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ABsTRACT

M.Sc. Tracey Rigby

A method for the separation and detection of standard resin acids (RAs), commonly

found in pulp miIl eftluent and known to bioaccumulate in fish bile, was optimized using

cyclodextrin modified electrokinetic capillary electrophoresis (CD-EKC) with ultra violet

(UV) and laser induced fluorescence (LIF) detection. Optimal separation conditions were

found with RA standards using UV detection at 214 nm, with a 72 mM sodium borate buffer

pH 9.25, containing 35 mM p-cyclodextrin sulfobutyl ether (S~CD), 15 mM of methyl-l3­

cyclodextrin (MECD) and a 37 cm capiUary with an internai diameter of 50J.l.Dl. This resulted

in a 12-min separation and the identification of 9 Peélks, with a LOD of 10 ppm. To enable

increased sensitivity, RAs were derivatized using the fluorescent label 4-BrMMc.

Fluorometric analysis verified that the esters fluoresced optimally at 325 Dm excitation

wavelength and 400-nm emission. The mass spectroscopie (MS) data showed the reaction was

complete and free from side reactions. RA esters were analyzed using CD-EKC with LIF

detection at 325 nm excitation wavelength, and 400 Dm emission. Due to confonnational

changes during derivatization, separation conditions were re-optimized using a 36 mM

sodium borate buffer pH 9.25, with a SpCD concentration of60 mM and 15 mM MECD, with

a separation voltage of 10 kV, and a capillary length of 37 cm with an inner diameter of 50

J..U11. Under these conditions, 7 peaks were resolved, and the separation was completed in 15

min. Peaks were identified, and the LOD was 50 ppb. The results were cross-referenced using

reverse phase HPLC equipped with UV or scanning fluorescence detector. A method for

extracting resin acids from spiked fish bile and pulp miU eftluent was developed, the extracted

samples were derivatized, separated and identified using CD-EKC with LIF detection. The

method of extraction and derivatization using CD-EKC was applied to biological samples of

contaminated eftluent and fish bile. Dehydroabietic acid, the most prevalent resin acid, as weil

as other chlorinated and unchlorinated RAs were detected and identified in all of the pulp

mill eftluent samples. No resin acids were detected in fish bile samples. Results were cross

referenced using reverse phase HPLC with scanning fluorescence detection and/or gas

chromatography (Ge) with flame ionization (FID) analysis.
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REsUME

M.Sc. Tueey Rlgby

Une méthode de séparation et de détection de standards d'acides de résine (RAs),

communément rencontrés dans l'émuent de pulpe d'usine et connus pour s'accumuler dans la

bile de poisso~ a été optimisée en utilisant l'électrophorèse capillaire en mode

électrocinétique avec cyclodextrine (CD-EKC) et détections en ultra violet (UV) et par

fluorescence induite par un laser (LIF). Les conditions de séparation optimales ont été

obtenues avec: les standards de RA en utilisant la détection UV à 2141l111, avec un tampon de

borate de sodium 72 mM pH 9.25, contenant 35 mM d'éther de sulfobutyl-p.eyclodextrine

(SpcD), 15 mM de méthyl-p<yclodextrine (MECD) et un capillaire de 37 cm avec un

diamètre interne de 50J.&Dl. Ceci a résulté en une séparation de 12-min et l'identification de 9

pics, avec une LOD de 10 ppm. De façon a augmenter la sensibilité, les RAs ont été

dérivatis6s avec le marqueur fluorescent 4-BrMMc. L'analyse tluorométrique a permis de

vérifier que les esters fluorescent de façon optimale à des longueurs d'onde d'excitation de

325 Dm et d'émission de 400 om. Les donn6es de masse spectroscopie (MS) ont monUé que la

r6action a été totale, sans réactions secondaires. Les esters de RA ont été analysés par CD­

BKC avec détection LIF à des longueurs d'onde d'excitation de 325 Dm et d'émission de 400

nm. A cause des changements de conformation au cours de la dérivatisation, les conditions de

séparation ont été r6-optimj~en u~t un tampon de borate de sodium de 36 mM pH

9.25, avec une concentration de S(3CD de 60 mM et de MECD de 15 mM, un voltage de

séparation de 10 kV et une longueur du capillaiœ de 37 cm avec un diamètre interne de 50

J.UIL Sous ces conditions, 7 pic ont été t6s0lus, et la séparation a été complétée en 15 min. Les

pics ont ét6 identifi6s, et la LOD a été cie 50 ppb. Tous le œsuttats ont été confirm6s en

utilisant l'HPLC en phase inverse 6quip6e avec un cl6tecteur UV ou un détecteur de

fluoœscence. Une méthode d'extraction des acides de r6sine de bile de poisson et d'6muent

de pulpe d'usine a ét6 développée, les échantillons extraits ont été dérivatisés, séparés et

identifiés par CD-BKC Ave cl6tection L1F. La méthode d'extraction et de d6rivatisation par

CD-BKC a 6t6 utilis6e pour des 6cbanlilloDS biologiques d'émuent contaminé et de bile de

poisson. L'acide déhydroabiétique, l'acide de r6sine le plus important, ainsi que d'autres RAs

choria6s et DOD<blorinés ont 6t6 détectés et identifi6s dans tous les échantillons d'6muent.

Aucun acide de l6sïne n'a été d6tecté dans les écbantilloas de bile cie poisson. Les t6sultats

ont ét6 confinn6a par RPLC avec détection cie fluorescence et/ou chromatographie en phase

pzeuse (Ge) avec aaalyse par ionisation de flamme (FID).
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1. INTRoDUCTIoN

The persistence of toxic substances in our water resources continues to he of

significant concem as we enter the new millenium. Many toxic substances tend to

biomagnify in food webs, and persist at bigh levels in sorne areas of the ecosystem.

Examples of familiar compounds which have been known to bioaccumulate, are PCB's,

DDT, dioxins, methylmercury and Many chlorinated substances (Escartin and Porte.,

1999).

Resin acids (RAs), tricyclic diterpenoids with a carboxylic mo~ety are found in the

oleoresin of coniferous trees (Dethlefs and Stan., 1996). RAs are released during

chemical and mechanical pulping processes, with the resulting effiuents constituting 70%

of ail of the compounds toxie to aquatic organisms. Effluent from industriaI pulp mills is

treated and released into rivers, lakes and coastal waters and is potentially harmful to

aquatic life. RAs are very resistant to degradation, are hydrophobie in nature and

therefore have relatively low solubility, RAs are known to bioaceumulate in aquatic

species (Richardson et al., 1992). RAs are classified ioto two main groups, abietanes and

pimaranes. Abietanes consist of abietie aeid, dehydroabietie aeid, neoabietic acid and

palustric acid, and are classified based on their isopropyl substituent on the C-13 carbon.

Pimarines eonsist of pimaric acid, isopimaric aeid, sandarocopimaric aeid and

levopimarie acid, and possess two substituents, vinyl and methylmoieties on the C-13

carbon. Chlorobleaching of wood using C12• or CI02 results in the fonnation of 2

chlorinated resin acid structures, 12-chlorodehydroabietic acid, and 12-14

dichlorodehyroabietic acid. Emuent concentrations as high as 10, 000 ppm, to an aImost

undetectable concentration of SO ppb have been measured in effluent waters. More

specifically, a 96 bour Le SO of O.S - l.1 ppm bas been determined for RA's in waters

inhabited by fish (Richardson et al., 1992). The most prevalent, toxie and most studied

resin acid is dehydroabieite acid (Johnsen et al., 1998). Resin acids are eonsidered to he

the major contributors to the toxicity of pulp mill effluent towards fish and other aquatie

organisms. Many studies have been perfonned to assess the etTeets of both long term and

short tenu resin acid contamination and bioaccumulation in aquatic species (Johnsen et
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al., 1995). Fish species inhabiting regions near pulp mills have been shown to produce a

numher of lethal and sub-Iethal etfects, including growth deficiencies, decreased

reproductive fitness, neurotoxic etfects, metabolic impainnents, and decreased immune

responses (Soimasuo et al., 1998). Resin acids have structures which are very similar to

hormones, and for this reason it is thought that they May he endocrine disrupters.

Identification of chlorinated resin acids may he of particular concem as chlorinated

compounds are more prone to bioaccumulation, are more toxic and are not detoxified in

the body. High concentrations of these chemicals in fish tissue have also been shown to

produce an otf-taste in the fish.

Strict contrais and government regulations have significantly decreased the

concentration of these toxicants in released effluent. Pulp mill effluent is routinely

treated prior to its release to surrounding waters in order to eliminate, or at least to reduce

the concentrations of resin acids and other toxic compounds to levels which are no longer

considered hannful (Shimp and Owens., 1993). As a result there have been Many

technological advancements in pulping, and bleaching which have etfected in an

improved quality of wastewaters. Modifications include alterations in cooking,

substitution of ch10rine dioxide for elemental chlorine, and biological treatment (Shimp

and Owens., 1993). Such changes have had significant beneficial impact on eftluent

quality, as well as on the receiving environment.

Various analytical methods have already heen developed to measure resin acids in

environmental and biological samples, including treated and untreated pulp mill effiuents,

receiving waters, fish bile, and tissue samples. Methods, which have been developed to

date include gas liquid chromatography (OLC), high performance liquid chromatography

(HPLC), and spectrophotometric methods (Chow and Shepard., 1996) In addition to

time-consuming anaIysis, current analytical methods are unable to separate completely all

of the resin acids in a mixture. For this reason, it is necessary to develop monitoring

programs that are sensitive, rugged, and simple and can he used to measure the toxic

etfects ofRA's on tish species (Andersson and Forlin., 1988).

2
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A correlation exists between bile resin 8Cid levels in fish and exposure to resin

acids in contarninated waters (Oïkari., 1986). Concentrations of a toxicant and its

metabolite cau he 1,000-100,000 times higher in the bile than in water where the fish live

(Leppanen et al., 1999). Resin acid concentrations in tissues of exposed fish show similar

correlatio~ however accumulated concentrations are lower. Fish bile analysis may he

used as an accurate and sensitive marker for pulp and paper mill effiuents (Andresson and

Goran, 1994; Brumley et al., 1998).

Capillary electrophoresis is a newly developed analytical separation method that

cau he applied to the analysis of a variety of samples. Cyclodextrin modified CE is one

mode of CE which employs a mixture of negatively cbarged sulfobutylether-(3-CD and

neutral methyl-p-CD to effect a differential partitioning of the resin acid between the

buffer and CO phase (Groom and Luong, 1997). Many CE separations have heen

developed for the separation and quantitation ofpollutants, including polycyclic aromatic

hydrocarbons, (PAH's), pentachlorphenols (PCP), phenols and chlorphenols (Brown et

al., 1996).

The aim of this research was to develop a novel separation utilizing cyclodextrin

modified CE (CD-EKC), the specifie objectives of this research were:

1. To optimize the separation of resin acid standards using CD-EKC with UV detection,

to establish limits ofdetection.

