opposite to that of the analyte. Ion-exchange sorbents usually contain both weak and 

strong cation and anion functional groups bonded to the silica gel. In the case of strong 

cation-exchangers, the ion-exchange sites consist of sulfonic acid groups, whereas weak 

cation-exchangers contain sites that consist of carboxylic acid groups. In the case of 

strong anioh-exchangers, the ionic sites are quaternary amine groups, whereas for weak 

anion-exchangers the ionic site is a primary, secondary, or tertiary amine. Whether an 

ion-exchanger is strong or weak refers to the fact that strong sites are always present as 
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Covalent Interactions 100-300 kcal/mole 

Ionic Interactions 50-200 kcal/mole 

Polar Interactions 3-10 kcal/mole 
Hydrogen-bonding 
Dipole-dipole 
H-Jl 

Non-polar Interactions 1-5 kcal/mole 
Van der Waals or dispersion 

Table 2.1 Energy of Interactions 
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ion-exchange sites regardless of the pH of the surface and matrix environment. In order 

for weak sites to contain ion-exchange sites, the pH needs to be selected so that the 

surface is ionized. From the general acid-base equation: 

Ka = [Hi ([Base]) / [Acid] 

Further simplification yields: 

pH = pKa + log (Base/Acid) 

If the pH is equal to the pKa, there will be equal concentrations of the acid and base forms 

of the siuface, i.e. the surface is partially ionized. This leads to inefficient retention of an 

analyte via ionic interactions. If the surface is intended to be an anion-exchanger, the pH 

would have to be lowered to a value of roughly two units below the pKa so that virtually 

99% of the surface functional groups present will be ionized. Alternatively, if the surface 

is intended to be a cation-exchanger, the pH would need to be adjusted to roughly two pH 

units above the pK, so that the basic functional group is ionized, or two pH units below 

the pKa for the base to be neutralized. Of course, the pH should be carefully controlled 

for the analyte molecules when using both weak and strong ion-exchange as the analytes 

need to be in their charged state as well. 

Ion-exchange reactions occur stoichiometrically in that for every ion that is 

removed from solution, one ion equivalent of the like charge must be released from the 

ion-exchanger. The formula of an anion-exchange sorbent may be viewed as a chemical 

equation as follows: 

Solid- *N(CH3)3Cr + A" ^ Solid- ^(CH3)3A- + Cr 
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The -[N(CH3)3]'^ is attached by a chemical bond to the solid support, but the CI" counter-

ion shown is held more weakly by electrostatic attraction. Another anion. A', can 

displace the CI' and set up an ion-exchange equilibrium (94). 

The exchange reaction on an ion-exchange sorbent is slower than those of non-

polar or polar mechanisms. This is due mainly to three reasons: i) ion-ion or ion-induced 

dipole interactions are stronger than van der Waals interactions (see Table 2.1); ii) the 

time it takes to diffuse the ions to the point of contact with one another depends on the 

size and charge of the ions. Larger hydrated ions will diffuse more slowly due to the 

larger sheath of water molecules that they drag along with them, resulting in a diffusion 

radius that is much larger than the ion itself; iii) the process of displacement of the 

counter-ion that is associated with the ion-exchanger also has an effect on the kinetics as 

the counter-ion that is being displaced may carry a large amount of water molecules (21). 

2.1.2 Role of the Coiinter-anion 

The idea of displacing an ion that is already associated with the sorbent leads to 

the concept of counter-ion selectivity. Ionic species show different affinities for the ion-

exchange sites on the sorbent. For resin-based SPE sorbents, these different affinities 

have been studied in great detail and are expressed relative to each other in a selectivity 

table. For cation-exchange resins, the typical sequence among monovalent cations in 

increasing order is shown below with Li*^ the least retained and Ag*^ the most retained by 

the strong cation-exchange resin: 

(weak) Li"^ < FT < Na"^ < <lC<Rh*< Cs"^ < Cu"^ < Ag"^ (strong) 

A typical sequence for some divalent metal ions is as follows: 
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(weak) < Ba^"^ (strong) 

Likewise, there is also a selectivity sequence for strong anion-exchangers: 

(weak) F < acetate < formate < Cr < Br < T < NO3* < S04^' < citrate (strong) 

(94). 

Over the past decade, there has been much discussion concerning the relative 

selectivity of the various counter-ions on the resin-based ion-exchange materials. The 

most popular theory explained selectivity in terms of hydrated ionic volumes (104, 105, 

106). The simplest picture of ionic hydration arises from considerations of ionic mobility 

in dilute solutions. In this model, ions that are highly hydrated are more likely to be 

stripped from the ion-exchanger or show less selectivity than those with smaller hydrated 

volumes. The rationale for this is that the more hydrated ions prefer to be in the free 

aqueous solution external to the pores of the resin due to the counter-pressure from the 

hydrophobic resin substrate. 

Another model based the selectivity of ions on polarizability (107). The 

selectivity for certain ions would be greater for those that were more easily polarized. 

Although this theory correctly predicts the halide selectivity for resin-based exchangers, 

it failed with many complex ions such as perchlorate, chlorate, bromate, iodate, and 

sulfite. 

Work performed using alumina showed a reversal of the classical anion-exchange 

selectivity reported for the polymeric materials (108). Selectivity differences were 

determined on aluminosilicate glasses by varying the amount of aluminum in the material 

(109). Two main factors were hypothesized to control the selectivity of the ions. The 



63 

first component is the electrostatic attraction between the functional group and the 

counter-ion, and the second component is the hydration energy of the competing counter-

ions. &i this theory, the functional group and counter-ion are treated as incompressible 

spheres, with charge located at their center, so that the electrostatic contribution to the 

energy is: 

^ / (rA + rl) 

where e is the electronic charge, rA is the radius of the functional group, and rl is the 

radius of one of the ions involved in the exchange. The close approach of a counter-ion 

to the functional group requires the loss or rearrangement of their hydration layers. From 

the previous equation, it is apparent that smaller ions will have a stronger electrostatic 

interaction with the functional group. It is also know that smaller ions hydrate more 

thoroughly and arrange water more strongly than larger ions (109). 

These theories alone and in combination have been used to explain counter-anion 

selectivity on the resin-based anion-exchange sorbents. It is believed, however, that 

silica-based sorbents, containing much less hydrophobic character, will provide 

differences in counter-ion selectivity than that of the resin-based material. No woiic has 

been performed to show the selectivity of counter-ions on the chemically heterogenous 

silica-based ion-exchange substrates. It is the purpose of this study to address this issue. 

2.13. Strong-anion Exchange Sorbent 

The strong anion-exchange sorbent utilized in this study is the Isolute SAX solid 

phase extraction sorbent. The SAX sorbent consists of silica that has been modified with 

a trimethylaminopropyl group as shown in Figure 2.1. For simplicity. Figure 2.1 
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H,C 

Ni—CH3 
H3C——CH3 

Figure 2.1 Representation of a SAX Sorbent Manufactured with a 
Monofunctional Silane 
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represents modification of the silica surface using monofunctional silanes, however the 

SAX sorbents utilized in this study were manufactured using trifiinctional silanes. As 

mentioned above, the SAX sorfoent consists of a quaternary amine group attached to the 

silica surface via a propyl linker arm. Because it is a strong anion-exchanger, the 

nitrogen on the sorbent is positively charged regardless of the pH. Due to the 

manufacturing of this particular sorbent, the chloride ion is the inherent counter-ion on 

the anion-exchanger. 

2.1.4 Analytes of Interest 

The probe analytes of interest together with their pKa (predicted by pKalc, Pallas 

32 Chemical Software Series Ltd., San Francisco, CA) are shown in Figure 2.2 and 2.3. 

Sulindac, Ibuprofen, Ketoprofen, and Flurbiprofen are part of a class of compounds 

called the non-steroidal anti-inflammatory drugs. These compounds were chosen due to 

their acidic nature as they each contain a carboxylic acid group in their structure. They 

were also chosen due to their varying degree of hydrophobic character, Sulindac being 

the most polar and Ibuprofen being the least polar. 

2.2 EXPERIMENTAL 

2.2.1 Materials 

Sulindac, Keteprofen, Flurbiprofen, and Ibuprofen were purchased firom Sigma-

Aldrich (St. Louis, MO, USA), and were used without further purification. Standard 

control stock solutions for each of the analytes were prepared at a concentration of ICX) 

fig/mL in methanol. A standard control mixture of the analytes was further prepared by 
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Figure 2.3 Probe Analytes of Interest and tlieir pK^ 
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diluting the appropriate amounts to a final concentration of 1 ̂ g^mL in methanol. Before 

analysis on the HPLC, standards were blown down and reconstituted in a mixture of de-

ionized water, acetonitrile, and trifluoracetic acid (98:2:0.1). Working sample stock 

solutions for each of the analytes were prepared at a concentration of 100 |ig/mL in 

ammonium acetate (50 mM, pH 7). A working standard mixture was further prepared by 

diluting the appropriate amounts to a final concentration of 1 fig/mL in ammonium 

acetate (50 mM, pH 7). 

Isolate® SPE extraction columns (SAX, 100 mg, 3 mL reservoir, 40 |jjn particle 

size, 60 A pore size, 521 m^/g) were supplied by fotemational Sorbent Technology 

(Hengoed, UK). Acetonitrile and methanol were Burdick and Jackson HPLC-grade 

solvents purchased from VWR Scientific Products (West Chester, PA, USA). 

Ammonium acetate, anmionium citrate, ammonium dihydrogen phosphate, ammonium 

sulfate, ammonium hydroxide, ammonium formate, sodium propionate, maleic acid, 

ammonium nitrate, sodium bicarbonate, nitric acid, and silver nitrate were purchased 

from Sigma-Aldrich (St. Louis, MO, USA) or Mallinckrodt Chemical Works (St. Louis, 

MO, USA), and were used as received. Ammonium salt solutions of the above counter-

anions were prepared at a concentration of 0.1 M and 0.5 M with the pH adjusted to 7-8.5 

using ammonium hydroxide or acetic acid. 

2.2.2 Titration of Chloride Ions 

The titration procedure for this study was performed using Isolute® SAX 

cartridges. The sorbents were sequentially conditioned with 1 mL methanol and 1 mL 

de-ionized water, followed by conditioning with 2 mL of 0.1 M sodium chloride to 
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ensure chloride as the counter-anion. Excess chloride was rinsed from the sorbent with 5 

mL of de-ionized water. The salts used were the sodium forms of propionate, acetate, 

formate, phosphate, bicarbonate, sulfate, nitrate, hydroxide, and citrate. Solutions of 0.1 

M and 0.3 M of these salts were prepared immediately prior to the experiment and used 

to titrate the chloride counter-ions from the sorbents. Aliquots of 250 fiL (corresponding 

to two bed volumes) were added to the sorbents and drawn through by a gentle vacuum. 

Each aliquot was collected in a separate tube, and mixed with 200 fiL of nitric acid (0.5 

M) and 250 jiL of silver nitrate (0.1 M). The presence of chloride ion was detected 

visually by precipitation of white silver chloride. 

2.23 Solid Phase Extraction 

2.23.1 Coujiter-Ion Studies 

The extraction procedure utilized for the counter-ion study was performed using 

Isolute SAX cartridges installed on an Isolute VacMaster 10 manifold. Cartridges were 

sequentially conditioned with 1 mL methanol and 1 mL de-ionized water, followed by 

conditioning with 6 mL of the appropriate counter-ion solutions (0.1 M, pH 7-8.5) (Table 

2.2). The sorbents were then rinsed with an additional 6 mL aliquot of de-ionized water. 

After 1 mL of samples were loaded, the column was rinsed with 1 mL methanol and 

dried under maximum vacuum for 2 minutes prior to elution with 1 mL mixture of 

methanol and acetic acid (98:2). The eluates were evaporated to drynes in glass test tubes 

(at 40°C) under a stream of nitrogen. The dry residues were reconstituted in a 1 mL 

mixture of de-ionized water, acetonitrile, and trifluoroacetic acid (98:2:0.1) and vortexed. 

The samples were then analyzed by HPLC. 



