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ABSTRACT 

The modified surface of solid phase extraction sorbents is studied with 

respect to the impact on the isolation and purification of analytes. Interactions at 

the interface are characterized by quantifying recoveries of a broad range of 

analytes, on a variety of surfaces, and under various extraction conditions. 

Bonded phases of varying hydrocarbon chain length are studied. A 

hydrophobic surface (e.g., C18) favors the retention of small polar compounds, 

while a more polar surface (C2) favors the elution of larger hydrophobic 

compounds. A compromise phase (C8) improves overall recoveries, while 

analyte recoveries were optimized by extraction onto stacked and layered phases. 

Analytes are retained by different mechanisms and under different solvent 

conditions. Selective elution of analytes is achieved by judiciously choosing the 

elution solvent. 

Data obtained firom comparing the time requirements for drying various 

phases are consistent with previously developed models of the bonded silica 

surface. The impact of the presence of water on the elution of analytes is also 

studied. 

Experiments are presented where increasing concentrations of organic 

solvent are added to the sample matrix. Recoveries for polar compounds 

dropped as the matrix became more energetically favorable. Recoveries 
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improved for hydrophobic species as the formation of agglomerations was 

disrupted. 

The impact of sample loading rates on analyte recoveries is smdied. No 

significant dififerences in recoveries of a broad range of non-ionizable analytes 

are observed for loading rates ranging from 8 to 30 mL per minute on a 13 mm 

diameter x 15 mm height sorbent bed. 

The impact of the porous nature of the extraction sorbent on analyte 

recoveries, under different conditions of temperature and solvent contact time, is 

studied. A dependence on the difiiision of analytes into and out of the pores is 

observed. 

Experiments are devised to characterize the role of particulates in the 

sample matrix during solid phase extraction. Parameters studied include size of 

particles in the matrix, in the sorbent bed, porosity of the frit retaining the 

sorbent, and utility of a depth filter. Samples laden with particulates are spiked 

with trace analytes and show no reduction in recoveries resulting from the 

presence of particulate matter. 
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CHAPTER 1 

INTRODUCTION 

Background 

Of great interest in chemistry are the interactions that take place at the 

liquid-solid interface. Investigations are being made into the importance of these 

interactions in such areas as electrochemistry, the development of molecular 

sensors, the catalysis of detoxification reactions, and in bio-compatability. Of 

particular interest are interactions at the Uquid-sobd interface as they pertain to 

separation science and our ability to understand and utilize them to isolate and 

purify a broad range of analytes for analytical determinations. Various aspects 

of these interactions have already been studied by chemically, dynamically, or 

physiochemical altering the surface' and using a variety of analytical techniques 

such as differential scanning calorimetry^, IR, UV, NMR, thermal analyses, and 

chromatographic techniques. 

There is a wide variety of applications for solid phase extraction as a 

sample preparation technique, including many environmental applications such 

as the determination of pesticides and other contaminants in drinking water, 

waste water, soils, and sludges. In agriculture, solid phase extraction is used for 

preparing samples in order to measure pesticide and herbicide concentrations in 



17 

grains, fruits, and vegetables.^ There are drug applications developed for the 

pharmaceutical industry, determination of drugs of abuse in biological matrices, 

and testiog in the horse racing industry. Solid phase extraction (SPE) has also 

been used to extract toxins from biological matrices'. 

Experiments presented in this dissertation are intended to investigate how 

the composition of the modified surface impacts the retention and elution of 

analytes which vary in size and hydrophobicity. Interactions at the interface will 

be characterized here in part by quantifying the recoveries of a broad range of 

analytes, on a variety of surfaces and under different extraction conditions. 

Other investigations will include the role of analyte diffusion, particle size, 

temperature, and solvent composition on extraction selectivity and efficiency of 

SPE as a sample preparation technique. 

Sample Preparation Overview 

The results from a recent survey showed that sample preparation can 

account for 61% of the time required to perform an analytical task.'^ It has been 

the convention to extract an analyte as a means of sample preparation using a 

liquid-liquid extraction technique. In liquid-liquid extraction (LLE), the analytes 

are partitioned between to inmiiscible solvents. The partitioning is based on a 

difference in solubility of the analyte in each of die phases, and is a very non-
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selective process. Quantitative separation is dependent on obtaining intimate 

contact between the two immiscible phases. One limitation of the liquid-liquid 

extraction method is that for intimate contact to be achieved, the phases must be 

shaken vigorously, which often results in an emulsion that can be difficult to 

break. An additional limitation is that large sample and extraction volumes are 

required. After the extraction step, further concentration of the extraction solvent 

is often necessary in order to obtain detectable levels of the analyte. LLE can be 

a very time consuming process. The type of manipulations that are required to 

perform liquid-liquid extractions lend this technique to being a serial and largely 

manual process. 

A different approach to sample preparation is to exploit the interactions at 

the liquid - solid interface. This has come to be known as solid phase extraction, 

or SPE. This technique has found its roots in liquid-solid extraction (LSE) 

which was classically carried out by adding the sorbent to a vessel containing the 

analytes in a liquid phase, and shaking for a controlled length of time. After the 

distribution of the analytes reached equilibrium, the phases were separated by 

either filtering or decantation. The analytes could then be desorbed using a 

suitable solvent.^ 

One of the functions that solid phase extraction can serve is the isolation 

and purification of an analyte. Analytes are often present in a matrix that 
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contains a significant amount of interfering species. If a sample is analyzed 

directly (without an e?ctraction step), the interfering species may generate a 

background that makes it difficult to quantify the analyte of interest (Figure 1.1). 

Since SPE is a selective process, the interfering species can be either passed 

through the column during the loading step, removed during a rinse step, or 

retained on the column during the elution of the analyte. 

Another fimction that SPE serves is the trace enrichment of an analyte. 

Often the limiting factor in quantifying a compound is that the species is at or 

below the detection limit. Using solid phase extraction, the analyte can be 

extracted from a large volume onto a small sorbent mass and eluted using a small 

volume of solvent. Concentration factors as great as 500 to 1000 fold can be 

achieved. 

SPE can be specifically defined as the separation or removal of an analyte 

or analytes from a mixture of compounds by selective partitioning of the 

compounds between a stationary solid phase (sorbent) and a mobile liquid phase 

(solvent). This process is dependent first on our ability to extract the analytes 

from their matrix and retain them on a solid surface. Once the analyte is 

extracted from the matrix, it can be eluted from the sorbent. Both the extraction 

and elution steps are impacted by interactions between the analytes and the 



Figure 1.1: Removal of background interferences 



sorbent, the analytes and the matrix, and finally the matrix and the sorbent. 

Therefore, the three components to a solid phase extraction that need to be 

considered are the sample matrix, the analyte, and the matrix (Figure 1.2). 

Dnring extraction, interactions between the analyte and sorbent should be 

optimized, while interactions between the sorbent and matrix, and analyte and 

matrix should be minimized. In order to retain the analytes efficiently, it is 

necessary to optimize the interactions between the analytes and the sorbent while 

minimizing the interaction between the analytes and the matrix, as well as the 

sorbent and the matrix. During elution, it is important to optimize interactions 

between the matrix and sorbent, and matrix and analyte, while minimizing 

interactions between the sorbent and analyte (Figure 1.3). 

In solid phase extraction, a "liquid" phase is immobilized onto a solid 

surface. The analyte is partitioned between a liquid phase and the modified solid 

phase. There are a variety of phases that can be immobilized on the solid 

surface, ranging from hydrophobic to polar to ionizable species, and a particular 

solid phase can be chosen to retain analytes having a specific fimctional group. 

Recoveries are often improved using solid phase extraction versus LLE. In a 

review article, Chladek and Marano compared a solid phase extraction procedure 

with the standard EPA Method 625 liquid -liquid extraction and obtained an 

average recovery with C8 that was 20% higher than that obtained with the 
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Matrix (Sample or Solvent) 

Sorbent Analyte(s) 

Figure 1.2: Three components in solid phase extraction 
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Sorbent ^ Matrix 

Analyte Matrix 

Elution 

Analyte Sorbent 

Sorbent^ Matrix 

Analyte Matrix 

Figure 1.3: Interactions needing optimization/minimi/ation during 
solid phase extraction 
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standard method.^ Often in drug analyses, those drugs whose parent and 

metabolites cover a wide range of polarities, liquid-liquid extraction can be 

inadequate, and in some cases, all metabolites are lost/ The emulsion problem 

which often plagues liquid-liquid extractions is eliminated, since the extraction 

no longer requires the mixing of two liquid phases. Intimate contact is obtained 

between the two phases by selecting a solid phase made up of small particles 

packed into a bed, having a geometry that offers a very large siuface area. 

Typically, the solid phase consists of particles that are nominally 50 microns in 

diameter. The particles are veiy porous, which increases the effective surface 

area. These particles are packed into a bed, through which a sample containing 

the analytes of interest are passed. There is an inherent concentration step in 

SPE since the analytes are extracted onto a sorbent bed which itself has a 

relatively small void volimie (-1.2 mL/g). The solvent volume required to elute 

the analytes from the solid phase is correspondingly small (typically two bed 

volumes), and so the concentration step which is often required for liquid-liquid 

extractions is eliminated or greatly reduced for solid phase extractions. Solid 

phase extraction, unlike liquid-liquid extraction, is also very amenable to batch 

processing and to automation. 

It is interesting to compare solid phase extraction to elution 

chromatography. In liquid chromatography, the volume of solvent required for 
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the elution of a species (Vf), is equal to the volume of the mobile phase plus the 

product of a constant and the volume of the stationery phase (Vj- = Vm + KVs). 

Under the conditions of elution chromatography, it is desirable for the constant, 

K, to be greater than 0.2 so that separation between species can be obtained, but 

less than 200, so that the species are eluted wi&in a reasonable amount of time. 

In extraction chromatography (SPE), ideally the species would behave digitally, 

stopping at the top of the column upon being loaded (K>1000), and traveling 

with the solvent front during the elution (K<0.001). Typically, the analyte is 

eluted within 10 bed volumes (void volume of the sorbent). 

Physical Characteristics of the Sorbent 

One of the challenges in investigating interactions at the liquid-solid 

interface is in characterizing the surface of the sorbent. Figure 1.4(a) shows a 

sample of silica material that was analyzed using an electron microscope. The 

particle sizes can be seen to be very uniform at a magnification of x60. At the 

greater magnification (x600), shown in Figure 1.4(b), the particles can be seen to 

be very irregularly shaped, which helps with the chromatography. 

On a nanometer scale, the silica is found to have a very porous structure, 

which increases the effective surface area of the material. If the surface area of 

the silica particles is calculated strictly based on the diameter of an average 



Figure 1. 4 Silica based solid phase extraction sorbent a) magnified 60 times 
b) magnified 600 times 
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particle, for 50 micron particles, the result would be 0.1 meters^ per gram. Due 

to the porosity of the silica, the effective surface area for 50 micron material is 

actually 400 to 550 meters^ per gram. 

The porous nature of silica used in solid phase extraction plays an 

important role in the extraction as well as in the elution of analytes. The 

porosity of the silica provides the analyte with sufficient surface area to interact 

with the sorbent during analyte retention. The pores must be of adequate size as 

to be accessible to the bonding agent, solute, and analyte. It has been shown that 

as the pore size increases, analyte retention increases until the pore size gets 

sufficiently large as to diminish the available surface area.^ This dissertation will 

describe an Iivestigation into the impact that the pores have on the kinetics of 

retention and elution of analytes from the silica surface. 

On an unmodified silica surface, the sorbent is very heterogeneous in 

nature. Some of the variations on the surface, include the presence of free 

silanols, geminal silanols, siloxane, bound and reactive silanols, and water 

adsorbed onto the surface (Figure 1.5). Under various conditions of pH, silanols 

may be largely protonated, protonated and ionized to approximately an equal 

extent, or be largely ionized. 

Silica may be chemically modified to create a covalently bonded surface 

capable of offering interactions to a wide variety of analytes (Figure 1.6). 
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Figure 1.5: Surface variations on unmodified silica 
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Figure 1.6: Bonded silica surface atpH~4 



Depending on the chemistry used, the bonding may be monomeric or polymeric. 

In monomeric type bonding, a compound with the general formula RaSiCl (such 

as octadecyldimethylchlorosilane) is reacted with the silica surface, and becomes 

covalently bound. This modified surface now has hydrophobic character, and 

can retain species which are hydrophobic in nature. Since geometry will not 

allow every silanol to be modified, all of the surface variations mentioned earlier 

will still be present, and so the surface is still heterogeneous in nature. In the 

polymeric modification of the silica surface, a compound having the formula 

RSiCls, such as octadecyltrichlorosilane, is reacted in the presence of a trace 

amount of water. The chlorine group is hydrolyzed, allowing the product to 

polymerize. The polymer is then brought into contact with the silica surface, 

forming a covalent bond (Figure 1.7). This results in a surface having a greater 

coverage of the modifying species than in the monomeric phase, although once 

fi O 
again, all of the variations discussed earlier are still present' To further 

deactivate silanol groups on the silica, the surface may be "endcapped." 

Endcapping is done as a final step using trimethylchlorosilane, which 

additionally reduces, but does not eliminate, all silanols on the silica surface. 

There is a wide variety of different sorbents that are manufactured using these 

chemistries, including hydrophobic phases ranging from C2 to CIS, carboxylic 
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Figure 1.7: Mono- and tri- chlorosilane chemistry 
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acid (CBA), propylamino (NIC), propylsulfonic acid (SCX), quatemaiy amine 

(SAX), propylcyano (CN), and diol (20H)/° 

The most hydrophobic of the sorbents that are available is polystyrene 

divinyl benzene (Figure 1.8), made by cross-linking oligomers of styrene with 

divinyl benzene. This material has a very high capacity, with an effective 

surface area of 1100 m^ per gram. The most common format in which the solid 

phase extraction sorbent is utilized is a polypropylene cartridge with a lure tip, 

containing sorbent particles packed into a bed. The sorbent bed is retained on 

the top and bottom by porous polyethylene Mts (Figure 1.9). 

Sorbent Selection 

The sorbent chosen for the extraction is dependent on the types of 

interactions that can be exploited to remove an analyte from a particular matrix. 

If an analyte has suflBcient hydrophobic character, a sorbent which has been 

modiJQed to have a hydrophobic surface can be utilized. Examples of such 

sorbents are CI8, C8, C2, CH (cyclohexane), and PH (phenyl). Another 

example of a sorbent offering a very hydrophobic surface, which is not silica 

based, is polystyrene divinylbenzene (DVB), discussed above. 

In addition to hydrophobic interactions, it is possible to capitalize on ionic 

interactions between an analyte and the sorbent in an aqueous matrix. If the 
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Figure L9 Typical soUd phase extraction format 
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analyte is ionized, a sorbent that is modified with a species that is charged or 

ionizable can be utilized. Examples of these are sorbents that have been 

bonded with a propyl or benzyl sulfonic group (permanently charged, or strong 

cationic exchangers), a carboxyUc acid group (ionizable, or weak cation 

exchanger), a quaternary amine (strong anion exchanger), or amino group 

(weak anion exchanger). Although the primary interaction between an 

analyte and the surface may be either ionic or lipophilic, it has been 

demonstrated that most analytes are retained through multiple interactions, and 

that retention mechanisms may be largely dependent on pH. As an example, 

aniline at a pH of six may be retained on a C8 column through ionic 

interactions with the silica surface, as well as secondary hydrophobic 

interactions with immobilized C8. Although polar interactions are exploited in 

normal phase chromatography (non-aqueous matrix), they may also contribute 

as secondary interactions in reverse phase (aqueous matrix). 

As stated above, bonded phases may be used to retain analytes by 

utilizing hydrophobic, polar, and ionic interactions, or combinations of these. 

Even among the "hydrophobic" phases, there are significant differences in 

polarity and retention characteristics. For example, the C2 surface is quite 

polar. It has been shown that there is a significant amount of Wotci associated 

with a C2 surface. Since C2 chains are short, water has easy access to the 
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surface. A phenyl phase is slightly more hydrophobic than C2, but the surface 

can still be easily accessed by water molecules. Although there is still some 

water associated with a C8 surface, it is much less polar than a C2 surface. 

The least polar of the modified silica hydrophobic phases is CI8, where the 

long C18 chains effectively serve to water-proof the surface. The organic 

solvent will associate with the C18 chains. All of these surfaces can be made 

to be even less polar by endcapping some of the residual silanols with 

trimethylchlorosilane, although for steric reasons, the silanols are never 100% 

reacted. Polystyrene divinylbenzene is the most hydrophobic phase used in 

solid phase extraction, which is not a silica based material. This material has 

veiy little water associated with the surface. 

Overview of SPE Procedure 

A typical SPE procedure involves six steps, and there are a variety of 

factors that can have an impact on analyte recovery in each one of these steps. 

These steps are as follows: 

• Sample Pretreatment 
• Colunm Solvation 
• Colunm Pre-equilibration 
• Sample Loading 
• Interference Removal 
• Analyte Elution 
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The function of each of these steps is described below. 

The first step in an SPE procedure is pretreatment of the sample. One 

example of sample pretreatment is the addition of an organic solvent to an 

aqueous sample. In order for analytes to be extracted effectively fi-om a 

sample, they must be free and available in solution. If the analytes are bound 

to proteins or colloidal particles, they will be unable to interact with the 

sorbent. The addition of an organic solvent to the sample helps to disrupt the 

interaction between the analyte and other particles, rendering them available to 

interact with the sorbent. The addition of organic solvent serves to minimize 

inter-analyte interactions, minimize interactions between the analyte and vessel 

walls, and minimize interactions between particulate matter and other matrix 

components. It should be noted that a concentration of solvent that is too high 

will enhance the matrix analyte interactions, and retention of the analyte on 

the surface will be reduced. 

Additional pretreament can include adding chemicals to remove 

interfering species, such as adding sodium sulfite or sodium thiosulfate to 

reduce residual chlorine from drinking water. The pH of a sample is often 

adjusted during sample pretreatment to ensure that the analytes are either 

ionized or not, depending on the requirements for the extraction. If the 

extraction is dependent on hydrophobic interactions for retention of the 



analyte, it will most likely be desirable to adjust the pH conditions so that the 

analyte, if ionizable, is largely in a neutral form. In this manner, the 

interactions between the analyte and matrix are minimized, and those between 

the analyte and bonded phase are optimized. To ensure quantitative retention 

and elution, an appropriate pH needs to be selected. We know from the acid-

\A~] 
base approximation that pH = pK^ + l o g ^ ^ — I f  t h e  p H  i s  e q u a l  t o  t h e  p K a ,  

[HA] 

there will be equal concentrations of the acidic and basic forms, which leads to 

inefBcient chromatography. Therefore, a pH of about two units away from the 

pKa should be selected to achieve quantitative retention and elution of the 

analyte. As an example, if the analyte has an acidic function, it would be 

necessary to raise the pH to a value roughly two pH units above the pKa, where 

approximately 99% of the species present will be ionized. Alternatively, if the 

analyte is basic, it would be necessary to lower the pH to roughly two pH units 

below the pKa for the base to be ionized, or two units above the pKa if it is 

necessary for the base to be neutralized. 

After sample pretreatment, the next step in an SPE procedure is to 

condition the sorbent. It has been demonstrated that the modified surface must 

be conditioned in order for it to be active (wetted) and available to the 

analyte. If the surface has been modified with a hydrophobic species, such as 

octadecylchlorosilane (C18), and then is placed in an aqueous environment, the 



long hydrophobic chains will collapse upon themselves. The surface can be 

conditioned with an organic solvent, such as methanol. The solvent will 

solvate the hydrophobic chains, allowing the chains to become extended, and 

hence available to interact with the analyte (Figure 1.10). The sorbent must be 

conditioned to allow hydrophobic chains on the surface of the sorbent to 

become fully extended. An organic solvent such as methanol is often added to 

the matrix as a wetting agent to keep the chains extended during the extraction 

process. Methanol is a good choice for the solvent since the hydrophobic end 

of the molecule can interact with the hydrocarbon chains, while the polar end 

can interact with the surface silanols. 

In the discussion of step one of the solid phase extraction procedure, it 

was mentioned that an organic solvent is normally added to pretreat the sample. 

The solvent, commonly referred to as a wetting agent, serves as an additional 

fimction to solvating the analytes. If no wetting agent is present in the sample, 

there will be a tendency for large volume aqueous samples to drag the 

conditioning solvent away from the surface of the sorbent, allowing the chains 

to collapse. With an adequate concentration of wetting agent present, the 

organic solvent can remain in a steady state concentration around the 

immobilized chains. The concentration of the wetting agent needs to be high 

enough to maintain a conditioned surface. 



Unconditioned 

Conditioned 

Figure 1.10: Impact of conditioning 



The third step in a solid phase extraction procedure is typically column 

pre-equilibration. Here, excess organic solvent is removed from the sorbent so 

that analyte retention is not hindered. If conditioning solvent is present during 

sample loading, analytes may remain in a highly organic mobile phase and pass 

through the colunm. 

In addition to removing excess conditioning solvent, the pre-

equilibration step serves to set the conditions of the column, such as pH and 

ionic strength. These parameters are normally adjusted to the conditions of the 

pretreated sample. This is necessary to ensure that analytes reaching the 

sorbent during the early part of sample loading are extracted under the same 

conditions as those loaded at the end of the extraction. 

