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Abstract 

The prime objective of this thesis was to devclop novel solid supports for solid phase 

microextnction (SPME) for the application with HPLC d y s i s .  In this worlc, three 

polycrystalline graphites (PG) w m  tested: pend lead, glassy carbon and carbon fibers. 

Methods of determination of two groups of compounds were developed. Triton X-100 

and pentachlorophenol were used as model analytes. The method for the determination of 

nonionic surfactants consisted of direci SPME followed by HPLC-fluorescence detedon 

at L=230 nm and L=310 nm The nsults showed thpt PG perfomied q d l y  well as 

the wmmercially available polymeric flben (PDMStDVB and CarbowaxiTR). The limit 

of detedon (LOD) found was 0.5 pg/L with a linear dynamic range (Lm) of thme 

ordar of magnitude (0.5-150 p a ) ,  and a precision of 10 % RSD. In the case of 

pentachlorophenol, the method consisteted of direct SPME using polished glassy carbon 

followed by HPLC-W at 225 nrn. The LOD was 0.5 pgL9 with a LDR of thce orders 

of magnitude (0.5-100pgL) and a precision of Mer than 7%. Furthamore, this method 

was successfblly applied to the determination of pentachlorophenol in spikcd river 

samples and model solutions containing nilvic acids (0-100 mg/L). 

It was found that the b i t  of dctection was daamincd mostly by incomptete 

auiction, however9 incornpletc dcsorption a h  Limits the amount of analyte daected. It 

was concluded that the analytes dsorbcâ onto the PG auhces rather thui absorption u 

obsaved with the wmmacially available liquid polymcric fibas. 

The second part of U s  projea compriseci the dcvelopmtnt of daivatization 

procedum by SPME-HPU: using commeniaily availaôle fibas ami the PG. This 
iii 



procedure is of importance in the anaiysis of primrry aicohols. Two différent mcthods 

for the determination of a polyethoxylated hear aiwhol (Brij 56, a nonionic dàctant)  

were developed. 

In the first, Bnj 56 was detennincd by extraction followed by on-line 

derivatkation using 1-naphthoyl chloride in presence of a cataiyst and fluorescence 

detection at &=228 nm and L=366  m. The method had a LOD of 0.1 mg/L and a 

LDR oftwo orders of magnitude (0.1-10 mg/L), with a reproducibility of 10% RSD. It is 

apparent that the derivatization procedure limited the LOD of the rnethod, since only 0.1 

% of what was extracted was transformeci to the derivative. 

In the second, simultaneous derivatization-extraction followed by HPLC- 

fluorescence detection was employed. It was found that the LOD was improved by two 

orders of magnitude over the fbt method. In addition, the high chemicai stability of the 

PG allowed adsorption of the derivatizing agent without funher dilution. This is 

considered a grrat advantage since PG a n  provide a customized solid support for SPME- 

derivatization. 

A disadvantage was incomplete dcsorption, however this wrs overcome by 

cleaning the PG pnor to anaiysis. The main advantage is the chernid and mechonicil 

resistance of PG wrnpared to polymeric fiben as no damage of the surfâce was obsaved 

using solvents or derivatbition reagents. The lower cost of PG compued to the 

polymeric fibers is also important. 

Partition coefficients were caicuiated based on the Langmuir Uothcrm mode1 and 

on partition chta fiom solution. Although cornparison between the two could not k 



done, the tnnd with respect to carbon type w i s  the same in both cases, i.e. higher for 

pend leads coated than for polished giassy carbon. 

Experiments were d e d  out which involveci chernical modification of the 

d a c e  of carbon fibers and the eEects on the adsorptioddesorption process. Bette 

desorption efficiency was observeci using untnated carbon fibers. No significant 

differences were found among treated b o n  fibm ( M c  a d ,  nitmgen and hydrogen at 

350°C). Results suggested that treatment with nitrogm and hydrogen decreased the CIO 

ratio on the sudi and that carbon fibas rcoxidized with tirne. Morphologid changes, 

such as crevasses, w«e obsaved for hydrogen trtatment. 
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Chapter 1 

1 Introduction 

1.1 Conventional analytical methods for water samples 

An anaiyticai m e h d  consists of s e v d  seps including sampling, sample 

preparation, sepadon, identincation, quantitation and anaiysis of the data. Each step is 

important since each can affect the accuracy and precision ofthe finai remit. 

The main objective of rrmple prepantion is to cxtract the analyte from the sample 

maaix and to transfer it into a phase that is compatible with the insrnimental method. In 

this process, the effects of the rnarrix and interfâing compounds an minimized, and 

sample enrichment is achieved. 