2. To develop a fluorescent tagging method for the resin acid standards for separation and

detection using the CO-EKC coupled with LIF detection.

3. To develop an extraction method for resin acids in both pulp mill effiuent, and fish bile

using spiked control samples, and contarninated samples.

4. To tluorescendy tag the extracted resin acids and measure them using CD-EKC with

LIF detection

5. To compare the methods ofseparations with conventional HPLC and OC results.

3
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2. LITERATURE REVIEW

2.1. Rain Aeids

Resin aeids (RAs), trieyelie diterpenoids with a earboxylie moiety are found in the

oleoresin of eoniferous trees. Figure 1 outlines the structures of the RA's, and gives their

abbreviations as used in this thesis. RAs are released during ehemical and meehanieal

pulping proeesses, with the resulting effluents constituting 70% of ail of the compound

toxie to aquatic organisms (Oïkari, and Anas., 1985). Effluent from industrial pulp mHIs

is treated and released into rivers, lakes and coastal waters and is potentially hannful to

aquatie life. RAs are very resistent to degradatio~ are hydrophobie in nature and

therefore have relatively low solubility, RAs are known to bioaccumulate in aquatic

speeies. RAs are classified into 2 main groups, abietanes and pimaranes. Abietanes

consist of abietic acid, dehydroabietie acid, neoabietic acid and palustric aeid, and are

classified based on their isopropyl substituent on the C-13 carbon. Pimarines eonsist of

pimarie aeid, isopimaric acid, sandarocopimaric acid and levopimaric acid, and possess

two substituents, vinyl and methylmoieties on the C-13 carbon. Chlorobleaehing of

wood using CI2., or CI02 results in the formation of2 chlorinated resin acid structures, 12­

chlorodehydroabietic aeid, and 12-14 dichlorodehyroabietic acid.

2.1.1. Resin acid Toxicity

Resin acids constitute a major part of the compounds toxie to aquatic organisms in

pulp mill eftluent, therefore numerous and extensive studies have been performed both in

the laboratory, and in the field to assess their effects on fish (Kennedy et al.• 1995). The

most frequently studied, and the most lethal resin acid is dehydroabietie acid, this

compound bas been found to produce sub-lethal effects at concentrations of 5 to 20 J.1gIL

(Johnsen et al., 1998). A 96-h LCso value ranging from 0.5-1.1 mg 1-1 for aquatic

organisms bas been established. Fish species inhabiting regions near pulp mills have been

shown to produce a number of lethal and sub-Iethal effects, ineluding Iiver damage,

growth deficiencies, decreased reproductive titness, neurotoxic effects, metabolie

impainnents, and decreased immune reSPQnses (Soimasuo et al., (1995). Resin acids have

structures, which are very similar to hormones, and for this reason it is thought that they

4
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May he endocrine distruptors. Recent studies have shown that fish exposed to pulp mill

effiuent have consistently demonstrated reduced steroid levels, increased age to sexual

maturatio~ and reduced expression of secondary sexual characteristics (Soimassuo el al..

1995).

2.1.2. Pulp Mill Effluent Treatment Processes

Concem about discharged substances by the pulp and paper industry, in particular

about chlorinated organic substances bas resulted in worldwide govemmental legislation

and industrial regulations (Soimasuo et al., 1998). Pulp. mill effluents Me composed of

complex mixtures of organic and inorganic substances, which have remained chemically

unknown or unidentified with potential harmful effects on the environment. The forestry

industry has therefore introduced several a1terations in the manufacturing of products, and

treatment of wastewaters. These alterations include modified cooking, substitution of

chlorine dioxide for elemental chlorine, and biological treatment. Ali of these processes

have proven to have a beneficial effect on effluent quality as weil as on the receiving

environment (Soimasuo et al., 1998).

2.1.3. Methods ofAnalysis ofRes;" Acids

There are Many ditferent methods which exist that are commonly used to measure

resin acids in pulp mill eftluent (Sharma et al., 1996). These include colorimetric

methods involving spectrometric analysis al 525 nm wavelength, OC methods which

involve the extraction of resin and fatty acids with methyl tert-butyl ether followed by

derivatization with diazomethane for analysis using flame ionization detection (FID).

Richardson et al. (1992) have used HPLC for resin acid analysis, using dichloromethane

or 4-bromomethoxycoumarin (4-BrMMc) to extraet resin acids before HPLC analysis

using both UV detection, and scanning fluorescence detection; solid phase extraction has

also been used to isolate and concentrate resin acids from rosin, and paper mill dePOsits,

and the electron capture detector has been used to measure pentafluorbenzyl esters of

resin aciels.
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A satisfactory method must he fast and accurate to allow enough time to arrest the

resin acid problem while it is still in the treatlnent stage (before being released to

receiving waters). Another issue is sensitivity, because the Leso of several resin acids is

50 low « 0.1 ppm), it is necessary to use detection methods that will accurately measure

very low concentrations of the analyte (Chow and Shepard., 1996). Fluorescence is one

of the possibilities if RAs could he labeled with a fluorescent "tag" since they do not

fluoresce naturally.

2.1.4. The Use ofFis" Bile Metabolite Analysis as Exposure Biomarkers 10 PME

Fish bile analysis May allow for a more sensitive analysis of the effects of the

levels of resin acids present in the receiving waters of pulp and paper mills (Krahn et al.,

1987). Exposure bas been monitored through the measurement of biliary Metabolites.

The concentration ofa toxicant May he 1,000-100,000 tintes higber in the bile than in the

water the fisb inhabit (Leppanen et al., 1998). This technique bas allowed researchers to

show the extent ofeffluent toxicity on surrounding waters which are close to or below the

detection limi15 of routine analytjcal methods (Oikari and Ojala, 1987).

2.2. Electrophoresis

Electrophoresis is an analytical method that is frequently applied for the separation

and characterization of many proteins or nucleic acids. 115 principle is that the charged

particles of a sample migrate in an applied electrical field (Weston and Brown, 1997). If

conducted in solution, samples are separated according to their surface net charge density.

The most frequent applications, use gels (Polyacrylamide, agarose) as a support medium.

The presence of such a matrix adds a sieving effect so that particles cao he cbaracterized

by both charge and size. Protein electrophoresis is often Performed in the presence of a

charged detergent like sodium dodecyl sulfate (SDS) which usually equalizes the surface

charge and, therefore, allows for the determination ofprotein sizes on a single gel.

2.2.1. CapUlllry Electrophoresis

Capillary electrophoresis (CE), is a relatively newly developed separation

technique which employs the use of narrow bore capillaries (20-100 J.Utl) to perfonn a
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highly efficient separation 00 a variety of analytes. Capillary electrophoresis offers a

compliment to traditional techniques such as HPLC, and Ge, or slab gel electrophoresis.

Table 1 tabulates the comparable tenns commonly used in HPLC, which can he

applied to CE. Many methods of analysis currently using these techniques will he

converted ta CE in the future because of the Many advantages offered by it in terms of

versatility, separation efficieDcy, sensitivity, analysis time and cost. CE is an analytical

technique with a broad application range, eoabling the user to analyze Many sample

types, from large complex Macromolecules such as proteins and nucleic acids, to small

solutes such as organic drugs, and inorganic ions and cations (Baker., 1995). Capillary

electrophoresis is a method of analysis that is DOW considered to he accurate, precise, and

dependable, it is heing used routinely in the industry, at universities, and in govemment

laboratories.

2.2.2. Components ofIl CE System

The principle comPOnents of a CE are a high voltage power supply, a fused silica

capillary with an optica1 viewing window that passes through the optical center of a

detector, a controllable high voltage power supply and two buffer" reservoirs in which two

electrodes, a cathode and anode are immersed. The system is connected to a data

acquisition devise, and usually the system is controlled with a computer and system

software.

The sample heing analyzed is introduced to a properly conditioned capillary inlet

with a timed pressure injection (0.5 psi), or a voltage controlled electrokinetic injection.

A high electric field of up to 30 kV is applied to both ends of the capillary with the two

ends of the capillary immersed in the anodic and cathodic buffer reservoirs. With the

optical viewing window alignedwith the detector, sample components pass by the

detector window and are measured. The data is collected and a plot of detector resPOnse

(absorbency) versus time, called an electropherogram is produced.

8



• Electropherogram Chromatogram

Applied Potential Flow rate

Carrier electrolyte or buffer Emuent or mobile phase
Injection mode (hydrostatic Injector
electrokinetic)
Migration time Retention titne

Electrophoretic velocity Column capacity factor

Velocity -NIA

Electroosmotic flow -NIA

High-voltage power supply Pump

Capillary Column

Table 1. Comparison ofElectrophoretic and Chromatographic Terms
(Weston, 1997).

NIA not applicable

•



• 2.3. PriDeiples ofSeparation

2.3.1. Electrophoretic MobUily Electrophoresis is the process by which ions

migrate towards a cathode or anode when voltage is applied to them in an electrolytic

solution. The rate of this movement is termed electrophoretic mobility J,lcp (cm2N s), and

relates to the speed at which ions migrate in a specifie buffer, under an applied electric

field.

J,lep =oaIE = U EP (L/tmll (VIL.) (1)

where,

U EP = Electrophoretic velocity of ion (cm/s)

E = Applied voltage (VIcm)

Ld = Length of the capillary to detector

L t = Total capillary length

lm = Migration tinte

Rates at which molecules move under high voltage separate depend on their

charge to size ratio. Smaller Molecules will migrate faster than larger sized ones, and

ions with a higher charge will migrate faster than ones with a lower charge, neutral

molecules will not he affected. The fractional drag of the buffer also effect mobility.

Buffer viscosity and the size of the ion detennine drag, therefore the ltigh~r the viscosity,

or the larger the ion, the resistance is higher, and the net movement is slower. Ionic

mobility CE is related to the charge to mass ratio as follows:

J.1cp = (q/61t) T)r .••...•••••....••••• (2)

where,

• r

= electrophoretic mobility

= numberofcruuges

= solution viscosity

= radius ofthe ion
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2.3.2. Electrosomosis

Electrosmosis is one of the fundamentals processed that drives a CE separation.

This phenomenon is the result of ionization of the acidic sHanol groups on the inner

lining of the capillary when it is in contact with a bufIer solution. Electroosmotic flow

(EOF) is effected by many factors, the primary one being the net charge on the capillary.