The pH of the extraction cartridge must be considered during column 

pre-equilibration with respect to the impact on the silica surface, which may in 

turn have an impact on analyte retention. The silanol surface has a pKa of 

around four to five (Figure 1.6). At a pH of seven, the surface is largely 

ionized and negatively charged. At a pH of three, the surface is largely 

protonated and neutral. This will have a dramatic effect on analytes that are 

ionizable species, where the mechanism for retention is ion exchange. Even 

when a hydrophobic phase is being used, the analyte may be retained through 
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polar or ionic secondary interactions with the surface, and so the pH needs to 

1 "9 
be considered. 

In step four of the solid phase extraction procedure, the sample is loaded 

onto the colimm. The loading rate necessary may vary significantly depending 

on the nature of the analytes, and on which type of interactions are being relied 

to extract them. Four compounds haviug a strong affinity for the sorbent, 

sorption can take place in a small segment of the sorbent bed, and large 

volumes can be handled at high sampling speeds.'^ For ionizable species, the 

linear velocity for sample loading can be to the order of five cm per minute 

(one mL per minute on a one mL extraction cartridge).'^ 

An interference removal step follows sample loading. The extraction 

cartridge is treated to remove species that could interfere with the analytical 

determination. This may involve rinsiag the cartridge with a suitable solvent 

(one that will remove interferences without loss of the analyte). Appropriate 

retention conditions, such as pH and ionic strength, should be maintained to 

avoid loss of analyte. Drying the sorbent with a drying gas may be required to 

remove water. Removal of water is critical if the analytical determination is 

gravimetric. Water that remains on the column can be eluted with the analyte 

and contribute to the final weight Water may also interfere with the elution of 

analytes from the sorbent if water immiscible solvents are used. Altematively, 
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interferences may be removed by selecting a solvent that is able to elute 

analytes from the sorbent, while interferences are retained on the colmnn. 

The final step of the SPE procedure is elution of the analytes from the 

sorbent Ideally, the analyte is eluted using minimal solvent volumes. An 

appropriate solvent must be chosen to enhance the matrix*-»sorbent and 

matrix«-»analyte interactions, while minimising sorbent<-»analyte interactions. 

The solvent should be one that can to some degree solubilize the analyte. 

Since an analyte may be retained through multiple interactions on a 

heterogeneous surface, a mixed elution solvent is often most effective. 

Appropriate elution conditions, such as pH and ionic strength, should be 

considered. In addition to selecting an appropriate solvent, there should be 

sufficient contact time between the sorbent and solvent to ensure quantitative 

removal of the analyte from the surface. 

Each of the six steps of a soUd phase extraction procedure needs to be 

understood with respect to the various factors that can impact the efficiency of 

the extraction. Such factors include temperature, sample and solvent flow 

rates, solvent composition, ionic strength, pH, impact of water, analyte 

concentration, and choice of bonded phase. 
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Focus of Chapters 

The experiments described in Chapter 2 investigate the interactions of 

bonded phases with various analytes. Experiments will include the 

examination of phases that have been modified with hydrocarbon chains 

causing the surface to be quite hydrophobic (e.g., CIS) through those that are 

believed to have a more polar surface (e.g., C2). Some of the experiments 

described will address dual sorbent beds as an approach to optimizing both the 

retention and elution of a broad range of analytes, differing in their degree of 

hydrophobicity. Both stacked and layered phase experiments will be 

presented. The experiments were designed to determine if stacking a more 

polar phase on top of a more hydrophobic phase and then eluting each 

separately improves recoveries. In theory, it should be energetically more 

favorable for the compounds to remain in the extraction solvent during the 

elution, which would result in high recoveries. 

Chapter 2 includes experiments that are designed to investigate the 

phenomenon of analyte retention through multiple interactions, and exploit this 

phenomenon by selectively eluting different classes of compounds from a 

single bonded phase. 

Chapter 3 addresses the significance of the water retention 

characteristics of the bonded phase. This can be important to solid phase 
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extraction with respect to the impact on our ability to elute analytes from the 

silica surface, as well as being able to eliminate water as an interference in an 

analysis. It is expected that the polarity of a bonded surface should have an 

impact on the length of time required to dry the sorbent bed. The drying times 

for various bonded phases will be investigated in this dissertation, and a 

comparison of the effectiveness of drying gases will be made. 

In Chapter 4, the impact of the nature of the elution solvent on the 

interactions between the analyte and surface will be presented, as well as other 

factors impacting surface-analyte interactions, such as wetting agent and the 

significance of loading rate. A broad range of analytes is extracted and eluted 

with a variety of solvent systems. A method for addressing analytes capable of 

being retained through multiple interactions by using a solvent system that can 

offer multiple interactions to disrupt the retention will be described. In 

addition, a broad range of analytes is extracted at a wide range of loading rates 

to determine the impact on analyte recoveries. Experiments presented here 

will also investigate the impact of altering the characteristics of the sample 

matrix by pretreating the sample through the addition of an organic solvent. 

The occiurence of breakthrough of a set of hydrophobic analytes through the 

extraction cartridge is testing as the concentration of organic solvent is 
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increased. Comparisons will be made between those analytes that are more 

versus less hydrophobic. 

Chapter 5 addresses the dependence of kinetics on analyte retention and 

elution. Experiments are designed to investigate the phenomenon of analyte 

difiusion into the pores of the silica, and to determine the sufficient contact 

time that must be allowed between the solvent and sorbent during the elution 

step to provide analyte molecules to diffuse back out of the pores of the silica. 

A problem that often plagues sample loading is plugging due to a high 

concentration of particulates. Experiments in Chapter 6 have investigated the 

mechanisms of cartridge pli^ging, and describe some experimental methods 

used for minimiTing plugging. The experiments described will help to 

determine where in the cartridge plugging occurs, whether it is above the top 

frit which retains the sorbent, in the frit, or in the sorbent bed itself. Other 

factors will be considered, such as the dependence on the size of the particles 

in the sample, the porosity of the frit, and the nominal particle size of the 

sorbent bed. The application of a depth filter to particulate laden samples is 

also investigated. Additional experiments are described that determine the 

impact from the presence of particulate matter on the recoveries of trace 

analytes. 
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CHAPTER 2 

INVESTIGATION INTO THE IMPACT OF CHAIN LENGTH OF THE 

BONDED PHASE ON ANALYTE SELECTTVITY 

Introductioii 

The impact that chain length of the hydrocarbon on a modified surface 

has on analyte selectivity has been studied by taking several approaches as 

described in this chapter. One approach was to quantify the impact of varying 

the choice of modified surface on the recoveries of a broad range of probes. 

By changing no other parameters but the hydrocarbon chain length of the 

bonded phase, it was possible to observe the impact that diis would have on the 

recoveries of a variety of analytes, ranging firom small and very polar 

molecules to large, hydrophobic molecules. 

To increase the range of analytes over which the sorbent is useful, a 

series of experiments are described where a group of analytes differing in 

hydrophobicity are extracted onto stacked and layered phases. The degree of 

interaction between a range of analytes on different surfaces with respect to the 

matrix in which they were contained is examined. 

In addition to extending the useful range of the sorbent with respect to 

the type of analytes that are extracted by layering different phases, the capacity 
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of the sorbent can also be extended. In addition, experiments were designed to 

study the phenomenon of analytes that are retained by different mechanisms, 

under different solvent conditions. This phenomenon is exploited to allow the 

selective elution and isolation of analytes by judiciously choosing the elution 

solvent. 

Experimental 

Reagents and Chemicals 

I® • 1ST ISOLUTE solid phase extraction columns were obtained from 

Jones Chromatography, Denver, Colorado, and used to perform extractions. 

Extraction columns contained either one gram or 1/2 gram of modified silica 

sorbent or 200 mg polystyrene divinylbenzene (ISOLUTE ENV+®). Pesticide 

standards were purchased from Ultra Scientific (Kingston, Rhode Island) at a 

concentration of 100 mg/mL and prepared in acetone by diluting 100 fold. An 

internal standard of acenaphthene-dlO, chrysene-dl2, phenanthrene-dlO, with 

peiylene-dl2 as the surrogate, was prepared in acetone by dilution of a 500 

mg/mL solution by 50 fold. A series of five calibration standards were 

prepared in acetone at concentrations of 0.5, 1.0 , 1.5, 2.0, and 2.5 mg/mL 

with a constant internal standard concentration of 5.0 mg/mL. A two mL spike 

was used to fortify reagent water. Methanol, acetone, isopropyl alcohol, and 
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ethyl acetate solvents were B&J Brand (Burdick and Jackson) and certified for 

Pesticide Residue Analysis. 

Apparatus and Equipment 

Solid Phase Extraction 

Solid phase extraction was performed on a Tekmar-Dohrmann 

AutoTrace™ SPE Workstation (Cincinnati, Ohio). This is a six position 

cartridge unit having five solvent reservoirs capable of supplying any of the 

cartridges with up to ten mL of solvent per step. In addition, there is a gas train 

for cartridge drying and six position rack to hold the collection tubes. 

Gravimetric Analyses 

Gravimetric analyses were performed on a Mettler AB104 Analytical 

Balance (Toledo, Ohio) to 0.1 mg. 

Gas Chromatography 

Gas Chromatography for EPA Method 525.1 analytes was performed on 

a Hewlett Packard Model 5890 (Palo Alto, California) equipped with an HP 

7673 auto sampler and a mass spectrometer. Separations were performed on a 

DB5-ms 30 meter x 0.25 mm i.d. fused silica capillary column coated with a 



0.25 mm immobilized film (J&W Scientific, Folsom, California). The injector 

was held at 280 °C and the transfer line at 315 °C. Sample volumes of 2 jiL 

were injected by the autosampler into the injection port with a double taper 

liner. An aliquot of two mL of each calibration standard or sample extract was 

analyzed by GC-MS. The GC was temperature programmed at an initial 

temperature of 60 ®C and held for one minute, increased by 30 °C /min. to 130 

°C, 12 °C /min. to 290 °C and held at 310 °C for three min. The 

chromatogram is shown in Figure 2.1. Data for each set of conditions in this 

study was obtained by extracting three replicate samples, each injected three 

times for GC-MS analysis. 

Gas chromatography experiments for organochlorine pesticides on 

layered columns were conducted using a Hewlett Packard 5890 (Palo Alto, 

California). Separations were performed on a DB-XLB 30 meter x 0.25 mm 

1.d. fused silica capillary column coated with a 0.25 mm immobilized film 

(J&W Scientific, Folsom, California). The injector was held at 240 °C and the 

detector at 290 °C. Sample volumes of two fiL were injected into an injection 

port with a double taper liner, and detected with an electron capture detector. 

The initial temperature of 100 °C was held for one minute, increased to 190 °C 

at 30 degrees per minute, increased to 280 °C at ten degrees per minute, and 

held at 280 °C for 3.5 minutes. 
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Figure 2.1: Total ion chromatogram of 525.1 pesticides 
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Mass Spectrometry 

The mass spectrometer was a Hewlett Packard Model 5971 quadrupole 

detector with a computerized data system. The computer interface (HP 

ChemStation) acquired, stored, and output mass spectral data. The computer 

software integrated the abundance of specific ions (Table 2.1) and calculated 

response factors based on a calibration curve. Each analyte in the 

chromatogram was identified by its mass spectrum. Although some peaks are 

not well resolved, quantitation was based on characteristic ions. 

Solid Phase Extraction of 525.1 Analytes from Water 

Water samples were fortified with 2.0 mL spikes of 1.0 mg/mL target 

analytes. Forty milligrams of sodium sulfite were added to each sample to 

prevent oxidation of analytes. Samples were acidified with approximately two 

mL of 6 M HCl to a pH between 1.9 and 2.1. Five mL of methanol was added to 

the sample as a wetting agent. The extraction was performed on the AutoTrace 

using bonded silica sorbents. The sorbents were conditioned with 5 mL of 

methanol and rinsed with 10 mL of reagent water. One liter samples were 

loaded onto the column thirty mL per minute. The sample bottle was rinsed with 

5 mL acetone and diluted with 45 mL reagent water, acidified to pH=2. This 

bottle rinse was then loaded direcdy onto the extraction cartridge. 



Table 2.1: Retention time data, quantitation ions, and references for analytes 
Retention Quantitation Internal 

Compound Time Ion Standard 
Name (minisec) (m/z) Reference 

1 hexachlorocyclopentadiene 5.97 237 1 
2 dimethylphthalate 7.26 163 1 
3 acenaphthalene 7.42 152 1 
4 acenaphthene-dlO 7.76 164 IS 1 
5 2-chlorobiphenyI 7.97 188 1 
6 diethylphthalate 9.07 149 1 
7 fluorene 9.15 166 1 
8 2,3-dichlorobiphenyl 10.66 222 2 
9 hexachlcrobenzene 10.66 284 2 
10 simazine 11.17 201 2 
11 atrazine 11.30 200,215 2 
12 pentachlorophenol 11.30 266 2 
13 lindane 11.48 181 2 
14 phenanthrene-dlO 11.81 188 IS 2 
15 phenanthrene 11.88 178 2 
16 anthracene 12.03 178 2 
17 2,4,5-trichlorobiphenyI 12.65 256 2 
18 alachlor 13.30 160 2 
19 heptachlor 13.43 100 2 
20 di-n-butylphthalate 14.13 149 2 
21 2,2',4,4'-tetrachIorobiphenyI 14.15 292 2 
22 aldrin 14.34 66 2 
23 heptachlor epoxide 15.26 81,353 2 
24 2,2',3',4,6-pentachlorobiphenyl 15.36 326 2 
25 gamma-chlordane 15.79 373,375 3 
26 pyrene 16.00 202 3 
27 alpha-chlordane 16.06 373,375 3 
28 trans nonachlor 16.13 409 3 
29 2,2',4,4',5,6'-hexachlorobiphenyl 16.67 360 3 
30 endrin 17.04 81 3 
31 butylbenzylphthalate 18.04 149 3 
32 di(2-ethylhexyl)adipate 18.41 129 3 
33 benz[a]anthracene 19.01 228 3 
34 chrysened-12 19.01 240 IS 3 



Table 2.1 (continued); Retention time data, quantitation ions, and references for 
analytes 

Retention Quantitation Internal 
Compound Time Ion Standard 
Name (niin;sec) (m/z) Reference 

35 2,2',3,3',4,4',6-heptachlorobiphenyl 19.01 394/396 3 
36 chrysene 19.07 228 3 
37 2,2',3,3',4,5',6,6'-octachIorobiphenyl 19.07 430 3 
38 methoxychlor 19.51 227 3 
39 di(2-ethylhexyl)phthalate 19.51 149 3 
40 benzo[b]fluoranthene 21.17 252 3 
41 benzo[k]fluoranthene 21.33 252 3 
42 benzo[a]pyrene 21.87 252 3 
43 perylene-dl2 21.99 264 Surrogate 
44 indeno[l,2,3,c,d]pyrene 23.81 276 3 
45 dibenz[a,h]anthracene 23.88 278 3 
46 benzorg,h,i]peryIene 24.25 276 3 



Columns were rinsed with 10 mL of water and dried for one minute with 

nitrogen, set at 20 psig at the AutoTrace™ (4.2 L/min.). Analytes were eluted 

with two portions of two mL volumes of THF and collected in 16x100 mm 

tubes. 

Solid Phase Extraction of Oil and Grease 

Reagent water samples were spiked with one to ten mL of twelve parts per 

thousand standard (steric acid/hexadecane 1:1) in acetone. Samples were 

pretreated by adding five mL methanol to one liter of sample and three to five 

mL of HCl, 6 M to a pH between 1.9 and 2.1. Columns were conditioned by 

rinsing with five mL THF/Hexane, 1:1, followed by five mL methanol. Columns 

were then pre-equilibrated by rinsing with ten mL reagent water, acidified with 

HCl to pH=2. Samples were loaded onto the extraction cartridge at 30 mL per 

minute. A bottle wash was performed by adding ten mL acetone to sample 

bottle, capping and shaking thoroughly. To the acetone, 40 mL reagent water, 

acidified to a pH between 1.9 and 2.1 with 6 M HCl, was added, swirled, and 

loaded onto the extraction cartridge. Interferences were removed by rinsing with 

ten mL of reagent water acidified to a pH between 1.9 and 2.1 with 6 M HCl, 

and then dried for one half hour by passing CO2 through the cartridge at 4 L/min. 

(~20 PSIG). Analytes were eluted from the cartridge with two aliquots of three 
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mL of hexane followed by three mL of THF, or a mixture of THF/Hexane, 1:1 

into a tarred collection tube, weighed to the nearest 0.000 Ig. The analytes were 

concentrated by removing the solvent using a stream of nitrogen. The collection 

tubes were held in a heating block at 35 ®C. The tubes were cooled and weighed 

in one minute intervals until the weight loss was less than one mg. The final 

determination of Oil and Grease was calculated by multiplying the mmiber of 

grams by 1000 and reported as Oil and Grease, PPM (or mg/L). 
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EHscussion 

Impact of Various Bonded Phase Chain Lengths on Analyte Selectivity 

It is known that C18 is the most hydrophobic phase of the bonded silicas, 

while C2 is the most polar of the hydrophobic phases. A series of experiments 

were designed to determine the impact of a variety of bonded phases on analyte 

selectivity. By understanding the extent of these interactions, analyte recoveries 

can be optimized. The EPA Method 525.1 analytes were selected as probes. 

Samples were loaded on bonded silica with modified with hydrophobic phases 

C2, phenyl, C8, and CIS. As seen from the data (Table 2.2), the behavior of 

these analytes varied with respect to the differences in their structures (size and 

degree of hydrophobicity) and the type of sorbent selected. For the purposes of 

analyzing the data, this discussion will characterize the analytes by grouping 

together those compounds that tended to behave similarly. Those compounds 

which were eluted early in the gas chromatographic run were grouped together. 

These compoimds were generally small and/or fairly polar. The compounds 

eluted in the middle of the run were grouped together; then the late eluting 

compounds were grouped. The late eluting compounds tended to be quite 

hydrophobic. 

For those compounds that were eluted early in the chromatographic run, 

the smaller and/or more polar compounds, there was a significant reduction in 
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Table 2.2: Impact of sorfaent type on recovery of EPA 525.1 analytes 
COMPOUND C18(EC) C18(EC) PH C2 

'As ig u ig 
1 hexachlorocyclopentadiene 62 66 41 27 
2 dimethylphthalate 92 100 8 1 
3 acenaphthalene 94 92 27 8 
4 acenaphthene-dlO i n t e r n a 1 s t a n d a r d 
5 2-chlorobiphenyI 87 85 80 26 
6 diethylphthalate 100 100 58 10 
7 fluorene 89 88 61 22 
8 2,3-dichIorobiphenyI 79 77 78 54 
9 hexachlorobenzene 66 64 64 53 
10 simazine 78 69 10 0 
11 atrazine 60 33 1 0 
12 pentachlorophenol - - - -

13 lindane 99 96 24 3 
14 phenanthrene-dlO i n t e r n a 1 s t a n d a r d 
15 phenanthrene 83 82 80 38 
16 anthracene 76 75 75 40 
17 2,4,5-trichlorobiphenyl 70 66 66 61 
18 alachlor 100 97 94 16 
19 heptachlor 76 72 72 66 
20 di-n-butylphthalate 95 93 97 95 
21 2,2',4,4'-tetrachlorobiphenyl 74 71 73 70 
22 aldrin 70 63 67 66 
23 heptachlor epoxide 88 85 87 52 
24 2,2',3',4,6-pentachlorobiphenyl 72 70 74 73 
25 ganima-chlordane 78 74 78 78 
26 pyrene 76 74 80 68 
27 alpha-chlordane 79 74 79 78 
28 trans nonachlor 76 72 76 78 
29 2,2',4,4', 5,6'-hexachlorobiphenyl 67 69 78 74 
30 endrin 62 67 56 32 
31 butylbenzylphthalate 83 78 90 100 
32 di(2-ethylhexyl)adipate 83 92 82 86 
33 benz[a]anthracene 70 71 75 74 
34 chrysened-12 i n t e r n a I s t a n d a r d 
35 chrysene 76 78 82 77 
36 2,2'3,3',4,4',6-heptachlorobiphenyl 77 78 78 70 



Table 2.2 (continued): Impact of sorbent type on recovery of EPA 525.1 analytes 
COMPOUND C18(EC) C18(EC) PH C2 

'/2g 1 g Ig Ig 

37 methoxychlor 83 83 89 100 
38 2,2',3,3',4,5',6,6'-octachIorobenzene 76 79 76 68 
39 di(2-ethylhexyl)phthalate 78 79 100 100 
40 benzo[b]£luoranthene 72 71 78 80 
41 benzo[k]fluoranthene 68 70 79 78 
42 benzo[a]pyrene 58 60 72 75 
43 perylene-dl2 83 85 99 100 
44 indeno[l,2,3,c,d]pyrene 57 58 71 81 
45 diben2[a,h]anthracene 58 58 75 87 
46 benzorg,h,i]peryIene 61 61 79 82 

Avg: 77 76 69 58 

early eluting: 87 89 46 16 
mid eluting: 78 75 72 61 
late eluting: 65 66 79 83 



recoveries as the chain length of the bonded phase decreased. Recoveries for 

these earlier eluting compounds averaged 89% when extracted onto one gram of 

CI8 material, dropping to 46% when extracted using a phenyl phase, and down 

to 16% when extracted onto C2. This suggests that the earlier eluting 

compounds require a sorbent having long hydrophobic chains in order to be 

extracted from a very polar matrix, since the extraction is based primarily on 

non-polar interactions. As the hydrocarbon chains on the sorbent get shorter, the 

silanols on the surface become more accessible causing the surface to become 

more polar in nature, and the recoveries of the earlier eluting compounds 

dropped off. 