Table 2.2 Counter-ions Investigated Using SAX and 
Method B 

Acetate" CI" Maleate'^ 
Propionate" HPO4 Citrate' 
NO3" Formate" Bicarbonate"^ 
OH HSO3 
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2.23  ̂HPLC Instrumentation 

All SPE extracts were analyzed using a Magic 2001 Microbore HPLC system 

from Michrom BioResources, Inc. (Aubum, CA). Separation was achieved using a 

Magic C18 1.0-mm x 150-nmi i.d. column with 5-jun particles. The flow rate was set to 

50 ^L/min, and the column temperature was maintained at 40°C. Two solvent blends 

were used, each containing different ratios of de-ionized water, acetonitrile, and 

trifluoroacetic acid (solvent A with a ratio of 98:2:0.1 and solvent B with a ratio of 

10:90:0.1). Gradient elution began with the mobile phase at 5 % B and 95 % A. The 

percentage of B was increased to 46 % over 16 minutes and held for 9 minutes for a total 

run time of 25 minutes. An 8-minute re-equilibration time between injections increased 

the total analysis time to 35 minutes per sample. Compounds were detected using a UV-

VTS dual wavelength detector set to monitor both the 214-nm and 280-nm wavelengths. 

All quantitation was performed using the 214-nm detection wavelength. The percent 

recovery for each of the analytes was determined by normalizing the peak area to that of 

an external standard. 

2.3 RESULTS AND DISCUSSION 

23.1 Replacement of the Chloride Ion 

As was mentioned above, an artifact of manufacturing silica-based sorbents is the 

production of hydrochloric acid. For an anion-exchanger, this leads to chloride being the 

inherent counter-ion. In order to displace the chloride ion, it is necessary to titrate them 

off of the ion-exchanger with another counter-ion of choice. Figure 2.4 shows that the 
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Figure 2.4 Replacement of Chloride Ions from 100 mg ISOLUTE® SAX Sorbents 
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amount of counter-ion solution is dependent on the concentration of the counter-ion as 

well as the counter-ion itself. For each of the counter-ions, the trend between replacing 

the chloride using 0.3 M and 0.1 M solutions was the same. Using 0.1 M counter-ion 

solutions required higher volume to replace the chloride than when replacement effected 

using 0.3 M counter-ion solutions. For instance, displacing the chloride ion with acetate 

required approximately fifty bed volumes of a 0.1 M solution of sodium acetate. Using a 

0.3 M solution required approximately thirty bed volumes. Displacing the chloride ion 

with citrate, however, required 1/5"* of the bed volumes of sodium citrate. Therefore, it 

can be concluded that chloride has a greater affinity for the ion-exchange sites relative to 

acetate, i.e., it is difficult for acetate to displace chloride. Citrate, on the other hand, has a 

higher affinity for the ion-exchange site than acetate and this is evident in the small 

volume of solution required to replace the chloride ion. 

23.2 Counter-ion Selectivity 

The previous section gave some indication that the strong-anion exchange sorbent 

shows selectivity for different ionic species. When an exchange of ions is occurring, 

there is a distinct selectivity that may occur among the various counter-ions. The anionic 

counter-ions utilized in this study can be separated into distinct classes based on their 

valency. Citrate is trivalent, while maleate, sulfate, bicarbonate, and monodihydrogen 

phosphate are divalent. Chloride, formate, propionate, acetate, and nitrate are monovalent 

ions. As stated previously, a counter-ion selectivity sequence has been established for 

resin based anion-exchangers, and it has also been assumed that the selectivity observed 
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on the resins would carry over to the silica-based ion-exchange sorbents. No direct 

evidence has been presented to support this belief. 

Using the method described in the experimental section, several different counter-

anions were investigated (Table 2.2) in order to determine the e^ect they have on the 

recovery of each of the analytes of interest. Figures 2.5-2.8 shows the retention for the 

analytes (Sulindac, Ketoprofen, Flurbiprofen, and Ibuprofen, respectively) in the 

presence of several anions on the strong anion-exchanger (SAX). A simplifled retention 

graph was established to show that mono-, di-, and trifunctional carboxyl containing 

counter-anions (acetate, maleate, and citrate, respectively) have different effects on the 

analyte recovery (Figure 2.9). A noticeable trend was observed between acetate, maleate, 

and citrate (Table 2.3 and Figure 2.9). Acetate consistently led to high percent recovery 

(89-98 %), while citrate led to the lowest percent recovery (16-44 %). The percent 

recovery obtained with maleate (34-67 %) fell in between those obtained with acetate 

and citrate. It is also observed that the recovery is more analyte independent when 

acetate is the counter-ion on the anion-exchanger (see Figure 2.9). Lower recovery of the 

analyte indicates the counter-ion is more difGcult to displace from the surface, i.e. the 

counter-anion is more strongly bound to the surface than the analyte. Higher recovery of 

the analytes indicates more effective displacement of the counter-anion by t*^e analyte. 

For the counter-ions studied, all of the monovalent counter-ions showed less selectivity 

for the ion-exchange sites than the divalent anions. The divalent counter-ions, in turn, 

showed less selectivity for the ion-exchange site than the trivalent counter-ions. This is 
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Figure 2.5 Sulindac % Recovery Vs. O.IM Counter-Anion 
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Figure 2.6 Ketoprofen % Recovery Vs. O.IM Counter-Anion 
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Figure 2.7 Flurbiprofen % Recovery Vs. O.IM Counter-Anion 
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Table 2.3 Percent Recovery Obtained for the Extraction of Acidic 
Analytes on SAX Solid Phase Extraction Columns when Acetate, 
Maleate, and Citrate arc the Counter-anions* 

Absolute % Recovery 
Analyte Acetate Maleate Citrate 
Sulindac 98(5) 53(2) 39(1) 

Ketoprofen 89(1) 44(6) 25(4) 
Hurbiprofen 91(5) 67(2) 4(1) 

Ibuprofen 94(1) 34(6) 16(12) 

* n=3 for all data. 
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Figure 2.9 Trend for Acetate, Maleate, and Citrate on SAX Sorbents 
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consistent with the selectivity of the counter-ions on resin-based anion-exchange 

material. 

The selectivity of the counter-ions based on their charge is not surprising because, 

in general, ion-exchangers favor the binding of ions of higher charge. In terms of ion-ion 

interactions and according to Coulomb's Law, the force of attraction between two 

oppositely charged ions is directly proportional to the charges of the ions, and q', and 

inversely proportional to the square of the distance, d; 

F oc q"^q'/d^ 

Energy has the units of force x distance, F x d, so the energy of attraction between two 

oppositely charged ions is directly proportional to the charges on the ions and inversely 

proportional to the distance of separation; 

E oc q^q" / d 

It is expected, therefore, that citrate would have the stronger interaction and hence higher 

selectivity for the strong anion-exchange site as opposed to a divalent counter-ion such as 

maleate (110). It also holds true that maleate has a higher selectivity for the strong anion-

exchange than the monovalent counter-ion, acetate. 

As mentioned previously in the Introduction of Chapter 2, several different 

theories have been postulated that contribute to resin-based selectivity. The problem is 

that the theories on their own do not contribute to the explanation of the counter-ion 

trends. For silica-based anion-exchange materials, it is believed that more than one factor 

explains the difference in displacement of the counter-ions. In looking at acetate, 

maleate, and citrate, an obvious trend, it is hypothesized that their selectivity can be 
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explained in terms of the energy of the interaction and the entropy change. 

Thermodynamically, spontaneous processes occur in a chemical system when the 

free energy (AG) change is negative (AG < 0). The free energy consist of two terms; the 

enthalpy (AH) and the entropy (-TAS). The equation is defined as follows: 

AG = AH - TAS 

If the enthalpy change is negative (exothermic reaction, AH < 0) and the entropy change 

is positive (AS > 0), the process is spontaneous. Strictly speaking, the activation enthalpy 

(AH^) and activation entropy (AS*) should be considered here for kinetic purposes. For 

simplicity, however, it is assumed that this barrier (if any) is low enough to be overcome 

by the overall energy of the system. On the other hand, if the enthalpy change is positive 

(endothermic reaction, AH > 0) and the entropy change is negative (AS < 0), the process 

is not preferred. An endothermic process can still occur if the entropy term over-

compensates the enthalpy, i.e. when the absolute value of TAS is greater than AH. 

Finally, an exothermic process cannot occur if the entropy change is too negative, i.e. 

when the system goes from a highly disordered state to a very well-ordered state. A 

typical curve for a spontaneous reaction is shown in Figure 2.10 (adapted from Reference 

111). In Figure 2.10, region one represents the initial free energy, region two is the 

change in free energy towards the transition state, three represents the transition state, and 

region four is the final state. 

By applying the fundamental riiles mentioned above, a plausible explanation can 

be derived for the displacement of different counter-ions by the acidic analytes. In the 

initial state (region 1 of Figure 2.10), the acidic analytes are in bulk solution and the 
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Figure 2.10 Typical Curve for a Spontaneous Reaction 
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counter-ions are ionically bound to the immobilized positive charge on the surface. At 

first approximation, the energetics and the entropy of the analyte solvation can be 

considered more or less the same for all of the analytes of interest. The monofunctional 

acetate anion is bound to the surface via a single-site interaction (primarily electrostatic 

interaction (see Figure 2.11). Because the acetate anion is monofunctional and relatively 

small, no signiflcant entropy restrictions apply for binding, i.e., the orientation of the 

surface chains are not affected significantly, fo addition, there are fewer solvent 

molecules associated with the binding of acetate to the surface, therefore solvent 

molecules can be transferred with ease fi-om the surface to the bulk solution. On the 

contrary, the multifunctional citrate anions require more ordered binding states, i.e. the 

solvation of the citrate anions involve more solvent molecules with a higher degree of 

organization. Also, single site as well as dual-site attachment of the carboxyl groups on 

the citrate counter-anion can occur (see Figure 2.12), which again requires a highly 

ordered arrangement of not only the solvent molecules but of the surface chains as well. 

In short, the acetate "layer" may be energetically less stable but it is stiU less ordered than 

the citrate "layer". In other words, the acetate layer can be considered as a more "liquid

like" layer, while the citrate can form a more rigid "ice-like" layer. 

Now, consider the substitution process, i.e., when the counter anions are replaced 

by the analyte. This process can be considered as a three-step process: (i) the transfer of 

the analyte anions in the bulk solvent to the surface layer, (ii) the disruption of the 

solvated counter-anion layer, and (iii) the immediate substitution of the counter-anion 

carboxyl group with the carboxyl group of the analyte. In the first step, diffusion in the 
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bulk solution should play a role, which is related to the hydration of the analytes as well 

as the surface. For the analytes under investigation, the hydration layer around the 

analytes may be more or less the same. This phenomenon is evident in Hgure 2.9, where 

similar trends were observed amongst the analytes for a given counter-anion. The 

hydration of the surface also plays a role and needs to be considered. Studies have 

indicated that three layers of water associate with the strong anion-exchange surface (see 

Figure 2.13). The first layer of water interacts with the residual silanols on the silica 

surface. The second layer of water is associated with the anion-exchange modifier, in 

this case the trimethylaminopropyl group. The third layer of water represents the water 

that is in bulk solution. The analyte must travel through the bulk solution in order to 

reach the near surface region. When the analyte is transferred close enough to near 

surface region and the counter-anion layer, the penetration through this layer will be 

effective (step two). Hydration of the counter-anion also plays a role in this step. As 

mentioned above, citrate forms a more ordered layer of water than acetate, so the rate 

constant for penetration is predicted to be lower for citrate than with acetate. In the last 

step, there is a direct replacement of carboxyl groups of the counter-anion by the analyte. 