At high pH, the silanol groups are dissociated, resulting in a negatively charged capillary

surface. The negatively charged wall attracts positively charged ions from the buffer,

creating an electrical double layer. When voltage is applied across the capillary, cations

migrate away from the capillary wall, towards the cathode. This effect is often termed

'an electric pump' and the force created is so strong that if effectively pushes neutral ions

towards the cathode, and also overwhelms anions, reversing their direction from the

anode towards the cathode (Camilleri, 1998). The order of migration is cations, neutrals

and anions. EOF is defined by:

U eo = eÇ/41t11 E (3)

where,

E = dielectric constant

ç = zeta potential (charge on capillary surface)

Tl = buffer viscosity

E = applied voltage (V/cm)

2.3.3. Effect ofpH

EOF decreases with lower pH, is insignificant at pH below 4, and is strongest at

pH above 9. Dongmei et al. (1999). At high pH, the silanol groups on the capillary are

fully ionized, the linear velocity of EOF is around 2mm/s at pH 9 in 20 mm borate buffer

solution, with a 50 JlI1l i.d. capillary. The result is a volume flow of about 4 nL/s. In

contrast, at pH 3 the EDF is much lower, measuring only about 0.5 nL/s (Kitagjshi,

1997). EOF cao therefore he controlled, or suppressed to effect a variety of different

separations. pH is a very important factor involved in the separation, because it controls
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the solutes charge state as well as the level of EOF. The overall migration time of a

solute is therefore related to both the mobility ofthe solute, and the EOF.

2.3.4. Effect ofIo"ie Stre"Kt"

Mobility is also dependant on ionic strength, utilizing buffers of lower ionic

strength results in band broadening, and decreased resolution from adsorption of cations

due to an increased EOF, and overloading effects on the capillary. 80th EOF and

mobility decrease with increased ionic strength, peaks hecome narrower, and resolution

increases because these effects are reduced. Utilizing buffers ofhigher ionic strength also

results in a higher current being generated, the result will he peak broadening due to joule

heating effects. Lowering the running voltage cao decrease these effects, however this

will result in longer analysis limes. Altematively capillary diameter cao he decreased,

but this results in a shorter path length at the optical window, resulting in decreased

sensitivity. Typical buffer concentrations range from 20 - 100 mM.

2.3.5. Pote"tÛlI Gradie"t/Field Stre"gt"

When voltage is applied across a capillary filled with buffer, current tlows, the

passage of this current causes the buffer temperature to increase by a process called 'Joule

heating'. Heat is dissipated al the outside of the capiUary wall, resulting in a temperature

differential across the capillary wall, and temperature changes with time, due to

inefi'ective heat dissipation. The rate of heat generation in a capillary cao he

approximated with the following equations:

dH/dt = ,VILA ~ (4)

dH/dt = kV2
/L2 •••••••••••••••••••• (5)

where,

L = CapiUary length

A = Cross sectional area ofcapillary

K = conductivity
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The result of this temperature gradient is peak broadening. The effects of joule

heating can he reduced by decreasing the applied potential, by utilizing capillaries with

smaller diameters, by increasing the length of the capillary, or by using lower

concentration buffers. Using a liquid cooling system that will effectively dissipate heat

and allow higher nmning voltages to he used further reduces these affects. To determine

the optimum balance between analysis speed, resolution, and run voltage and Ohm's Law

plot can he performed by running at an increasing voltage, and monitoring the current

generated at each applied voltage. These values cao then he plotted, and a straight line

should result, a positive deviation from linearity shows that the temperature removal

capacity of the system bas been exceeded. An optimal run voltage can he chosen based

on this graph.

2.4. Modes of CapiUary Electrophoresis

Capillary electrophoresis is comprised of four main separation modes, each

having different operative and supPOrtive characteristics. These separation modes are;

capillary zone electrophoresis (CZE), capillary gel electrophoresis (CGE), capillary

isoelectric focusing (ClEF) electrokinetic capillary electrophoresis (EKCD).

2.4.1. Capillary Zone Electrophoresis (CZE)

Capillary zone electrophoresis is the most basic form of capillary electrophoresis.

This mode of separation is based on differences in charge to mass ratio of components

being separated. A buffer solution is used to perform the separation under constant

applied field strength throughout the length of the capillary, and comPOnents separate into

discrete zones (Kitagishi, 1997). This separation is dependent on the nature of the

sample, temperature, voltage applied, ionic strength, buffer pH and C8Dillary diameter and

length. EOF also plays a critical role in CZE. Separations of bath large and small

molecules, or ofneutral ions, cations or anions can he accomplished using CZE.

2.4.2. ClIpil/lIry Gel Electroplloresis (CGE)

Capillary gel electrophoresis involves using a capiUary coated with a gel that acts

as a molecular sieve to provide separation based on solute size. In this process, EOF is
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eliminated and adsorption to the capillary wall is also greatly reduced. In CGE, the gel

matrix acts to efIectively impede solute migration based on molecular size. This is called

the sieving efIect. CGE cao he used to separate solutes such as proteins and

macromolecules, which have the same charge to mass ratio, but are of different size.

Using CGE, separation occurs because larger molecules will he impeded during passage

through a gel filled capillary, and smaller molecules will pass through easily (Baker,

1995). Under well-controlled conditions, mobility of the solute is inversely proPQrtional

to solute size.

2.4.3. Capillary lsoelectric Focusing

Capillary isoelectric focusing involves the separation of zwitterionic compounds

such as peptides and proteins based on their isoelectric points. Separation occurs because

of a pH gradient, which is established in the capiUary. In this process, a coated capillary

is used to eliminate EOF and decrease solute adsorption to the capillary. A pH gradient

is established using carrier ampholytes that are zwitterionic, and are chosen so that the

range of their isoelectric points comprises (Baker., 1995).

2.4.4. Copillary Electrokinetic ChrollUltography

Capillary electrokinetie ehromatography (EKC) is based on chromatographie

principles using homogenous solutions containing an ionic "carrier", the unique

characteristies of EKC is that it allows for the separation of both neutral and eharged

analytes (Otsuka and Terabe., 1996). There are various modes of EKC, one being

micellar electrokinetic chromatography, which uses micellar solutions, or cyelodextrin

modified capillary electrophoresis which uses cyclodextrins in solution

2.5. Cyelodextrins

Cyclodextrins (CD's) are eyelic oligosaccarides of D-glucose. Structurally CDs

consists of 6, 7 or 8 glucose residues (a, Pand y, respectively). Figure 2 shows

representative drawings of these structures, and Table 2 also outlines the physical
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characteristic of the three CDs. The cyclic arrangement of the sugar residues creates a

hydrophobie cavity such that molecules of the proper size shape and polarity enter the

cavity fonning inclusion complexes. Together, van der waals forces, hydrogen bonding,

and solvent (hydrophobie) interactions account for the stable complexes that may be

formed with chemical substances while in the apolar environment of the CD cavity. The

complexes formed exist in equilibrium dependent upon the concentrations of the CD, the

guest chemical and water (Baker., 1995). The rate at which the associated complex is

formed is determined in the large part by the accessibility ofthe guest molecule to the CD

cavity and the magnitude of the net thermodynamic driving force. Accessibility is

dependent on the molecular geometry of the guest molecule, and the particle size.

Complexes are usually formed rapidly, because even the most hydrophobie compounds

are solvated by water to some degree, and therefore these hydrated portions are able to

get past the hydrophilic hydroxyl groups at the entrance of the CD cavity (Baker., 1995).

The actively interact with the hydroxyl groups on the rims of the CD torrid or they may

shield the hydrophobic molecule from being repelled by the hydroxyl groups. When past

the rim of the hydroxyls, the hydrating molecules of water are driven from the

hydrophobie cavity, allowing the Molecule to find it's Most stable resting-place. After

the Molecule has entered the cavity, the "goodness of fit", as determined by the weak

interactions taking place in the cavity, will make the final contribution to the degree of

association component of the equilibrium process (Righetti., (996).

Cyclodextrins can be used in CE to provide a wide variety of separation

selectivity's. The procedure of cyclodextrin modified capillary electrophoresis involves

using a mixture of negatively charged sulfobutylether·p-cylcodextrin (SPCD) and neutral

methyl·p·CD (MECD). The charged and neutral CD's act to effect a differential

distribution (partitioning) of analyte between the buffer and CO phase in the capillary

(Groom and Luong, 1997). Using this technique, one phase travels through the capillary

at the same rate as the electrosmotic flow (neutraI CD), and the other cyclodextrin phase

(negatively charged) travels at a rate slower than the EDF. [n the case ofresin acids, each
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• Physical Characteristics a 13 y

Molecular Weight 972 1135 1297

Glucose Monomers 6 7 8

Internai Cavity Diameter (A0) 5 6 8

Water Solubility (g1100mL: at 25°C) 14.2 18.5 23.2

Surface Tension (mN/m) 71 71 71

Melting Range (0 C) 255-260 255-265 240-245

Water ofCrystallization 10.2 13-15 8-18

Water Molecules in Cavity 6 Il 17

Table 2. Physical characteristics ofa., J3 and y cyclodextrins
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RA will interact with the two phases to result in a baseline separation of very closely

related resin acids Luong et al. (1999a).

2.6. Detection Modes in CE

The main types of detection used in CE, which are commercially available,

include; ultraviolet (UVMS), photo-diode anay (PDA), fluorescence, and laser induced

fluorescence (LIF).

2.6.1. U. ~ Detection

UVMS detectors are the MOst common and ofIer universal detection, meaning

that they will he suitable to measure Many types of analytes (Baker., 1995). These

detectors will provide reasonable detection limits for Most applications, however

sensitivity May he a limiting factor in CE when trace analysis is required. One of the

main factors, which reduce sensitivity in CE is the small inner diameter of the capiUary,

and therefore the small sample window that exists. This problem bas been helPed by the

use of extended Iight capillaries, which are now commercially available. These capiUaries

are often called "bubble cells", and have windows, which are 3 of 4 times larger at the

window, allowing for increased sensitivities (Weston and Brown., 1997).

2.6.2. Photodiode Array

Diode anay detection allows for simultaneous multiple wavelength analysis of

samples, and May he convenient to determine the optimal wavelength ofa sample, as weil

it cao provide information on substance purity.

2.6.3. Fluorescence Detection

Fluorescence occurs when an electron drops from an excited singlet ioto the

ground state. In fluorescence, the Iight is given off for approximately 10" secs after the

Molecule bas been excited (Baker., 1995). The energy that is given off in the form of

fluorescence is less than the energy that is taken in, therefore the wavelength of Iight that

is used for excitation is shorter than the wavelength of light that is given off, which is the

emission wavelength. Therefore in fluorescence detection there are two wavelengths
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specified, an excitation and an emission, and there are also 2 fluorescence spectras, which

are associated with a specific compound which fluoresces. The excitation spectrum

produced is a plot of intensity ofemitted light versus wavelength ofexcited light, and the

emission spectrum is a plot of intensity of emitted light versus wavelength of emitted

light. The emission spectrum is approximately a mirror image the excitation SPectrum,

and maximum excitation wavelengths for excitation and emission can he determined

from these spectras (Baker., 1995). Fluorescence detection is a sensitive technique,

detection limits using fluorescence detection are one to three orders ofa magnitude lower

than those obtained using absorbance detectioD. Fluorescence is a1so a selective type of

detection because only solutes which fluoresce, or which are fluorescently labeled can he

detected.