For those compounds that were eluted in the middle group of the gas 

chromatographic run, there was not a significant difference in the recoveries 

from the phenyl, C8, and CIS phases, ranging from 72 to 78%. There was a 

drop in recoveries on the C2 phase, averaging 61%. The decline in the 

recoveries for these somewhat larger and less polar compounds was not as 

dramatic as that for the earlier eluting compounds, suggesting that the choice of 

bonded phase for analytes of intermediate polarity is less critical. 

It can be seen from the data that for the later eluting compounds, the best 

recoveries were obtained when the extraction was performed using bonded 

phases modified with shorter hydrocarbon chains. In contrast to the earlier 
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eluting compounds, as the hydrocarbon chain length of the bonded phase 

increased, the recovery of these analytes dropped. For these later eluting 

compounds, it is energetically less favorable to remain in an aqueous matrix as 

compared to the earlier eluting compounds. Since this group of compounds 

tends to be large and quite hydrophobic, they are retained very strongly to a C18 

surface during sample loading. This strong interaction between the analytes and 

sorbent also makes it difficult to remove these compounds from the surface 

during the elution step. In the case of the EPA Method 525.1 analytes, where a 

broad range of compounds is present, it is possible to select a "compromise 

phase" such as C8. In this case, the chain length of the bonded phases is 

sufSciently long to provide a reasonable amount of hydrophobic interaction with 

the earUer eluting compounds, while having a surface that is sufficiently polar to 

allow for the elution of the later eluting compounds. 

A method has been developed for the extraction of EPA Method 525.1 

analytes usiug C8 modified silica for the sorbent. 

Utilization of Layered Phases 

The limitation of using a compromise phase such as C8 is that although 

the overall recovery for the entire set of analytes is improved, the recoveries for 

individual components is not optimized. In this section, a subset of the EPA 



525.1 analytes (the organochlorines) is utilized to determine the impact of 

layering bonded phases into a single extraction cartridge for the purpose of 

optimizing the recoveiy of both the polar and hydrophobic species. In the 

previous section, a limitation to optimizing analyte recoveries was described as 

being a twofold problem. When extracting a broad range of compounds, the 

small, polar compounds yielded low recoveries on silica modified with short 

hydrocarbon chains. In the case of large, hydrophobic species, recoveries were 

low on CI8 due to poor elution of large compounds fi-om a very hydrophobic 

surface. From this data it was hypothesized that a C2 phase could be layered 

over a CIS phase, allowing the larger compounds to be retained on C2, while the 

more polar compounds which passed through the C2 phase would be retained on 

the CI8. If the larger compounds are sufiBciently solvated, they could pass 

through the C18 phase during the elution step. 

Initial experiments were designed to determine to what extent a range of 

non-ionizable compounds would be stopped on each of two phases. The C2 

phase was stacked in a six mL cartridge above the C18 phase. Each cartridge 

contained a half gram of bonded silica. The cartridges were comiected using a 

teflon adapter. Samples containing a mixture of organochlorine compounds were 

extracted as described in the experimental section. After the samples were loaded 

onto stacked columns, the cartridges were pulled apart and eluted separately. 



This allowed the selectivity for individual compounds by each phase to be 

determined. The recoveries from each of the phases are shown in Table 2.3. It 

can be seen that some of the analytes were well retained on C2, while others 

broke through the C2 cartridge and were stopped on the CI8 sorbent. 

Subsequently, the analytes were loaded onto a single cartridge containing the two 

phases, layered with C2 on top of CI8, which could then be eluted 

simultaneously (Figure 2.2). For comparison, data was also obtained for 

analytes extracted from a single phase (Table 2.3). As was the case for the EPA 

Method 525.1 analytes in the previous section, several of the compounds were 

strongly retained on a C18 surface. For these analytes, recoveries improve on 

average from 75 to 84% when the extraction is performed on a C8 bonded phase. 

These results can be compared to the data obtained from stacked phases (Table 

2.4). The average recovery for those analytes retained on C2 was 54%. For the 

others which broke through the C2 cartridge and were stopped on the C18 

sorbent the average recovery was 43%. The combined recovery was 97%. This 

represents a 13% improvement in the overall recovery for these analytes 

extracted from the C8 "compromise" phase. When the analytes were eluted from 

the C2/C18 layered phases, the average recovery was still quite high (97%). 

The data provide a solution for optimizing recoveries for a mixture of 

polar and hydrophobic analytes being extracted from an aqueous matrix. 
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Table 2.3: Recoveries of organochlorides spiked at 1 PPB into 1 liter of reagent 
water from a single phase 

C8 C18 

Std (EC) (EC) Std 

alpha - BHC 0.943 1.057 0.929 1.051 

beta - BHC 0.895 1.120 0.961 1.116 

gamma - BHC 0.957 1.075 0.967 1.045 

delta - BHC 1.021 1.034 0.970 0.878 

heptachlor 0.993 0.862 0.825 1.009 

•aldrin 0.987 0.886 0.745 1.048 

heptachlor epoxide 1.002 1.041 0.963 1.039 

endosulfan I 1.019 1.015 0.925 1.024 

*4,4' DDE 1.016 0.831 0.705 1.043 

dieldrin 0.999 1.012 0.941 1.033 

*endrin 0.993 0.805 0.673 1.050 

•4,4" DDD 1.007 0.893 0.811 1.025 

endosulfan n 0.997 0.981 0.974 1.011 

endrin aldehyde 1.005 1.166 1.121 0.999 

•4,4" DDT 0.973 0.782 0.796 0.946 

endosulfan sulfate 0.950 0.847 0.885 0.858 

methoxychlor 0.958 1.155 1.532 1.025 

Avg % Recovery; 98 97 92 101 

•Avg % of Problem Analytes: 100 84 75 102 
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Figure 2.2: Loading and eluting a broad range of analytes using layered phases 
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Table 2.4: Recoveries of organochlorides spiked at 1 PPB into 1 liter of reagent 
water from stacked and layered columns 

|<— Layered —> |< Stacked >| 

Top Cartridge: C2 C2 C2 

Bottom Cartridge: Std C18(EC) C18(EC) C18(EC) Sum 

alpha - BHC 1.006 0.998 0.971 1.011 1.011 

beta - BHC 1.009 0.990 0.972 1.011 1.011 

gamma - BHC 1.010 0.974 0.952 1.000 1.000 

delta-BHC 0.985 0.909 0.945 0.969 0.969 

heptachlor 0.995 0.985 0.940 0.851 0.073 0.924 

•aldrin 1.006 0.861 0.877 0.846 0.846 

heptachlor epoxide 1.024 1.005 1.009 0.574 0.469 1.043 

endosulfan I 1.016 1.077 1.149 0.652 0.417 1.069 

•4,4" DDE 0.998 0.842 0.886 0.856 0.046 0.902 

dieldrin 1.010 1.004 1.015 0.801 0.207 1.008 

•endrin 0.994 1.111 1.098 0.669 0.340 1.009 

*4,4" DDD 1.001 0.942 0.966 0.898 0.061 0.959 

endosulfan II 1.036 0.866 1.073 0.648 0.372 1.020 

endrin aldehyde 1.016 0.858 0.932 0.111 0.837 0.948 

•4,4" DDT 1.018 0.985 0.933 0.849 0.849 

endosulfan sulfate 0.973 0.817 0.882 0.292 0.575 0.867 

methoxychlor 1.007 1.019 1.027 1.115 1.115 

Avg % Recovery: 96 98 54 43 97 

• Avg% of Problem Analytes; 95 95 82 9 91 
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Compounds that are difficult to elute from a very hydrophobic surface can be 

extracted onto a sorbent from which they can be eluted more easily, which is 

layered over a more hydrophobic phase. These compounds are not extracted 

onto the more hydrophobic phase once they are in a strong solvent (e.g., 

tetrahydrofiiran), since they are well solvated, and it is energetically more 

favorable for them to remain in the solvent. 

Selective Elution of Analytes Utilizing Various Solvents 

In the previous sections, the impact of the bonded phase on the retention 

and elution of a broad range of analytes was examined. In the current section, 

experiments are described in which advantage is taken of the heterogeneous 

nature of bonded phases to retain probes of differing hydrophobicity, and elute 

them selectively based on differences in functional groups. As in the previous 

section, different sorbent types are layered, although here it is for the purpose of 

extending the capacity to retain polar compounds, rather than facilitating the 

ability to elute hydrophobic species. Since the phenomenon being explored here 

is the selective elution of particular types of analytes, the probe set was limited 

to one compound for which the retention mechanism is purely hydrophobic, and 

one capable of hydrophobic interaction as well as containing a functional group 

capable of polar interaction (hydrogen bonding with surface silanols). The 
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probes used were the standards suggested by the EPA for the determination of 

Oil and Grease in Method 1664^"*, which are hexadecane and stearic acid. 

Total Oil and Grease is operationally defined by EPA Method 1664 as 

those compounds that can be extracted from a sample of water using hexane as 

the extraction solvent (identified as hexane extractable material or HEM). A 

sub-fraction of that material is frirther defined as silica gel treated hexane 

extractable material, or SGT-HEM. This fraction is the non-polar material and is 

represented in the standard by hexadecane. The polar fraction is represented by 

stearic acid. The EPA Method describes a liquid-liquid extraction, where one 

liter of sample is shaken vigorously with several portions of hexane, totaling 

about one hundred mL. Residual water is removed from the extract by passing it 

over solid sodium sulfate. The solvent is then evaporated, the residue is purged 

with air and then weighed to determine Total Oil and Grease. The residue is 

then re-dissolved in hexane, treated with three grams of silica gel to remove 

polar components, re-evaporated, purged again, and re-weighed. This residue is 

designated as the SGT-HEM fraction, also referred to as the Total Petroleum 

Hydrocarbons, or TPH fraction. 

If the selectivity of the modified silica surface can be exploited, the solid 

phase extraction can be used as an alternative to the liquid-liquid extraction 

procedure. Step one in the procedure involves pre-treating the sample. First, 
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the sample is acidified to a pH between 1.9 and 2.1 to protonate acid fimctions. 

From earlier work with a broad range of pesticides, it was determined that good 

recoveries could be obtained using concentrations of wetting agent between 0.5 

and 1%.^ Although isopropyl alcohol was used in the pesticide work, the 

wetting agent selected for Oil and Grease was methanol. This was required since 

Oil and Grease is determined using a gravimetric finish. IPA has a higher 

boiling point than methanol and adds to the final weight of residue. For the same 

reason, the cartridge is conditioned with methanol. 

The pre-equilibration step is performed with reagent water, acidified to 

the same pH as the sample. Then the sample is loaded at 30 mL per minute. It 

was found that analytes did not break through the extraction cartridge at this 

loading rate, which was consistent with earlier work with pesticides.' After 

loading the sample, the cartridge is rinsed to remove interferences such as 

inorganic salts. 

In earlier work^ it was determined that the recoveries of a broad range of 

pesticides extracted firom an aqueous sample could be improved when a water 

miscible solvent (such as one containing acetone) was chosen as the elution 

solvent, rather than a water immiscible solvent such as methylene chloride. This 

phenomenon will be discussed later in this manuscript. In those experiments, 

analytical determinations were made by GC-MS, and the presence of small 



amounts of water in the eluate had no impact on the analysis. For an Oil and 

Grease determination, the presence of water will contribute to the weight of the 

final residue, giving a falsely high result. In addition, by eliminating traces of 

water from the cartridge prior to analyte elution, additional handling to remove 

water from the extract after the elution can be avoided. An example of such a 

drying step is required by the EPA and involves passing the extract through a bed 

of sodium sulfate. This step increases the potential for losing analytes to the 

drying apparatus, or contaminating the sample. 

In solid phase extraction, advantage can be taken of our ability to 

selectively choose the characteristics of the bonded phase and elution solvents to 

retain and elute analytes based on differences in fimctional groups. The 

standards used iu Method 1664 are hexadecane and stearic acid. A hexadecane 

can be retained by hydrophobic interactions with a C18 surface, and stearic acid 

can be retained by both hydrophobic and polar interactions (Figure 2.3). The 

analytes can then be selectively eluted from the sorbent by first using hexane to 

interrupt the hydrophobic interactions to elute the hexadecane. During the 

hexane elution, the stearic acid continues to be retained in the sorbent through 

polar interactions between silanol groups on the surface of the silica and the -OH 

group on the acid. Then a mixture of hexane and THF (1:1) can be used to elute 
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Figure 2.3; Retention of analytes through multiple interaction 

1 



72 

the stearic acid fraction, where the THF serves to interrupt the polar interactions, 

and the hexane disrupts the hydrophobic interactions (Figure 2.4). Experiments 

were run on the AutoTrace™ as described in the experimental section of this 

chapter to demonstrate that each of these fractions could be quantitatively eluted 

from the sorbent and collected separately. Ninety six and one hundred thirteen 

percent recoveries were obtained for the non-polar and polar fractions, 

respectively, from a 20 PPM spike of one Uter of sample. In subsequent 

experiments, the concentration of the spike was increased, but several problems 

were encountered. Stearic acid began eluting with hexadecane during the hexane 

extraction. It appeared that the capacity of the sorbent for retaining polar 

compounds was being exceeded at spikes greater than 40 PPM. Additionally, 

stearic acid which is a waxy substance, has a tendency to precipitate from 

solution as it is spiked into recent water. When the samples were extracted on 

the Tekmar AutoTrace™, the sample lines became plugged and coated with 

insoluble particles of stearic acid. Samples were extracted manually by attaching 

a teflon cap to the sample botde, to which an extraction cartridge could be fitted. 

The cartridge was held in a lure tip syringe in a rubber stopper. A -27 inch 

vacuum drew the sample from the sample bottle into a vacuum flask (Figure 2.5). 

When the samples were extracted manually, plugging of the extraction cartridge 



Hexadecane + Stearic Acid Hexane Hexane / THF 

I 

4 
I 

l^exadecane Stearic Acid 

Figure 2.4; Selective elution of analytes from CI 8 
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Figure 2.5: Solid phase extraction setup 



occurred. Recoveries for both fractions, polar and non-polar, were low. At a 

concentration of forty mg/liter. Total Oil and Grease recovery from the 

AutoTrace™ dropped to 79%. A spike of 120 PPM gave a recovery of 64%. A 

new cartridge was designed for the manual extraction that would prevent the 

precipitated stearic acid from plugging the bed. A depth filter made from a 

polyester web material was placed into the cartridge on top of the sorbent bed to 

collect suspended material. A layer of unmodified silica was placed under the 

CI8 sorbent to increase the capacity of the sorbent bed to retain polar 

compounds. A layer of 200 |jm C18 particles was placed above the standard 50 

pm CIS layer to help prevent plugging as molecular stearic acid is extracted on 

top of itself (Figure 2.6). As shown in Table 2.5, reagent water spiked with 

standards ranging in concentrations from 12 to 120 PPM averaged from ninety 

four to ninety eight percent recovery. The experiment was then automated using 

the AutoTrace . To prevent stearic acid from plugging sample lines, the depth 

filter was placed at the bottom of the suction line going into the sample bottle 

instead of stacking it on top of the extraction cartridge. Prior to the drying and 

elution steps, the depth filter was removed from the suction line, placed under 

the plunger and attached to the extraction cartric^e through a teflon adapter. 

With this setup, both the depth filter and the extraction cartridge could be dried 

and then eluted simultaneously. When a depth filter was included in the 
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Figure 2.6; Solid phase extraction with a depth filter 



Table 2,5: Recoveries of polar and non-polar analytes by selective elution 

Spike, 
mg/L Compound Recovery, % 

%Recovery 
Total O & G 

120 
Hexadecane: 
Stearic Acid: 

92 
104 

98 

60 Hexadecane: 
Stearic Acid: 

94 
96 

95 

24 
Hexadecane: 
Stearic Acid: 

88 
102 

95 

12 Hexadecane: 
Stearic Acid: 

87 
100 

94 
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automated extraction process, recoveries from a 120 PPM spike of hexadecane 

and stearic acid (1:1) were 89% and 103% respectively. 

We have seen that it is possible to do selective elutions from a single 

phase and that the capacity to retain polar compounds can be increased by 

mixing phases. The data shown below are for samples run according to the 

method shown using the Tekmar AutoTrace to perform the extraction. 

Extraction cartridges were conditioned at 40 mL per minute and loaded at thirty 

mL per minute. The carbon dioxide pressure was set at 20 psig at the 

AutoTrace™. Recoveries of 90% or better were obtained. 
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Conclusions 

The composition of the modified surface has been shown to have an 

impact on the retention of analytes by quantifying the recoveries of a broad 

range of analytes on a variety of surfaces. It was observed that bonded silica that 

is modified with long hydrophobic chains (e.g., CI8) is required for the retention 

of small, polar compounds, which would otherwise break through a sorbent bed 

with a more polar surface. It was also demonstrated that large, hydrophobic 

compounds could be retained on both the more polar and less polar surfaces 

(e.g., C2 versus C18). However, elution of these compounds from a very 

hydrophobic surface was difficult, and recoveries were lower compared to 

recoveries from a C2 surface. To optimize recoveries for the entire range of 

compounds, a compromise phase of intermediate polarity was selected. 

An alternative approach to optimizing both the retention and elution of a 

broad range of analytes was found to be the utilization of layered phases. A 

series of experiments were described where a group of analytes differing in their 

degree of hydrophobicity was extracted onto stacked and layered bonded phases. 

By stacking a more polar phase on top of a more hydrophobic phase and then 

eluting each separately, it was determined the more hydrophobic compounds 

could be largely retained on the top cartridge, while the more polar compounds 

broke through to the second cartridge in series. When each cartridge was elu^d. 
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it was found that very hydrophobic compounds could be well recovered from the 

more polar surface, and the combined recoveries from both cartridges were very 

high (average of 97%). When the sorbents were layered into a single cartridge 

rather then stacked in separate cartridges, the overall recovery remained at 97%, 

indicating that the hydrophobic compounds that were extracted onto the top layer 

can not be extracted from a strong elution solvent. 

Experiments were presented that demonstrated the phenomenon that 

analytes are retained by different mechanisms under different solvent conditions 

and can be selectively eluted by judicious choice of elution solvent. Two 

analytes were extracted onto a C18 sorbent, one which was capable of 

participating in hydrophobic interactions (hexadecane), and another hydrophobic 

and polar (stearic acid). These analytes were selectively eluted, first by choosing 

a non-polar solvent (hexane) to elute the hexadecane, and then a mixture of 

hexadecaneiTHF to elute the stearic acid. It was demonstrated that the capacity 

of the CIS was limited imder conditions of high loading of polar compounds, but 

that the capacity^ to retain polar compounds during the elution with a non-polar 

solvent could be extended by the addition of a layer of silica. 

Plugging problems were addressed by using a depth filter to distribute 

insoluble grease particles above the bed, or retain them ahead of the sample line 
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in the automated system. The filter was then eluted along with the extraction 

cartridge to obtain quantitative recovery. 
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CHAPTERS 

INVESTIGATION OF THE RETENTION OF WATER ON SOLID PHASE 

EXTRACTION SURFACES 

Introduction 

The focus of the previous chapter was on the impact of the composition of 

the bonded phase on surface-analyte interactions and the impact on analyte 

recoveries. The water retention characteristics of bonded phases can also be 

important to solid phase extraction recoveries with respect to the impact on our 

ability to elute analytes from the silica surface. The ability to eliminate water as 

an interference in an analysis may also be critical for accurate recovery data. 

In experiments discussed in the previous chapter, it was observed that 

there were differences in analyte retention characteristics of bonded phases 

modified with hydrocarbon chains of varying lengths. As the chain length 

became shorter, the surface became more polar, and the ability to retain 

compounds having limited hydrophobic character diminished. A series of 

experiments will be presented which were designed to study the impact of 

varying the chain length of the bonded phase on the propensity of the sorbent to 

retain water. Additional experiments will address the impact of particle size 

distribution on water retention. Data will be presented that demonstrate the 
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impact that water retained by the sorbent has on the recoveries of a broad range 

of non-ionizable analytes. A comparison of the efficiencies of different drying 

gases used to remove water from the silica surface will also be presented. 

Experimental 

Reagents and Chemicals 

1ST ISOLUTE® solid phase extraction columns were obtained from Jones 

Chromatography, Denver, Colorado, and used to perform extractions. Extraction 

colirams contained either one gram or 1/2 gram of modified silica sorbent or 200 

mg polystyrene divinylbenzene (ISOLUTE ENV+®). Pesticide standards were 

purchased from Ultra Scientific (Kingston, Rhode Island) at a concentration of 

100 mg/mL and prepared in acetone by diluting 100 fold. An internal standard 

of acenaphthene-dlO, chrysene-dl2, phenanthrene-dlO, with perylene-dl2 as the 

surrogate, was prepared in acetone by dilution of a 500 mg/mL solution by 50 

fold. A series of five calibration standards were prepared in acetone at 

concentrations of 0.5, 1.0 , 1.5, 2.0, and 2.5 mg/mL with a constant internal 

standard concentration of 5.0 mg/mL. A 2.0 mL spike was used to fortify 

reagent water. Methanol, acetone, isopropyl alcohol, and ethyl acetate solvents 

were B&J Brand (Burdick and Jackson), and certified for Pesticide Residue 

Analysis. 
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Apparatus and Equipment 

Solid Phase Extraction 

Solid phase extraction was performed on a Tekmar-Dohrmann 

AutoTrace™ SPE Workstation (Cincinnati, Ohio). This is a six position 

cartridge unit having five solvent reservoirs capable of supplying any of the 

cartridges with up to ten mL of solvent per step. In addition, there is a gas train 

for cartridge drying and six position rack to hold the collection tubes. 