This implies direct, short distance competition between analyte and counter-anion 

carboxyl groups. In the case of acetate, the displacement involves an exchange between 

one analyte and one counter-anion (refer to Figure 2.11). Citrate, on the other hand, may 

have two modes of attachment, single-site and dual-site (see Figure 2.12). Note that even 

triple-site binding arrangements may occur, however this does not influence the 

conclusions discussed below. In the single site case, during the partial departure of the 
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binding citrate carboxyl group, the two additional sites can still be in close vicinity to the 

surface and are capable of interacting with the surface. Therefore, they can be considered 

as strong competitors with the analytes. Roughly speaking, it is a three to one 

concentration ratio for the carboxyl groups involved. To bind a closer carboxyl group 

firom the citrate is entropically more favorable than for an analyte to diffuse into the "ice

like" layer and interact with the surface. Obviously, when there is dual site attachment of 

the citrate, this competitive effect is more pronounced not only energetically but 

entropically as well. The disruption of one of the original interactions is favorable 

entropically, but unfavorable in terms of energetics. This situation is represented by 

region two in Figure 2.10. The re-binding of the citrate carboxyl group can be more 

favored entropically than the binding of the analyte. Therefore, the reaction may proceed 

through re-binding. 

Such a relatively simple model can explain the experimental observations for the 

relative bonding of counter-anions on the SAX surface, in the order of citrate > maleate > 

acetate. Note that more than one factor explains the differences in displacement of 

counter-anions. As indicated above, this is a complex process that involves many steps, 

including diffusion, change of enthalpy (binding energy) and change of entropy (relative 

orientations and solvation of the species involved). A temperature dependence study may 

provide further insight into these mechanisms. However, increasing the temperature may 

alter the relative contributions of processes, bi other words, this system is not a "one 

process" system so that it is very difficult to obtain "pure" AH and AS values. 
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An obvious trend was evident between acetate, maleate, and citrate, however no 

other trends amongst any of the other counter-ions studied was evident. In fact, there 

were only slight differences amongst the monovalent counter-ions, as evident in Figures 

2.5-2.8. These differences, however, were not big enough to include as trends and fall 

within experimental error of the technique. It is worth mentioning that the monovalent 

formate counter-ion gave lower recovery for each of the analytes by about 20% with 

reference to acetate. The differences between acetate and formate may be related to the 

size of formate and acetate, with formate being the smaller ion. The difference may also 

be attributed to the differences in polarizability of the acetate and formate monovalent 

counter-ions (112,113). 

233 Sample Preparation of Analytes in Different Counter-ion Solutions 

Established thus far is a counter-ion selectivity sequence that shows the affinity 

that different counter-ions have for the strong anion-exchange site. In the previous 

studies, acidic analytes were prepared and loaded onto the SAX sorbent in ammonium 

acetate to minimize the amount of competition between the analyte of interest and other 

ions in solution. Instead of showing the competition of the counter-ions in terms of the 

analytes ability to displace them from the surface, it would be interesting to show a direct 

competition of the analytes and counter-ion for a strong anion-exchange site. For 

instance, instead of loading the analytes onto the column in ammonium acetate, the 

analytes were loaded in different counter-ion solutions, maleate, citrate, and chloride. 

The percent recovery obtained for each of the acidic analytes at each step in the 

extraction procedure (sample application, ammonium acetate rinse, methanol ;de-ionized 
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water rinse, and final elution) is shown in Tables 2.4-2.7. When the analytes are loaded 

onto the column in ammonium acetate buffer, the recovery of each of the analytes, hence 

their retention on the SAX sorfoent, was very high, between 89-98 % (Table 2.4). There 

is little competition between the acetate molecules and the analyte molecules for the 

anion-exchange site. Loading the analytes in maleic acid adjusted to pH 8.5, however, 

reduced the retention of the analytes by 90 %. The maleate anions have a stronger 

affinity for the ion-exchange sites than the analyte, therefore SO % of the analytes 

breakthrough the column on the load step (Table 2.5). The analytes that were retained on 

the column must have been retained via hydrophobic interactions as all of the analytes are 

detected in the eluate of the methanol rinse step. Loading the analytes in ammonium 

citrate gave similar results as maleate in that low percent recovery was obtained for each 

of the analytes (Table 2.6). One difference, however, is that with citrate as the competing 

ion, more analyte was detected in the sample application step, suggesting that citrate 

binds more strongly to the anion-exchanger than maleate. The results obtained for 

loading the analytes in chloride are shown in Table 2.7. As noted in the sample 

application step, minimal amount of break-through occurs for the analytes. Although the 

percent recovery for each of the analytes are much higher than those obtained when 

maleate and citrate were the counter-ions, it appears that the chloride ion does compete 

with the analytes for the ion-exchange site. This confirms data obtained for the counter-

ion selectivity sequence where chloride was found to have a higher selectivity for the ion-

exchange site than acetate. For maleate, citrate, and chloride, the competition with the 

analytes for the ion-exchange sites causes the analytes to retain via an alternative 
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Table 2.4 Percent Recovery Obtained for Sul, Ket, Flu, and Ibu using 
SAX Solid Phase Extraction Colunms: Analytes loaded in 50 mM 
ammonium acetate adjusted to pH 7 

Absolute % Recovery 
Analyte Sample Methanol Elution 

Application Interference Rinse 
Sulindac 0 2 (8) 98 (6) 

Ketoprofen 0 6 (5) 89 (1) 
Flurbiprofen 0 0 91 (5) 

Ibuprofen 0 6(3) 94(1) 

• n=3 for all data. 



Table 2.5 Percent Recovery Obtained for Sul, Ket, Flu, and Ibu using 
SAX Solid Phase Extraction Colunuis: Analytes loaded in 50 mM 
maleic acid adjusted to pH 8.5 

Absolute % Recovery 
Analyte Sample Methanol Elution 

Application Interference Rinse 
Sulindac 50(3) 45(5) 4(2) 

Ketoprofen 68(3) 30(5) 2(3) 
Flufbiprofen 57(3) 39(1) 4(5) 

Ibuprofen 80(4) 20(1) 0 

n=3 for all data. 



Table 2.6 Percent Recovery Obtained for Sul, Ket, Flu, and Ibu using 
SAX Solid Phase Extraction Columns: Analytes loaded in 50 mM 
ammonium citrate adjusted to pH 8.5 

Absolute % Recovery 
Analyte Sample Methanol Elution 

Application Interference Rinse 
Sulindac 63 (1) 37(1) 0 

Ketoprofen 75 0 ) 24 (3) 0 
Flurbiprofen 72 (3) 28 (3) 0 

Ibuprofen 91(3) 9(3) 0 

n=3 for all data. 



Table 2.7 Percent Recovery Obtained for Sul, Ket, Flu, and Ibu using 
SAX Solid Phase Extraction Columns: Analytes loaded in 50 mM 
ammonium chloride adjusted to pH 7 

Absolute % Recovery 
Analyte Sample Methanol Elution 

Application Interference Rinse 
Sulindac 5(10) 22(3) 73 (3) 

Ketoprofen 20(9) 25(3) 56(1) 
Flurbiprofen 3(8) 21(4) 75(2) 

Ibuprofen 34(8) 23(4) 43(4) 

* n=3 for all data. 
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mechanism. In this case, hydrophobic interactions are occmring on the SAX. Hgure 

2.14 shows how Ibuprofen can orient itself in such a way to interact via hydrophobic 

interactions with the SAX surface. The non-polar, hydrophobic portion of the molecule 

interacts with the propyl group (linker arm) on the ion-exchange surface. 

2.4 CONCLUSIONS 

Strong anion-exchange, SAX, solid phase extraction sorbents containing a 

permanent positive charge must have a counter-ion present to balance that charge. By 

replacing the inherent chloride ion with various other counter-ions, and by introducing 

probe acidic analytes to displace a variety of counter-ions, a selectivity sequence was 

established. Monovalent counter-ions, such as acetate, are lower selectivity counter-ions 

in that they are easily displaced from the ion-exchange surface by the analytes. The 

trivalent counter-ion, citrate, however was more difGcult for the analytes to displace from 

the surface and therefore has higher selectivity for the ion-exchange site. The trend 

amongst acetate, maleate, and citrate counter-ions is explained in terms of not only 

valency, but also in terms of the energy of interaction and the entropy change. Overall, 

the relative binding of the counter-ions to the SAX surface is a complex process that 

involves diffusion of the analyte anions in the bulk solvent to the surface layer, the 

disruption of the solvated counter-anion layer, and the immediate substitution of the 

counter-anion carboxyl group with the carboxyl group of the analyte. 

The counter-ion information obtained in these studies provided some insight into 

the nature of the ion-exchange interaction that occurs between an ionized acidic analyte 



Figure 2.14 Ionic and Hydrophobic Interactions between Ibuprofen and SAX 
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and the positive charge on the anion-exchange surface. Furthermore, the information is 

useful for practical applications where the extraction of acidic analytes on anion-

exchange surfaces can be effected more efficiently with a lower selectivity counter-ion 

such as acetate. 
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CHAPTERS 

INTERACTIONS ON WEAK ANION-EXCHANGE MODIFIED SILICA 

3.1 INTRODUCTION 

3.1.1 Weak Anion-Exchangers 

Silica modified with weak anion-exchange functional groups also exists, and 

consists of primary, secondary, and tertiary amines. They are different from strong 

anion-exchangers in that the weak sites are only ion-exchange sites at pH values greater 

than the pK,. Two examples of commercially available weak anion exchangers are 

aminopropyl and ethylenediamine-N-propyl. 

A schematic of an aminopropyl-modified silica surface modified using 

monofimctional silanes is shown in Figure 3.1. The aminopropyl phase is a primary 

amine that can act as both a polar phase and a weak anion-exchanger. The pK, of the 

sorbent is 9.8, which means that at a pH of 7.9 or less, it can fimction as a weak anion-

exchanger because all of the -NH2 functional groups are protonated and therefore can 

retain molecules that carry a negative charge. In non-polar solvents, the -NH2 functional 

group can hydrogen bond with any molecule containing an -OH, -NH, or -SH functional 

group. 

Similar to the aminopropyl phase, silica modified with ethylenediamine-N-propyl 

functional groups acts as either a weak anion-exchanger or a polar phase. Figure 3.2 

shows a schematic of this surface when manufactured with monofimctional silanes. 



HoN 

Figure 3.1 Representation of an Aminopropyl (NHj) Sorbent 



HoN 

Figure 3.2 Representation of a Primary Secondary Amine (PSA) Sorbent 
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Ethylenediamine-N-propyl differs fix>m the aminopropyl surface in that it consists of a 

secondary amine. In fact, it is often called a primary-secondary amine, or PSA. The pKa 

of the two nitrogens on this sorbent are 10.1 and 10.9. In an aqueous environment at a 

pH of 8.1 or less, the PSA sorbent can function as a weak anion-exchanger because all of 

the -NH2 and -NH functional groups are protonated allowing interaction with a molecule 

carrying a negative charge. Alternatively, in the presence of non-polar solvents, the 

sorbent can hydrogen bond with any molecule containing an -OH, -NH, or -SH 

functional group. 

As stated in Chapter 2, the correct choice of pH will effect the retention of acidic 

analytes on the weak anion-exchange surfaces. In order for ionic retention to occur, the 

nitrogen functional groups on the surface as well as those on the analyte molecules need 

to be ionized. The weak ion-exchangers, aminopropyl (NH2) and ethylenediamine-N-

propyl (PSA), have pKa's between 9.8 and 10.9, therefore a pH of 7 should ensure 

complete ionization of the nitrogens. The analyte molecules contain carboxylic acid 

groups with pK^'s between 3 and S, therefore a pH of 7 will also ensure complete 

ionization. Therefore, in order for ion-exchange to occur, it appears that the optimum pH 

for the surfaces and probe analytes in this study is 7. The purpose of this study, however, 

is to investigate the degree of hydrophobic interactions by adjusting the pH of the analyte 

and surface environments. 
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3.2 EXPERIMENTAL 

3.2.1 Materials 

Sulunidac, Ketopiofen, Rurbiprofen, and Ibuprofen were purchased from Sigma-

Aldrich (St. Louis, MO, USA) and were used without further purification. Standard 

control stock solutions for each of the analytes were prepared at a concentration of 100 

^g/mL in methanol. A standard control mixture of the analytes was further prepared by 

diluting the appropriate amounts to a final concentration of 1 fig/mL in methanol. Before 

analysis on the HPLC, standards were blown down and reconstituted in a mixture of de-

ionized water, acetonitrile, and trifluoroacetic acid (98:2:0.1). Working sample stock 

solutions for each of the analytes were prepared at a concentration of 100 ^g/mL in 

ammonium acetate (50 mM, pH 2,5 7, and 9). A working sample mixture was further 

prepared by diluting the appropriate amounts to a final concentration of 1 |Ag/mL in 

ammonium acetate (50 mM, pH 2,5,7, and 9). 