In the iast two dccades, powerful analytical instrumentation sucb as GClMS and 

L C N S  has ben developed. In contnst, somc of the sample preparation methods 

reported in the 19' century are d l  in use, e.g. liquid-liquid extraction and Soxhla 

extraaion. Such methoh are munial and Iabor-intensive; thueforc, the time spant in 

sunple prepmtion is roughly two-thirds of the overall time of d y s i s .  

Methods such as liquid-lipuid amaction (LLE), sdid phase extraction (SPE), 

hdspace anaiysis, supetcritical fluid extraction (SE) and solid phase microextraction 

(SPME) have b e n  repoted in the litcraturt, and are briefîy dtscribcd below. 



Li&-Liqttid Ejctraction (ZLE) 

Liquid-liquid amaaion is one of the most popular methods. It consists of the 

partitionhg of organic compounds between w a t s  and a water immiscible solvent. me 

putitionhg efficiency depends on the *dty of the solute tomrds the extmcting solvent 

and the number of extraction steps. 

Despite the simple and inexpensive equipmcnt rcquircd for UE, there are many 

drawbacks, such as formation of emulsions, non-selectivity and the requirements for 

large quantities of high purity solvents. Mormver, I M U ~  solvents do not reaâiîy extract 

some polar compounds. 

Not only on the purduse and disposal wsts of solvents of concern, but also the 

environmentai issues; halogenated solvents such u dichloromethane are used in LLE. 

Recent awanness of the hazards of halogenated solvents has multed in international 

initiatives to eliminate the production and the use of such organic solvents. The phasing 

out of organic solvents is prompting a major change in analyticd methodology in the m u  

fiiture. 

Solid phase extraction (SPE) 

Solid phase extraction has becorne quite popdu, and is considend an alternative 

to LLE for many environmental sunples. in SPE, the anaiyte transfrn fiom the p or 

liquid phase to a solid phase. A wide vuiety of formats, hcluding cartridge, di* 96- 

well SPE plates, rnd f ibar  bu expanded the application of SPE. Selectivity has been 

achieved through the use of novel boaded phases and moleculsu imprinting p k s  W j o r  

et a., 1997). 



Although the most popular foxmat for SPE is the cuaidge, the didcs dlow higher 

flow ntes because of thtir higher cross-sectionai areas and shorter bed dcpths. Because 

of disk construction characteristics, particles are M d  tightly in the poly 

(tetrafluoroethylene) (PTFE) or fiberglass supporting matends and show noue of the 

channeling that can ocnir in d d g e s .  Unda a typical set of opaating conditions, the 

disks operate with lower linear velocities, which provide better contact time. However, 

disks are more expensive and fmei phases are available. 

Compared to LLE, the most important fatwe of SPE is the concentration 

e~chment of the d y t e s  by the rorbent. In natunl waters where the concentration of 

the analpe is very small, large sample volumes can be processed in orda to obtain a 

convenient analyte concentration. SPE also has the advamages of lowcr costs dnce a 

mal1 amount of solvent is requirrd and due to simplcr and rcduced processing 

procedures. It can be automated and uced in the field. 

The main consideration when using SPE is that analyte-rnrtrix interactions affect 

the extraction efficiency. For effêctive sorption, the analyte-mauix and sorbent-matrix 

interactions shouid be weak and the anaipe-sorbent interactions strong. Desorpion of 

accumulateci organic compounds un be &ad out by elution with a suitable solvent or 

solvent mixture, or by increasing tempmture (thermal desorption). 

Pmblems encountereû whai using SPE for analytiul work are nlatcd to large 

variations in the physical and chernid propcrtics of diBcttnt rorbcnts. ûrganic solvents 

are also rquired, though in smailr quuaities tht in LLE. 



Supetcn'tidjluid extraction (WEI 

Supercritical fluid extraction is du, considaed an envimnmtntally âiendly 

technique. Supercritical carbon dioxide (SFC02) is the most commonly used solvent 

because of its chernical incrtness and low toxicity. SFCa has properties of a liquid and 

a gas. Because of low viscosity and large difision coefficients, mass mnsfer is -id. 

Varying the fluid preswe or temperature un change properties such as density thus 

solvent power. In practice, the cboice of the supercntical fluid depends on the polarity of 

the d y t e ,  the solvent strmgth and relectivity rquired, the thermal nability of the 

analytes at the operathg tempenains, and the instrumentai limitations. 