Gravimetric Analyses 

Gravimetric analyses were performed on a Metder AB104 Analytical 

Balance (Toledo, Ohio) to 0.1 mg. 

Gas Chromatography 

Gas Chromatography for EPA Method 525.1 analytes was perfonned on a 

Hewlett Packard Model 5890 (Palo Alto, California) equipped with an HP 7673 

auto sampler and a mass spectrometer. Separations were perfonned on a DB5-

ms 30 meter x 0.25 mm i.d. fused silica capillary column coated with a 0.25 mm 

immobilized film (J&W Scientific, Folsom, California). The injector was held at 

280 °C and the transfer line at 315 °C. Sample volumes of 2 (iL were injected 

by the autosampler into the injection port with a double taper liner. An aliquot 
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of two mL of each calibration standard or sample extract was analyzed by GC-

MS. The GC was temperature programmed at an initial temperature of 60 °C 

and held for one minute, increased by 30 °C /min. to 130 °C, 12 °C /min. to 290 

°C and held at 310 °C for three min. The chromatogram is shown in Figure 2.1. 

Data for each set of conditions in this study was obtained by extracting three 

replicate samples, each injected three times for GC-MS analysis. 

Gas chromatography experiments for organochlorine pesticides on 

layered columns were conducted using a Hewlett Packard 5890 (Palo Alto, 

California). Separations were performed on a DB-XLB 30 meter x 0.25 mm i.d. 

fused silica capillary column coated with a 0.25 mm immobilized film (J&W 

Scientific, Folsom, California). The injector was held at 240 °C and the detector 

at 290 °C. Samples volimies of 2 jiL were injected into an injection port with a 

double taper liner, and detected with an electron capture detector. The initial 

temperature of 100 ®C was held for one minute, increased to 190 °C at 30 

degrees per minute, increased to 280 °C at ten degrees per minute, and held at 

280 °C for 3.5 minutes. 

Mass Spectrometry 

The mass spectrometer was a Hewlett Packard Model 5971 quadrupole 

detector with a computerized data system. The computer interface (HP 



ChemStation) acquired, stored, and output mass spectral data. The computer 

software integrated the abundance of specific ions (Table 2.1) and calculated 

response factors based on a calibration curve. The GC separation of the 42 

analytes, three internal standards, and one surrogate are shown in Figure 2.1. 

Each analyte in the chromatogram was identified by its mass spectrum. 

Although some peaks are not well resolved, quantitation was based on 

characteristic ions. 

Solid Phase Extraction of 525.1 Analytes from Water 

Water samples were fortified with 2 mL spikes of one mg/mL target 

analytes. Forty milligrams of sodium sulfite were added to each sample to 

prevent oxidation of analytes. Samples were acidified with approximately 2 mL 

of 6 M HCl to a pH between 1.9 and 2.1. Five mL of methanol was added to 

the sample as a wetting agent The extraction was performed on the AutoTrace™ 

using bonded silica sorbents. The sorbents were conditioned with 5 mL of 

methanol, and rinsed with 10 mL of reagent water. One Uter samples were 

loaded onto the column at 30 mL per minute. The sample bottle was rinsed with 

5 mL acetone and diluted with 45 mL reagent water, acidified to pH=2. This 

bottle rinse was then loaded directly onto the extraction cartridge. Columns 

were rinsed with 10 mL of water and dried for one half to 10 minutes with 



nitrogen, set at 20 psig at the AutoTrace™ (4.2 L/min.). Analytes were eluted 

with two portions of 2 mL volumes of methylene chloride or acetone/ethyl 

acetate 3:1 into 16x100 mm collection tubes. Collection mbes were placed in a 

heating block held at 35 °C and concentrated under a gentle stream of nitrogen. 

Solid Phase Extraction of Organochlorines from Water 

Reagent water samples were fortified with two mL spikes of one mg/mL 

target analytes and acidified with HCl to a pH between 1.9 and 2.1. Sorbent 

beds were conditioned with 5 mL of methanol and pre-equilibrated with ten mL 

of reagent water. One liter samples were loaded onto an extraction cartridge in 

a half hour time period. The sample botde was rinsed with five mL acetone and 

diluted with 45 mL reagent water. The botde rinse was then loaded directly onto 

the extraction cartridge. Columns were rinsed with ten mL of water and dried 

for 20 minutes with nitrogen set at 20 psig at the AutoTrace™ (4.2 L/min.). 

Analytes were eluted using two by two mL volumes of THF and collected in 

16x100 mm tubes. Collection tubes were placed in a heating block held at 35°C 

and concentrated under a gentle stream of nitrogen. 
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Protocol for Water Retention on Sorbent Beds 

Cartridges were installed onto the AutoTrace™ and run according to the 

following program. Each cartridge was conditioned with ten mL of methanol. 

One hundred mL of reagent water was loaded onto the columns. Immediately 

after loading, the columns were weighed on a Mettler Balance. The 

AutoTrace™ was programmed to dry the cartridges in five minute intervals. 

After each time interval the cartridges were weighed until the change in mass 

was less than 0.0002 grams. 
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Discussion 

Impact of Chain Length on the Retention of Water 

The experiments described in this section are designed to study the impact 

that the hydrocarbon chain length of the bonded phase has on the water retention 

characteristics of the sorbent. As illustrated in Figure 3.1, the silanol groups on 

a C2 surface are well exposed, and there is a significant amount of water 

associated with this surface. Figure 3.2 illustrates a C8 surface. Since the 

hydrocarbon chains are longer, access to the surface is somewhat restricted, but 

the chain lengths are still short relative to the distance between the chains, 

silanol groups are still exposed, and the surface is still somewhat polar. Figure 

3.3 illustrates a C18 surface. Here it can be seen that the long chains, which can 

reach each other across silanol groups, serve to "waterproof the surface. 

Although it is still possible for water to reach the surface of the silica, the 

hydrocarbon chains are mostly associated with organic solvent molecules. 

Various phases were tested with respect to the time required to dry the 

sorbent to constant weight (Figure 3.4, Table 3.1). It has been demonstrated by 

Fung Kee Fung, using differential scaiming calorimetry, that the silica surface 

can organize water in the near surface region, imparting an "ice-like" structure.'^ 

Since silanol groups are more easily accessed 



\ \ 

Figure 3.1; Schematic representation of water on a C2 surface 
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Table 3.1: Impact of sorbent type on recovery of EPA 525.1 analytes 

Water Retained on Sorbent, grams 
Drying Time C 18 (EC) C 18 (UC) C 12 (UC) C 8 (UC) C 2 (UC) C 12 (WP) 

0 0.9386 0.7293 1.1057 1.2740 1.3981 1.4167 
5 0.1703 0.1562 0.2226 0.4138 0.5733 0.7047 
10 0.0120 0.0163 0.0688 0.2658 0.4402 0.5518 
15 0 0 0 0.1218 0.2998 0.4017 
20 0 0 0 0 0.1653 0.2537 
25 0 0 0 0 0.0350 0.0891 
30 0 0 0 0 0 0 



by water on sorbents modified with shorter hydrocarbon chains, it is expected 

that the surface would have a greater impact on structuring the water in the near 

surface region than those surfaces modified with longer hydrocarbons. It can be 

seen from the graph in Figure 3.4 that the bonded phase having the shortest 

chains required longer drying times, while those with longer hydrophobic chains 

(C8, C18) required increasingly shorter drying times. Figure 3.5 illustrates the 

difference in pore volumes for a C2 versus a C18 bonded silica. The pore void 

volume is decreased for a CIS phase, corresponding to the increase in volume of 

hydrocarbon present. There is only a 20% difference in volume between the two 

phases, which is insufficient to account for the two to three fold difference in 

drying times. For each of the curves in Figure 3.4, there are two distinct regions. 

The region having the greatest slope for time versus grams of water removed 

represents water that is being removed firm between sorbent particles and from 

the pores of the silica. The less steep region of each of the curves represents 

water removed form the near surface region. The slope of each line in this 

region is shown in Table 3.1, along with the y-intercept. The slope of each line 

decreases with decreasing hydrocarbon chain length, indicating that it becomes 

more difficult to remove more highly sJiuctured water from the near surface 

region. The y-intercept gives an indication of the amount of water that is 

associated with the surface after the bulk (water between 



Surface Coverage, jiM / 2.3 

Hydrocarbon 
Volume, mL/g 0.08 

Void Volume, mL/g: 

Figure 3.5: Comparison of C2 versus CIS void volumes 



Table 3.1: Calculated values of slope, intercept and water layer thickness in near surface region for various 
modified silicas 

C18 C12 C8 C2 C12(WP) 

Slope -0.0317 -0.0308 -0.0296 -0.0266 -0.0306 

Intercept 0.33 0.38 0.56 0.71 0.86 

Depth, A 6 7 10 13 16 

Monolayers 2 3 4 5 6 
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particles and in the pores) water is removed. Using these volmnes, the depth of 

the water in the near surface region may be calculated from the known surface 

areas of the material (approximately 550 m^). The endcapped material dried 

slightly more quickly than the uncapped material, which would be expected, 

since there are fewer silanol groups on the endcapped material, reducing the 

ability to structure water in the near surface region. 

Impact of Physical Differences in Silica on Drying Times 

In the previous section, the difference in water retention characteristics on 

various phases was examined. The differences observed were due to differences 

in surface chemistry. In this section, an experiment is described that examines 

the difference in the retention of water due to physical differences in the 

particles, specifically, the impact of a different distribution of particle sizes. 

In order to determine the impact of increasing pore size on the tendency 

for the sorbent to retain water, C12 bonded to the larger pore material (nominal 

pore size of 200 angstroms) and was compared to C12 bonded on the standard 

material (nominal pore size of 60 angstroms). The wide pore material required 

fifty percent longer to dry than C12 on standard silica. The larger pores are 

capable of retaining a greater volume of water, increasing the required drying 

time correspondingly. 



Information on the impact of varying the particle size distribution of 

silicas having approximately the same nominal size was elucidated by comparing 

bonded silicas obtained from various manufacturers. One gram six mL 

cartridges of C18 uncapped material were obtained from International Sorbent 

Technology (Hengoed, United Kingdom), Varian (Harbor City, California), and 

Baker (Phillipsburg, New Jersey). The cartridges were conditioned with 10 mL 

methanol, rinsed with 100 mL of water and dried on a vacuum box under a 

vacuimi of twenty seven inches. The drying curves are shown in Figure 3.6. It 

can be seen that the 1ST material dried between ten and fifteen minutes, while 

the Varian and Baker materials required twenty five to thirty minutes. All of the 

samples had a carbon loading of approximately nineteen percent. An analysis of 

the particle size distribution was performed, and the results are shown in Figure 

3.7. It can be seen that the 1ST material has a narrow particle size distribution 

(nominally fifty microns), with very few fines present (particle size less than 20 

microns). The Varian and Baker materials have a broad distribution of particle 

sizes, with a significant amount of fines present. When fines are present in the 

bulk silica, there is a tendency for the smaller particles to a^omerate. When 

this material is packed into a cartridge, agglomerations of large and small 

particles can cause channeling of flow through the sorbent bed (Figure 3.8). 
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Figure 3.6; Impact of fines on sorbent drying times 
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international Sorbent 
C18 (EC) BATCH #221-3-04 

Baker 
OCTADECYL LOT#E29717 

Varian 
C18 LOT #071074 

1.95 8.65 10.67 13.41 16.69 20.78 25.87 32.21 49.1 49.92 62.14 72.36 

Particle Size, fxm 

Figure 3.7: Particle size distribution of various silicas 
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Figure 3.8: Impact of fines 
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When the sorbent is being dried, channeling results in areas of the bed where 

there is the least resistance to flow. This results in those areas having contact 

with the greatest volume of gas, and so drying occurs quickly. In regions of the 

bed where there is a greater pressure drop (where smaller particles have 

agglomerated), there is exposure to a smaller volume of gas, and drying times are 

greatly extended. The drying data for silica from different manufacturers are 

consistent with the data obtained for particle size distribution. The presence of 

fines could have the same impact on liquid flow as well as on gas flow, resulting 

in increased volume or soak requirements for conditioning and elution steps, and 

channeling during loading steps (Figure 3.7). 

Impact of Water on Analyte Recovery 

This chapter thus far has examined the efficiency with which water can be 

removed from modified silicas with respect to the bonded phase and selection of 

drying gas. The remaining sections will address the impact that the water has on 

analyte recovery. 

The importance of removing water from the sorbent bed varies, depending 

on the type of analysis being performed. For example, adequate drying time for 

the extraction cartridge is essential after an aqueous sample has been loaded, if 

the sorbent is to subsequently be eluted with a water immiscible solvent. 
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Insufficient drying of the cartridge can result in inadequate contact between the 

elution solvent and the sorbent, as well as partitioning of the analytes between 

phases. If water is present in the elution solvent, additional steps are required to 

remove water from the elution solvent, such as passing the extract through 

sodium sulfate, which can contribute to loss of analytes, as well as being a 

source of contamination. For samples that require evaporating to dryness, the 

presence of water can greatly extend the drying time. In addition, the presence 

of water may greatly limit the ability to use derivatization chemistry. 

Chapter 2 addressed the advantage of using bonded phases with shorter 

chain lengths for optimizing analyte recovery, specifically, the ease in eluting 

large hydrophobic compounds from the surface. Earlier in this chapter it was 

shown that an increase in drying time is required to remove the water from these 

less hydrophobic surfaces. 

An alternative to exhaustively drying the sorbent with a gas is to use a 

water-miscible solvent, such as acetone, as a component of an elution solvent 

mixture. A solvent such as acetone is able to bridge the properties between two 

immiscible solvents, such as water and methylene chloride. When such a solvent 

system is utilized, the result is to chemically dry the sorbent, removing water 

from the pores. In this manner, good contact is achieved between the solvent 

and analytes (Figure 3.9). 
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A series of experiments were designed to compare the recoveries of the 

EPA Method 525.1 compounds eluted with a water miscible solvent versus an 

immiscible solvent. Methylene chloride was used for the immiscible solvent, 

and mixtures of acetone/ethyl acetate (75:25, 50:50, and 25:75) were used for the 

miscible solvent. For the methylene chloride extraction, the eluate was dried 

with sodium sulfate to remove water from the sample. All three ratios of 

acetone/ethyl acetate gave comparable results, however, the 75:25 mixture 

allowed the final extract to be concentrated to a smaller volume, without phase 

separation. The elution solvents from the methylene chloride and acetone/ethyl 

acetate 75:25 extraction were concentrated to 3 mL. The elution solvent could 

not be concentrated to less than 2.5 mL in the case of the acetone/ethyl acetate 

mixture, since this would resiilt in phase separation as the bridging solvent 

(acetone) was removed. An experiment was performed to determine whether the 

sodium sulfate diying step could be eliminated from the procedure when eludng 

with a water miscible solvent, since there was a tendency for the water to 

dissolve the sodium sulfate as it passed through the column, resulting in salt 

precipitating from the extract during the solvent concentration step. It can be 

seen from the data (Table 3.1) that there was no significant difference between 

the results obtained with and without the sodium sulfate diying step. The 

average overall recovery for the forty two analytes without a drying column was 



Table 3.1: Comparison of EPA Method 525.1 % recoveries with and 
without sodium sulfate drying 

COMPOUND Without 
Drying 

With 
Drying 

1 hexachlorocyclopentadiene 65 54 
2 dimethylphthalate 102 97 
3 acenaphthalene 92 81 
4 acenaphthene-d 10 IS IS 
5 2-chIorobiphenyl 85 76 
6 diethylphthalate 99 97 
7 fluorene 87 81 
8 2,3-dichlorobiphenyl 88 71 
9 hexachlorobenzene 64 58 
10 simazine 86 114 
11 atrazine 68 107 
12 pentachlorophenol - -\ 

13 lindane 99 91 
14 phenanthrene-d 10 IS IS 
15 phenanthrene 81 78 
16 anthracene 72 70 
17 2,4,5-trichlorobiphenyl 66 59 
18 alachlor 97 99 
19 heptachlor 73 66 
20 di-n-butylphthalate 94 90 
21 2,2',4,4'-tetrachlorobiphenyl 70 59 
22 aldrin 68 60 
23 heptachlor epoxide 85 81 
24 2,2',3',4,6-pentachlorobiphenyl 70 62 
25 gamma-chlordane 74 67 
26 pyrene 73 71 
27 alpha-chlordane 75 68 
28 trans nonachlor 72 67 
29 2,2',4,4',5,6'-hexachIorobiphenyI 68 62 
30 endrin 56 54 
31 butylbenzylphthalate 92 92 
32 di(2-ethylhexyi)adipate 91 75 
33 benz[a]anthracene 69 63 
34 chrysene d-12 IS IS 
35 chrysene 76 64 
36 2,2'3,3',4,4',6-heptachlorobiphenyI 77 83 
37 methoxychlor 90 62 



Table 3.1 (continued); Comparison of EPA Method 525.1 % recoveries with and 
without sodium sulfate drying 

COMPOUND Without With 
Drying Drying 

38 2,2',3,3',4,5',6,6'-octachIorobenzene 77 61 
39 di(2-ethylhexyl)phthalate 91 78 
40 benzo[b]fluoranthene 71 65 
41 ben2o[k]fluoranthene 69 62 
42 benzo[a]pyrene 61 60 
43 perylene-dl2 89 101 
44 indeno[l,2,3,c,d]pyrene 70 62 
45 dibenz[a,h]anthracene 52 60 
46 ben2org,h,i]perylene 62 60 

AVG 74 70 
EARLY 63 58 
MID 78 73 
LATE 67 67 



109 

74%, versus 70% with a drying step. The standard deviation for these samples 

which were run in triplicate, was 5%. 

An experiment was performed to determine if there was an impact on the 

results when the cartridge drying time was reduced from ten minutes to 0.5 

minutes prior to an elution with a water miscible solvent (acetone/ethyl acetate 

75:25). A half minute was shown to be sufGcient to displace bulk water from 

the silica bed. A comparison of those results is shown in Table 3.2. It can be 

seen that there is no significant difference between the two sets of data, each 

having an average 82% recovery, with a five percent standard deviation. 

The EPA 525.1 method specified the use of methylene chloride as the 

extraction solvent. From the data it can be see that there was an improvement 

when a water miscible solvent (acetone/ethyl acetate 75:25) was used. When an 

aqueous sample is extracted and then eluted with a solvent that is not miscible 

with water, there may be water present that will interfere with the ability of the 

solvent to make good contact with the analytes, forming a barrier between the 

analytes and extraction solvent, and recoveries will be low. When a water 

miscible solvent was used, such as a mixture of acetone and ethyl acetate, the 

acetone serves the fimction of chemically drying the scrbent by flushing out the 

water, and good contact is made between the analyte and elution solvent, so that 

recoveries are improved. When removing water from the silica, it is 
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Table 3.2: Comparison of baseline data from EPA 525.1 to modified 
method (Vi min. drying and water miscible elution solvent) for n=3 

EPA Modified 
525.1 525.1 

Compound Avg RSD Avg RSD 
hexachlorocyclopentadiene 27 19 52 3 
dimethylphthalate 68 22 89 2 
acenaphthalene 88 10 89 4 
acenaphthalene-d 10 IS IS IS IS 
2-chIorobiphenyl 83 8 83 4 
diethylphthalate 97 16 94 2 
fluorene 83 14 87 4 
2,3-dichlorobiphenyl 63 24 78 5 
hexachlorobenzene 44 16 71 8 
simazine 11 5 75 1 
atrazine 24 19 100 4 
pentachlorophenol - - 100 29 
lindane 100 100 86 2 
phenanthrene-d 10 IS IS IS IS 
phenanthrene 75 11 81 4 
anthracene 73 6 78 4 
2,4,5-trichlorobiphenyI 56 6 76 7 
alachlor 90 3 89 1 
heptachlor 64 8 73 7 
di-n-butylphthalate 88 26 87 3 
2,2',4,4'-tetrachlorobiphenyl 55 9 80 7 
aldrin 53 4 75 8 
heptachlor epoxide 79 5 81 4 
2,2',3',4,6-pentachlorobiphenyl 55 8 84 7 
gamma-chlordane 61 5 81 6 
pyrene 69 4 81 5 
alpha-chlordane 61 5 80 6 
trans-nonane 58 11 81 6 
2,2',4,4',5,6'-hexachlorobiphenyl 54 12 89 8 
endrin 44 11 100 5 
butylbenzylphthalate 100 71 83 4 
di(2-ethylhexyl)adipate 53 32 96 7 
benz(a)anthracene 57 6 82 6 
chrysene d-12 IS IS IS IS 
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Table 3.2 (continued): Comparison of baseline data from EPA 525.1 to modified 
method ('<4 min. drying and water miscible elution solvent) for n=3 

Compound 

EPA 525.1 

Avg RSD 

Modified 
525.1 

Avg RSD 
35 chrysene 58 6 85 7 
36 2,2'3,3 ',4,4',6-heptachIorobiphenyl 53 7 89 7 
37 methoxychlor 69 4 66 5 
38 2,2',3,3 ',4,5',6,6'-octachIorobenzene 55 8 90 7 
39 di(2-ethylhexyl)phthalate 74 27 100 10 
40 benzo[b]fluoranthene 52 7 81 7 
41 benzo[k]fluoranthene 57 13 81 8 
42 benzo[a]pyrene 46 6 72 7 
43 perylene d-12 93 5 92 1 
44 indeno[ 1,2,3,c,d]pyrene 46 6 67 7 
45 dibenz[a,h]anthracene 35 17 66 7 
46 benzo[g,h,ilperylene 37 17 71 7 

AVG 63 13 82 5 
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important to remove it from not just between particles, but from the pores of the 

particles as well. This can be achieved by drying with a gas, such as nitrogen, 

for an extended period of time. Alternatively, a gas can be used to remove the 

bulk water from between the particles, followed by a water miscible solvent to 

remove water from the pores of the material. In Table 3.3, the recoveries for the 

EPA Method 525.1 analytes were compared for samples eluted with a water 

miscible solvent versus a water immiscible solvent. It can be seen from the data 

the improvement in recoveries was significant, with the average for the 

immiscible solvent being 63% versus 82% for the water miscible case, and a 

standard deviation being 5%. 