2.6.4. Laser Indllced Fluorescence Detection

The sensitivity of fluorescence detection is proportional to the intensity of emitted

light. The greater the intensity ofemitted Iight for a solute, the taller its peak will 00, and

accordingly there will he a higher signal-to-noise-ratio and increased sensitivity (Baker.,

1995). The intensity of the Iight emitted is a fonction of the quantum efficiency of the

fluorescing solute, as weil as the numOOr of excited Molecules. Lasers produce a high­

intensity radiation for excitation, and allow for a very high level of focusing. A laser can

he focused to the inner diameter of the capillary, so that all of the Hght impinges right on

the solutes. Laser induced fluorescence detection allows for very high sensitivities,

detection limits of 10 ·18 - 10 -21 have been reported (Baker., 1995).

Light from a laser is focused by a lens onto the window of the inner diameter of

the capillary, a bandpass tilter (or cutoff tilter) is placed OOtween the OOam between the

laser and the capillary. Emitted light is collected at right angles, to the incident beam, it

is filtered through another band-pass-tilter, and the signal is detected and amplified by a

photomultiplier tube. The tilter is used to mjnjmi~ the chance of any scattered Iight

from reaching the photomultiplier tube (Baker., 1995).
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Many different· commercial lasers are available, including He-Cd, argon, and

helium - neon. In selecting a laser, there are three very important points to which need to

be considered to optimize laser performance, and results, these are; excitation 1 emission

maxima of solutes to he measure~ laser output power, and the focusing ability of the

laser (Baker., 1995). The laser wavelength should he at or near the excitation maxima of

the solutes being analyzed, naturally fluorescing solutes in a multi-component solution

will usually fluoresce at different emission maximas, so a compromise must be made

when choosing laser wavelength. If a fluorescing agent is being used to tag the solutes,

all of the solutes in solution will have the same fluorescence maxima, th~ fluorescent tag

used cao be chosen according to the laser used, and optimized for it. Laser output power

effects sensitivity, higher laser power gives higher peak intensities, but if laser power is

tao hig~ it will cause photobleaching of the solutes being measured. Laser output power

cao he measured and optimized or adjusted using a power meter. A third and a1so very

important factor involved in LIF detection is the ability to a1ign and Cocus the laser light

ta a very small spot on the capillary.

2.7. DerivatizatioD of resiD acids

Resin acids are not naturally' fluorescing compounds, therefore to obtain the

sensitivity necessary for trace anaIysis, the resin acids would have to he derivatized and

fluorescently tagged so the they could he detected using LIF detection. Richardson et al.

(1992) bas developed a method for derivatizing resin acids using both 4-bromomethyl-7­

methoxycoumarin 4-Bromomethyl-7-acetooxycoumarin. The fluorescent label reacts

with the carboxyl group of the resin acid in the presence of potassium carbonate to from

an ester. Figure 3 shows the derivatization reaction for the conversion of abietic acid to

it's derivatizing ester, using 4-BrMMc.
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Figure 3. Derivatization reaction for the conversion ofabietic acid to it's fluorescent derivative •
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3. MATERIALS AND METRons

3.1. Materials

P-Cyclodextrin sulfobutyl ether (SPCD), witb an average degree of substitution

(ds) of 4 , and a pKa of 2 was purchased from CyDex Inc. (Overland Par~ KS).

Methyl-p-Cyelodextrin (MECD) with an average ds of 0.8 methyl groups per

cyclodextrin, was purehased from Aldrich (Milwaukee, WI). The fluorogenic reagent 4­

bromomehtyl-7-methoxycoumarin (4-BrMC) with a purity of 97% was purchased from

Sigma Chemical Co. (St. Louis, MO). The resin acids (purity 95-99%) except for

pimaric acid, (85-90%), chlorodehyroabietic acid, (85-95%), and abietic acid, (90-95%)

were purchased from Helix Biotechnologies (Richmond, B.C.) and used without further

purification. CDA eontains equal mixtures of 12- and 14 -chloroisomers. Exeept for

dehydroabietie acid (MW 300), ehlorodehyroabietic acid (MW 336) and

dichlorodehydrabietie acid (MW 370), the resin acids posses the same molecular weight

of 302. Water was purified using a Zenopure Quadra 90 filtration system (Zenon

Environmental, Burlington, ON.) with a specifie resistance of 15 M J,lem.

3.% Instrumentation

Ali of the CE experiments were performed on a PIACE 5500 capillary

electrophoresis system (Bec1anan, Fullerton, CA). A 50 J.lID i.d capillary with a 37, 47 or

57 cm total length was used for all of the results presented. Capillary temperature was

regulated at 25°C using a liquid coolant in a sealed cartridge. EXPeriments to monitor

derivatized resin acids separation were Performed using a Beckman LIF laser-indueed

fluorescence detector, module interfaeed with an Omnîchrome series 74 He-Cd laser

(Melles Griot, Carlsbad, CA), 325 Dm, 35 mWoutput. A 100 J.Ul1 i.d. 140 J.Ull. fused

silica step-index optical fibre using a laser coupler (OZ Optics, Ottawa, ON) was used for

transmission to the fluorescence detector. Fluorescence emission was measured using a

370 nm long-pass tilter coupled with a 400 nm bandpass filter before the photomultiplier

tube for the LIF detector. Using PIACE Station software (Version 1.0 Beckman)

facilitated data acquisition and analysis. The resulting signal was processed using a Dell

Optiplex QXI computer for storage, data handling, and real tilDe display of the
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electropherograms. Sample injections were performed for 5 sec al 0.5 psi (3.44 kPa)

injection al the capillary inlet. The separation voltage was applied using al-min ramping

time, to prevent possible curreot breakdown. On-column UV detection was also

performed using a Beckman modular UV detector operated at 214 om.

The HPLC system consisted ofa Waters (Waters, Milford, MA) model590 pump,

a Waters HPLC UV detector at 214 Dm, (mode1481), and a Waters scanning fluorescence

detector (Model 747). The Le column used was not thennostated during operation, and

aU injections were made in duplicate using a Waters WISP model 710B autosampler,

with an injection volume of 15 J.1L. The stock mobile phase was degassed by belium

before use. The resin acid were separated using a C-18 Beckman octadeclysilane column,

(4.6 mm x 15 cm, 5 J.UIl), or a Supelco Supelcosil LC...8 column, (4.6 mm x 15cm, 3J.UIl.

The fluorescence characterization of the derivatized resin acids was measured with a

Gilford Fluoro-IV spectrofluorometer (Gilford, Oberlin, OH). The detector PMT voltage

was set at +550V.

3.3. Procedures

Solutions for CE experiments were prepared by diluting the appropriate

concentrations of cyclodextrins with the stock buffer. Ali the solutions were sonicated,

and filtered through 0.45 JUIl Millex-HV filter (Millipore, Bedford, MA) before use.

Solutions of RAs for UV analysis were prepared by dissolving 10 mg of each RA in 10

mL of Methanol (final concentration 1000 ppm), solutions were protected from the light

by covering the vials with aluminum foil. New capillaries were conditioned using a high

pressure rinse (20 psi) sequence of 5 min in 1 N HCI, 60 min in 1 N NaOH, 10 min in

distilled H20 and 30 min in running buffer. Before daily operation of the CE, the

capillary was rinsed for 5 min in 1 N NaOU, 2 min in distilled H20 and 5 mins in running

buffer. This procedure was also used to recondition the capillary during daily use

whenever necessary. The capillary was further conditioned by applying a 10 kV running

voltage to the capillary for about 10 min prior to the first sample injection of the day.
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3.4. Derivatization of the RaiD Acids

Resin 8Cids were derivatized according to the method established by Richardson

et al. (1992). Stock solutions of RAs for derivatizations were prepared by dissolving 10

mg of each RA in 10 mL vial (final concentration 1,000 ppm). Standard solutions for

derivatizations were prepared by mixing 100 J.1L of each of the ten resin acids (final

concentration 33.3 ppm each RA) in 2 mL of acetone. For the derivatization, a 300 J.11

portion of this solution was mixed with 150 J,1L of 4-BrMMc (7.4 mM) and 5 mg of

calcium carbonate (final concentration of each resin acid 3.3 ppm), and diluted with

2.550 mL ofacetone in a light protected vial. Samples were sonicated in a ultrasonic bath

for 20 mins at 25° C, and tightly sea1ed to ensure no 10ss of acetone between

derivatization and analysis. After sonication, samples were filtered to remove calcium

carbonate for analysis using a 0.45 J.1m filter. The derivatized resin acids were placed and

stored in light-protected vials, (5 mL) during the course of the experiment.

3.5. Resin Acid Extraction Procedure from Pulp Mill Emuent

Extractions were performed according to a method reported by Oïkari and Anas

(1985) for the extraction of congugated and uncongugated resin acids from fish bile.

Briefly, a 1mL sample of etlluent was spiked with 10 fJL of each resin acid (l00 ppm

each resin acid) the sample pH was adjusted to 3 using acetic acid. The sample was

extracted 3-times using 1 mL aliquots of a 3:1 (v/v) hexanelacetone mixture (final

concentration 33.3 ppm, each resin acid). A 300 J,1L portion of this sample was then

mixed with 150 J,1L of 4...BrMMc (7.4 mM), and 5 mg of calcium carbonate, and diluted

with 2.55 mL ofacetone. The sample was then sonicated for 20 min at 25°C and filtered.

A control sample was also run, which used 1 mL of distilled water spiked with 100 fJL of

acetone in which the extraction and derivatization was then performed as above.

Contaminated effiuent samples were also analyzed using this procedure.
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3.6. Raio Acid Extraction Proeedure from Fish BUe

3.6.1. Allalysis of(Uncontaminated) Control Stllllples

Fish bile was extracted from rainbow trout supplied by Environment Canada

(Ottawa, ON). Fish were sacrificed with a quick blow to the bead, and the bile was

extracted imme4iately from the gall bladder using a 20 gauge needle and syringe. After

extraction the bile was frozen onder nitroge~ and stored in ligbt protected glass vials

until analyzed. In this experiment, spiked bile samples were analyzed for free resin acids

according to the same method developed by Oikari and Anas (1985). Because the total

volume of bile available was small (approximately 500 JJL),only 100 JJ.L was used for

each analysis. In tbis procedure 100 JJ.L of bile was pH adjusted to 3 using acetic acid,

and was spiked witb 250 JJ.L ofresin acid mix (100 ppm concentration) and 750 JJ.L of a

3:1 (v/v) hexane:acetone mixture, a sec extract using 250 JJ.L of3:1 (v/v) hexane/acetone

was then taken. The extracts were combine<!, and 600 fJL of the extract was mixed with

150 J.1L of4-BrMMc (7.4 mM), and diluted with 2.25 mL ofacetone.

3.6.2. Fish ExperimentalApprotlch and Stllllpling

Fish bile was collected from whitefish obtained from a field study Performed at a

pulp mill near Edmunston N.B. with the assistance of Noranda Technologies (Montreal,

Qc), and Environment Canada. Whitesucker fish were used in the study, and tbese fish

were obtained downstream from the pulp mill test site, meaning that they were

theoretically free from any toxicants tbat would he released in the surroundïng waters of

the mill. Fish were netted and trapped and were sexed and placed in three separate

stainless steel tanks, two of which contained circulating water that was pumped from the

river and mixed with a 50% concentration of pulp mill eftluent obtained from the site

(one for male fish, one for female 6sh) a third tank was a control tank which contained

only circulating water pumped in from a clean water source. The water in the tanks was

continuously being mixed and circulated, the water temperature was maintained from 16-

19 oC. The fish were not Ced during the course of the study. After three days of

exposure, the 6sh were sacrificed with a quick blow to the head, and the gallbladder was

carefully removed, and the bile was evacuated into a vial. The samples were immediately
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frozen in liquid nitrogen and stored until analyzed a total of 100 samples were collected,

and each vial contained between 0.5 - 2.5 mL of bile, with an average quantity of 1 mL

coUected from each fish. Samples of the effiuent used in the study (50:50, v/v,

waterlPME) were a1so taken for analysis.