Isolute® SPE extraction columns (NH2, PSA, and SAX, 100 mg, 3 mL reservoir, 

40 pn particle size, 60 A pore size, 521 mVg) were supplied by International Sorbent 

Technology (Hengoed, UK). Acetonitrile and methanol were Burdick and Jackson 

HPLC-grade solvents purchased from VWR Scientific Products (West Chester, PA, 

USA). Ammonium acetate, maleic acid, and ammonium citrate were purchased fix>m 

Sigma-Aldrich (St. Louis, MO, USA) and were used as received. Ammonium acetate, 

maleic acid, and ammonium citrate salt solutions were prepared at a concentration of 50 

mM with the pH adjusted to 7-8.5 using anmionium hydroxide or acetic acid. 
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Ammonium acetate salt solutions (50 mM) adjusted to pH 2, 5, and 9 using ammonium 

hydroxide or acetic acid, were also prepared. 

3.2.2 Counter-ion Study Solid Phase Extraction Procedure 

The extraction procedure utilized for the counter-ion study was performed using 

Isolute NH2 and PSA cartridges installed on an Isolute VacMaster 10 manifold. 

Cartridges were sequentially conditioned with 1 mL methanol and 1 mL de-ionized 

water, followed by conditioning with 6 mL of the either acetate, maleic acid, or citrate 

counter-ion solutions (0.1 M, pH 7-8.5). The sorbents were then rinsed with an 

additional 6 mL aliquot of de-ionized water. After 1 mL of samples were loaded, the 

column was rinsed with 1 mL methanol and dried under maximum vacuum for 2 minutes 

prior to elution with 1 mL mixture of methanol and acetic acid (98:2). The eluates were 

evaporated to dryness in glass test tubes (at 40°C) under a stream of nitrogen. The dry 

residues were reconstituted in a 1 mL mixture of de-ionized water, acetonitrile, and 

trifluoroacetic acid (98:2:0.1) and vortexed. The samples were then analyzed by HPLC. 

3.2.3 pH Study Solid Phase Extraction Procedure 

The procedure utilized for the pH study was performed using Isolute NH2, PSA, 

and SAX cartridges installed on an Isolute VacMaster 10 manifold. Cartridges were 

sequentially conditioned with 1 mL methanol and 1 mL anunonium acetate (50 mM, pH 

2,5,7, or 9). After 1 mL of samples were loaded, the column was rinsed with 1 mL 

ammonium acetate (50 mM, pH 2,5,7, or 9) followed by a rinse with a mixture of 

methanol and water (50:50). The sorbents were dried under maximum vacuum for 2 

minutes prior to elution with 1 mL mixture of methanol and acetic acid (98:2). The 
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eluates were evaporated to dryness in glass test tubes (at 40°C) under a stream of 

nitrogen. The dry residues were reconstituted in a 1 mL mixture of de-ionized water, 

acetonitrile, and trifluoroacetic acid (98:2:0.1) and vortexed. The samples were then 

analyzed by HPLC. 

3 .̂4 HPLC Instnimentatioii 

All extracts were analyzed using a Magic 2001 Microbore HPLC system from 

Michrom BioResouices, Inc. (Auburn, CA). Separation was achieved using a Magic CIS 

l.O-mm X 150-nmi i.d. column with S-(im particles. The flow rate was set to 50 piL/min, 

and the column temperature was maintained at 40°C. Two solvent blends were used, 

each containing different ratios of de-ionized water, acetonitrile, and trifluoroacetic acid 

(solvent A with a ratio of 98:2:0.1 and solvent B with a ratio of 10:90:0.1). Gradient 

elution began with the mobile phase at 5 % B and 95 % A. The percentage of B was 

increased to 46 % over 16 minutes and held for 9 minutes for a total run time of 25 

minutes. An 8-minutes re-equilibration time between injections increased the total 

analysis time to 35 minutes per sample. Compounds were detected using a UV-VIS dual 

wavelength detector set to monitor both the 214-nm and 280-nm wavelengths. All 

quantitation was performed using the 214-nm detection wavelength. The percent 

recovery for each of the analytes was determined by normalizing the peak area to that of 

an external standard. 
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33 RESULTS AND DISCUSSION 

33.1 Counter-ion Study 

The counter-ion plays the same role on weak anion-exchange surfaces as it does 

on the strong anion-exchange surface discussed in Chapter 2. In order to study the trends 

on the NHa and PSA surfaces, a similar counter-ion study was undertaken to determine 

the selectivity and displacement of counter-ions on the weak anion-exchange surfaces. 

The counter-ions studied were acetate, maleate, and citrate. The surfaces, counter-ion, 

and analytes were exposed to pH values between 7-8.5 to ensure ionization of the both 

the surface and the analytes. Tables 3.1-3.6 show the results obtained for each of the 

counter-ions on both the NH2 and PSA surfaces. The trend amongst these counter-ions is 

identical to that obtained for these counter-ions on the SAX surface. Acetate provided 

the highest percent recovery for each of the analytes, 64-81 % using NH2 and 65-87 % 

using PSA (see Table 3.1 and Table 3.2). Maleate provided intermediate percent 

recovery for the analytes, with 38-54 % obtained using NH2 and 29-53 % using PSA (see 

Table 3.3 and Table 3.4). Citrate gave the lowest percent recovery for the analytes, 19-

36 % using NH2 and 12-37 % using PSA (see Tables 3.5 and Table 3.6). Retention of the 

analytes was more efGcient when a lower selectivity counter-ion was present at the 

surface, i.e. acetate, than with a higher selectivity counter-ion such as citrate. 

In comparison to the SAX sorbent, the trend amongst the counter-ions is similar, 

and the trend can be explained in terms of entropy, enthalpy, and hydration of the surface, 

analyte, and counter-ion itself (see Chapter 2 for further discussion). Table 3.7 shows the 

data obtained for the SAX surface in comparison to that obtained on the NH2 and PSA 



Table 3.1 Percent Recovery Obtained for Sul, Ket, Flu, and Ibu using 
NH: Solid Phase Extraction Columns when Acetate is the Counter-
anion 

Absolute % Recovery 
Analyte Sample Methanol Elution 

Application Interference Rinse 
Sulindac 5(10) 7(6) 79 (2) 

Ketoprofen 12 (10) 10(1) 81(2) 
Flurbiprofen 6(11) 5(5) 80 (2) 

Ibuprofen 25 (8) 11(9) 64 (6) 

• n=3 for all data. 



Table 3.2 Percent Recovery Obtained for Sul, Ket, Flu, and Ibu using 
PSA Solid Phase Extraction Columns when Acetate is the Counter-
anion 

Absolute % Recovery 
Analyte Sample Methanol Elution 

Application Interference Rinse 
Sulindac 3(10) 5(5) 82 (2) 

Ketoprofen 10(10) 10(5) 78(4) 
Flurbiprofen 2(3) 5(4) 87 (6) 

Ibuprofen 18(1) 13(4) 65 (4) 

n=3 for all data. 



Table 33 Percent Recovery Obtained for Sul, Ket, Flu, and Ibu using 
NH2 Solid Phase Extraction Colunms when Maleate is the Counter-
anion 

Absolute % Recovery 
Analyte Sample Methanol Elution 

Application Interference Rinse 
Sulindac 27(2) 20(1) 53(4) 

Ketoprofen 41 (1) 14(3) 42(1) 
Flurbiprofen 30(6) 16(5) 54(2) 

Ibuprofen 48(5) 13(4) 38 (3) 

n=3 for all data. 



Table 3.4 Percent Recovery Obtained for Sul, Ket, Flu, and Ibu using 
PSA Solid Phase Extraction Columns when Maleate is the Counter-
anion 

Absolute % Recovery 
Analyte Sample Methanol Elution 

Application Interference Rinse 
Sulindac 22 (3) 15 (10) 53(4) 

Ketoprofen 46(1) 14(8) 40(3) 
Flurbiprofen 25(1) 12(3) 53 (3) 

Ibuprofen 53(3) 11(5) 29(4) 

* 11=3 for all data. 



Table 3.5 Percent Recovery Obtained for Sul, Ket, Flu, and Ibu using 
NHi Solid Phase Extraction Colunms when Citrate is the Counter-anion 

Absolute % Recovery 
Analyte Sample Methanol Elution 

Application Interference Rinse 
Sulindac 36(4) 28(4) 36(3) 

Ketoprofen 54(3) 21 (1) 24(3) 
Flurbiprofen 40(7) 27(2) 32(5) 

Ibuprofen 63 (3) 18(4) 19(6) 

n=3 for all data. 



Table 3.6 Percent Recovery Obtained for Sul, Ket, Flu, and Ibu using 
PSA Solid Phase Extraction Colunms when Citrate is the Counter-anion 

Absolute % Recovery 
Analyte Sample Methanol Elution 

Application Interference Rinse 
Sulindac 33 (3) 28(3) 37(5) 

Ketoprofen 60(2) 23(5) 21 (3) 
Flurbiprofen 41 (10) 24(1) 31(1) 

Ibuprofen 56(3) 21 (5) 12(1) 

*" n=3 for all data. 
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surfaces. The percent recovery of the analytes on the SAX surface were nearly identical 

to those obtained for the NH2 and PSA surfaces (see Table 3.7 for comparison). 

Therefore, the same conclusions as those drawn on the SAX surface apply to the NH2 and 

PSA surfaces (see Chapter 2 for discussion). 

33.2 pH Study Using Weak Anion-Exchange Surfaces (NH2 and PSA) 

To study the pH dependence of weak anion-exchange surfaces, the analyte and 

surface need to be exposed to various pH values. This can be accomplished by dissolving 

the analytes in ammonium acetate adjusted to pH values ranging from 2 to 9, and by 

exposing the surface to the same ammonium acetate solution. Tables 3.S—3.15 show the 

results obtained when the surfaces and analytes were exposed to ammonium acetate 

adjusted to pH 2, 5, 7, and 9 throughout the extraction procedure. At each step of the 

extraction procedure (sample application, anmionium acetate rinse, methanol :de-ionized 

water rinse, and elution step), the eluate was collected and analyzed for the analytes of 

interest. 

Tables 3.8 and 3.9 show the results obtained when the analytes and the NH2 and 

PSA surfaces were exposed to pH 2. At pH 2, no analytes were detected or lost in the 

eluate of the sample application and ammonium acetate step. Minimal amount of analyte 

was lost in the methanolrde-ionized water (7-29 % using NH2 and 5-35 % using PSA), 

and the overall elution percent recovery for each of the analytes on each of the surface 

was high (71-90 % using NH2 and 65-95 % using PSA). 

Similar results were obtained for the extraction of the analytes when the pH was 

adjusted to 5 (see Tables 3.10 and 3.11). No analytes were detected or lost in the sample 



Table 3.7 Comparison of NH2) PSA, and SAX Solid Phase Extraction 
Columns when Acetate, Maleate, and Citrate are the Comiter-anions* 

Absolute % Recovery 
SPE Sorbent Acetate Maleate Citrate 

NH2 81 42 24 
PSA 78 40 21 
SAX 98 53 39 

* n=3 for all data. 
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Table 9.8 Percent Recovery Obtained for the Extraction of Acidic Anaiytes on NHj Solid 
Phase Extraction Columns: Surface and analyte environment at pH 2* 

Analyte 

Sulindac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Absolute % Recovery 
Sample Ammonium MethanohDe-

Application Acetate ionized Water 
Interference Rinse Interference Rinse 

0 0 10(10) 
0 0 20 (2) 
0 0 7(15) 
0 0 29 (4) 

Eiution 

90(4) 
80(2) 
93(4) 
71(5) 

n=:3 for all data. 