Table 3.3: EPA Method 525.1 analyte % recoveries for 1/2 
min. versus 10 min. drying times 

1/2 10 Std 
COMPOUND min min Dev 

1 hexachlorocyciopentadiene 52 78 3 
2 dimethylphthalate 89 105 2 
3 acenaphthalene 89 102 4 
4 acenaphthene-d 10 IS 100 IS 
5 2-chlorobiphenyI 83 95 4 
6 diethylphthalate 94 109 2 
7 fluorene 87 102 4 
8 2,3-dichIorobiphenyi 78 90 5 
9 hexachlorobenzene 71 69 8 
10 simazine 75 82 1 
11 atrazine 111 115 4 
12 pentachlorophenol 226 177 29 
13 lindane 86 104 2 
14 phenanthrene-dlO IS 100 IS 
15 phenanthrene 81 99 4 
16 anthracene 78 84 4 
17 2,4,5-trichIorobiphenyl 76 75 7 
18 alachlor 89 105 1 
19 heptachlor 73 86 7 
20 di-n-butylphthalate 87 104 3 
21 2,2',4,4'-tetrachlorobiphenyl 80 73 7 
22 aldrin 75 69 8 
23 heptachlor epoxide 81 92 4 
24 2,2',3',4,6-pentachlorobiphenyl 84 74 7 
25 gamma-chlordane 81 78 6 
26 pyrene 81 85 5 
27 alpha-chlordane 80 79 6 
28 trans nonachlor 81 78 6 
29 2,2',4,4',5,6'-hexachlorobiphenyl 89 90 8 
30 endrin 104 75 5 
31 butylbenzylphthalate 83 128 4 
32 di(2-ethylhexyl)adipate 96 155 7 
33 benz[a]anthracene 82 88 6 
34 chrysene d-12 IS 100 IS 
35 chrysene 85 89 7 
36 2,2'3,3',4,4',6-heptachlorobiphenyI 89 89 7 



Table 3.3 (continued); EPA Method 525.1 analyte % 
recoveries for 1/2 min. versus 10 min. drying times 

1/2 10 Std 
COMPOUND min min Dev 

37 methoxychlor 66 130 5 
38 2,2',3,3',4,5',6,6'-octachlorobenzene 90 88 7 
39 di(2-ethylhexyl)phthalate 121 119 10 
40 benzo[b]£luoranthene 81 88 7 
41 ben2o[k]fluoranthene 81 81 8 
42 benzo[a]pyrene 72 59 7 
43 perylene-dl2 92 76 1 
44 indeno[l,2,3,c,d]pyrene 67 69 7 
45 diben2[a,h]anthracene 66 70 7 
46 benzorg,h,i]perylene 71 71 7 

Average; 82 82 5 



115 

Conclusions 

It has been shown that the drying times for bonded phases vary 

significantly, depending on the chain length of the hydrocarbon phase used for 

bonding and the type of silica used. For material that has been bonded with 

short hydrocarbon chains (e.g., C2), drying times are significantly longer than 

those for silica bonded with long hydrocarbon chains (e.g., CI8). These results 

are consistent with the idea that a surface such as C2 is very polar due to easily 

accessible silanol groups, and that the impact from this more polar surface is to 

impart a higher degree of structure on the water in the near surface region. The 

silanol groups on a C18 surface are buried under the long hydrocarbon chains, 

which makes this bonded phase the least polar of the modified silicas, having the 

least abihty to organize water in the near surface region. 

An investigation into the impact of particle size distribution has shown 

that a wide particle size distribution and the presence of fines in the sorbent bed 

can result in the channeling of flow. When channeling occurs, an increase in the 

time requirement for drying results. Impacts may also be seen on conditioning, 

loading, rinsing, and elution steps. 

Additionally, it has been shown that water can interfere with the 

extraction of analytes when a solvent that is not water miscible is used for the 
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elution. A water miscible solvent can be used to chemically dry a silica surface 

and elute the analytes, resulting in improved recoveries. 
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CHAPTER 4 

INVESTIGATION INTO FACTORS IMPACTING SURFACE/ANAL YTE 

INTERACTIONS 

Introduction 

One of the factors that can have an impact on surface-analyte interactions 

is the composition of the matrix. The characteristics of the sample matrix can be 

altered by pretreating the sample. The goal of sample pretreatment is to optimize 

recoveries by minimizing analyte-matrix interactions during sample loading, 

while optimizing analyte sorbent interactions. A sample can be pretreated in a 

number of ways. 

One important step in sample pretreatment has been shown to be the 

addition of an organic solvent.'^ After the surface of the silica is conditioned, it 

is necessary to maintain an active surface during sample loading. If large 

volumes of an aqueous sample are loaded, water can remove die organic solvent 

molecules that are solvating the bonded phase, keeping the surface active. This 

results in the coUapse of the hydrocarbon chains. With the addition of a low 

concentration (-0.5%) of organic solvent, such as methanol or isopropyl alcohol, 

the depletion of organic solvent that is associated with the hydrocarbon chains 

can be prevented, and the surface of the sorbent wiU remain active. In this 
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chapter it will be shown that the addition of an organic solvent can also be 

important for ensiiring that the analytes remain free and available for interaction 

with the sorbent, helping to ensm-e that analyte sorbent interactions are 

maximized. 

The elution solvent may be considered to be the matrix during an elution 

step. During the elution step, it is important to optimize analyte-matrix 

interactions. This chapter will discuss the impact of the nature of the elution 

solvent on the interactions between the analyte and surface by describing 

experiments that utilize a broad range of analytes as a probe set to determine the 

impact of a variety of solvent systems. 

Another factor that can impact the degree of interaction between the 

analyte and surface is sample loading rate. It is important to allow adequate 

contact time between the surface and the analyte in order for retention to occur. 

For non-ionizable species it is recommended that a loading rate of 5 to 10 mL 

per minute not be exceeded for a 1 mL, 100 mg sorbent bed.^^ Five mL per 

minute represents a linear velocity of 0.42 cm/sec and a residence time of 1.9 

seconds. It is expected that these values will vary, depending on the uniformity 

of sorbent particle sizes, as discussed in Chapter 3. In this chapter a broad range 

of non-ionizable species is extracted at different loading rates to determine the 

impact on analyte recovery. 
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Experimental 

Reagents and Chemicals 

1ST ISOLUTE® solid phase extraction colmnns were obtained from Jones 

Chromatography, Denver, Colorado, and used to perform extractions. Extraction 

columns contained either one gram or half gram of modified silica sorbent or 

200 mg polystyrene divinylbenzene (ISOLUTE ENV+*). Pesticide standards 

were purchased from Ultra Scientific (Kingston, Rhode Island) at a concentration 

of 100 mg/mL and prepared in acetone by diluting 100 fold. An intemal 

standard of acenaphthene-dlO, chrysene-dl2, phenanthrene-dlO, with perylene-

dl2 as the surrogate, was prepared in acetone by dilution of a 500 mg/mL 

solution by 50 fold. A series of five calibration standards were prepared in 

acetone at concentrations of 0.5, 1.0 , 1.5, 2.0, and 2.5 mg/mL with a constant 

intemal standard concentration of 5.0 mg/mL. A 2.0 mL spike was used to 

fortify reagent water. Methanol, acetone, isopropyl 'alcohol, and ethyl acetate 

solvents were B&J Brand (Burdick and Jackson) and certified for Pesticide 

Residue Analysis. 
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Apparatus and Equipment 

Solid Phase Extraction 

Solid phase extraction was performed on a Tekmar-Dohnnann 

AutoTrace™ SPE Workstation (Cincinnati, Ohio). This is a six position 

cartridge unit having five solvent reservoirs capable of supplying any of the 

cartridges with up to ten mL of solvent per step. In addition, there is a gas train 

for cartridge drying and six position rack to hold the collection tubes. 

Gas Chromatography 

Gas Chromatography was performed on a Hewlett Packard Model 5890 

(Palo Alto, California) equipped with an HP 7673 auto sampler and a mass 

spectrometer. Separations were performed on a DB5-ms 30 meter x 0.25 mm 

i.d. fiised silica capillary column coated with a 0.25 mm immobilized film (J&W 

Scientific, Folsom, California). The injector was held at 280 °C and the transfer 

line at 315 °C. Sample volumes of two mL were injected by the autosampler 

into the injection port with a double taper liner. 

Mass Spectrometry 

The mass spectrometer was a Hewlett Packard Model 5971 quadrupole 

detector with a computerized data system. The computer interface (HP 
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ChemStatioa) acquired, stored, and output mass spectral data. The computer 

software integrated the abundance of specific ions and calculated response 

factors based on a calibration curve. 

GC-MS Analysis of Analytes 

An aliquot of two mL of each caUbration standard or sample extract was 

analyzed by GC-MS. The GC was temperature programmed at an initial 

temperature of 60 °C and held for one minute, increased by 30 °C /min. to 130 

°C, 12 °C /min. to 290 °C, and held at 310 °C for three min. Data for each set of 

conditions in this study were obtained by extracting three replicate samples, each 

injected three times for GC-MS analysis. 

Solid Phase Extraction of 525.1 Analytes from Water 

Water samples were fortified with 2.0 mL spikes of 1 mg/mL target 

analytes. Forty milligrams of sodium sulfite were added to each sample to 

prevent oxidation of analytes. Samples were acidified with approximately 2 mL 

of 6 M HCl to a pH between 1.9 and 2.1. Five mL of methanol was added to 

the sample as a wetting agent The extraction was performed on the AutoTrace™ 

using bonded silica sorbents. The sorbents were conditioned with five mL of 

methanol and rinsed with 10 mL of reagent water. One liter samples were 
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loaded onto die column a loading rates ranging &om 8.3 to 30 mL per minute. 

The sample bottle was rinsed with 5 mL acetone and diluted with 45 mL reagent 

water, acidified to pH=2. This botde rinse was then loaded directly onto the 

extraction cartridge. Colunms were rinsed with 10 mL of water and dried for 

one minute with nitrogen, set at 20 psig at die AutoTrace™ (4.2 L/min.). 

Analytes were eluted with two portions of 2 mL volumes of acetone/ethyl acetate 

3:1 into 16x100 mm collection tubes. Collection tubes were placed in a heating 

block held at 35 °C and concentrated to between 2.5 and 3.0 mL under a gentle 

stream of nitrogen. 

Solid Phase Extraction of PCBs fi^om Water 

Water samples were fortified with two mL spikes of one mg/mL target 

analytes and acidified with HCl to a pH between 1.9 and 2.0. Polystyrene 

divinylbenzene sorbent beds were conditioned with two x four mL volumes of 

tetrahydrofuran (THF), with a four minute soak step between elution volumes, 

followed by ten mL of reagent water. One liter samples were loaded onto a 

polystyrene divinylbenzene column in a half hour time period. The sample 

botde was rinsed with 5 mL acetone and diluted with 45 mL reagent water, 

acidified to pH between 1.9 and 2.1. This bottle rinse was then loaded directly 

onto the extraction cartridge. Columns were rinsed with 10 mL of water and 
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dried for 20 minutes with nitrogen set at 20 psig at the AutoTrace™ (4.2 L/min.). 

Analytes were eluted using two x 2 mL volumes of THF into 16x100 mm 

collection tubes. 
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Discussion 

Impact of Wetting Agent 

A series of experiments were performed to study the impact on analyte 

retention of increasing the concentration of wetting agent in an aqueous sample. 

It can be seen in Table 4.1 that the results obtained for EPA Method 525.1 

analytes vary for different types of compounds as the concentration of wetting 

^ent is increased. For smaller and more polar compounds, such as 

dimethylphthalate, diethylphthalate, simazine, and atra2dne, the recoveries 

decreased significantly as the concentration of wetting agent increased, 

averaging 93% recovery at 0.5% isopropanol, and dropping to an average of 12% 

recovery at a concentration of 20% isopropanol. This behavior is consistent with 

what would be predicted since, as the matrix becomes more organic, it competes 

with the surface for analytes that are strongly dependent on hydrophobic 

interactions for retention. 

For compounds that are eluted in the middle of the chromatographic run, 

which tend to be of moderate size and/or polar character, there was very little 

impact on recoveries as the concentration of organic solvent was increased from 

0.5 to 20%. The average recovery for this group of compounds over the range of 

concentrations tested was 79%, with a standard deviation of 3%. 
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Table 4.1: Impact of increased isopropanol concentration onanalyte % recoveries 
COMPOUND % IP A: 0.5 I 2.5 5 10 20 

1 hexachlorocyclopentadiene 55 72 69 76 72 71 
2 dimethylpht^ate 95 24 61 7 1 4 
3 acenaphthalene 96 94 94 100 97 92 
4 acenaphthene-dlO - - - - - -

5 2-chlorobiphenyl 87 88 87 91 85 85 
6 diethylphthalate 100 100 100 70 7 27 
7 fluorene 91 90 91 91 85 85 
8 2,3-dichlorobiphenyl 74 71 74 79 85 71 
9 hexachlorobenzene 62 65 66 72 74 66 
10 simazine 77 29 67 18 0 6 
11 atrazine 100 60 85 20 26 10 
12 pentachlorophenol - - - - - -

13 lindane 93 86 81 86 85 90 
14 phenanthrene-dlO - - - - - -

15 phenanthrene 79 79 83 81 91 77 
16 anthracene 74 74 77 75 75 73 
17 2,4,5-trichlorobiphenyl 63 69 67 77 80 70 
18 alachlor 93 100 100 93 82 93 
19 heptachlor 67 86 83 83 91 83 
20 dl-n-butylphthalate 90 90 99 105 99 87 
21 2,2',4,4'-tetrachlorobiphenyl 68 67 65 79 84 73 
22 aldrin 66 71 67 77 83 69 
23 heptachlor epoxide 79 71 71 99 100 81 
24 2,2',3',4,6-pentachlorobiphenyI 73 79 25 80 87 78 
25 gamma-chlordane 75 74 75 66 87 83 
26 pyrene 73 70 73 75 84 79 
27 alpha-chlordane 75 74 76 76 85 82 
28 trans nonachlor 75 74 74 72 86 83 
29 2,2',4,4',5,6'-hexachlorobiphenyl 84 75 74 92 91 76 
30 endrin 64 100 100 95 93 91 
31 butylbenzylphthalate 90 100 100 100 100 87 
32 di(2-ethylhexyl)adipate 100 100 100 100 100 85 
33 benz[a]anthracene 79 74 72 87 86 76 
34 chrysene d-12 - - - - - -

35 chrysene 82 74 73 79 78 80 
36 2,2'3,3',4,4',6-heptachlorobiphenyl 84 74 74 91 93 80 
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Table 4.1 (continued) 
Impact of increased isopropanol concentration on analyte % recoveries 

COMPOUND % IPA: 0.5 1 2.5 5 10 20 
37 metho^Q'chlor 79 95 94 93 100 80 
38 2,2',3,3',4,5',6,6'-octachlorobiphenyl 84 74 73 96 100 79 
39 di(2-ethylhexyi)phthalate 83 95 92 100 100 91 
40 benzo[b]fluoranthene 79 74 74 86 84 84 
41 benzo[k]fluoranthene 77 75 72 83 80 82 
42 ben2o[a]pyrene 69 72 70 88 84 76 
43 perylene-dl2 90 100 100 100 100 98 
44 indeno[l,2,3,c,d]pyrene 63 79 79 83 69 85 
45 dibenz[a,h]anthracene 65 85 82 78 60 73 
46 beiizo[g,h,ilperyIene 66 78 75 83 80 77 

Avg: 79 78 79 80 79 74 
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In the case of the later eluting compounds, which are the larger and more 

hydrophobic analytes, recoveries improved as the concentration of organic 

solvent was increased in the sample matrix. The average recovery for the 

compoimds ranging from compound number 39 [di(2-ethylhexyl)phthalate] to 

compound number 46 {benzo[g,h,i]peryIene} in Table 4.1 increased from 73% 

at a concentration of 0.5% IPA to 82% at a concentration of 20% IPA. The fact 

that the recoveries improved for the more hydrophobic analytes at higher 

concentrations of solvent could not be attributed strictly to maintaining an active 

silica surface, since 0.5% methanol is adequate for this purpose." It would be 

expected that analytes with more hydrophobic character would be well retained 

on a C18 surface when extracted from an aqueous, or even partially aqueous 

matrix. As the concentration of organic solvent is increased in the sample, the 

analytes themselves are better solvated and can be more easily eluted from a C18 

surface. 

The experiment of increasing the concentration of organic solvent in the 

sample was repeated, using polychlorinated biphenyls as the probe set and 200 

mg of polystyrene divinylbenzene as the sorbent. Polystyrene divinylbenzene 

differs from bonded silica, in that the surface does not need to be conditioned 

with an organic solvent to remain active. Therefore, any effect from the addition 

of organic solvent to the sample must be due to an impact on the analytes rather 



128 

than on the sorbent The recoveries of polychlorinated biphenyls from water at a 

concentration of 2.0 PPB are shown in Table 4.2. The average absolute recovery 

at this concentration was 88%. Another set of samples was spiked to a 

concentration of 10.0 PPB. As the samples were extracted, the effluent water 

was collected and subsequently re-extracted using methylene chloride in a 

liquid-liquid extraction procedure. The data from the solid phase extraction and 

liquid-liquid extraction is presented in Table 4.3. For the earlier eluting 

compounds (2-chlorobiphenyl, 2,3-dichlorobiphenyl, and 2,4,5-

trichlorobiphenyl), the average breakthrough was eleven percent. For the later 

eluting compounds (2,2',4,4',5,6-hexachlorobiphenyl, 2,2',3,3',4,4',6-

heptachlorobiphenyl, and 2,2',3,3',4,5,6,6'-octachlorobiphenyl), the average 

breakthrough was 52%. And so it can be seen that, as the analytes become larger 

and more hydrophobic in character, the tendency for breaking through the 

extraction cartridge increases. The PCB extraction at ten PPB was repeated 

using increasing concentrations of IPA as the wetting agent. The phenomenon 

that was observed was the same as that seen with die EPA Method 525.1 

analytes, where the recoveries of more hydrophobic analytes improved as the 

concentration of IPA was increased. The improvement in recoveries for these 

anal5^es was observed for EPA concentrations as high as 30% (Table 4.4), where 

the average recovery was 97%, dropping to 66% at an IPA concentration of 40%. 



Table 4.2: 
Absolute recoveries of PCBs at 2 ppb 
Compound % Recovery 
2-chlorobiphenyl 93 
2,3-dichlorobiphenyl 94 
2,4,5-trichlorobiphenyl 90 
2,2',4,4'-tetrachlorobiphenyl 89 
2,2',3,4,6-pentachlorobiphenyl 89 
2,2',4,4',5,6-hexaclilorobiphenyl 86 
2,2',3,3*,4,4',6-heptachlorobiplienyl 82 
2,2',3,3 ',4,5,6,6*-octachlorobiphenyl 79 

Avg: 88 

Table 4.3: 
Absolute recoveries of PCBs at 10 ppb 
Compound SPE Liq-Liq Sum 
2-chlorobiplienyl 88 24 112 
2,3-dichlorobiphenyl 89 4 93 
2,4,5-trichlorobiphenyl 82 5 87 
2,2',4,4'-tetrachlorobiphenyl 76 16 92 
2,2',3,4,6-pentachlorobiphenyl 73 26 99 
2,2',4,4',5,6-hexachlorobiphenyl 58 47 104 
2,2',3,3',4,4',6-heptachlorobiphenyl 51 54 105 
2,2',3,3 ',4,5,6,6'-octachlorobiphenyl 47 55 103 
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The experiment was repeated using methanol as the wetting agent, and from 

Table 4.5 it can be seen that recoveries for larger compomids do not decrease 

mitil the concentration of methanol is increased to 70%, where the average 

recovery dropped to 55% from 97% at a methanol concentration of 50%. 