3.6.3. Anlllysis ofBile Samplesfrom Field StNdy

In this experiment, bile samples were analyzed for congugated and free resin acids

according to the same method developed by Oikari and Anas (1985). Because the total

volume of bile available from the study was high, samples were POOled to a volume of 5

mL. The bile was pH adjusted to 3 using acetic acid, and to release the congugated RAs,

alkaline hydrolysis was perfonned using 0.5 M KOH in ethanol at 70 C for 2 hours. The

Ras were then extracted using 3-times 1 mL a1iquots of a 3:1 (v/v) hexane:acetone

mixture. The extracts were combined, the extraet was mixed with 150 J,LL of 4-BrMMc

(7.4 mM), 5 mg of finely ground potassium carbonate and diluted with 1 mL of acetone.

The samples were sonicated at 25°C for 25 min. The samples were filtered using a 45

J.Ul1 filter, and evaPOrated to 500 flL onder a stream ofN2•
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4. RESULTS AND DISCUSSION

4.1. Development of a CD-EKC CapiUary Eleetrophoretic UV Separation

Table 3 summarizes all of the key parameters tested and measured and in

optimization process for the separation of the resin acids using cyclodextrin modified

capillary electrophoresis with UV detection. Table 3 a1so details the optimized results for

the separation. Luong et al. (1999a) have previously reported the separation of resin

acids using CO-EKC. The aim of the present work was to further confirm, and possibly

optimize these findings. It is important to also note that CDA contains equal mixtures of

12- and 14-chloroisomers, the isomer standards are not commercially available, therefore

it was not possible to identify them separately. For the purpose of this study, the CDA

isomers are identified as CDA 12, or 14.

4.1.1. Spectrophotometric Analysis

Initially, samples of each resin acid were dissolved in Methanol and measured

using a Beckman UV spectrophotometer. Figure 4 shows a sample of the absorbance

spectrum for a selected resin acid, abietic acid. Samples of each of the resin acids were

anaIyzed with a wavelength scan ranging from 200 - 400 Dm. The experimental results

(not shown) indicated that the UV absorbance of all of the resin acids was in the range of

220 - 260 om. Some of the resin acids a1so showed an increased absorbance at a

wavelength of 254 nm; however, other RAs showed no absorbance at this wavelength.

Because simultaneous analysis of all of the eleven resin acids was desired, a running

wavelength of214 nm was chosen and used for all further CE experiments.

4.1.2. Effect ofSBCD and MECD Concentrations on CD-EKC UVSeparation

The concentration of SpCD and MECO in the separation was shown to have

significant importance on the electrophoretic separation efficiency. Figure 5 shows the

effect of varying the concentration ratios of SpCD and MECO on the CE separation

efficiency. In this separation, a negatively charged cyclodextrin (SlleTJ) is used as a

'pseudostationary' phase with an uncharged (neutral) cyclodextrin (MECD). The neutral

CD moves with the bulle flow of the EOF, while the negatively charged CD will move at
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Detection Wavelength (nm)

Limit ofDetection (ppm)

Measured

200,214.254

1-100

Optimum
Condition

214

10

CD Concentration (mM) Various 35:15
SpCD:MBCD

Sodium borate 9.25 Sodium borate
BufferpH Sodium acetate 4.5 pH 9.25

Sodium phosphate 7.0

Buffer Ionic Strength (mM) 10,25,50,72 72

Separation Voltage (kV) 5,10,15,20 15

Capillary Length (cm)

Capillary Inner Diameter (J.1I1l)

Buffer Modifiers

27,37,47,57

20,50,75,360

Acetonitrile, Methanol

37

50,360

None

•

Table 3. Summary of conditions lested and parameters optirnized for the UV
separation of resin acids.



•

•

0.8 •
1,,

0.6 .
.-.. ..
0 .
CS •
'-' ,
u
~ 0.4 1(U

-e 10
ri)

.0 ,< 0.2 ,,
.

0 .

200 250 300 350 400

Wavelength (nm)

Figure 4. Spectrophotometric analysis ofabietic
resin acid (1ppm) dissolved in methanol.



•

•

a slower rate than the EOF. The benefit of having the charged CO in the separation

buffer is that it provides two phases for the negatively charged resin acids to associate

with the CDs. Each resin acid will effectively interact differently with the CO phase and

as a result a multi-component separation of ail resin acids is achieved by optimizing the

concentrations and ratios ofeach of the CDs used (Luong et al., 1999a).

To determine the concentration and ratio of each CD required to effectively

separate each of the resin acids, a series of experiments were run in which a quantity of

each of the CDs was added to each buffer (sodium acetate pH 4.5 or sodium borate pH

9.25) ranging in concentration from 0 to 40 mM ofMECO or SJJCD. Figure 5 shows the

effect of various concentration ratios on the separation of resin acids using sodium borate

buffer pH 9.25, with a 37 cm. capillary with an i.d. of 50 J.1IIl and a applied voltage of 15

kV. The electropherogram A clearly shows that with no CDs in the running buffer, the

resin acids migrate as a bulk phase close to the EOF. It was also found that with

concentrations of SpCO below 30mM the resin acids still co-eluted. In electropherogram

8 and C of Figure 5, we see a more clear separation of peaks by increasing the

concentration of SpCO from 30 mM to 35 mM. From these experiments it was found

that the ideal concentration of SpCD was 35 mM, increasing the concentration beyond

this still resulted in a complete separation; however, the migration time of the peaks was

also increased because the concentration of the negatively charged SpCO was increased.

The concentration of MECD was not as critical for an efficient separation of ail peaks.

Various concentrations ranging from 0 - 40 mM were run, results showeù that separation

time was decreased with higher concentrations of MECn in the running buffer because it

is neutral and results in a faster EOF because resin acids have less opportunity to interact

with the charged CD; these results were siInilar those obtained by Luong et af. (1999a)

for the separation of resin acids using CD-EKC with UV detection. Figure 5,

electropherogram (D) shows the ideal concentrations of SpCO and MECD are 35 mM

and 15 mM respectively. These concentrations and ratios result in the MOst efficient

separation in terms of the separation ofthe resin acids, and the time ofanalysis.
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4.1.J. Effect ofBuffer IOllie Strellgth

The eiTeet of bufIer ionic strength on CE separation efficiency was examined by

preparing a sodium borate butTer pH 9.25 containing 35 mM SpCD and 15 mM MECn

sodium borate pH 9.25 at ionic strengths ranging from 10-72 mM. The separation was

run using a 37 cm capillary, with a 50 fJ.IIl i.d. and the separation voltage applied was 15

kV. Figure 6 shows that increasing buffer ionic strength did increase the resolution of

peaks. Overloading, and adsorption effects on the capillary wall are reduced by

increasing buffer ionic strength, increasing buffer ionic strength should effectively

decrease separation time due to the increase in cationic charges on the interior of the

capillary, and therefore increased EOF (Weston and Brown, 1997). This is aIso shown in

Figure 6, although the EOF is similar at ionic strengths of 25 and 50 mM, we see almost

identical EOF's. However, as the buffer ionic strength is increased to 72 mM, the EOF

aIso decreases by approximately 1 min. Generally running buffers should range from 25

- 100 mM depending on the application; however, using butTers of high ionic strength

also results in higher generated running currents, and eventually results in peak

broadening, so a compromise must he made. The ideal concentration was found to he 72

mM, we were unable to try buffers of higher concentrations because we ·,vere limited by

the effects of using s(3Cn and MEcn (dissolved in water) in our running buffer.

However, this was not of particular concern, as the effects of buffer ionic strength seemed

to he less critical than other parameters.

4.1.4. Effect ofApplied Voltage

Figure 7 shows how increasing running voltage directly acts to reduce anaIysis

time, however this results in an increased current being generated across the capillary. If

the capillary is not able to 'cool' itself at a fast enough rate, a temperature differentiaI

results across the capillary, yielding broadened peaks, and therefore a deerease in

resolution of peaks. Because our buffer contains a charged cyclodextrin (SPCD), the

cunent generated by it will aIso he greater, meaning that we are limited as to how much

potentiaI cao he applied to the capillary for a separation. Reducing the inner diameter of

the capillary will a1so reduce the generated cunent, however there is a1so a loss of
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sensitivity as the window becomes narrower. Also because there are so many

components (RAs) to separate in this separatio~ some of the peaks will co-migrate

because the voltage is too high. In Figure 7 the effect of inereasing voltage on separation

time is clearly shown using a sodium borate buffer pH 9.25 containing 35 mM SI3CD

and 15 mM MEcn sodium borate, and applying a running voltages ranging from lOto

20 kV. Electropherogram (Fig 7A) shows that at a separation voltage of 15 kV the

separation takes 14 min, in comparison (Fig. 7B) shows the separation at a running

voltage of 10 kV takes 8.5 min. Accordingly with an applied voltage of20 kV (Fig. 7C),

the separation is completed in less than 6 min which cao he seen in Figure 7C. Based on

thesc results, the optimum balance hetween analysis speed and peak resolution was found

to he 15 kV.

4.1.5. E/fect ofCapillary Length

A series of experiments were run during the optimization process to determine

that effect of capillary length on the separation quality. It was found that the separation

time could he decreased from 12 to 8 min by shortening the capillary from 57 to 37 cm

totallength, and maintaining the voltage at IS kV. AIl these experiments were performed

using sodium borate butTer pH 9.25, 35 mM SI3CD 15 mM MECn, with a 50 J.1Ill i.d.

capillary. A comparison of Figure 8 to Figure 10 demonstrates that the separation quality

is not affected, while separation run time is shortened. Decreasing the capillary a further

10-cm (27 cm) resulted in too high of a running cunent heing generateci accordingly the

optimal capillary length was chosen to he 37 cm.