Table 3.9 Percent Recovery Obtained for the Extraction of Acidic Anaiytes on PSA Solid 
Phase Extraction Columns; Surface and analyte environment at pH 2* 

Analyte 

Sulindac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Absolute % Recovery 
Sample Ammonium Methanol:De-

Application Acetate ionized Water 
Interference Rinse Interference Rinse 

0 0 9(13) 
0 0 19(2) 
0 0 5(14) 
0 0 35 (9) 

Elution 

91(3) 
81(3) 
95(4) 
65 (5) 

n=3 for all data. 



Table 3.10 Percent Recovery Obtained for the Extraction of Acidic Analytes on NH2 Solid 
Phase Extraction Columns; Surface and analyte environment at pH 5* 

Analyte 

Sulindac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Sample 
Application 

0 
0 
0 
0 

Absolute ^ 
Ammonium 

Acetate 
Interference Rinse 

0 
0 
0 
0 

Recovery 
MethanohDe* 
Ionized Water 

Interference Rinse 
18(2) 
34 (6) 
11(4) 
39 (3) 

Elution 

82(4) 
66(1) 
89 (9) 
61 (4) 

* n=3 for all data. 



00 

Table 3.11 Percent Recovery Obtained for the Extraction of Acidic Analytes on PSA Solid 
Phase Extraction Columns: Surface and analyte environment at pH 5* 

Analyte 

Sulindac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Absolute % Recovery 
Sample Ammonium Methanol:De« 

Application Acetate ionized Water 
Interference Rinse Interference Rinse 

0 0 17(1) 
0 0 34(1) 
0 0 5 (14) 
0 0 35 (9) 

Elution 

83 (2) 
66(3) 
94(6) 
56(5) 

* n=3 for all data. 



Table 3.12 Percent Recovery Obtained for the Extraction of Acidic Analytes on NH2 Solid 
Phase Extraction Columns; Surface and analyte environment at pH 7* 

Analyte 

Sulindac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Absolute % Recovery 
Sample Animonium MethanohDe-

Application Acetate ionized Water 
Interference Rinse Interference Rinse 

10(7) 46(6) 20(8) 
27(1) 59(1) 6(5) 
16(6) 55(2) 9(5) 
33(4) 60(1) 2(25) 

Elution 

23 (7) 
8(5) 
20(5) 
6(1) 

* n=3 for all data. 



Table 3.13 Percent Recovery Obtained for the Extraction of Acidic Analytes on PSA Solid 
Phase Extraction Columns; Surface and analyte environment at pH 7* 

Analyte 

Sulindac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Sample 
Application 

15(10) 
30(1) 
16(3) 
44(1) 

Absolute % Recovery 
Ammonium 

Acetate 
Interference Rinse 

60(1) 
53(1) 
53(2) 
56(1) 

Methanol:De* 
ionized Water 

Interference Rinse 
25(4) 
4(3) 
24(3) 
1(5) 

Elution 

0 
13(2) 
24(3) 
1(2) 

*** n=3 for all data. 
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Table 3.14 Percent Recovery Obtained for the Extraction of Acidic Analytes on NH2 Solid 
Phase Extraction Columns; Surface and analyte environment at pH 9* 

Analyte 

Sulindac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Sample 
Application 

47(3) 
67(2) 
57(1) 
70(2) 

Absolute % Recovery 
Ammoniuni MethanohDe-

Acetate ionized Water 
Interference Rinse Interference Rinse 

53(5) 
33 (2) 
43(2) 
30(5) 

0 
0 
0 
0 

Elation 

0 
0 
0 
0 

* n=3 for all data. 



Table 3.15 Percent Recovery Obtained for the Extraction of Acidic Anaiytes on PSA Solid 
Phase Extraction Columns; Surface and analyte environment at pH 9* 

Analyte 

SuHndac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Absolute % Recovery 
Sample Ammonium Methanol:Dc-

Application Acetate ionized Water 
Interference Rinse Interference Rinse 

52 (3) 48 (4) 0 
72 (2) 28 (2) 0 
62 (8) 38 (3) 0 
75 (2) 25 (3) 0 

Elation 

0 
0 
0 
0 

** n=3 for all data. 
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application step or during the rinse with ammonium acetate. Minimal amount of analytes 

were lost in the rinse with methanolrde-ionized water (11-39 % using NH2 and 5-35 % 

using PSA), with the majority of analytes detected in the Hnal elution step (61-89 % 

using NH2 and 56-94 % using PSA). 

Tables 3.12 and 3.13 show that at pH 7, breakthrough of the analytes occurred 

with 10-33 % (NH2) and 15-44 % (PSA) detected in the eluate of the sample application 

step. Further loss of analyte occurred in the ammonium acetate rinse step with 46-60 % 

(NH2) and 53-60 % (PSA) found in the eluate. Minimal amount of analytes were 

detected in the methanolrde-ionized water rinse step with < 25 % found in the eluate for 

both NH2 and PSA. Final elution of the analytes also resulted in < 25 % recovery. 

Similar results were obtained when the extraction of the analytes took place at pH 

9 (see Tables 3.14 and 3.15). During the sample application step, breakthrough of the 

analytes occurred as 47-70 % (NH2) and 52-75 % (PSA) were detected in the eluate of 

this step. The ammonium acetate rinse resulted in further loss of analytes with 33-53 % 

(NH2) and 25-48 % (PSA) detected in the eluate. The analytes are accounted for and no 

analytes were detected in the eluate of the methanohde-ionized water rinse and final 

elution step. 

According to the Henderson-Hasselbach equation, at pH 2 the NH2 and PSA 

surfaces are predicted to be positively charged, and the analytes protonated and in their 

neutral form. Also, at a pH 2, the residual silanols on the surfaces exist as Si-OH 

moieties. At pH 5, the analytes are partially ionized and the surface is positively charged. 

The surface silanols are partially negative (Si-0'). At pH 7, the analytes and surface are 
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expected to be ionized. The silanol itself is now negatively charged, thus making the 

surface itself zwitterionic (Si-O' and NHs^. The analytes are ionized and a competing 

equilibrium at different sites on the surface is occurring. At pH 9, the silanols are shut 

down, and the surface groups are partially ionized (consistent with pKa of 9.8 in the 

literature) (94). The analytes are completely ionized at pH 9. 

Figures 3.3 and 3.4 are plots of pH vs. Elution % Recovery for NH2 and PSA. 

They show that the pH of the analyte and matrix environment has a substantial influence 

on the retention of the acidic analytes. The retention of Sulindac, Ketoprofen, 

Flurbiprofen, and Ibuprofen were found to decrease substantially at a pH higher than the 

pKa (pH > 5). 

The retention of the analytes at both pH 2 and 5 are interesting because the 

analytes are expected to be neutral species and therefore not retained via ionic 

interactions. The lack of ionic interactions was confirmed when the analytes survive a 

rinse with ammonium acetate, which in turn suggests possible hydrophobic or charge-

induce dipole interactions as a means for retention. Hydrophobic interactions are 

discounted when the analytes survive the methanohde-ionized water rinse step. At this 

point, the retention of the analytes appears to be neither ionic nor hydrophobic 

interactions. It is possible that the analytes were initially retained via dipole interactions. 

If under the conditions of the experiment, the surface and analyte are neutral, a strong 

dipole can exist between the nitrogen on the surface and the carboxyl group of the 

analyte. In addition, the positive charge on the surface can induce a depolarization on the 

aromatic system of the analytes and thus effect their retention. The problem with this 



Figure 3.3 pH vs. Elution % Recovery of Acidic Analytes on NHj 
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Figure 3.4 pH vs. Elution % Recovery of Acidic Analytes on PSA 
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explanation is that the elution of the analytes off the anion-exchangers, using 2 % acetic 

acid in methanol, suggests that the analytes were retained via ionic interactions prior to 

the elution step. It would appear that upon introduction of the methanohde-ionized water 

rinse, a proton transfer occurred between the weak acids (analytes) and the weak base 

(the surface), thus allowing electrostatic interaction between analytes and surface 

functional groups. 

The lack of retention at pH 7 is interesting as well because both the analytes and 

the surface are expected to be charged species and therefore the analytes are predicted to 

be retained via ionic interactions. The analytes are retained primarily via ionic 

interactions, and this is confirmed when the majority of the analytes are lost upon rinsing 

with ammonium acetate. Hydrophobic interactions also occur as analytes not only break 

through upon sample application, but are also lost upon rinsing with methanol:de-ionized 

water. Charge-induced dipole interactions may not dominate as the surface and analyte 

are charged species allowing for only electrostatic interactions or hydrophobic 

interactions to occur. 

The total lack of retention at pH 9 of the negatively charged analytes indicates 

that the immobilized functional groups on the surface are not fiilly charged. Retention of 

the analytes appears to be occurring via ionic and hydrophobic interactions due to the 

partial ionization of the surface. The surface silanols at pH 9 are also ionized (Si-O') 

which will repel the analytes from the near surface region and cause them to break 

through upon sample application. The surface silanols, therefore, play a large role in the 

lack of retention of the acidic analytes at this pH. 
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333 pH Study Using Strong Anion-Exchange Surfaces (SAX) 

As predicted by the Henderson-Hasselbach equation (pH = pKa + log [A-]/[HA]), 

each of the analytes are neutral species (HA) when dissolved in an ammonium acetate 

solution adjusted to pH 2. As the pH is increased to 5, each of the analytes are partially 

ionized species, so that present in solution is both neutral (HA) and ionized (A ) species. 

At pH 7 and 9, the analytes are at least 99 % ionized and exist as negatively charged 

species (A*). 

The surface quantemary amine functional group on the SAX sorbent, however is 

not effected by the pH of the surface or analyte environment and remains positively 

charged at all pH values. The residual silanols on the surface, however, have a pKa of 9.8 

and so increasing the pH from 2 to 9 progressively converts the protonated silanol (Si-

OH) to ionized silanols (Si-O ). The purpose of the pH study is to investigate the degree 

of ionic interactions and also to determine whether other interactions are contributing to 

retention on the strong anion-exchange sorbent. 

The results obtained for each of the analytes at each step in the extraction 

procedure (sample application, ammonium acetate rinse, methanol:de-ionized water 

rinse, and final elution) when exposed to pH 2, 5, 7, and 9 are shown in Tables 3.16-3.19. 

The percent recovery of each of the analytes are indicative of their retention on the anion-

exchange sorbent. A plot of percent recovery vs. pH for each analyte is shown in Figure 

3.5. 

At pH 2, the amount of breakthrough of the analytes during the sample 

application step was minimal (0-6 %) for the analytes (Table 3.16). Applying 
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Table 3.16 Percent Recovery Obtained for the Extraction of Acidic Analytes on SAX Solid 
Phase Extraction Columns; Surface and analyte environment at pH 2* 

Analyte 

Sulindac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Sample 
Application 

0 
6(12) 

0 
6(10) 

Absolute % Recovery 
Ammonium 

Acetate 
Interference Rinse 

0 
26(1) 

0 
31(5) 

Methanol:De-
ionized Water 

Interference Rinse 
58(3) 
61(1) 
68(5) 
58(4) 

Eiution 

40(4) 
7(8) 
28(7) 
4(14) 

n=3 for all data. 



Table 3.17 Percent Recovery Obtained for the Extraction of Acidic Anaiytes on SAX Solid 
Phase Extraction Coliunns; Surface and analyte environment at pH S* 

Analytc 

Sulindac 
Ketoprofen 

Fluibiprofen 
Ibuprofen 

Sample 
Application 

0 
0 
0 
0 

Absolute % Recovery 
Aimnoniuin 

Acetate 
Interference Rinse 

4(3) 
16(2) 

0 
14(4) 

MethanoI:De> 
ionized Water 

Interference Rinse 
9(9) 

19(12) 
4(4) 
25(5) 

Elution 

87(3) 
62(3) 
91(5) 
55(3) 

n=3 for all data. 