As the concentration of less water soluble compounds is increased, there 

is a tendency for the analytes to agglomerate. This behavior becomes more 

apparent for the later eluting analytes, since these are also the compounds that 

are less soluble in water. The earliest eluter, 2-chlorobiphenyl, has a solubility 

of 5.9 PPM'^. a compound such as 2,2',4,4'-tetrachlorobiphenyl, which elutes 

at an intermediate time, has a solubility of 0.068 PPM, while 

octachlorobiphenyls have solubilities below 0.001 PPM'^. The efficiency of 

solid phase extraction is dependent on the availability of a large surface area of 

the sorbent, which is provided by very porous material. When the size of an 

agglomerated analyte exceeds the size of the pores that are available, the 

agglomeration can no longer diffuse into the pores. Retention is greatly reduced, 

since the effective surface area is significandy reduced (from 1100 square meters 

to approximately 0.1 square meters). When an organic solvent is added, the 

compounds become better solvated, and the formation of agglomerations is 

reduced. The molecular compounds are then able to diffiise into the pores, and 

the effective surface area is increased. 
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Table 4.4: 
Absolute recoveries of PCBs at 10 ppb with increasing 
concentration of isopropyl alcohol 
Compound % IPA: 10 20 30 40 
2-chlorobiphenyl 104 112 83 44 
2,3-dichlorobiphenyl 100 104 90 52 
2,4,5-trichlorobiphenyl 96 104 99 73 
2,2',4,4'-tetrachlorobiphenyl 98 105 100 75 
2,2',3,4,6-pentachlorobiphenyl 98 106 95 64 
2,2',4,4',5,6-hexachlorobiphenyl 89 106 104 80 
2,2',3,3',4,4',6-heptachlorobiphenyl 83 106 102 75 
2,2',3,3',4,5,6,6'-octachlorobiphenyl 74 104 100 66 

Avg: 93 106 97 66 

Table 4.5: 
Absolute recoveries of PCBs at 10 ppb with increasing 
concentrations of methanol 
Compound % MeOH: 0 10 20 30 50 70 
2-chlorobiphenyl 98 96 92 96 86 0 
2,3-dichlorobiphenyl 96 100 97 97 95 30 
2,4,5-trichlorobiphenyl 86 92 94 94 97 64 
2,2',4,4'-tetrachlorobiphenyl 79 85 95 95 97 58 
2,2',3,4,6-pentachlorobiphenyl 74 82 93 94 100 50 
2,2',4,4',5,6-hexachlorobiphenyl 62 71 87 90 100 76 
2,2',3,3',4,4',6-heptachlorobiphenyl 56 60 75 90 100 81 
2,2',3,3',4,5,6,6'-octachlorobiphenyl 51 54 71 88 100 78 

Avg: 75 80 88 93 97 55 
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Impact of Elution Solvent 

It was demonstrated in the previous section that the matrix can have an 

impact on analyte-surface interactions. When eluting an analyte from the 

sorbent, the elution solvent can be viewed as the matrix, where now it is 

important to maximize analyte-matrix interactions. This section will consider 

the impact of the composition of the elution solvent on analyte recovery. 

A suitable solvent will preferably have a low viscosity, be readily 

available in a pure form, and have low flammability and toxicity. Important 

properties are strength and selectivity.^' Since analytes may be retained by 

multiple interaction, a good solvent will offer multiple interactions to disrupt the 

retention mechanisms. 

The EPA Method 525.1 analytes were used as probes, which have a broad 

range of analyte characteristics. A variety of solvents was tested, both as pure 

and as mixed solvents as shown in Table 4.6. Two elutions per column were 

performed, as described in the experimental section. It can be seen from the data 

that the average recovery for elution solvents one through four in Table 4.6 is 

69%. In each case, the elution was performed using a pure solvent for both 

elution steps, although the solvent wasn't necessarily the same for each step. 

Elutions 5-13 were done with mixed solvents, with the average recovery being 

79% and a standard deviation of 5%, From these results it can be seen that the 



Table 4.6: Comparison of % recoveries from various elution solvents (1-13) 
COMPOUND 1 2 3 4 5 6 7 8 9 10 11 12 13 

1 hexachlorocyclopentadiene 27 43 45 44 84 67 81 70 55 51 48 55 66 
2 dimethylphthalate 68 114 90 97 123 135 119 98 70 82 83 101 97 
3 acenaphthalene 88 99 89 89 91 94 94 92 61 74 77 94 95 
4 acenaphthene-dlO IS IS IS IS IS IS IS IS IS IS IS IS IS 
5 2-chlorobiphenyl 83 85 81 82 83 86 88 84 58 69 71 89 88 
6 diethylphthalate 97 115 110 101 102 111 107 99 74 84 84 100 98 
7 fluorene 83 91 81 86 86 94 93 88 61 74 74 89 92 
8 2,3-dichlorobiphenyl 63 72 68 75 69 75 80 74 57 69 64 78 86 
9 hexachlorobenzene 44 50 50 60 56 56 69 64 50 62 56 58 67 
10 simazine 11 101 114 82 170 165 148 103 114 95 103 93 88 
11 atrazine 24 104 114 83 129 128 119 105 107 98 101 78 110 
12 pentachlorophenol 
13 lindane 155 125 121 97 94 92 97 95 76 83 82 93 96 
14 phenanthrene-dlO IS IS IS IS IS IS IS IS IS IS IS IS IS 
15 phenanthrene 75 87 76 80 73 76 85 80 64 74 71 81 90 
16 anthracene 73 66 69 73 68 66 78 73 60 70 62 71 78 
17 2,4,5-trichlorobiphenyl 56 50 54 63 62 59 71 61 53 63 55 62 70 
18 alachlor 90 104 102 98 106 95 97 98 96 92 93 96 95 
19 heptachlor 64 57 53 78 74 70 74 72 63 70 58 61 75 
20 di-n-butylphthalate 88 91 95 84 98 89 95 91 92 89 86 87 93 
21 2,2',4,4'-tetrachlorobiphenyl 55 49 50 62 67 62 70 60 60 67 57 65 69 
22 aldrin 53 53 53 64 66 57 69 63 54 64 55 59 65 
23 heptachlor epoxide 79 79 76 79 84 78 81 84 78 80 76 74 83 
24 2,2',3",4,6-pentachlorobiphenyl 55 52 51 64 71 61 72 64 67 73 62 61 71 
25 gamma-chlordane 61 58 55 69 78 65 76 71 74 76 66 66 73 
26 pyrene 69 64 61 69 75 68 78 71 76 79 69 69 76 
27 alpha-chlordane 61 59 59 70 77 65 76 72 75 77 67 66 74 
28 trans nonachlor 58 58 60 68 77 64 75 70 74 77 65 64 72 



Table 4.6 (continued): Comparison of % recoveries from various elution solvents 
COMPOUND I 2 3 4 5 6 7 8 9 10 11 12 13 

29 2,2',4,4',5,6'-hexachlorobiphenyl 54 51 46 61 73 60 71 66 72 75 63 66 79 
30 endrin 44 32 33 43 66 63 67 57 66 64 51 52 67 
31 butylbenzylphthalate 113 89 124 82 97 85 94 90 105 93 87 71 97 
32 di(2-ethylhexyl)adipate 53 64 75 78 98 89 96 102 100 88 79 77 262 
33 benz[a]anthracene 57 57 52 64 76 70 79 69 77 79 66 64 73 
34 chrysene d-12 IS IS IS IS IS IS IS IS IS IS IS IS IS 
35 chrysene 58 59 50 63 78 71 79 70 78 78 68 73 76 
36 2,2'3,3',4,4',6-heptachlorobiphenyl 53 58 48 63 75 69 78 100 118 100 92 74 80 
37 methoxychlor 69 64 53 94 117 107 102 68 75 76 66 64 84 
38 2,2',3,3',4,5',6,6'-octachlorobenzene 55 58 47 62 74 69 77 68 74 76 66 74 79 
39 di(2-ethylhexyl)phthalate 74 100 94 90 100 132 122 85 101 108 104 72 94 
40 benzo[b]fluoranthene 52 57 50 66 80 73 83 71 82 82 68 67 71 
41 benzo[k]fluoranthene 57 57 47 62 79 71 79 67 79 78 65 65 67 
42 benzo[a]pyrene 46 53 44 58 75 67 77 65 77 76 62 53 49 
43 perylene-dl2 93 101 100 97 104 102 101 98 103 100 98 87 87 
44 indeno[l,2,3,c,d]pyrene 46 55 43 62 80 73 82 73 85 78 61 64 54 
4S dibenz[a,h]anthracene 35 50 41 60 83 75 67 72 84 74 59 43 54 
46 benzore,h,i1pervlene 37 57 44 61 79 72 79 72 82 75 61 56 55 

Avg; 64 71 68 73 86 81 86 79 77 78 71 72 83 
Solvent # First Elution ; Second Solvent # First Elution; Second 

1 MeCl same 8 EtAc/Ace 1:3 same 
2 EtAc MeCl 9 Ace/EtAc/IPA 3:1:1 same 
3 EtAc MeOH 10 EtAc / Toluene 9:1 same 
4 EtAc Acetone 11 Acetone / Toluene 9:1 same 
5 Et Ac/Ace 1:1 same 12 Acetone / Pentane 4:1 same 
6 EtAc/Ace 1:1 IPA 13 Ace / Pentane / EtAc 7:2:1 same 
7 EtAc/Ace 4; 1 same 
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highest recoveries were obtained when mixed solvents were used, as compared 

to pure solvents. This is consistent with our picture of the mechanisms by which 

analytes are retained on the surface of the silica. Since compounds may be 

retained through multiple interactions, analyte elution can be optimized by 

interrupting those interactions with a solvent system that can solvate the analyte 

using multiple interactions. If a very polar elution solvent is used, analytes can 

be retained through hydrophobic interactions with the bonded phase. If a non-

polar solvent is used, analytes can be retained through interactions with silanol 

groups on the silica surface. This is similar in concept to observations made for 

the solid phase extraction of Total Oil and Grease (Chapter 2), where stearic acid 

was retained during a hexane elution, but eluted efficiently with a mixture of 

hexane and THF. 

Solvents five, seven, and eight in Table 4.6 were mixtures of ethyl acetate 

and acetone in ratios of 3 to I, I to 1, and I to 3, respectively. The average 

recovery for each was 86, 86, and 79 percent, with a relative standard deviation 

of 5%. Therefore it can be noted that relative concentrations of the mixed 

solvents are not critical for this solvent combination. For achieving lower 

detection limits, however, the flection of water miscible solvent should be 

considered with respect to the limit to which the solvent can be concentrated (as 

discussed in Chapter 3). 
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Impact of Loading Rate 

An important aspect of solid phase extraction is the amount of contact 

time that an analyte is allowed with the sorbent. A sufficient amount of time is 

required for an interaction to occur. For non-ionizable species it is 

recommended that a loading rate of 5 to 10 mL per minute not be exceeded for a 

1 mL, 100 mg sorbent bed.^' Five mL per minute represents a linear velocity of 

0.42 cm/sec and a residence time of 1.9 seconds. For a 100 mg column, having a 

bed height of eight millimeters, there is an estimated residence time of 0.19 

seconds. At high flow rates, non-equilibrium conditions may exist, resulting in 

lower partition coeficients. In EPA Method 525.1, it is required that a one liter 

sample be loaded over a 2 hour time period, or 8.3 mL per minute. Through a 

six mL cartridge, having a diameter of one centimeter, this results in a linear 

velocity of 1.8 cm/sec and a residence time of 0.69 seconds for a bed height of 

12 mm. Figure 4.1 shows how crossectional area varies with the size of the 

extraction tube and the corresponding impact on linear velocity. As the 

crossectional area increases, the effective velocity of the solvent decreases for a 

given loading rate. A series of loading rate studies were performed. It can be 

seen from the data (Table 4.7) that, as the loading rate was increased from 5 to 
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Figure 4.1: Impact of Crossectional Area 
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Table 4.7 : EPA Method 525.1 analyte recoveries at various loading rates 
COMPOUND mL/min: 8 15 25 30 

1 hexachiorocyclopentadiene 43 53 45 66 
2 dimethyiphthalate 100 100 99 100 
3 acenaphthalene 99 95 92 100 
4 acenaphthene-dlO I n t e r n a l  S t a n d a r d  
5 2-chlorobiphenyl 85 83 82 94 
6 diethylphthalate 100 97 97 100 
7 fluorene 91 83 84 93 
8 2,3-dichIorobiphenyl 72 69 62 77 
9 hexachlorobenzene 50 57 49 60 
10 simazine 100 86 87 93 
11 atrazine 100 86 90 97 
12 pentachlorophenol - - - -

13 lindane 100 99 97 100 
14 phenanthrene-dlO I n t e r n a l  S t a n d a r d  
15 phenanthrene 87 88 83 88 
16 anthracene 66 72 68 76 
17 2,4,5-trichlorobiphenyI 50 66 55 64 
18 alachlor 100 98 100 100 
19 heptachlor 57 77 63 71 
20 di-n-butylphthalate 91 90 85 86 
21 2,2',4,4'-tetrachlorobiphenyI 49 70 55 61 
22 aldrin 53 70 57 62 
23 heptachlor epoxide 79 86 75 83 
24 2,2',3',4,6-pentachlorobiphenyl 52 75 59 64 
25 gamma-chlordane 58 79 63 70 
26 pyrene 64 77 66 74 
27 alpha-chlordane 59 78 65 71 
28 trans nonachlor 58 78 62 68 
29 2,2',4,4',5,6'-hexachlorobiphenyl 51 74 56 60 
30 endrin 32 41 50 48 
31 butylbenzylphthalate 89 87 77 85 
32 di(2-ethylhexyl)adipate 64 85 84 87 
33 ben2[a]anthracene 57 82 63 66 
34 chrysened-12 I n t e r n a l  S t a n d a r d  
35 chrysene 59 81 62 64 
36 2,2'3,3',4,4',6-heptachlorobiphenyI 58 83 64 61 
37 methoxychlor 64 100 71 86 
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Table 4.7 (continued): EPA Method 525.1 analyte recoveries at various loading rates 
COMPOUND tnL/min: 8 15 25 30 

38 2,2',3,3',4,5',6,6'-octachlorobenzene 58 82 64 61 
39 di(2-ethylhexyl)phthalate 100 99 117 100 
40 benzo[b]fluoranthene 57 86 63 68 
41 benzo[k]fluoranthene 57 83 60 65 
42 benzo[a]pyrene 53 81 57 64 
43 perylene-dl2 100 100 95 100 
44 indeno[l,2,3,c,d]pyrene 55 88 57 66 
45 diben2[a,h]anthracene 50 85 53 62 
46 benzofg,h,ilperylene 57 87 57 65 

Avg: 70 82 71 77 
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30 mL per minute, there was no significant impact on analyte recoveries, with 

the average overall recovery at 5 mL per minute being 70%, versus 77% 

recovery for a loading rate of 30 mL per minute. A flow rate of 30 mL per 

minute for a six mL cartridge and one gram sorbent bed results in a residence 

time of 0.1 seconds. Two cartridges were stacked in series to determine if 

analytes were breaking through at the higher flow rate. After loading the 

samples, the cartridges were separated, and the bottom cartridge was eluted to 

determine if analytes had broken through the top cartridge. The results are 

shown in Table 4.8, where the average overall recovery for the analytes fell 

below the detection limit. This experiment demonstrates that even at a flow rate 

of thirty mL per minute, significant breakthrough does not occur. 

The data suggest that for analytes retained primarily through hydrophobic 

interactions, a significant increase in loading rate is possible. This difiers from 

the extraction of ionic species, where the analytes can be surrounded by a 

solvent sphere, hindering the interaction of analytes with the sorbent surface. 



Table 4.8: EPA Method 525.1 analyte breakthrough at 30 mL per minute loading 

COMPOUISJD AVG SID 
DEV 

I hexachlorocyclopentadiene 0 0 
2 dimethylphthalate 1 0 
3 acenaphthalene 0 0 
4 acenaphthene-dlO IS IS 
5 2-chlorobiphenyl 0 0 
6 diethylphthalate 0 0 
7 fluorene 0 0 
8 2,3-dichlorobiphenyl 0 0 
9 hexachlorobenzene 1 1 
10 simazine 2 0 
11 atrazine 0 0 
12 pentachlorophenol - -

13 lindane 0 0 
14 phenanthrene-dlO IS IS 
15 phenanthrene 0 0 
16 anthracene 0 0 
17 2,4,5-trichlorobiphenyl 1 0 
18 alachlor 0 0 
19 heptachlor 0 0 
20 di-n-butylphthalate 0 0 
21 2,2',4,4'-tetrachlorobiphenyl 1 0 
22 aldrin 0 0 
23 heptachlor epoxide 0 0 
24 2,2',3',4,6-pentachIorobiphenyl 1 0 
25 gamma-chlordane 0 0 
26 pyrene 0 0 
27 alpha-chlordane 0 0 
28 trans nonachlor 0 0 
29 2,2',4,4',5,6'-hexachlorobiphenyl 1 0 
30 endrin 0 0 
31 butylbenzylphthalate 0 0 
32 di(2-ethylhexyl)adipate 1 0 
33 benz[a]anthracene 0 0 
34 chrysened-12 IS IS 
35 chrysene 0 0 
36 2,2'3,34,4', 6-heptachlorobiphenyl 1 0 
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Table 4.8 (continued); EPA Method 525.1 analyte breakthrough at 30 mL per minute 
loading 

COMPOUND AVG STD 
DEV 

37 methoxychlor 0 0 
38 2,2',3,3',4,5',6,6'-octachlorobenzene 1 0 
39 di(2-ethylhexyl)phthalate 2 0 
40 ben2o[b]fluoranthene 1 0 
41 benzo[k]fluoranthene 0 0 
42 benzo[a]pyrene 0 0 
43 perylene-dl2 (surrogate) 93 2 
44 indeno[l,2,3,c,d]pyrene 4 0 
45 dibenz[a,h]anthracene 4 0 
46 benzorg,h,i]perylene 4 0 

Avg: 1 3 
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Conclusions 

It has been demonstrated that one of the factors that can have an impact 

on surface-analyte interactions is the composition of the matrix. The 

characteristics of the sample matrix were altered by pretreating the sample by the 

addition of an organic solvent. It has been shown that the addition of an organic 

solvent is important for ensuring that the analytes remain free and available for 

interaction with the sorbent by preventing the formation of agglomerations, 

thereby allowing analytes to remain as molecular species. This was 

demonstrated by quantifying the breakthrough of a set of hydrophobic analytes 

through an extraction cartridge. The most hydrophobic species were those that 

experienced the greatest breakthrough. As the concentration of organic solvent 

increased, retention on the extraction cartridge improved. This experiment 

demonstrated that the organic fraction could solvate the agglomerated analytes, 

rendering them as molecular species, which could diffuse into the pores of the 

sorbent and allow interaction with the surface. 

In this chapter the impact of the nature of the elution solvent on the 

interactions between the analyte and surface was observed by extracting a broad 

range of analytes and eluting with a variety of solvent systems. It was 

demonstrated that analytes capable of being retained through multiple 

interactions can be eluted with a solvent system that can offer multiple 
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interactions to disrupt the retention. For this reason, mixed solvents were more 

effective than pure solvents. 

It has been widely believed that the loading rate for solid phase extraction 

be in the order of one to ten mL per minute. A broad range of analytes was 

extracted at loading rates ranging from 8 to 30 mL per minute to determine the 

impact on analyte recovery. It was demonstrated that for non-ionizable species, 

increased loading rates in the range of the automated extraction system did not 

have a negative impact on recoveries. 
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CHAPTERS 

INVESTIGATIONS INTO THE IMPACT OF ANALYTE DIFFUSION ON 

SURFACE INTERACTIONS 

Introduction 

Silica gels are three dimensional polymers of salicylic acid, having a very 

porous structure. The structure of the silica varies with respect to pore size and 

surface area, controlled during the production by pH and ionic strength.^^ The 

presence and dimensions of pores have a significant impact on the surface area 

that is available with which an analyte can interact, dramatically improving the 

efficiency of the extraction. Commercially available silica used in the 

experiments described here is made up of particles that are irregularly shaped, 

have a mean pore size of fifty to sixty angstroms, and surface area of 

approximately 550 m^ per gram. The particle sizes range from 1 to 100 nm, with 

the average being 50 to 60 nm. Experiments in this chapter address the impact 

that the pores have on analyte recoveries due to the dlSusion of molecules into 

and out of the pores. 
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Experimental 

Reagents and Chemicals 

1ST ISOLUTE® solid phase extraction columns were obtained from Jones 

Chromatography, Denver, Colorado, and used to perform extractions. Extraction 

columns contained either one gram or 1/2 gram of modified silica sorbent or 200 

mg polystyrene divinylbenzene (ISOLUTE ENV+®). Pesticide standards were 

purchased from Ulfra Scientific (Kingston, Rhode Island) at a concentration of 

100 mg/mL and prepared in acetone by diluting 100 fold. An internal standard 

of acenaphthene-dlO, chrysene-dl2, phenanthrene-dlO, with and perylene-dl2 

as the surrogate was, prepared in acetone by dilution of a 500 mg/mL solution by 

50 fold. A series of five calibration standards were prepared in acetone at 

concentrations of 0.5, 1.0 , 1.5, 2.0, and 2.5 mg/mL with a constant internal 

standard concentration of 5.0 mg/mL. A two mL spike was used to fortify 

reagent water. Methanol, acetone, isopropyl alcohol, and ethyl acetate solvents 

were B&J Brand (Burdick and Jackson) and certified for Pesticide Residue 

Analysis. 
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Apparatus and Equipment 

Solid Phase Extraction 

Solid phase extraction was performed on a Tekmar-Dohrmann 

AutoTrace™ SPE Workstation (Cincinnati, Ohio). This is a six position 

cartridge unit with five solvent reservoirs and a gas train for cartridge drying. 