4.1.6. E/fect ofcapillary inner diameter

The narrow separation window (path lengtb) of a capillary is a definate limitation

in CE, especially in UV detection. Capillaries must remain narrow (20-100 J.1D1) in order

to control and minimize the amount of heat generated by high running voltages. To

compensate for this, specialized extended Iight path capillaries exist which have a

standard internai diameter but which have an extended light path al the capillary window

(360 J.U1l), allowing for increased sensitivities due to the longer pathlengtb. These
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capillaries were tested during the optimization process, and they were found to result in

twice the sensitivity achieved with a regular capillary of 50 J.UIl i.d. (results not shown).

linfortunately these capillaries are also costly and furthermore, in LIF detection the more

important aspect in achieving high sensitivity is focusing of the Iight and the capillary,

meaning that pathlength is not necessarily a critical parameter. For this reason extended

light path capillaries were not used past the optimization phase of this work.

4.1.7. The Use ofBuffer Modiftel'S

A series of experiments were run involving the use of orgafllc ~uffer modifiers

using both sodium acetate and sodium borate (results not shown). Both acetonitrile and

Methanol were added to the running buffers in concentrations ranging from 2.5 - 10%.

Each of the modifiers exhibited marked effects on the overall separation. The overall

separation was longer, as expected due to the increase in viscosity of the buffer by the

addition of solvent. Experiments showed that with the addition of 10% Methanol or

acetonitrile to a separation buffer of 50 mM sodium borate with a pH of 9.25, containing

35 mM SJlCD, 15 mM MECn and using a 37 cm capillary (50 J.lIIl i.d.), and 15 Kv

applied potential, a separation which was normally complete 8 min was completed in 25.

Ideally the peaks which were co-eluting would become more baseline separated due to

the change in buffer composition, and in theory the voltage applied could he increased to

decrease overall separation lime and optimize the separation. However, in this case, the

peaks seemed to co-elute more with the use ofmodifiers, and changing applied voltage or

concentration of modifiers was not heneficial. Furthennore, there was less

reproducibility, and more erratic behavior from the capillary was exhibited. For this

reason the use of buffer modifiers was discontinued, as it was shown that they could not

improve the separation quality.

4.1.8. EUeet ofpHon Res;" Aeid Separation

The effect of pH on the separation of resin acids was assessed using a range of

buffers, including sodium acetate at pH 4.50, sodium phosphate at pH 7.00, and sodium

borate at pH 9.25. While different buffers were being test~ it was found that the
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phosphate buffer consistently caused current crashes, and results were often not

reproducible (results not shown) eventually the phosphate buffer was disregarded7 and

further studies concentrated on sodium acetate and sodium borate buffers only.

Figure 8 shows the separation and identification of selected resin acids using a

sodium borate buffer of pH 9.25 with 35 mM SpCO and 15 mM MECO, the capillary

used was 57 cm in length and the applied voltage was 15 kV, with a 5 sec pressure

injection. The concentration of each resin acid was 100 ppm. The separation was 12 min

in length, and using these conditions resulted in 9 resolved peaks. Peak identification

was determined by nmning consecutive analysis and 'spiking' each sample with a

concentration of one particular resin acid each time. The peak was identified when the

signal increased at one specifie Peak, and the spiking was also verified in two different

experimental sets to re-verify peak identifications (results not shown). Peak

identifications are also shown in Figure 8. These results show that most of the resin acids

were baseline separated except for pimaric and sandarocopimaric acid (peaks 3 and 4),

and abietic acid and chlorodehydroabieitc acid (12 or 14) (peaks 9 and 10). Because

there is no chemical standard available for the CDA 12 or 14 isomers7 it was impossible

to identify these two isomers. These results are comparable to results reported by Luong

et al. (1999a), a1though the optimal Sf3CD concentration is higher, the sequence of peak

migration is the same.

Figure 9 shows the separation performed under the exact same parameters as

above, but using a sodium acetate buffer of pH 4.5. The electropherogram demonstrates

the decreased effeet of EOF at low pH, because of a resulting net decrease in movement

of anaIytes in the capillary due to the lower number wall charges. Under these

conditions, the separation was completed in only 25 min, and the separation window was

also wider (10 min) as opposed to the less than 4 min separation window achieved using

borate buffer. Accordingly, the peak identification, which resulted7 was also different.

The results show that most of the resin acids were baseline separated, except for
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chlorodehydroabietic acid (12 or (4) and dehydroabietic acid (peaks 1 and 2) which co­

eluted, as did dehydroabietic acid and palustric acid (peaks 4 and 5). At this pH, the resin

acids are expected to he neutral because their pka's range from 5.7-6.4 (Luong et al.,

1999a), SI3CO however is still negatively charged with a pka of 2. It is this that was

attributed to the different ionizations of each of the resin acids using a running buffer at

pH 4.5, or at pH 9.25. Peak identification was perfonned by spiking each RA ioto the

sample and recording the increase in peak height to the assigned peak.

4.1.9. Optimiz,ed Separation

As indicated previously, a summary of ail of the parameters tested during the

optimization process, as well as the optimal conditions found for the separation of the

resin acids can he see in Table 3. The optimal separation condition using CO-EKC were

found using a detection wavelength of 214 DD1, a buffer of sodium borate 72 mM, pH

9.25,35 mM S~CD 15 mM MECn and a separation voltage of 15 kV using a capillary of

37 cm total length with a 50 .,un Ld. capillary. Figure 10 represents the optimized

separation of the selected resin acids. These results are significant, in that a majority of

the RAs were easily separated in a short period of time, significantly less timer than in

methods involving OC or HPLC analysis, and more importantly that chlorinated

compounds, which may he considered more toxic and more dangerous were also easily

detected.

4.1.10. Comparison Using ReversedPhase HPLC with UV detection

A method for the quantitative analysis of resin acids in effiuent and water samples

using high perfonnance liquid chromatography bas already been developed (Chow and

Shepard, 1996). This method was optimized by using a C 18 column (4.6 mm x 5 cm, 3

J.Ul1), a mobile phase of 76% methanol and 24% distilled water which contained 1% acetic

acid. The flow rate was Imllmin, and the detection wavelength selected was 214 DID.

Figure 11 shows the result of the separation of the resin acids which took over 80 min.

The resin acids were not completely resolved and less resolved peaks were observed than

with the developed CE method. Seven peaks in total were defined, the elution of
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dehydroabietic acid (peak 1), foUowed by CDA (12 or 14) (peak 2) CDA (12 or 14) (peak

3), and with the elution of levopimaric acid (peak 4) pimaric, neoabietic, sandarocopimric

(peaks 5,6 and 7) abietic, palustric and isopimaric acid co-eluted (peaks 8,9 and 10) and

finally peak Il dichIorodehydroabietic acid. An effort was made to alter run conditions,

including mobile phase composition, the utilization of buffer modifiers or column type,

but none of these changes resulted in an improved separation. Poor resolution ofpeaks

can generally he attributed to the very similar chemical structures of resin acids, as

mentioned before, resin acids have very similar chemical structures, differing ooly by the

location of the double bond molecular weights, and pKa's (Luong et al., 1999a).

4.2. Charaeterization of Derivatized RaiD Aeids

4.2.1. Derivat;zation of Resin Acids

Although a successful separation was achieved using UV detection, it was

necessary to develop a more sensitive separation method that could he applied to the

detection of trace quantities, (in the ppb range) of Ras in effluent of fish bile. As

discussed earlier, LIF detection is ideal for achieving low detection limits because it

allows for a highly sensitive and highly selective sample analysis. Because resin acids do

not fluoresce naturally, it was necessary to develop a method of fluorescently tagging the

resin acids so that they could he analyzed for LIF detection with CE. Resin acides have

heen previously derivatized using bromomethyl coumarin compounds containing

substituents on the aromatic ring have been previously used to form esters with its

carboxylic acid (Richardson et al., 1992). The reaction must he performed in an aprotic

dipolar solvent such as acetone, and uses potassium carbonate as a catalyst to enhance the

reaction rate. The derivatization reaction was Performed using 4-BrMMC in the presence

of acid potassium carbonate to form a fluorescent compound as shown previously in

Figure 3. Acetone was used as a solvent as it was found to he most compatible with the

CE system, a 1:1 (v/v) ratio ofcoumarin to resin acid was used because it was found that

excess amounts of derivatizing agents resulted in overloading of the capillary and

sometimes caused corrent crashes. The reaction was completed in 25 min in a sonicating

water bath at 2SoC. Reactions were performed in light protected amber glass vials
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covered with aluminum foil. Samples were tiltered after derivatization using a 0.45 J1Dl

tilter to remove the potassium carbonate after analysis.

4.2.2. VerifICation ofResin Acid Ester Excitation and Emission Maximas

To determine the exact excitation and emission maxima, each derivatized resin

acid ester was scanned using a Gilford spectrofluorometer. Results showed that each

derivatized ester was found to fluoresce optimally at an excitation wavelength of 325 nm,

and the resulting emission maxima was found at 400 Dm. Figure 12 shows the excitation

and emission maximas obtained with a 1 ppm solution of abietic acid. These conditions

were ideal for the CE instrument used in our lab, which bas an extemal helium

cadmium laser with an excitation emission of 335 Dm and which can he titted

with a 400 DOl bandpass tilter. The signal of 4-BrMMC in the resulting product was

shown ta have little effect on fluorescence, as the signal for 1J.lglmL of 4-BrMMC was

less than 5 RFU (relative fluorescent unit).

4.2.3. Verificlltion ofDerivatiZlltion Usin6 Electrospray lonization Mas Spectrometry

The derivatized esters were also analyzed using mass spectrometry to confirm

ester formation. Results are shown in Figure 13, a major peak is seen at 491 m/z (mass

to charge ratio), and the absence of the abietic acid peak at 302 m/z was observed. An

underivatized abietic acid sample was run initially (results not shown) to confirm a peak

at 302 m/z. The absence of this signal in the derivatized samples confinns that the

reaction proceeded ta completion, and the lack ofother signaIs show also that the reaction

produces no side reactions. Unreacted coumarin used in two-fold excess showed a

doublet at 269, and 271 m/z respectively, one peak corresponding to the 79Br, and the

other signal corresponded to the 82Br signal. These results are similar to those reported

by Luong et al. (1999b) and Richardson et al. (1992), and further confirmed that although

the resin acids do not fluoresce naturally, could he easily and efficiently derivatized using

4-BrMMc in acetone, under the presence offinely ground potassium carbonate.
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4.2.4. OptillÛ%lltioll ofLtlSer Lig1lt Outplltfrom CE

As was expected, a large amount of effort and time was put into optimizing the

laser light path between the laser source and the capillary window. The resin acids were

analyzed using CO-EKC equipped with an LIF detector, with excitation energy of 325

nm, and an emission setting of 400 nID. Because the intensity of Iight emitted from the

laser is a function of laser power, a power meter was tirst used to measure and maximize

the power output from the laser. Power is 'lost' at each break in the light path, and

directly correlates to detection sensitivity. Therefore, measurements were taken and

adjustments were made to the sets screws of the laser head to maximize power output. A

liber optic patchcord, specially titted to attach to the laser transmits the light to another

optical liber in the LIF detector and this light is transrnitted through the tiber optic in the

LIF detector to the capillary. The intensity of power output from the laser could also he

veritied on a daily basis by placing a white paper in front of the light path to confinn the

presence of an intense purple Iight. Eventually it was understood that the input and

output ends of the patchcord itself had to be protected from environmental particles such

as dust or dirt that would contaminate it and bum the ends when the laser light was tumed

on. Contamination of the tiber optic resulted in a huge loss in laser light intensity and

the patchcords had to he sent back to the manufacturers for repolishing of the ends. A

system was developed where if the system was not in use, the patchcord stayed attached

to the laser and the LIF detector, or if the patchord had to he removed, it was carefully

capped with a protective coyer and removed to a safe place. It was then discovered

that the most critical point of contact for detection sensitivity occurred at the point of

contact between the laser light output of the LIF detector fiber optic and the capillary. In

order to achieve any amount of sensitivity, the capillary and light output had to he

focused correctly, therefore the capillary position was carefully adjusted undemeath a

microscope to observe that it was properly aligned with the mirror of the capillary.