Table 3.18 Percent Recovery Obtained for the Extraction of Acidic Analytes on SAX Solid 
Phase Extraction Columns: Surface and analyte environment at pH 7* 

Analyte 

SuHndac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Sample 
Application 

0 
0 
0 
0 

Absolute % Recovery 
Anunoniuni 

Acetate 
Interference Rinse 

11(8) 
33(1) 
8(14) 
36(1) 

MethanohDe-
ionized Water 

Interference Rinse 
14(2) 
18(3) 
5(8) 
19(5) 

Elution 

76(5) 
49(2) 
87(4) 
44(4) 

n=3 for all data. 



Table 3.19 Percent Recovery Obtained for the Extraction of Acidic Analytes on SAX Solid 
Phase Extraction Columns: Surface and analyte environment at pH 9* 

Analyte 

Sulindac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Sample 
Application 

7(3) 
18(8) 
7(2) 
18(6) 

Absolute % Recovery 
Ammonium 

Acetate 
Interference Rinse 

52(3) 
68(1) 
60(2) 
70(1) 

MethanohDe-
ionized Water 

lUnse 
36(4) 
12(6) 
25(5) 
6(13) 

Elution 

6(6) 
2(18) 
8(12) 

0 

* n=3 for all data. 
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Figure 3.5 pH vs. Elution % Recovery of Acidic Analytes on SAX 
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ammonium acetate to the SAX sorbent resulted in loss of Ketopiofen (26 %) and 

Ibuprofen (31 %). Sulindac and Flurbiprofen remained retained on the sorbent with none 

detected in the ammonium acetate eluate. When the second interference step, ethanolrde-

ionized water, was applied to the sorbent, more than 50 % of all four of the analytes was 

found in the eluate, i.e. the percent recovery was between 58 and 68 % for each of the 

analtyes. The final step in the procedure, the elution of the remaining analytes off of the 

SAX sorbent, resulted in the recovery of Sulindac (40 %) and Flurbiprofen (28 %), 

whereas only a small amount of Ketoprofen (7 %) and Ibuprofen (4 %) was detected. 

The results for the same extraction only performed at pH 5 are shown in Table 

3.17. Again, each step of the extraction procedure was collected and analyzed. Upon 

sample application, no loss of analyte occurred, i.e. 0 % recovery obtained for each of the 

acidic analytes in the eluate of this step. The first interference rinse step (ammonium 

acetate) resulted in almost minimal if not zero loss of analyte, Sulindac (4 %), 

Flurbiprofen (0 %), Ketoprofen (16 %), and Ibuprofen (14 %). The amount of sample 

lost upon application of the methanolrde-ionized interference rinse at pH 5 differs fix>m 

that at pH 2. Only 4-25 % of the analytes were detected after the methanolrde-ionized 

water rinse step (at pH 5) as compared to 58-68 % found when the experiment was 

performed at pH 2. The elution percent recovery for pH 5 also differed from that at pH 2 

in that 55 to 91 % of the analytes were detected in the final elution step (as compared to 

4-40 % obtained at pH 2). 

Similar results were obtained for the extraction at pH 7 (Table 3.18). No break 

through of the analytes occurred upon sample application, however minimal amounts 
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were detected in the eluate after the ammonium acetate rinse step (8-36 %). Rinsing with 

methanolrde-ionized water also resulted in minimal loss of analyte (5-19 %). The 

majority of analytes were detected in the final elution (44-87 %). 

At pH 9 (Table 3.19), most of the analytes were detected in the ammonium 

acetate interference rinse step (52-70 %) with the rest detected in the methanolrde-ionized 

water rinse step (6-36 %). A minimal amount of each of the analytes were found in the 

sample application and elution eluate. 

As the data in Figure 3.6 suggests, performing the extraction of the acidic analytes 

at pH 5 and 7 provided the highest percent recovery, and, thus, provided the most 

efficient retention of the analytes. This is not surprising since the Henderson-Hasselbach 

equation predicts that ionic retention will occur if the analyte pH is adjusted to two pH 

units above the analyte pK,. The results at pH 2 are also not too surprising as ionic 

retention is not expected to occur between a neutral analyte and a positively charge 

surface. What is interesting, however, is that the lack of recovery of analyte upon sample 

application. This indicates that the analytes could be retained by non-specific, 

hydrophobic interactions because ionic interactions cannot occur between neutral 

analytes and a positively charged surface. Hydrophobic interactions were thought to be 

confirmed when the analytes survived the ammonium acetate interference rinse step. At 

pH 2, approximately 25-30 % of Ketoprofen and Ibuprofen were detected after the 

ammonium acetate rinse step, which indicates that a small fraction of the analytes were 

retained by weak charge-induced dipole interactions. This is similar to the retention of 

the analytes at pH 2 on the weak anion-exchange surfaces. The difference, however, is 
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that on the SAX surface, only a very small firaction of the analytes are retained via weak 

charged-induced dipole interactions due to the steric hindrance of the three methyl groups 

on the quaternary amine. A larger firaction of the analytes were retained via hydrophobic 

interactions because more than SO % of each of the analytes were detected in the eluate 

after rinsing with methanolrde-ionized water. Elution of the analytes also provides some 

information as to the ionic and hydrophobic interactions. Upon elution, 40 % Sulindac 

was recovered and 28 % of Flurbiprofen were recovered. This is interesting because it 

indicates that ionic interactions were in fact occurring (even though no analytes were 

detected in the ammonium acetate eluate). As is the case for weak anion-exchange 

surfaces, an exchange or transfer of proton between the analyte and the surface or 

counter-ion could be occurring, thus allowing for the ionic interaction. 

At pH 5, the analytes are probably partially ionized so the degree of ionic 

interactions increased. The lack of analyte present in the eluate after sample application 

indicates that the analytes were retained on the sorbent. Lack of analytes in the eluate of 

the ammonium acetate rinse suggests that the analytes were initially retained via ionic 

interactions. This does not mean that hydrophobic interactions did not play a role. Ionic 

interactions were most likely the predominant interaction as minimal loss of analyte 

occurred upon rinsing with the methanol:de-ionized water. 

At pH 7, the analytes are ionized, therefore ionic interactions were expected to be 

the primary retention mechanism. Initially, this was the case, however some Ketoprofen 

and Ibuprofen were detected upon rinsing with ammonium acetate. This means that 

hydrophobic interactions also played a role. This is conHrmed when more of Ketoprofen 
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and Ibuprofen were rinsed off of the sorfoent using the methanolrde-ionized water 

interference rinse solution. 

Initially, the results at pH 9 were surprising as it was expected that similar results 

to those at pH 7 would be obtained. This, however, was not the case, as the analytes did 

not survive the extraction procedure, i.e., minimal recovery in the elution step. A small 

amount of analyte was detected in the sample application eluate. The majority of the 

analytes were detected in the ammonium acetate interference eluate suggesting that ionic 

interactions were occurring. The problem with operating at pH 9 is that the silanols at the 

surface need to be taken into consideration. The reason why ionic interactions were not 

sufficient enough to retain the analytes even though both surface and analytes are ionized 

is because the silanols on the surface are also ionized (Si-O ). When the negatively 

charged analytes approach the surface containing negatively charged silanols, they are 

repelled, therefore efficient retention does not occur. 

3.4 CONCLUSIONS 

Weak anion-exchange sorbents differ from strong anion-exchangers in that the 

ionization of the functional groups on the surface is dependent on the pH of the 

surrounding environment. Studying the pH dependence of two representative weak 

anion-exchange sorbents and a strong anion-exchange sorfoent have provided great insight 

into the nature of the interactions that are capable of taking place at the surface. It was 

initially expected that only ionic interactions could take place on the NH2, PSA, and SAX 

surfaces, however this was not found to be the case. 
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When the analytes are neutral species and the weak anion-exchangers are 

positively charged, the primary retention mechanism between the two is via charge-

induced dipole interactions. The positive charge on the anion-exchangers can induce a 

depolarization on the aromatic system of the analytes and thus effect their retention, bi 

this case (analytes are neutral; surface is charged), charge-induced dipole interactions 

were the primary retention mechanism for the acidic analytes, with the secondary 

retention mechanism being via ionic interactions. In order for ionic interactions to occur, 

a proton transfer had to occur between the weak acids (analytes) and the weak base 

(surface) or counter-ion present at the surface, thus allowing electrostatic interaction 

between analytes and surface functional groups. Similar results were obtained for the pH 

dependence of the analytes on the strong anion-exchange surfaces. When the surface is 

charged and the analytes neutral, the SAX surface retains the analytes by weak charge-

induced dipole interactions, however, the majority of the analytes interact with the 

sorbent via hydrophobic interactions. Again, ionic interactions did occur, therefore a 

proton transfer must have taken place between the acidic analytes and the counter-ion 

present at the surface. 

Another interesting result was the lack of retention of the acidic analytes on the 

weak anion-exchangers at pH 7. In this case, it was expected that the retention 

mechanism would be strictly ionic interaction between the surface positive charge and the 

negatively charged carboxyl group of the analytes. The retention mechanism, however, 

was found to be both ionic and hydrophobic interactions. Due to the extent of 
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hydrophobic interactions, the analytes were not efficiently retained on the NH2 and PSA 

surfaces. 

For both strong and weak anion-exchange sorbents, the lack of retention of the 

analytes at pH 9 suggests that the silanols at the surface played a major role. At pH 9, the 

silanols are ionized, which means that Si-O' groups are present at the surface. When the 

negatively charged analytes are introduced, they ate repelled by the negatively charged 

silanols and are therefore not retained on the sorbents. 

Overall, the pH studies performed on the weak, NH2 and PSA surfaces, as well as 

on the strong, SAX, surface provided very useful information on the nature and extent of 

interactions that can take place on anion-exchange modified silica. Not only can 

retention of the analytes be effected via ionic interactions, retention can and does occur 

via hydrophobic and charge-induced dipole interactions. By understanding the pH 

dependence of these surfaces, the most efficient retention mechanism for the analytes can 

be exploited for their isolation and purification. 
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CHAPTER 4 

MIXED-MODE SOLID PHASE EXTRACTION OF ACIDIC ANALYTES 

4.1 INTRODUCTION 

4.1.1 Importance of Isolating and Purifying Acidic Analytes 

The separation, identification, and quantitative analysis of aromatic carboxylic 

acids are necessary because of their importance as non-steroidal anti-inflammatory drugs 

and metabolites of numerous drugs and toxic substances (114-116). Extraction 

(isolation) plays a very important role in toxicological analysis, because in most cases the 

actual determination of the carboxylic acids cannot be carried out before isolating the 

compounds of interest from their complex matrix. A powerful tool utilized in separations 

science and widely accepted in clinical and forensic toxicology for the extraction of 

acidic compounds is solid phase extraction, (SPE) (117-119). In many SPE procedures, 

acidic analyte extractions are effected by acidifying the sample and processing them as 

neutrals (120-122). Di other words, a purely non-polar retention mechanism is exploited 

using a hydrophobic SPE sorbent such as butyl, octyl, or octyldecyl modified surfaces. 

Many times this approach works but, in some cases, the molecules are too polar, and 

hydrophobic interactions are not sufficient enough to retain the analyte. An alternative 

approach is to ionize the acids and extract via a pure ion-exchange mechanism using a 

strong anion-exchange sorbent such as a trimethylaminopropyl (122). A limitation with 

pure ion-exchange is that incomplete adsorption of the analyte on the anion exchanger 
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may occur resulting in loss of analyte. An additional restriction with both the ion-

exchange and hydrophobic methods is lack of sensitivity, as extracts may contain large 

amounts of co-extracted material, which can interfere with the subsequent analysis. 

4.1.2 Mixed-Mode Solid Phase Extraction 

Because the selectivity for ionizable analytes is increased by ion-exchange 

sorbents, and the compounds have different degrees of hydrophobic character, mixed-

mode hydrophobic / ion-exchange retention mechanism can be exploited using a single 

SPE sorbent. The mixed-mode phases are sorbents where an ion-exchanger and a 

hydrophobic phase are combined to give controlled mixed-retention mechanisms. The 

mixed-mode materials are silica-based with a mixed bonded phase consisting of a 

hydrophobic element (e.g. octyl-modified silica, C8) and a strong anion or cation-

exchanger (see Figure 4.1) for a representation of SAX blended with C8). Hereafter, this 

mixed-mode sorbent will be referred to as a hydrophobic-anion-exchange phase, or HAX. 