Gas Chromatography 

Gas Chromatography was performed on a Hewlett Packard Model 5890 

(Palo Alto, California) equipped with an HP 7673 auto sampler and a mass 

spectrometer. Separations were performed on a DB5-ms 30 meter x 0.25 mm 

i.d. fused silica capillary column coated with a 0.25 mm immobilized film (J&W 

Scientific, Folsom, California). The injector was held at 280 °C and the transfer 

line at 315 °C. Sample volumes of 2 |jL were injected by the autosampler into 

the injection port with a double taper liner. 

Mass Spectrometry 

The mass spectrometer was a Hewlett Packard Model 5971 quadrupole 

detector with a computerized data system. The computer interface (HP 

ChemStation) acquired, stored, and output mass spectral data. The computer 



148 

software integrated the abundance of specific ions and calculated response 

factors based on a calibration curve. 

GC-MS Analysis of Analytes 

An aliquot of 2.0 mL of each calibration standard or sample extract was 

analyzed by GC-MS. The GC was temperature programmed at an initial 

temperature of 60 °C and held for one minute, increased by 30 °C /min. to 130 

°C, 12 °C /min. to 290 °C, and held at 310 °C for three min. Data for each set of 

conditions in this study were obtained by extracting 3 replicate samples, each 

injected three times for GC-MS analysis. 

Solid Phase Extraction of 525.1 Pesticides from Water 

Water samples were fortified with 2.0 mL spikes of one mg/mL target 

analytes. Forty milligrams of sodium sulfite were added to each sample to 

prevent oxidation of analytes. Samples were acidified with approximately 2 mL 

of 6 M HCl to a pH between 1.9 and 2.1 and 5 mL of methanol per liter was 

added to the sample as a wetting agent. The extraction was performed on the 

AutoTrace™ using bonded silica sorbents. Silica sorbents were conditioned with 

5 mL methanol. Cartridges were rinsed with 10 mL of reagent water. One liter 

samples were loaded onto the column over a 33 minute time period. The sample 
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bottle was rinsed with 5 mL acetone and diluted with 45 mL reagent water, 

acidified to pH=2. This botde rinse was then loaded directly onto the extraction 

cartridge. Columns were rinsed with ten mL of water and dried for one minute 

with nitrogen set at 20 psig at the AutoTrace™ (4.2 L/min.). Analytes were 

eluted using two x 2 mL volumes of acetone/ethyl acetate 1:1 into 16x100 mm 

collection tubes. Collection tubes were placed in a heating block held at 35 ®C 

and concentrated to 214 mL under a gentle stream of nitrogen. 
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Discussion 

Impact of Temperature on Analyte Recovery 

The following describes an experiment that was designed to study the 

impact of sample temperature on analyte recoveries during solid phase 

extraction. The EPA Method 525.1 compounds were extracted at room 

temperatm-e (20 °C) as well as at 4 °C. It can be seen from the data (Table 5.1) 

that there is an improvement in the recoveries for analytes extracted at a lower 

temperature. For analytes extracted using an octadecyl phase, average overall 

recoveries improved from 75% when extracted at 20 °C, to 85% when extracted 

at 4 °C. The impact of temperature was less dramatic for analytes extracted on 

C8, where the extraction at 20 °C gave an average recovery of 85% versus 90% 

when extracted at 4 °C. 

The impact of analyte solubility was considered when examining the 

phenomenon of improved recoveries at lower loading temperatures. It is likely 

that the analytes are less soluble at lower temperatures and could therefore be 

more easily extracted. However, when samples were extracted on cartridges 

stacked in series at the elevated temperature, there was no evidence of analyte 

breakthrough (as discussed in Chapter 4). Since lower recoveries can not be 

attributed to analyte breakthrough, this implies that lower temperatures do not 

improve analyte retention. The improvement in recoveries must therefore be 
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Table 5.1: Impact of temperature on recoveries of EPA Method 525.1 analytes 

O
 

00
 

n
 

C8(EC) O
 

00
 3 C18(EC) 

20C 4C 20 C 4C 
1 hexachlorocyclopentadiene 53 85 51 77 
2 dimethylphthalate 83 97 70 81 
3 acenaphthalene 95 94 94 94 
4 acenaphthene-d 10 IS IS IS IS 
5 2-chlorobiphenyI 86 88 87 89 
6 diethylphthalate 113 106 104 100 
7 fluorene 92 88 90 91 
8 2,3-dichlorobiphenyI 74 77 77 80 
9 hexachlorobenzene 63 71 65 70 
10 simazine 61 92 65 68 
11 atrazine 88 102 76 88 
12 pentachlorophenol - - - -

13 lindane 84 101 93 96 
14 phenanthrene-d 10 IS IS IS IS 
15 phenanthrene 80 81 83 84 
16 anthracene 75 77 76 80 
17 2,4,5-trichlorobiphenyI 68 73 70 74 
18 alachlor 109 109 99 104 
19 heptachlor 80 95 71 85 
20 di-n-butylphthalate 109 101 88 104 
21 2,2',4,4'-tetrachlorobiphenyl 76 76 77 77 
22 aldrin 78 78 69 72 
23 heptachlor epoxide 95 93 80 91 
24 2,2',3',4,6-pentachlorobiphenyl 82 81 73 80 
25 gamma-chlordane 89 90 74 86 
26 pyrene 77 78 77 80 
27 alpha-chlordane 90 90 75 86 
28 trans nonachlor 88 90 73 83 
29 2,2',4,4', 5,6'-hexachIorobiphenyl 90 84 70 89 
30 endrin 111 81 69 101 
31 butylbenzylphthalate 113 105 75 96 
32 di(2-ethylhexyl)adipate 104 116 69 95 
33 benz[a]anthracene 80 81 66 84 
34 chrysene d-12 IS IS IS IS 
35 chrysene 78 81 79 83 
36 2,2'3,3',4,4',6-heptachlorobiphenyl 86 85 74 81 



152 

Table 5.1 (continued): Impact of temperature on recoveries of EPA Method 525.1 analytes 
C8(EC) C8(EC) C18(UC) C18(EC) 

20C 4C 20 C 4C 
37 methoxychlor 94 81 75 90 
38 2,2',3,3',4,5',6,6'-octachlorobenzene 91 86 75 88 
39 di(2-ethylhexyl)phthalate 108 115 72 99 
40 benzo[b]fluoranthene 77 85 68 78 
41 benzo[k]fluoranthene 77 86 70 80 
42 benzo[a]pyrene 68 82 57 74 
43 perylene-dl2 95 105 91 91 
44 indeno[ 1,2,3,c,d]pyrene 75 96 73 75 
45 dibenz[a,h]anthracene 76 101 44 77 
46 benzo[g,h,ilperyIene 75 93 63 77 

Ave: 85 90 75 85 
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attributed to an improvement in analyte elution. An explanation is possible by 

considering the impact of temperature on the diffusion rate of analytes. It is 

known that at elevated temperatures, the rate of dififiision of most molecules 

increases. That the diffusion rate of a molecule is a fiinction of temperature and 

is described by Pick's Law, where it is proportional to the square root of 

temperature. Calculating the difference in diffusion rate at 20 °C versus 4 °C, 

gives the following: D293=k x (294)^ D277=k x (277)^ D293 / D277 = 1.13 

It can be therefore estimated that there is an increase in diffusion rate by 13%. 

For those samples extracted at a higher temperature, as the rate of diffusion of 

the molecules is higher, the analytes can diffuse more deeply into the pores of 

the silica. The more deeply the analytes are retained in the pores, the more time 

that is required to allow the molecules to diffuse back out of the pores during the 

elution step (Figure 5.1). This is consistent with experiments described in the 

next section, addressing tiie inclusion of a soak step during analyte elution. 

Impact of Elution Soak Step on Analyte Recovery 

A series of experiments were devised to study the impact that including a 

soak step between elution volumes would have on analyte recoveries. It can be 
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Figure 5.1: Difiusion into silica pores 
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seen from the data (Table 5.2) that for equal volumes of elution solvent, there is 

an improvement in recoveries when the elution is performed using two separate 

elution volumes with a two minute soak step between elutions, versus eluting the 

columns with a single solvent volume. The average recovery for analytes eluted 

in a single step is shown to be 72%. When the elution was performed in two 

steps, which included a two minute soak step, the average recovery increased to 

78%. The data suggest ttiat for analytes that have diffused more deeply into the 

pores of the silica, the addition of a soak step allows more time for the analytes 

to diffuse back out of the pores, and recoveries are improved. This iodicates a 

dependence on time required for the analytes to diffuse out of the pores of the 

silica. Simply increasing the elution volume did not have a significant impact on 

recoveries, as seen for the three mL versus five mL elution, where the recoveries 

were 73 and 72% respectively. An additional experiment was performed to 

determine the impact of elution rate on analyte recovery (Table 5.3). Analytes 

were eluted using flow rates from five to forty mL per minute. Recoveries at 5 

mL per minute averaged 79% while those at 40 mL per minute averaged 77%. 

Standard deviations are 4 to 5 percent, and so the difference in recoveries 

between 5 and 40 mL per minute is statistically insignificant. The most 

important aspect of the elution is the contact time that the elution solvent has 

with the surface of the silica. In the preceding data, which were 
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Table 5.2: Impact of soak step on analyte recoveries 
Compound 3 mL 4 mL 5 mL 1.5 + L5 2 + 2 3 + 2  

1 hexachlorocyclopentadiene 52 42 55 62 55 52 
2 dimethylphthalate 76 80 89 86 88 89 
3 acenaphthalene 86 88 94 97 94 89 
4 acenaphthene-dlO IS IS IS IS IS IS 
5 2-chlorobiphenyl 77 79 85 91 87 83 
6 diethylphthalate 91 95 100 100 100 94 
7 fluorene 81 83 88 93 91 87 
8 2,3-dichlorobiphenyl 67 68 75 80 77 78 
9 hexachlorobenzene 63 58 62 65 62 71 
10 simazine 49 55 63 55 60 75 
11 atrazine 81 89 100 90 100 100 
12 pentachlorophenol - - - - - -

13 lindane 83 88 93 96 94 86 
14 phenanthrene-dlO IS IS IS IS IS IS 
15 phenanthrene 71 76 81 84 82 81 
16 anthracene 67 69 72 80 77 78 
17 2,4,5-trichlorobiphenyl 67 61 64 71 68 76 
18 alachlor 82 91 92 100 100 89 
19 heptachlor 72 62 65 74 68 73 
20 di-n-butylphthalate 84 89 90 100 96 87 
21 2,2',4,4'-tetrachlorobiphenyl 74 66 65 75 70 80 
22 aldrin 69 62 65 70 63 75 
23 heptachlor epoxide 78 80 80 86 82 81 
24 2,2',3',4,6-pentachlorobiphenyl 77 70 67 78 74 84 
25 gamma-chlordane 77 72 67 81 74 81 
26 pyrene 73 72 70 81 78 81 
27 alpha-chlordane 77 72 68 81 74 80 
28 trans nonachlor 77 72 67 81 74 81 
29 2,2',4,4',5,6'-hexachlorobiphenyI 83 77 74 81 80 89 
30 endrin 72 83 90 100 87 100 
31 butylbenzylphthalate 86 89 98 93 86 83 
32 di(2-ethylhexyl)adipate 88 84 92 95 89 96 
33 ben2[a]anthracene 75 70 65 78 75 82 
34 chrysene d-12 IS IS IS IS IS IS 
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Table 5.2 (continued): Impact of soak step on analyte recoveries 
Compound 3 mL 4 mL 5 mL 1.5 + 1.5 2 + 2 3 + 2  

35 chrysene 77 73 68 78 75 85 
36 2,2'3,3',4,4',6-heptachlorobiphenyI 83 78 73 82 82 89 
37 methoxychlor 73 55 57 62 67 66 
38 2,2',3,3',4,5',6,6'-octachlorobenzene 84 80 74 82 81 90 
39 di(2-ethylhexyl)phthalate 81 75 97 86 100 100 
40 benzo[b]fluoranthene 73 66 63 74 69 81 
41 benzo[k]£Iuoranthene 73 66 63 74 70 81 
42 benzo[a]pyrene 65 59 55 66 61 72 
43 perylene-dl2 89 89 88 89 87 92 
44 indeno[l,2,3,c,d]pyrene 58 48 44 56 51 67 
45 dibenz[a,h]anthracene 58 46 36 55 50 66 
46 benzo[g,h,ilperylene 62 55 52 61 58 71 

Avg: 73 71 72 78 76 80 



Table 5.3: Analyte recoveries, % at various elution rates (itiL/min) 
COMPOUND mLymin: 5 15 30 40 

1 hexachlorocyclopentadiene 55 55 52 57 
2 dimethylphthalate 95 84 85 87 
3 acenaphthalene 96 94 93 93 
4 acenaphthene-dIO IS IS IS IS 
5 2-chIorobiphenyl 87 87 83 85 
6 diethylphthalate 100 98 96 100 
7 fluorene 91 91 88 88 
8 2,3-dichlorobiphenyl 74 75 74 77 
9 hexachlorobenzene 62 65 61 71 
10 simazine 77 61 62 68 
11 atrazine 100 90 100 100 
12 pentachlorophenol - - - -

13 lindane 93 90 89 92 
14 phenanthrene-dlO IS IS IS IS 
15 phenanthrene 79 81 80 80 
16 anthracene 74 75 75 76 
17 2,4,5-trichlorobiphenyI 63 68 67 74 
18 alachlor 93 88 89 94 
19 heptachlor 67 70 65 74 
20 di-n-butylphthaiate 90 85 88 93 
21 2,2',4,4'-tetrachlorobiphenyl 68 70 70 78 
22 aldrin 66 65 63 75 
23 heptachlor epoxide 79 78 77 86 
24 2,2',3',4,6-pentachIorobiphenyl 73 71 73 82 
25 gamma-chlordane 75 71 72 81 
26 pyrene 73 73 75 80 
27 alpha-chlordane 75 72 71 81 
28 trans nonachlor 75 71 72 81 
29 2,2',4,4',5,6'-hexachlorobiphenyl 84 79 82 90 
30 endrin 64 59 63 100 
31 butylbenzylphthalate 90 87 81 91 
32 di(2-ethylhexyl)adipate 100 90 87 95 
33 benz[a]anthracene 79 73 75 81 
34 chrysened-l2 IS IS IS IS 
35 chiysene 82 75 80 84 
36 2,2'3,3',4,4',6-heptachIorobiphenyl 84 78 81 88 
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Table 5.3 (continued): Analyte recoveries, % at various elution 
rates (mL/min) 
COMPOUND mL/min; 5 15 30 40 
37 methoxychlor 79 71 66 68 
38 2,2',3,3 ',4,5', 6,6'-octachIorobiphenyI 84 78 81 90 
39 di(2-ethylhexyl)phthalate 83 76 77 84 
40 benzo[b]fluoranthene 79 71 74 77 
41 benzo[k]fluoranthene 77 69 72 77 
42 benzo[a]pyrene 69 62 63 69 
43 perylene-dl2 90 88 88 88 
44 indeno[l,2,3,c,d]pyrene 63 56 56 62 
45 diben2[a,h]anthracene 65 56 55 61 
46 benzoffeluilperylene 66 59 61 67 

Avg: 77 73 74 80 
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collected for samples eluted with a total volmne of 5 mL, the difference between 

an elution rate of 5 versus 40 mL per minute is only a difference in contact time 

of 1 minute versus 8 seconds. Both of these contact times are less than half of 

the total contact time allowed when a 2 minute soak step is included between 

elution volumes, and so the benefit of reducing the elution rate is insignificant 

when a soak step is included. 
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Conclusions 

The porous nature of silica used in solid phase extraction plays an 

important role in the extraction as well as in the elution of analytes. The 

porosity of the silica provides the analyte with sufficient surface area to interact 

with the sorbent during analyte retention. It has been demonstrated here that, 

during the extraction step, molecules can diffuse deeply into the pores of the 

silica. As a result, sufficient contact time must be allowed between the solvent 

and sorbent during the elution step to provide analyte molecules to diffiise back 

out of the pores. This can be accomplished, and recoveries are improved, by 

including a soak step between elution volumes. 

It has also been shown that when samples are loaded at a reduced 

temperature, decreasing the diffiision rate of the analytes is decreased, and so the 

depth to which analytes penetrate into the pores is reduced. As a result, analytes 

are more easily removed from the surface of the sorbent and, again recoveries 

are improved. 
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CHAPTER 6 

IMPACT OF PARTICULATE MATTER ON SOLID PHASE EXTRACTION 

Introduction 

One of the challenges in solid phase extraction is in sample preparation of 

those samples that are heavily laden with particulate matter. Such samples are 

often found in natural water and wastewater systems. Particles can hinder 

sample extraction due to the tendency toward plugging the cartridge. This 

chapter investigates the mechanisms of cartridge plugging and describes some 

experimental methods used for minimizing plugging. The experiments described 

here were devised to determine where plugging occurs in the cartridge. In 

addition, investigations are made into what is the impact of particle size, both of 

the particulates in the sample and of the sorbent, on the tendency to plug. The 

depth filter and filtering system described in Chapter 3 are tested as a means of 

preventing cartridge plugging. Samples laden with particulates are spiked with 

trace analytes (polyaromatic hydrocarbons, or PAH's) to determine if there is an 

impact on recoveries from particulate matter. PAH's were chosen to represent a 

typical set of analytes, although the experimental results would be expected to be 

similar for other classes of non-volatile compounds. 
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Experimental 

Reagents and Chemicals 

1ST ISOLUTE® solid phase extraction colimms were obtained from Jones 

Chromatography, Denver, Colorado, and used to perform extractions. Extraction 

columns contained either one gram or 1/2 gram of modified silica sorbent or 200 

mg polystyrene divinylbenzene (ISOLUTE ENV+®). Pesticide standards were 

purchased from Ultra Scientific (Kingston, Rhode Island) at a concentration of 

100 mg/mL and prepared in acetone by diluting 100 fold. An internal standard 

of acenaphthene-dlO, chiysene-dl2, phenanthrene-dlO, with perylene-dl2 as the 

surrogate, was prepared in acetone by dilution of a 500 mg/mL solution by 50 

fold. A series of 5 calibration standards were prepared in acetone at 

concentrations of 0.5, 1.0 , 1.5, 2.0, and 2.5 mg/mL with a constant internal 

standard concentration of 5.0 mg/mL. A 2.0 mL spike was used to fortify 

reagent water. Methanol, acetone, isopropyl alcohol, and ethyl acetate solvents 

were B&J Brand (Burdick and Jackson) and certified for Pesticide Residue 

Analysis. 
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Apparatus and Equipment 

Solid Phase Extraction 

Solid phase extraction was performed manually, using a teflon extraction 

cap to connect the sample botde to the extraction cartridge. The cartridge was 

cormected to a stainless lure fitted syringe needle, which pierced a rubber 

stopper inserted into a vacuum flask. A vacuum of -27.5 inches was drawn on 

the flask to pull the sample. 

Gas Chromatography 

Gas Chromatography was performed on a Hewlett Packard Model 5890 

(Palo Alto, California) equipped with an HP 7673 auto sampler and a mass 

spectrometer. Separations were performed on a DB5-ms 30 meter x 0.25 mm 

i.d. fused silica capillary column coated with a 0.25 mm immobilized film (J&W 

Scientific, Folsom, California). The injector was held at 280 ®C and the transfer 

line at 315 °C. Sample volumes of 2 jiL were injected by the autosampler into 

the injection port with a double taper liner. 

Mass Spectrometry 

The mass spectrometer was a Hewlett Packard Model 5971 quadrupole 

detector with a computerized data system. The computer interface (HP 



165 

CheinStation) acquired, stored, and output mass spectral data. The computer 

software integrated the abundance of specific ions and calculated response 

factors based on a calibration curve. 

GC-MS Analysis of Analytes 

An aliquot of 2 |iL of each calibration standard or sample extract was 

analyzed by GC-MS. The GC was temperature programmed at an initial 

temperature of 60 ®C and held for one minute, increased by 30 °C /min. to 130 

°C, 12 °C /min. to 290 °C, and held at 310 °C for three min. Data for each set of 

conditions in this study were obtained by extracting three replicate samples, each 

injected three times for GC-MS analysis. 

Solid Phase Extraction of Polyaromatic Hydrocarbons from Water 

The conditions described here are for the extraction of polyaromatic 

hydrocarbons from water onto a polystyrene divinylbenzene sorbent. The 

protocol is the same as that used for the extraction of polychlorinated biphenyls 

in Chapter 4. Water samples were fortified with 2.0 mL spikes of 1.0 mg/mL 

target analytes and acidified with HCl to a pH between 1.9 and 2.0. Polystyrene 

divinylbenzene sorbent beds were conditioned with two x 4 mL volumes of 

tetrahydrofiiran (THF), with a four minute soak step between elution volumes. 
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followed by 10 mL of reagent water. One liter samples were loaded onto a 

polystyrene divinylbenzene column in a half hour time period. The sample 

bottle was rinsed with 5 mL acetone and diluted wi& 45 mL reagent water, 

acidified to pH=2. This bottle rinse was then loaded directly onto the extraction 

cartridge. Columns were rinsed with 10 mL of water and dried for 20 minutes 

with nitrogen set at 20 psig at the AutoTrace™ (4.2 L/min.). Analytes were 

eluted using two x 2 mL volumes of THF into 16x100 mm collection tubes. 

I 



167 

Discussion 

Characterization of Cartridge Plugging 

Cartridge plugging is a phenomenon that has been observed industry wide 

when performing solid phase extraction on environmental samples. When 

plugging occurs, sample loading is significantly slowed, or flow may become 

completely stopped. In order to better understand the problem of cartridge 

plugging, experiments were designed to determine where the plugging was 

occurring. 