Another important factor in achieving sensitivity in detection was by the PMT

setting of the CE unit itself. Adjustments were necessary to optimjze the PMT settings

for each new capillary in order to achieve the hest signal to noise ratio. To do this,
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acetone was first run through the capiUary under high pressure (20 psi) and at time 2 min

zeroed, then a high concentration (1 ppm) of derivatized abietic acid was nm through the

capillary using a high pressure (20 psi) rinse, and the number recorded at tinte 2 min.

The PMT setting was then adjusted to allow for the oost signal to noise ratio for that

particular capillary.

4.2.5. Separation ofChlorodehydroabietic Acid

ACter confmnation was made that the resin acids were completely derivatized, and

that the laser Iight output as weil as the capillary alignment was optimized, each of the

resin acids was analyzed separately. The separation was perfonned using a sodium

borate buffer of pH 9.25 containing 35 mM SPCD, and 15 mM MECD with a 37 cm

capillary that had a 50 J.Ul1 i.d. Figure 14 shows the electropherogram for

chlorodehydroabietic acid, which bas 2 observable peaks (CDA 12 and 14). Coumarin

was observed to migrate from the capillary after the resin acid peaks occurred

(approximate time 25 min). A blank sample was prepared using the same derivatization

reaction containing acetone with no dissolved resin acids and was also analyzed (results

not shown) , the electropherograms clearly show the EOF of the acetone at time II~

as well as the coumarin at lime 25 min, but no other peaks were observed, indicating

that we were actually measuring the extracted CDA peaks.

4.2.6. Separation ofSelected Resin Acids Using CD-EKC with LIFDetection

The next step was to perform the separation of a mixture of all of the resin acids.

After derivatization, the concentration of resin acids was 10 ppm, a 1 mL volume of each

resin acid (lOin total) was combined resulting in a final resin acid concentration of 1 ppm

for each resin acid in the mixture. The sample was initially analyzed using the optimized

protocol which was developed with the UV detector, using a 37 cm capillary with a 50

J.1IIl i.d. containing 35 mM SPCD 15 mM MECD in a sodium borate butTer of 72 mM.

Unfortunately successive nms showed the resin acids eluted as a group, and were very

poorly separated (results not shown).
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Figure 15. Optirnjzed conditions for the LIF separation of
selected resin acids using a 36 mM Na-Borate, pH 9.25
containing 60 mM SpCD IS mM MECD. 37 cm Capillary 50
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These results suggested that during the derivatization reaction, the resin acids had

undergone confonnational changes that caused them to interact and behave differently in

the capillary For this reason, the SpCD and MEcn concentrations were adjusted to

improve and optimize the separation.. Figure 15 shows an optimized separation for aIl of

the resin acids in the mixture, using a 36 mM sodium borate solution pH 9.25 containing

60 mM SpCD and 15 mM MECD. The separation voltage had to be reduced to 10 kV as

a result of the increased SpCD concentration which resulted in a higher cunent (> 100

fJAu) being generated. The ionic strength of the running bufIer was also reduced ta 36

mM in order to accommodate the increase in SpCD (as SpCD is dissolved in water).

Table 4 also summarizes the optimal conditions used for the separation. The final

separation was not as baseline separated as in the UV separation, but sensitivities were

much higher, enabling detection of resin acids at much lower concentrations (up to 1000

times more sensitivity achieved) than capable with UV detection. Seven peaks were

resolved, and the separation was completed in 15 min; the first two resin aeids to migrate

were diehlorodehydroabietie acid and one of the ehlorodehydroabietic acid isomers

(peaks 12 and 14), and the last peak to migrate was neoabietic acid. Peaks were aIso

identified according to the previous method of 'spiking' used for the UV separation.

Again, the speed of analysis, the small sample volume required as weil as the ability to

separate ehlorinated comPOunds, including the isomers of CDA make this method very

appealing as an alternative to traditional separation methods.

The separation was also attempted with a sodium acetate buffer of pH 4.50, and a

sodium phosphate buffer of 7.00, and resulted in an identical elution profile, which

confirmed that the resin acids were no longer charged, and were migrating based on their

hydrophobie interactions with the 2 phases of the cyclodextrins. Again these buffers

sometimes gave enatic results, and the acetate buffer also resulted in a longer separation

time (20 min). The addition of organic modifiers, as well as variations of the parameters

tested in the UV optimization failed to improve the overall quality ofthe separation.
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Parameter

Excitation wavelength

Emmission wavelength

Limit ofDetection (LOD)

CD Concetration (mM) SpCD:MECD

Buffer Ionic Strength/pH

Separation Voltage

Capillary Length/ Inner Diameter (J.UIl)

Optimum

Â exc 325 nm

Â.emm 400 nm

50ppb

60MMSpCD
15 mM MECn

Na Borate 36 mM pH 9.25

10kV

37 cm 1 50 f.1D1 i.d.

•

Table 4. Summary ofconditions tested and optimized for the LIF
separation of resin acids.
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4.2.7. MetlSuremellt ofDetection Limitsfor Res;" Âcid Esters

To establish detection limits for each resin acid ester, a standard sample for each

resin acid was analyzed using CD-EKC. The separation was performed using a sodium

borate buffer of pH 9.25 containing 35 mM SpCD, and 15 mM MECD with a 37-cm

capillary that had a 50 J.1ID. Ld. and a 5 sec injection time was used. A calibration plot of

Peak area versus concentration was made for each derivatized resin acid by running each

sample diluted in acetone at different concentration ratios. The detection limit was then

established as the concentration at which the Peak area was equal to three times the

standard deviation of the peak area versus the concentration plot. The detection limit for

each of the derivatized resin acid esters was different, the detection limit of the

conjugated esters such as abietic, neoabietic, palustric and levopimaric acids was between

20 - 50 ppb (J.lg/L). The ester of the non-conjugated resin acid esters such as

dehydroabietic, isopimaric and pimaric was lower, at 10 to 20 ppb. Utilizing CD-EKC

with LIF detection therefore resulted in upto a 1000 foldincrease in detection sensitivity,

as the limit ofdetection was determined to he 10 ppm using CD-EKC with UV detection.

4.2.8. Comptlrisoll Us;ng HPLC Fluorescellce Detection

Derivatized resin acids have been previously separated using reverse phase HPLC

with a scanning fluorescence detector by Richardson et al. (1992). Based on this method,

the separation was optimized and compared to CD-EKC results. Figure 16 shows the

optimized separation of the selected resin acids using a LC-S column (15 cm x 4.6 mm, 3

J.UD.), with a mobile phase containing 55% acetonitrile (w/v) and 45% (~/v) water, and a

flow rate of 1 mL/min. The separation resulted in the elution of seven Peaks, with some

of the Peaks co-eluting. Coumarin and acetone eluted first followed by dehydroabietic

acid, the two CDA isomers eluted as a doublet peak with levopimaric and neoabietic

closely following il. Most of the other peaks co-eluted, and dichlorodehydroabietic acid

eluted last at approximately 120 min. Limits of detection were also performed, with a

detection limit of 10 ppb being calculated. Efforts were taken to improve the separation

resolution, but again due to the similar chemica1 structures of the resin acids, the

separation could not be improved upon.
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4.3. AppUeatioD of CD-EKC Separation to Samples Extraeted froID PME and Fish

Bile

One of the goals of this research was to apply the developed methods to 'real'

samples, which would contain concentrations of resin acids. Both pulp mill effluent

samples and fish bile samples could contain varying concentrations of resin acids.

Effluent samples would contain concentrations ranging from more than 100 ppm in the

case of untreated effluent samples from pulp mills, or in the low ppm for treated effluent

samples. Trace concentrations in the ppb range could he found in fish bile, which have

been exposed, to resin acid contaminated water. For this reason, the research focused on

the development of a method, which would ideally he applicable to both types of

samples, and ideally these methods would also allow for a high range of detection

capability. Because the derivatization reaction and CO-EKC LIF analysis is more

complicated, as weil as costly, it May he quicker, easier and more economical to run the

samples initially using CD-EKC with UV analysis. If there are no peaks detected, then

the samples could he derivatized and anaIyzed using CO-EKC with LIF detection.

4.3.1.. Developments of an Extraction Method 10 Release Resin Acids f,om Bile and

Pulp Mill Effluent Samples

Oikari and Anas (1985) have successfully developed a method for the extraction

of Cree and congugated resin 3Cids from pulp mill effluent and fish bile, and various

modified versions of this extraction have also been developed by Soimasuo et al. (1998).

In this research, various methods of extraction were tested, both chemical and enzymatic.

Solvent extractions included the use of methyl-tert-butyl ether (MTBE), or a hexane

acetone mixture combined with potassium hydroxide to release conjugated resin acids (in

the case of bile samples) and enzymatic methods which used ~-gluoconidase and

sulfatase to release congugated resin acids, foUowed by a solvent extraction with ethyl

acetate. After the extractions were performed, samples were derivatized and analysis

attempted using CD-EKC LIF detection. and HPLC equipped with fluorescence

detection. The extraction, which was found to he MOst reliable and compatible with the

developed derivatization method used hexane:acetone in a 3:1 (v/v) ratio. Samples were
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not hydrolyzed at this point, because naturally no congugated resin acids would be found

in effiuent or spiked bile.

4.3.2. Spiking ofEffluent IInd Bile SlImples

Samples of effluent were obtained from a hardwood pulp mill, which contained

no traces of resin acids, and bile samples taken from rainbow trout which had been

laboratory reared and free from any environmental contamination were used as model

samples for spiking. Each of the samples were spiked with a known concentration of a

mixture of resin acids, and extraeted using bexane:acetone. After solvent extraction, a

portion of the extract was used to perfoon the derivatization. Samples were sonicated

and filtered, and evaporated under nitrogen to concentrate the sample before analysis.