The controlled and built-in ion-exchange capability of these materials allows a more 

robust procedure to be developed than would be possible with standard reversed-phase 

materials. The retention through ion-exchange means that these sorbents can be washed 

with relatively strong organic solvents, such as methanol, hence giving effective removal 

of anionic or cationic and neutral interferences without seriously a^ecting the recovery of 

the analyte. 

For acidic compounds, most of the literature focuses on using a cation-exchanger 

blended with an octyl phase to extract acidic compounds (123-125). The acidic 

compounds are treated as neutral species by adjusting the pH, therefore the result is 
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Figure 4.1 Representation of a Mixed-Mode Solid Phase Extraction Sorbent Containing 
a Strong Anion-Exchanger, SAX, Blended with a Hydrophobic, C8, Functional Group 
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similar to that obtained by the hydrophobic method, i.e., lack of sensitivity, as extracts 

may contain large amounts of co-extracted material, which can interfere with the 

analysis. In this particular study, mixed-mode sorbents containing a strong anion-

exchange functional group, SAX, blended with C8, was utilized to isolate and purify the 

acidic compounds from urine. 

4  ̂EXPERIMENTAL 

4.2.1 Materials 

Sul, Ket, Flu, and Ibu were purchased from Sigma-Aldrich (St. Louis, MO, USA), 

and were used without further purification. Standard stock solutions for each of the 

analytes were prepared at a concentration of 100 fxg/mL in methanol. A standard mixture 

of the analytes was further prepared by diluting the appropriate amounts to a final 

concentration of 1 ^g/mL in methanol. Before analysis on the HPLC, standards were 

blown down and reconstituted in the HPLC mobile phase. Urine was prepared from 

urinary metabolite lyophilizate obtained from Sigma-Aldrich (St. Louis, MO, USA) by 

dissolving in ammonium acetate (50 mM, pH 7). Stock solutions for each of the analytes 

were also prepared at a concentration of 100 |ig/mL in ammonium acetate (50 mM, pH 

7). The appropriate aliquot was spiked into human urine to obtain the desired 

concentration of 1 ^g^mL. 

Isolute® SPE extractions columns (C8, SAX, and mixed-mode sorbent - HAX, 

100 mg, 3 mL reservoir) were supplied by International Sorbent Technology (Hengoed, 

UK). The samples were processed through the SPE columns using an Isolute VacMaster 



144 

10 SPE processing station. Acetonitiile and methanol were Burdick and Jackson HPLC-

grade solvents purchased fix)m VWR Scientific Products (West Chester, PA, USA). 

Ammonium acetate was purchased firom Sigma-Aldrich (St. Louis, MO, USA) and was 

used as received. Ammonium acetate was prepared at a concentration of 0.1 M with the 

pH adjusted to 7 using ammonium hydroxide. 

4.2.2 Solid Phase Extraction Procedure 

4.2.2.1 Extraction of Acidic Analytes Using C8, SAX, and HAX Sorbents 

The extraction of Sul, Ket, Flu, and Ibu was performed using Isolute C8, SAX, 

and HAX columns, which were installed on an Isolute VacMaster 10 manifold. An 

overview of the extraction procedure is shown in Figure 4.2. Urine samples were 

prepared by dissolving the purchased urinary metabolite lyophilizate in ammonium 

acetate (50 mM) adjusted to pH 7. The SPE columns were sequentially conditioned with 

1 mL methanol and 1 mL ammonium acetate (pH 7, SO mM). Prepared urine samples (1 

mL) were allowed to drip through the cartridges by gravity (with a flow rate of about 1 

mL/min). After loading the sample, the cartridges were washed with 1 mL ammonium 

acetate (pH 7, 50 mM) followed by a wash with 1 mL methanol:de-ionized water (50:50). 

The columns were dried under maximum vacuum for 2 minutes prior to elution with 1 

mL of a mixture of methanol and acetic acid (98:2). The eluates were evaporated to 

dryness in glass test tubes (at 40°C) under a stream of nitrogen. The dry residues were 

reconstituted in 1 mL mixture containing de-ionized water, acetonitrile, and 

trifluoroacetic acid (98:2:0.1) and vortexed using a Fisher Vortex Genie 2. The samples 

were analyzed by HPLC. 
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ISOLUTE^HAX 100 mg, 3 mL 

1. Sample pre-treatment 
2. Column solvation 
3. Column equilibration 
4. Sample application 
5. Interference rinse 
6. Analyte elutlon 

1 mL Ammonium Acetate 
buffer (0.05M) @ pH 7 

Metlianol, 1 mL 

1 mL Ammonium Acetate buffer (0.05M) 

1 mL Urine spiked with 1 ̂ g/mL 
analytes 

1 mL Ammonium Acetate buffer (0.05M) 
1 mL Methanol / Water (50:50) 

1 mL MeOH I Acetic Acid (98:2) 

Figure 4.2 Extraction Procedure for Acidic Analytes Using a Mixed-Mode, HAX, 
Solid Phase Extraction Sorbent 
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4.2 .̂2 Solid Phase Extraction Procedure for Stacked Experiments 

The procedure utilized for the stacked experiments was performed using Isolute 

SAX and C8 cartridges installed on an Isolute VacMaster 10 manifold. The extractions 

were performed with C8 stacked on SAX and SAX stacked on C8 (Figure 4.3). The 

extraction procedure followed is the same as outlined in the previous section (4.2.2.1 

Extraction of Acidic Analytes Using C8, SAX, and HAX SPE Sorbents). 

An additional experiment using the stacked SPE cartridges (C8 over SAX and 

SAX over C8) was performed using the above extraction procedure, however after the 

sample application, ammonium acetate rinse, and methanolrde-ionized water rinse steps, 

the cartridges were taken apart and individually eluted. For example, after the samples 

were loaded onto the SPE cartridges, the two columns were taken apart, and the elution 

solvent was applied to each cartridge individually. Following the procedure above, the 

eluates were evaporated to dryness in glass test tubes (at 40°C) under a stream of 

nitrogen. The dry residues were reconstituted in a 1 mL mixture of de-ionized water, 

acetonitrile, and trifluoroacetic acid (98:2:0.1) and vortexed. The samples were then 

analyzed by HPLC. The same procedure was followed after the ammonium acetate rinse 

and methanohwater rinse steps. 

4.23 Instrumentatioii 

All SPE extracts were analyzed using a Magic 2(X)1 Microbore HPLC 

system firom Michrom BioResources, Inc. (Auburn, CA). Separation was achieved using 

a Magic C18 l.O-nmi x 150-mm i.d. with S-fim particles. The flow rate was set to 50 

fiL/min, and the colunrn temperature was maintained at 40°C. Two solvent blends were 
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Figure 4.3 Stacked Solid Phase Extraction Sorbents 
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used, each containing different ratios of de-ionized water, acetonitrile, and trifluoroacetic 

acid (solvent A with a ratio of 98:2:0.1 and solvent B with a ratio of 10:90:0.1). Gradient 

elution began with the mobile phase at 5 % B and 95 % A. The percentage of B was 

increased to 46 % over 16 minutes and held for 9 minutes for a total run time of 25 

minutes. An 8-minute re-equilibration time between injections increased the total 

analysis time to 35 minutes per sample. Compounds were detected using a UV-VIS dual 

wavelength detector set to monitor both the 214-nm and 280-nm wavelengths. All 

quantitation was performed using the 214-nm detection wavelength. The percent 

recovery for each of the analytes was determined by normalizing the peak area to that of 

an external standard. 

43 RESULTS AND DISCUSSION 

4.3.1 Single-Mode vs. Mixed-Mode Solid Phase Extraction 

Table 4.1 shows the results obtained for each step in the extraction procedure 

(sample application, ammonium acetate rinse, methanohde-ionized water rinse, and final 

elution) using the C8 sorbent. The surface and analytes were both exposed to ammonium 

acetate (50 mM) adjusted to pH 7. Upon sample application, no analytes were detected 

in the elutate (0 % recovery for each of the analytes). Rinsing with ammonium acetate 

also resulted in no loss of the analytes (again 0 % recovery for each of the analytes). 

Rinsing with methanol:de-ionized water, however, resulted in total loss of analytes, i.e. 

100 % of the analytes were detected in the eluate from the methanol:de-ionized water 

rinse step. Because all of the analytes were detected in the methanol :de-ionized water 



Table 4.1 Percent Recovery Obtained for the Extraction of Acidic Analytes on C8 Solid 
Phase Extraction Columns* 

Analyte 

Sulindac 

Ketoprofen 
Euibiprofen 

Ibuprofen 

Sample 
Application 

0 

0 
0 
0 

Absolute % Recovery 
Ammonium Methanol:De-

Acetate ionized Water 
Interference Rinse Interference Rinse 

0 100 

0 
0 
0 

100 
100 
100 

Elution 

0 
0 
0 
0 

n=3 for all data. 
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rinse step, none were detected upon final elution with the methanol:acetic acid mixture. 

Due to the hydrophobic nature of the C8 sorbent, only a non-polar, hydrophobic 

retention mechanism can be exploited to isolate the acidic analytes. This in fact is the 

case as no analytes were detected in the eluate upon sample application. Hydrophobic 

interactions are confirmed when the analytes survive the ammonium acetate interference 

rinse step (no analytes were found in the eluate of this step). The hydrophobic 

interactions between the sorbent and the analytes, however, are interrupted during the 

methanol;de-ionized water interference step, hence all of the analytes are lost in this step 

(see Table 4.1). At this point, the analytes are no longer retained. Figure 4.4 shows the 

HPLC chromatogram resulting from the extraction of the analytes as compared a 

chromatogram representing the standard control. No analytes were detected in the final 

elution as indicated by the chromatogram at the top of the figure. 

Alternatively, using the SAX sorbent increased the overall recovery and hence, the 

retention of each of the analytes (18-65 % recovery in the final elution, see Table 4.2). 

During the sample application step, minimal break-through occurred and the analytes 

were retained efficientiy on the column (7-15 %). At this point, the analytes could be 

retained by either ionic interactions between the ionized acidic analyte and the positive 

charge on the sorbent, or by hydrophobic interactions between the non-polar portion of 

the analytes and the propyl linker arm of the SAX. Rinsing with the ammonium acetate 

buffer resulted in loss of the analytes (16-47 %). Analyte loss also occurred in the 

methanol:de-ionized water interference rinse step (12-20 %), suggesting that the analytes 

were retained via both ionic and hydrophobic interactions. Figure 4.5 shows the SAX 



a 

-20 20-: -

NO ANALYTES DETECTED 
-10 10-

^-0  0-

25 30 15 20 10 5 
Minutes 

Figure 4.4 HPLC Cliroinatogram for tlie Extraction of Acidic Analytes using 
a Hydrophobic, C8, Solid Phase Extraction Sorbent 



m 

Table 4.2 Percent Recovery Obtained for the Extraction of Acidic Analytes on SAX S(did 
Phase Extraction Columns* 

Analyte 

Sulindac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Absolute % Recovery 
Sample Ammonium Methanol:De-

Application Acetate ionized Water 
Interference Rinse Interference Rinse 

7 19 20 
15 45 17 
7 16 12 
15 47 19 

Elation 

54 
23 
65 
18 

n=3 for all data. 
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sorbent and its ability to interact with the analytes via hydrophobic and ion-exchange 

interactions, or both. Strictly ionic retention is not sufficient enough to isolate the acidic 

analytes, however, the intermediate recoveries indicate that ion-exchange does play a 

significant role in the extraction process. Figure 4.6 shows the HPLC chromatogram 

obtained when extracting the acidic analytes using a SAX SPE sorbent. 

Results were also obtained for the extraction of Sulindac, Ketoprofen, Flurbiprofen, 

and Ibuprofen on HAX solid phase extraction sorbents. Table 4.3 shows the percent 

recovery obtained for each of the analytes at each step in the extraction procedure. 