The sorbent in an extraction cartridge is held in place by two porous frits, 

one on the top and one on the bottom of the bed. It would be possible that 

plugging occurs above the top frit, within the frit itself^ or witiiin the sorbent bed 

(Figure 6.1). To help make this determination, 5, 8, and 15 micrometer particles 

were loaded onto 6 mL, 200 milligram polystyrene divinylbenzene sorbent beds. 

The five micron particles passed right through the bed, and the effluent appeared 

cloudy. The 8 micron particles plugged the flow after loading 500 mL. The 15 

micron particles piled up on top of the frit, while the sample flow remained 

steady. Although this experiment gave an indication of what size particles 

contributed to plugging, it still remained to be determined where in the cartridge 

the plugging was occurring. The experiment was repeated, but the 8 micron 

particles were loaded onto just frits alone. In this mamier. 
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OnT~OP ......... ._ 
In Frit 

In Be,d 

Figure 6.1: SPE cartridge plugging by particulate matter 
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it could be determined whedier plugging was occurring in die bed or in the fiit. 

When the bed was not present, no plugging occurred, indicating that plugging 

was in fact occurring in the sorbent bed itself. 

The next experiment was designed to determine if the particle size of the 

sorbent bed would have an impact on plugging. Five micrometer particles were 

loaded on both the polystyrene divinylbenzene and CIS modified silica, which 

have nominal sorbent particle sizes of 70 and 50 microns, respectively. As in the 

previous experiment, when tihe five micron particles were loaded onto the 

polystyrene divinylbenzene cartridge, the particle passed right through the bed, 

and no plugging occurred. When the particles were loaded onto the silica 

cartridge, the bed became plugged. If a hexagonal close-packed arrangement of 

particle is assumed, it can be calculated that the diameter of a sphere that could 

fit between 70 micron particles in the sorbent bed is approximately thirteen 

microns, where the size that would fit between 50 micron particles is 

approximately eight microns. It must be considered that although the beds 

contain particles that are nominally 50 and 70 microns, there is a distribution of 

particle sizes (Figure 3.6). In addition, sorbent particles are not truly spherical. 

Despite these limitations, it can be seen firom the approximations that it would be 

much more likely for nominally five micron particles to pass through a bed 

where the distance between particles is thirteen versus eight microns. It has 
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therefore been demonstrated that the particle size of the sorbent can have a 

significant impact on the ease with which the extraction bed is plugged. 

In an experiment discussed earlier in this chapter, it was demonstrated 

that larger particles would not plug the extraction bed if they could be retained 

above the frit. Such was the case for the 15 micron particles that were held 

above a s~dard frit (20 micron) of a polystyrene divinylbenzene bed. The same 

behavior would be expected for _20 micron frits over a silica bed as well. In an 

additional experiment, the standard 20 micron frits were replaced with ten 

micron frits. With this new configuration, the 8 micron particles, which had 

plugged the sorbent bed in earlier experiments, piled up on top of the new frit, 

and plugging did not occur. This experiment demonstrates that when small 

particles are prevented from becoming lodged in the spaces between larger 

particles, plugging can be avoided. 

Another experiment was performed using 5 micron particles on a ten 

micron frit over a polystyrene divinylbenzene bed, and plugging did occur. 

Solid Phase Extraction of Trace Analytes from Particulate Laden Samples 

A series of experiments were devised to investigate cartridge plugging by 

samples containing soil having a natural distribution of particle sizes. Soil 

samples of the Pima County Flood Plain were obtained from and characterized 
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by the Soil, Water, and Environmental Science Department, University of 

Arizona. The sample had been characterized with respect to particle size 

distribution (Table 6.1). Five hmidred milligrams of soil were loaded onto 

cartridges containing 200 mg of the polystyrene divinylbenzene and having 20 

and ten mm frits. Plugging occurred in each cartridge after 600 and 700 mL, 

respectively (Table 6.2). A mechanism was needed through which the particles 

in the sample could be prevented from piling up on themselves during loading. 

A polyester web type depth filter had been used successfully to distribute oil and 

grease in previous experiments (Chapter 2), and so experiments were designed 

to apply the same technology to distribute particulate matter above the sorbent 

bed to prevent plugging. Samples were loaded onto cartridges containing a depth 

filter above the sorbent bed. These samples could be loaded in approximately a 

half an hour (averaging 30 mL per minute). The particles of soil could be seen 

to be distributed throughout the depth filter. Since a typical environmental 

analysis involves the determination of analytes which may be present in samples 

laden with particulates, it was desired to determine the impact that particulate 

matter would have on analyte recovery. Samples were spiked with 500 mg of 

Pima County Flood Plain Soil, and then with polyaromatic hydrocarbons at a 

concentration of two ppb. A set of 5 replicate samples was extracted on 

polystyrene divinylbenzene as described in the experimental section. 
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Table 6.1: Characterazation of Pima Flood Plain Soil Sample 

Particles Size Percent 

Clay < 2 27 
Silt 2-50 51 
Sand 50-2000 fim 22 



Table 6.2: Impact of frit porosity on Pima County Flood Plain Soil Spikes -
500 ppm 

Volume 20 mm frit 10 mm frit 

100 00:53 01:08 
200 02:00 03:02 
300 05:02 06:33 
400 13:41 12:24 
500 31:30 20:51 
600 1:04:35 36:39 
700 - stop - 50:51 
800 - stop -
900 
1000 
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As seen in Table 6.3, recoveries averaged 98%, with an eight percent relative 

standard deviation. 



Table 6.3 : Recoveries of polvaromatic hydrocarbons in particulate laden samples 
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Recovery, PPB: 
Std 

Replicate; 
1 2 3 4 5 Std 

acenaphthalene 2.00 1.70 2.00 1.90 1.80 1.90 2.00 
fluorene 2.00 1.90 2.10 2.10 2.00 1.90 1.80 
phenanthrene 2.00 2.00 2.00 2.20 1.90 1.80 1.70 
anthracene 2.00 1.90 1.90 1.80 1.60 1.70 1.80 
pyrene 2.00 2.20 2.00 2.10 1.80 1.70 1.70 
benz[a]anthracene 2.00 2.20 2.00 1.90 1.90 2.00 2.10 
chrysene 2.00 1.90 1.60 1.60 1.70 1.80 1.80 
benzo [b]£luoranthracene 2.00 2.50 2.20 2.40 2.10 1.90 1.90 
benzo[k]fIuoranthracene 2.00 2.10 1.70 1.90 1.80 2.00 1.80 
benzo[a]pyrene 2.00 2.10 1.70 1.70 1.70 1.70 2.10 
indeno[l,2,3-c,d]pyrene 2.00 1.90 1.90 1.80 2.00 2.40 2.10 
dibenz[a,h]anthracene 2.00 1.70 1.70 1.80 1.80 2.60 2.20 
benzo[g,h,i]perylene 2.00 1.60 1.50 1.70 1.60 2.20 1.90 

Recovery, %; Replicate: Std 
1 2 3 4 5 Avg Dev 

acenaphthalene 85 100 95 90 95 93 5 
fluorene 100 111 111 105 100 105 5 
phenanthrene 108 108 119 103 97 107 7 
anthracene 100 100 95 84 89 94 6 
pyrene 119 108 114 97 92 106 10 
benz[a]anthracene 107 98 93 93 98 98 5 
chrysene 100 84 84 89 95 91 6 
ben2o[b]fluoranthracene 128 113 123 108 97 114 11 
ben2o[k]fluoranthracene 111 89 100 95 105 100 7 
benzo[a]pyrene 102 83 83 83 83 87 8 
indeno[ 1,2,3-c,d]pyrene 93 93 88 98 117 98 10 
dibenz[a,h]anthracene 81 81 86 86 124 91 16 
benzo[g,h,i]perylene 82 77 87 82 113 88 13 

Avg 98 
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Conclusions 

The experiments in this chapter have investigated the mechanisms of 

cartridge plugging and described some experimental methods used for 

minimizing plugging. The experiments described here have helped to determine 

where in the cartridge plugging occurs. It has been sho>vn that cartridge 

plugging can occur above the top firit which retains the sorbent, in the frit, or in 

the sorbent bed itself. Where plugging occurs is dependent on the size of the 

particles in the sample, the porosity of the frit, and the nominal particle size of 

the sorbent bed. 

It has been shown that plugging does not occur when particles of 

approximately the same size are piled upon themselves. When a range of 

particle sizes are loaded, where smaller particles can fit into the spaces available 

between larger particles, sample flow can become hindered or completely 

stopped. It has been demonstrated that a depth filter can be used to distribute 

particles contained in the sample to prevent particles from piling up, and so flow 

is not impeded. 

Samples laden with particulate matter were spiked with trace analytes. A 

depth filter was used to keep particles from plugging the sorbent bed. After 

loading, the depth filter remained in the cartridge to be dried and extracted along 

with the sorbent. It has been demonstrated there is no negative impact on the 
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recoveries of trace analytes studied (polyaromatic hydrocarbons) due to die 

presence of particulate matter. It is expected that other hydrophobic species 

would behave similarly. The impact on recoveries of other analytes would be a 

function of the chemistry of the interaction between those compounds and the 

soil. 
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CHAPTER? 

CONCLUSIONS AND FUTURE DIRECTIONS 

One of the goals in the research described in this dissertation has been to 

characterize the interactions at the solid-liquid interface of solid phase extraction 

sorbents. The characterization has been done by: 1) quantifying the recoveries 

of a broad range of analytes, on a variety of surfaces and under various 

extraction conditions; 2) observing the tendency for sorbents to retain bulk water 

as weU as water in the near-surface region; 3) observing the impact that water 

has on analyte recoveries; 4) observing the impact of physical characteristics of 

the sorbent on flow characteristics; and 5) investigating the impact of analyte 

difiiision on analyte recoveries. 

From previous work by Zwier^, Yonkers^, Schunk,^'* and Golding^^, a 

model of the modified silica surface has been developed and is discussed in 

Chapter 3. The majority of the work that has been done has focused on the 

composition of various solvents in the near surface region. Research in this 

dissertation has addressed the impact of water in the near surface region, as well 

as the water physically associated with the sorbent in the extraction of aqueous 

samples. 

It has been demonstrated by Fung Kee Fungl^, using differential scanning 

calorimetry, that the silica surface can organize water in the near surface region. 
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imparting an "ice-like" structm'e. This dissertation has expanded on that model 

by investigating the impact that the chain length of the hydrocarbon of the 

bonded phase has on water in the near surface region. It was demonstrated 

through a series of drying experiments that there is a break in each drying curve, 

yielding two different slopes. This indicated that different types of water were 

being removed from the sorbent: bulk water and water in the pores of the 

scrbent, followed by water in the near surface region. The time required to 

remove water from the near surface region was significantiy longer (two to three 

fold) for shorter chain lengths (e.g., C2). The increase in drying time could not 

be attributed to the difference in pore volumes, since there was only a 20% 

difference that resulted from the volume of hydrocarbon. Therefore, these 

experiments indicated that a greater degree of structuring is imparted to the water 

by a C2 surface, due to greater access of water to an ionized surface that is 

electrostatically charged. 

The practical implication of this work is that the ability to remove water 

from various surfaces should be a consideration when selecting a bonded phase 

for SPE. Future work should include studying the region of the drying curves in 

which bulk water is removed from between sorbent particles and from the pores, 

perhaps using thermal gravimetric analysis. This would allow for a better 

understanding of the role of pore size and shape, and give insight into the details 
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of the mechanism by which water is retained. In addition, investigations should 

be made into drying polystyrene divinylbenzene sorbents. 

In addition to investigating water associated with the surface of the 

sorbent experiments in this dissertation have addressed the impact that water has 

on analyte recoveries. It was shoAvn that when a water immiscible solvent is 

used for analyte elution, water that is present can serve as a barrier between the 

elution solvent and analytes retained on the sorbent. Recoveries were improved 

when the elution solvent mixture included a water miscible solvent. This solvent 

served as a bridge between aqueous and hydrophobic phases. Further 

investigations should include optimizing solvent water miscible/immiscible pairs 

for eluting from both silica based and polystyrene divinylbenzene sorbents. 

Optimization should be based on requirements for the solvent needed to perform 

the final analytical determination (e.g., HPLC, GC) and solubility limitations of 

a variety of different analytes. 

The impact that hydrocarbon chain length has on the retention of water 

was reviewed above. Experiments in this dissertation have demonstrated that 

perhaps an even greater impact results from the particle size distribution of the 

sorbent. Data obtained from drying experiments performed on sorbents 

containing different particle size distributions resulted in a twofold difference in 

drying time as the distribution of particle sizes broadened. This has been 
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explained by the tendency for particles of differing sizes to agglomerate, 

resulting in non-miifoim flow (channeling) in a sorbent bed. Since particle size 

distribution does play a major role in flow characteristics, future work should 

include investigations into the impact of particle size distribution on all steps 

dependent on flow. These steps include sorbent conditioning, pre-equilibration, 

sample loading, and elution. Optimization of these steps should be made with 

respect to time, flow rates, and solvent volumes. 

Solvent pairs were demonstrated to be useful, not just for the removal of 

water, but as an approach for disrupting multiple interactions through which 

analytes are retained on a sorbent surface. The impact of elution solvent on the 

interactions between the analyte and surface was observed by extracting a broad 

range of analytes and eluting with a variety of solvent systems. It was 

demonstrated that mixed solvents were more effective than pure solvents since 

they can offer multiple interactions to disrupt retention mechanisms. 

In addition to studying the impact of hydrocarbon chain length on the 

retention of water, this dissertation has also addressed the impact on the 

retention of analytes. It was observed that bonded silica which is modified with 

long hydrophobic chains (e.g., CI8) is required for the retention of small, polar 

compounds, which would otherwise break through a sorbent bed having a more 

polar surface. It was also demonstrated that large, hydrophobic compounds 
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could be retained on both the more polar and less polar surfaces (e.g., C2 versus 

CIS). However, elation of these compounds from a very hydrophobic surface 

was difficult, and recoveries were lower compared to recoveries from a C2 

surface. To optimize overall recoveries for the entire range of compounds, a 

compromise phase of intermediate polarity was selected. This intermediate 

phase, however, did not optimize recoveries for all compounds present. 

Stacking or layering two phases of widely differing hydrophobicity (C2 

and CIS) proved to be a useful approach to optimizing both the retention and 

elution of a broad range of analytes. By stacking a more polar phase on top of a 

very hydrophobic phase and then eluting each separately, it was determined that 

the more hydrophobic compounds could be largely retained on the top phase, 

while the more polar compounds broke through to the second phase. When 

stacked phases were separated and eluted, it was found that very hydrophobic 

compounds could be more easily recovered from the more polar surface, and the 

combined recoveries from both cartridges was very high (average of 97%). 

When the sorbents were layered into a single cartridge rather then stacked in 

separate cartridges, the overall recovery remained at 97%. A significant finding 

resulting from this set of experiments was that once analytes are extracted from 

the top, less hydrophobic phase and are well solvated by a strong elution solvent, 

they are not significantly retained by the bottom (more hydrophobic phase). In 
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this manner, the range of analytes over which the extraction is useful can be 

greatly extended. This dissertation addressed stacking and layering C2 and CIS 

phases. Future experiments should include stacldng and layering a variety of 

other phases, which differ in hydrophobicity, such as C2, C8, or C18 over C18 

or polystyrene divinylbenzene. The use of polystyrene divinylbenzene should 

extend the range to more polar compounds. Placing an ion exchanger over a 

Ugand exchanger could be an effective way to isolate and purify analytes from 

complex biological matrices. 

Layered and stacked phases could also be utilized to improve selectivity, 

rather than broadening the range of analytes that are retained and eluted. 

Samples loaded onto stacked phases can be fractionated by discarding the top 

phase, onto which interferences have been extracted, or choosing an elution 

solvent that is effective only for eluting target compounds from the bottom phase 

of layered columns. Selectivity can be improved by judiciously choosing the 

sorbent or combination of sorbents for a single phase. Experiments in this 

dissertation have demonstrated that the selective elution of analytes can be also 

achieved by utilizing appropriate solvents. Two representative analytes were 

selected, one (hexadecane) capable of participating in hydrophobic interactions, 

and another (stearic acid) participating in hydrophobic and polar interactions, 

and extracted onto C18 modified silica. The analytes were then selectively 



184 

eluted, &st by choosing a non-polar solvent (hexane) to elute the hexadecane, 

and then a mixture of hexadecane:THF to elute the stearic acid. It was 

demonstrated that the capacity of the C18 was limited under conditions of high 

loading of polar compounds, but that the capacity to retain polar compounds 

during the elution with a non-polar solvent could be extended by the addition of 

a layer of silica. The contribution of this work lies in the fact that a solid phase 

extraction experiment could be developed using a single column, which could 

duplicate the results obtained from using a liquid-liquid extraction followed by 

an absorption experiment 

In addition to the contribution from the type of sorbent and selection of 

elution solvent, there are other factors, as demonstrated in this dissertation, that 

can have an impact on surface-analyte interactions. One of these factors is the 

composition of the matrix. 

In the experiments presented, the sample matrix was altered by pretreating 

the sample through the addition of an organic solvent. Al&ough it is generally 

assmned that analytes present in concentrations in the low parts per billion range 

are ideal solutions, experiments presented here indicated a departure from 

ideality, and that even at concentrations as low as 10 parts per billion, 

agglomerations of the analyte can form. It was shown that the addition of an 

organic solvent is important for ensuring that the analytes remain free and 
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available for interaction with the sorbent by preventing the formation of 

agglomerations, thereby allowing analytes to remain as molecular species. This 

was demonstrated by quantifying the breakthrough of a set of hydrophobic 

analytes through an extraction cartridge. The most hydrophobic species were 

those that experienced the greatest breakthrough. As the concentration of 

organic solvent increased, retention on the extraction cartridge improved. This 

experiment demonstrated that the organic fraction could solvate the 

agglomerated analytes, rendering them as molecular species, which could dif^use 

into the pores of the sorbent, allowing interaction with the surface. 

The significance of the diffusion in and out of the pores of the sorbent 

was demonstrated in this dissertation by using two different approaches. One 

approach was to load samples at a reduced temperature. Since the diffusion rate 

of molecules is decreased at a lower temperature, the depth to which analytes 

can penetrate into the pores was reduced. This decrease in penetration depth 

resulted in analyte recoveries that were improved over those from samples 

extracted at a higher temperature. 

Another approach to demonstrating the impact of analyte diffusion on 

analyte recoveries was to include a soak step between elution volumes. With the 

inclusion of a soak step, analytes were allowed sufficient time to diffuse back 

out of the pores of the sorbent, and recoveries were improved. Future studies 
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should include examining the impact of pore size, diameter, surface area of the 

sorbent, and particle size on diffusion. 

It has been demonstrated that analyte diffusion plays a significant role in 

recoveries. During sample loading, there must be sufficient residence time for 

analytes to diffuse into the pores of the sorbent. Previous work on sorbent beds 

containing a broad distribution of particle sizes has indicated that linear 

velocities should not exceed -0.4 cm/sec. However, experiments presented in 

this dissertation have demonstrated that for non-ionizable species, loading rates 

could be increased to 90 mL per minute (linear velocity of ~20 cm/sec) with no 

significant reduction in analyte recoveries. 

It has been shown in experiments discussed above that sorbent particle 

size has an impact on the flow characteristics through the extraction column. 

Experiments in this dissertation have also investigated the impact of uniformly as 

well as non-uniformly sized particles in the sample matrix. Particulate material 

has been shown to result in cartridge plugging, the mechanism of which has been 

described. A method for minimizing plugging has also been presented. 

It has been shown that cartridge plugging can occur above the top fiit 

which retains the sorbent, in the fiit, or in the sorbent bed itself Where the 

plugging occurs is dependent on the size of the particles ia the sample, the 

porosity of the fiit, and the nominal particle size of the sorbent bed. 
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It has been shown that plugging does not occur when particles of 

approximately the same size are piled upon themselves. When a range of 

particle sizes are loaded, where smaller particles can fit into the spaces available 

between larger particles, sample flow can become hindered or completely 

stopped. It has been demonstrated that a depth filter can be used to distribute 

particles contained in the sample to prevent particles fi'om piling up, and so flow 

is not impeded. 

Samples laden with particulate matter were spiked with trace analytes. A 

depth filter was used to keep particles fi-om plugging the sorbent bed. After 

loading, the depth filter remained in the cartridge to be dried and extracted along 

with the sorbent. It was demonstrated there is no significant impact on the 

recoveries of polyaromatic hydrocarbons due to the presence of particulate 

matter. It is expected that other hydrophobic species would behave similarly. 

The impact on recoveries of other analytes would be a function of the chemistry 

of the interaction between those compounds and the soil. 

Experiments are usually carried out on aqueous samples with low ionic 

strength and firee firom colloidal particles, representing a matrix that is different 

firom natural waters, and particularly firom sea water. There can be significant 

losses in recoveries when water samples contain a high concentration of organic 

matter, due to a competition of active sites on the sorbent between the analytes 
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and other hydrophobic groups. Humic substances and detergents can bind with 

analytes, increasing their effective solubility and decreasing retention on the 

sorbent.''* Future experiments should include the examination of samples from 

natural water systems to determine the impact of the matrix on analyte 

recoveries. Solid phase extraction could be a usefid tool for characterizing 

samples in terms of distribution of species in the organic fraction, such as humic 

substances and nutrients, as well as pollutants, such as herbicides and pesticides. 
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