Samples were analyzed using both HPLC and CE. Figure 17 shows the

electropherograms for extracted and derivatized bile and effluent samples. Results were

very positive, as the electropherograms showed a very similar migration profile as seen

when analyzing standard resin acid samples with CE-EKC LIF detection. A comparison

was also made using HPLC with fluorescent detection and again, results were very

similar to those obtained previously with standards. Numerous samples of bath bile and

effiuent were run to optimize the extraction procedure, and lower the limit of detection.

Controls were run by spiking effiuent and bile with acetone, and performing the

extraction and derivitization with the developed procedure, the samples were measured

with both HPLC and CE both analyses showed no peaks (results not shown).

4.3.3. CD-EKC UVanalysis ofcontllminlltedPME SlImples

To detennine whether the developed extraction and derivatization procedure

could he applied to samples known to contain concentrations of resin acids, samples of

softwood pulp mill effiuent were obtained from Noranda Technologies. Initially a

portion of the eftluent sample was extracted using the method developed. Because it was

suspected that this sample contained a very high concentration of resin acids, the

extracted sample was first analyzed using CD-EKC with UV detection. Figure 18A

shows a large peak with an absorbance signal at 8.7S min. Because dehydroabietic acid

is the most prevalent resin acid found in effiuent, it was suspected that this peak may he
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Figure 17. CO-EKC LIF Analysis of spiked model (control) samples: (A) pulp
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,.......
§
~ 0.1- 0.05 p c::
N--U

c,.)=te
~
0
~

~
0.025 p c:: 0.05

u u u l
B

1

F
l'

l
p J

p c:

1

&~ .~
Il II 11 '-

•
0.1

0.075 p

o
5

u

A

n •

6.25

u

7.5

u

8.75

c:

10

0.2

0.15

o
5 6.25 7.5 8.75 10

Time (min) Time (min)

•

Figure 18. CO -EKC !UV Analysis of Contaminated PME samples
obtained from pulp mill effiuent samples (Noranda). (A) Extracted resin
acid peak identified as DHA (B) Sample A spiked with known
concentration of DHA.
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dehydroabietic acid. To confirm this, a second extraction was performe~ this time the

sample was spiked with a known concentration of dehydroabietic acid. The sample was

extracted and analyzed on CE. The resulting electropherogram Figure 18B show that at

approximately 8.50 min, there was a large absorbance signal that was double what had

been observed in the unspiked sample. Control samples were also run, resulting in no

peaks. Based on this information it was thought that the peak could he an extracted

resin, in particuiar hecause of the time ofelution and in the fact that dehydroabietic

constitutes approximately 80% of ail resin acids found in effluent it was thought

that the peak May he dehydroabietic acid.

4.3.4. CD-EKC LIFAnalysis ofContaminated PME Samp/es

To confirm the presence of dehydroabietic acid as weil as detect other resin acids

that may he present in the effiuent at lower concentrations, a portion of the extracted

sample was derivatized according to the developed method and run with CD-EKC LIF

detection. Figure 19A shows the results, a large peak was seen al approximately 13 min,

and a smaller peak was also observed at time Il min. To confinn this result, a portion of

the sample was spiked with derivatized dehydroabietic acid, and the corresPOnding peak

increased in relative fluorescence Figure 19B The smaller peak r~mained at the same

fluorescence level.

4.3.S. HPLC Fluorescence Detection ofContaminated PME Samples

To further confirm these results, the sample was cross-referenced with HPLC

equipped with fluorescence detectioD. Figure 20 shows the results. The HPLC

chromatogram shows a large peak at 60 min, and as well showed 2 other peaks which

looked like CDA 12 and 14 isomers, as well there is a peak that looks like

dichlordehydroabietic acid, and eluted at the same lime as the standard resin acids did

(Fig. 16).

4.3.6. CD EKCUFAnalysis ofEffluent/or Comparison w;th GCAnalysis

To further confirm the identification of extracted resin acids from pulp mill

effluent samples, a sample ofcontaminated effiuent was obtained through Paprican that
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Figure 20. HPLC fluorescence detection ofcontaminated
pulp mill effluent sample (NORANDA). Run conditions:
Â.cxc 325 Dm - Â.emm 400 Dm LC-S Column (15cm x 4.6 mm, 3
f.UD) Mobile Phase: Acetonitrile : H20 (55.: 45) 1 mL/min
flow rate. • unidentified contaminant extracted from PME.



• Compound Concentration (ugIL)
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Pimaric acid 282

Sandarocopimaric acid 452

Isopimaric Acid 969

Palustric Levopimaric acid 309

Dehydroabietic acid 3145

Abietic acid 605

Table 5. Comparative Ge (FID) analyis results for pulp mill eftluent sample
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Figure 21. CD EKC fluorescence detection of
contaminated pulp mill effiuent sample (pAPRICAN).
Run conditions: Âexc 325 nm ... Âemm 400 Dm.
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could he used as another cross-reference. Results for the GCIFID analysis of the

contaminated pulp mi1l effiuent sample obtained by Paprican are shown in Table 5. CD­

EKC LIF detection was used because the results showed maximum concentration of3145

ppb (dehydroabietic acid), and a minimum of 282 ppb (pimaric acid), which required a

low limit of detection. Figure 21 show the result of CD-EKC LIF analysis of the

extracted and derivatized sample. The electropherogram shows a strong peak

fluorescence at approximately 14 min, as well a Peak at time Il min which matched the

profile for one of the CDA isomers. Another peak was observed to migrate from the

capiUary immediately after dehydroabietic acid at rime 14.5 min, and was identified as

isopimaric. Interestingly, the concentration of dehydroabietic and isopimaric were also

the highest concentrations found by OC analysis. Each of the suspected peaks (CDA,

DHA and ISO) were then spiked into the solution (one at a time), and the samples

analyzed. Again, an increase of relative fluorescence was observed in each peak (results

not shown).

4.3.7. HPLC FI"orescence detection ofcontaminated PME stlmples

The sample was also run using HPLC fluorescence detection to compare the

elution profile and peak concentrations. Figure 22 shows a strong fluorescence at 50

min, confirming that this peak was dehydroabietic acid. The two isomers of

chlorodehydroabietic acid were also observed.

4.3.8. Res"lts of Field Expos"re St"dies Using Whitesucker fuh (Ctltostomus

commersoni)

Samples of fish bile obtained from field exposure studies performed in

Edmonston NewBrunswick were also extracted and analyzed for resin acids. The fish

had been exposed for 3 consecutive days to a 50:50 (v/v) mixture of river water, and

effiuent which had been UDtreated and therefore should contain very high concentrations

of toxic compounds, including resin acids. Samples of the eftluent which the fish were

exposed to were also taken for anaIysis in the laboratory.
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Acetonitrile : H20 (55 : 45) ImL/min flow rate. • Unidentified
contaminant found in PME.
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4.3.9. CD-EKC LIF Antllysis ofConttl",;"at~dFish BU~Stlmples

Samples of fish bile were pooled to a volume of 5 mL, extracted and derivatized

according to the developed methods. Samples were initially run with LIF detection

because it was anticipated that the final concentrations of resin acids which May have

bioaccumulated in the bile, would he in the ppb range. Congugated resin acids were

released into free resin acids prior to extraction using KOH. Approximately 80 % of ail

resin acids present in the bile sample will he in the uncongugated fonn therefore this step

is essential. Various samples were extracted and derivitized and analysis attempted using

CO-EKC with LIF detection, unfortunately there were never any discernable Peaks,
including the peak of dehydroabietic acid, which had been seen in virtually ail of the

effluent samples that were know to contain concentrations of resin acids. Control

samples, of 6sh which had ooly been exposed ta river water were aIso extracted and

derivatized however the electropherograms looked identical to the samples of bile

obtained from exposed fisb (results not shown).

4.3.10. HPLC Fluo,escl!ncl! Dl!tl!ctïon ofContamilltlted PMESamples

To confirm the presence or absence of resin acids in the samples of bile, the

samples were cross referenced using HPLC equipped with a scanning fluorescent

detector. Again, no Peaks were nbserved in bath the control and exposed fish bile

samples (results not shawn).

4.3.11. Analysis ofEffluent USl!d in Exposure Stlldy

Samples of the effiuent which was used in the exposure study were aIso analyzed

using bath HPLC with scanning fluorescence, and CD-EKC LIF analysis. No resin acids

were detected in the effiuent using both methods of anaIysis. The fact that no resin acids .

were measurable in the effluent using both methods 100 us to believe that the

concentrations of resin acids which the fish were exposed to during the trial were very

low, considering the LOD using HPLC was determined to he 2S ppb. Although in

theory the resin &Ciels would bioconcentrate in the fish bile, and therefore even if the

levels were low in the emuent, the concentrations measured in the bile MaY he mucb
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higher. ft was hypothesized that the levels in the effiuent May have been below the levels

dangerous ta the fish (5 ppb for dehydroabietic acid) To further confinn the usefulness

and validity of using this method to analyze fish bile and assess the level of resin acids

which may be in the surrouoding environment, more studies which were beyond the

scope ofthis research would he necessary.
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s. CONCLUSION

This study bas illustrated the suitability of using capillary electrophoresis with

cyclodextrin modified electrokinetic chromatography as a novel method for the analysis

of and detection of severa! resin acids commonly found in pulp mill effiuent, and known

to bioaccumulate in the bile offish which inhabit regions near pulp mills.

A CD-EKC UV method with SpCD and MECO was optimized using resin acid

standards, resulting in the baseline separation 9 resin acids. To increase method

sensitivity, the devel0Ped method was then applied to the analysis ofresin acids standards

which could he reacted with 4-BrMMc to fonn fluorescent resin acid esters which

fluoresced optimally al 325 Dm excitatio~ and 400 Dm emission resPectively. The limit

of detection was increased by a factor of 200 using LIF detectio~ and a separation of 7

resin acids resulted. The research perfonned also showed that resin acids could he

detected in both bile and effiuent, and readily extracted using a 3:1 (v/v) solution of

hexane/acetone. Samples which were suspected to contain high concentrations of the

resin acids in the ppm range could he easily detected using CE equipPed with a UV

detector al 214 Dm. Samples which contained lower concentrations of resin acids could

he derivatized using 4-BrMMc , and anaIyzed using CO-EKC LIF detection. An eftluent

sample from a soft-wood pulp mill processing plant was cross referenced with results

from standard OC analysis show comparable results for three of the resin acids in the

sample, and results obtained from HPLC analysis also showed comparable results.

Samples of white sucker fish bile obtained from an effiuent exposure study performed

near a pulp mill in New Brunswick were aIso analyzed using the developed methods.

Although it was assumed that the fish were exposed to effiuent contaminated with a high

or even lethal quantity of resin acids, laboratory analysis showed that there were no resin

acids detectable in either the fish bile of exposed fish, or in the effiuent used in the

exposure study. Control samples of 6sb bile from the exposure study showed the same

results.

Future work could involve further exposure studies either in the laboratory under

m~re rigorously controlled conditions, or in field studies. Additionai work would also

concentrate on method validation for the proposed Methodologies presented in this thesis.
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