During the sample application step when the analytes are introduced onto the column, no 

break-through occurs and the analytes are retained on the C8 portion of the sorbent (0 % 

for all analytes). As the column is rinsed with ammonium acetate buffer, many of the 

interferences are washed away, but the analytes are still retained hydrophobically with no 

losses. As the sorbent is rinsed with a mixture of methanol and de-ionized water, the 

analytes are removed from the C8 portion and retained on the ion-exchange sites. 

Minimal loss of analytes occurs in the step (11-26 %). The elution solvent, 2 % acetic 

acid in methanol, is then introduced which shuts down the surface ion-exchange sites as 

well as the analytes, and recovers the majority of the analytes (> 80 % for most of the 

analytes). 

Overall, using mixed-mode allows for extraction of acidic analytes by exploiting two 

different surface interactions, i) reversed phase and ii) anion-exchange. Because urine 

contains high concentrations of salts and organic compounds, problems with 

interferences may occur when only one mode of retention is exploited. Mixed-mode 
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Table 4.3 Percent Recovery Obtained for the Extraction of Acidic Anaiytes on HAX Solid 
Phase Extraction Columns'*' 

Analyte 

SuUndac 
Ketoprofen 

Flurbiprofen 
Ibuprofen 

Sample 
Application 

0 
0 
0 
0 

Absolute 
Ammonium 

Acetate 
Interference Rinse 

0 
0 
0 
0 

% Recovery 
MethanohDe-
ionized W ater 

Interference Rinse 
13 
26 
16 
n 

Elution 

87 
74 
84 
89 

* n=3 for all data. 
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sorbents allow the means of isolation to be changed such that the drug is held by one 

mode, in this case, hydrophobically, while the interferences are not held but are removed 

with the sample matrix. Then, the other mode of interaction, anion-exchange, is used to 

retain the drug and the remaining interferences are eluted from the sample during the 

wash step. Finally, the drug is eluted from the SPE column. The result is a cleaner 

extract and HPLC chromatogram, as the interference peaks are significantly reduced 

when the mixed-mode sorbent is used. Figure 4.7 shows the HPLC chromatogram of the 

analytes extracted with the HAX sorbent as compared to the standard control. 

43.2 Stacked Experiments 

Di order to confirm the retention mechanism thought to be occurring on the mixed-

mode HAX sorbent Giydrophobic then ionic retention), the same extraction procedure 

was utilized using SPE columns that were stacked on one another. The SPE columns 

were arranged in such away that the C8 sorbents were stacked on a SAX column and vice 

versa (refer to Figure 4.3). Sulindac, Ketoprofen, Flurbiprofen, and Ibuprofen were 

loaded on the stacked columns in both SO mM and 100 mM ammonium salt solutions. In 

both cases, final elution of the analytes for the C8 over SAX configuration gave greater 

than 8S % recovery for each of the analytes (Table 4.4). Configuring the columns so that 

the SAX sorbents were stacked on C8, however, gave reduced recovery (< 80 %) for 

most of the analytes (Table 4.5). The data obtained for the C8 over SAX configuration 

confirms what was hypothesized to be the retention mechanism on the mixed-mode, 

HAX sorbent, i.e. the analytes are initially retained via hydrophobic interactions and are 

then transferred to the ion-exchange sites when the methanohde-ionized water rinse step 
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Table 4.4 Percent Recovery Obtained for the 
Extraction of Acidic Analytes on Stacked C8 over 
SAX Solid Phase Extraction Columns* 

Absolute % Recovery 
Analyte C8/SAX C8/SAX 

(50 mM) (100 mM) 
Sulindac 92 (3) 85 (3) 

Ketoprofen 85 (2) 78 (4) 
Flurbiprofen 94(1) 83(3) 

Ibuprofen 90(7) 84(1) 
* n=3 for all data. 



Table 4.5 Percent Recovery Obtained for the 
Extraction of Acidic Analytes on Stacked SAX over 
C8 Solid Phase Extraction Columns* 

Absolute % Recovery 
Analyte SAX/C8 SAX/C8 

(50 mM) (100 mM) 
Sulindac 71 (1) 59 (3) 

Ketoprofen 81 (3) 72 (3) 
Flurbiprofen 76 (I) 79 (1) 

Ibuprofen 74(1) 77(2) 
* n=3 for all data. 
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is applied. By stacking the C8 over the SAX, hydrophobic interactions between the non-

polar portions of the acidic analytes and the non-polar C8 chain occurs first. Initial 

hydrophobic interactions are confirmed when the analytes survive the ammonium acetate 

interference rinse step. Upon rinsing with the methanohde-ionized water, the 

hydrophobic interactions between hydrophobic portion of the analytes and the C8 chain 

are disrupted, and the analytes are then retained via ionic interactions on the SAX 

sorbent. Elution of the analytes off of the SAX column occurs with the high ionic 

strength plus organic solvent (2 % acetic acid in methanol). 

4.4 CONCLUSIONS 

Using mixed-mode HAX sorbents containing both hydrophobic (C8) and ion-

exchange (SAX) functional groups for the isolation and purification of acidic analytes 

from urine provided high percent recovery. Initial retention on the hydrophobic, C8, 

portion of the sorbent allowed for an interference rinse with arrmionium acetate. 

Retention on the ionic sites then allows for a rigorous interference removal regime with 

an organic solvent, which leads to very clean final extracts, as many non-polar 

interferences (retained by hydrophobic interaction alone) can be selectivity removed 

during the wash step prior to eluting the analyte of interest. 

Because the mixed-mode approach to the extraction of acidic analytes exploits 

reversed phase and anion-exchange interactions, problems with interferences contained in 

urine are minimized, so when the drug is eluted from the SPE column, the result is a 

cleaner extract and HPLC chromatogram. 
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Several factors must be considered in order to exploit anionic retention on the 

strong anion-exchange portion of the mixed-mode sorbenL First of all, in order to extract 

acidic analytes via ionic interactions, the pH of the sample matrix must be adjusted so 

that complete ionization of the analytes occurs. Ionization of the analytes was achieved 

by adjusting the pH to 7. Furthermore, the correct choice of counter-ion largely impacts 

the retention of acidic analytes on anion-exchange sorbents. As determined in previous 

chapters (Chapter 2), acetate is the counter-ion of choice as it is easily displaced from the 

sorbent and leads to high percent recovery of the analytes of interest. 
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CHAPTERS 

CONCXUSIONS AND FUTURE DIRECTIONS 

5.1 CONCLUSIONS 

5.1.1 Counter-ion Selectivity 

In the case of both strong (SAX) and weak (NH2 and PSA) anion-exchange 

modified silica sorbents, ion selectivity plays a critical role in the extraction of acidic 

analytes. In terms of valency, the selectivity of the mono-, di-, and trivalent counter-ions 

on the silica-based anion-exchange material was not surprising. The most obvious trend 

observed for counter-ion selectivity was between acetate, maleate, and citrate, which 

contain one, two, and three carboxyl groups, respectively. Acetate was determined to be 

the least selective counter-ion in that it was easily displaced from the surface by the probe 

acidic analytes. Citrate as the counter-ion provided the highest selectivity for the ion-

exchange site, which means that it was difficult for the analyte to displace. Maleate 

provided intermediate selectivity between acetate and citrate. 

Although the trend amongst these three counter-ions can be explained in terms of 

their valency, a more thorough explanation is provided, which basis the selectivity 

differences on the energy of interaction and the entropy change associated with the 

interaction. In short, the exchange of ions at the surface of an ion-exchange sorbent 

involves a complex process that involves transfer of the analyte anions firom the bulk 
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solvent to the near-surface region, disruption of the solvated counter-ion layer, and the 

substitution of the counter-ion carboxyl group with the carboxyl group of the analyte. 

In a practical sense, acetate as the counter-ion on the anion-exchange surface was 

superior to the other ions tested due to its low selectivity, or ease of displacement from 

the surface by the analyte. 

5.1.2 Interactions on Weak and Strong Anion-Exchange Sorbents 

Another factor investigated in terms of the extraction of acidic analytes using both 

the strong and weak anion-exchange surfaces was the dependence on pH. For weak 

anion-exchangers (NH2 and PSA), three different retention mechanism can occur 

depending on the degree of ionization of both the surface and analyte. If the surface is 

charged and the analytes are neutral, the initial retention mechanism is due to charge-

induced dipole interactions. The positive charge on the surface can induce a 

depolarization of the aromatic system of the analytes and thus effect their retention. The 

second retention mechanism is via ionic interactions, which indicates that a proton 

transferred occurred so that the analytes become ionized. When the analytes and surface 

are both ionized, ionic retention did occured initially, however hydrophobic interactions 

between the hydrophobic character of the analytes and the linker arm of the surface also 

retained the analytes. 

For strong anion-exchangers, the pH only effects the degree of ionization of the 

analytes as the surface is positively charged at all pH values. Similar to the weak anion-

exchange surfaces, the neutral analytes are retained via charge-induced dipole 

interactions, however the predominant retention mechanism is via hydrophobic 
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interactions. Li this case, charge-induced dipole interactions are much weaker between 

anaiyte and surface due to the steric hindrance of the three methyl groups on the 

quaternary amine. As was the case with the weak anion-exchangers, ionic interactions 

did ultimately occur, which suggests a transfer of proton from the anaiyte to the counter-

ion. When both the anaiyte and surface were charged, ionic interactions were the primary 

retention mechanism with a small fraction of analytes being retained via hydrophobic 

interactions. 

For both weak and strong anion-exchangers, the silanols played a major role in 

the lack of retention of the analytes at pH 9. At pH 9, the silanols are partially ionized, 

with some present as Si-OH and some present as Si-O'. Upon sample application, the 

majority of the ionized analytes are lost due to being repelled by the negative charge at 

the surface. 

Overall, the pH studies performed on both weak and strong anion-exchange 

sorbents provided some valuable insight into the nature and extent of the interactions that 

can take place on these surfaces. By understanding the possible retention mechanisms on 

the different surfaces, and by carefully controlling the pH, more efficient and selective 

retention can occur. 

5.13 Mixed-Mode Extraction of Acidic Analytes 

Using mixed-mode HAX sorbents containing both hydrophobic (C8) and ion-

exchange (SAX) functional groups for the isolation and purification of acidic analytes 

from urine provided high percent recovery for each of the analytes studied. Initial 

retention on the hydrophobic, C8, portion of the sorbent allowed for an interference rinse 
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with ammonium acetate. Retention on the ionic sites then allows for a rigorous 

interference removal regime with an organic solvent, which leads to very clean final 

extracts, as many non-polar interferences (retained by hydrophobic interaction alone) can 

be selectivity removed during the wash step prior to eluting the analyte of interest. 

Because the mixed-mode approach to the extraction of acidic analytes exploits 

reversed phase and anion-exchange interactions, problems with interferences contained in 

urine are minimized, so when the drug is eluted from the SPE column, the result is a 

cleaner extract and HPLC chromatogram. 

5.2 FUTURE DIRECTIONS 

Further investigation into counter-anion selectivity on the silica-based sorbents 

would be very useful in defining the role of organic character on the selectivity for 

different counter-ions. This could be accomplished by investigating a series of counter-

ions ranging from short chain, propionate to long chain, decanoate. It would also be 

useful to introduce probe analytes that contain sulfonic acid groups (as opposed to 

carboxyl groups) to determine their effects on counter-ion selectivity. 

Because there are a variety of interactions occurring on the anion-exchange sorbents 

(charge-induced dipole, hydrophobic, and ion-exchange), it would be beneficial to study 

the pH dependence of a variety of solid phase extraction sorbents. Using silica modified 

with anion-exchange functional groups attached via various chain length linker arms 

(propyl to octadecyi) would help determine and better understand the extent of 

hydrophobic interactions that occur. It would also be beneficial to study further and 
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confirm the charge-induced dipole interactions that occur on both the weak and strong 

anion-exchange sorbents. By introducing probe analytes that do not have aromatic 

character, it would be possible to confirm the charge-induced dipole retention 

mechanism. 
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