Supercriticai fluid extraction bas been vcry popular for extraction of nonpolar 

compounds fkom solid samples. However, extractions fiom aqueous solutions are limited 

by instrumental factors since the phase separation must be done ot high pressure. More 

disadvantoges include poor extraction of trace levels of polar analpes, since SFCa is 

relatively nonpolar. This can be wmewhat overcome by the use of a modifier. SFE 

quipment is not portable and nlatively expensive comprnd to other techniques. 

Soiidphe rnicroertraction (SPME) 

Another imporiant technique is solid phase m i c r o ~ c î i o n  (SPME). This 

technique has ben developed to be solvent-âee, wy-to-use, nlatively inexpensive ud 

portable. It consirts of a fuKd silica fiba coatcâ with a polyma. The analyte is 

partitioncd bawecn the sample mitrix (air or m e ,  d y )  and the polyma. Ahhough 

the volume of the polymer is vccy smdl as compared to the volume of the solid phase 

used in SPE, al the anaiytc which putitions into the solid p h  is m f d  to the 

detcctior~ instntoient; th«;ttOre higba sensitinty is achieved. SPME has been 
s 



successfûlly couplcd to gas cbromatognphy (GC); however, applications to liquid 

cbromitognphy anaiysis have been limited by the nature of the cummercidly available 

fibers. 

1.2 Research Objectives 

The purpose of this midy is to acpand the applicability of solid phase 

microextraction coupled to high pafonnancc liquid chromatography (SPME/HPLC). In 

prrticular, the objectives are: 

1. To develop new solid supports for solid phase microextractions. 

Polycrystalline graphites (PG) were chosen for this purpose and they include 

pend lead, glassy d o n  and carbon fibers. These PG were u d  for the 

direct extraction of a nonionic surfactant (Triton X-100) and 

pentachlorophenol fonn aqueous solutions. 

2. To develop methods of SPME-HPLC-derivatization procedures and to apply 

them to the determination of an alcohoi ethoxylate (nonionic surfactant 

rqtesented by Brij56). For this purpose two diffaent daivatization 

approaches were considerai: 

a) extraction following on-line derivatkation was a p l o r d  using a wmmacially 

available SPME fiba (PDMS/DVB). Derivathion took piace in the 

SPMERIPLC intcrhce in the presence of a cataiyst. 

b) simultaneous extraction-derivatkation in the aqueous sample wu invdgated 

using glassy urbon and pend leid. This was achievd by doping the 

polyaysulline md with the dcrivatization nagent and imniersing it into the 

aqucous solution. 
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3. To investigate the mechnism of dsoqtion and desorption using the 

lforementioned soüd supports. 

4. To study the e f f i  of chernical modification on the SuTfdice of carbon fiben in 

the adsorption/desorption process. 
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Chapter 2 

2 Solid phase microextraction 

2.1 Introduction 

Solid phase microextraction (SPME) was intmduccd in the early 90's (Arthur et 

al., 1990) as a solvent-fiee and easy-to-use sarnple preparation technique. SPME consists 

of a fuscd silica fiber coated with a stationrry phase. In the carliest stage, this stationary 

phase wrs a viscous üquid polymer, similor to those used in the GC cohimns. In fàct, an 

SPME fiber could be secn as a GC colurnn inside out. To date, the development of 

additional fibers of Merent polarities and propaties has increased the numba of SPME 

applications (Boyd-Boland et ai., 1994). 

2.2 Theontical considerations 

2.2.1 Thermodynrmics 

Solid phase microextraction, unlike liquid-liquid extraction, is not exhaustive. 

Instead, it is an eqwlibrium process in which the d y t e  is partitioned among the Qcisting 

phases, i.e. gas, liquid and SPME coating. 

In a two-phase model (aqucous ample (w)  and solid phase (s)) the mget d y t e  

will distribute among the two phases- This partitionin8 can be expnsseù as (Pawlirzyn. 

1997): 





At tquilibrium, the initial amount of the analyte (Co&) is quai to the amount 

distributcd in the coating (s) and aqueous phase (w), which can be described by the mass 

baiance as (Pawliszyq 1997): 

Where Y, and V' are th volumes of the sample and fiber, respectively. 

Substituting equation (2-1) in equation (2-2), the arnount of anaiyte adsorbed by 

thc SPME polymer film in moles (n) is expressed as, (Pawiiszyn , 1997): 

At first, the theory developed for SPME awumed that the above equation d d  be 

simplified since the volume of the fiba was very mal1 (a) cornpueci to the volume of 

the ssmple (mL); thus the KVstam muid be neglected. In this case, the amount of the 

d y t e  extracteci by the f ibs  coating at tquiiibrium would be independent of ample 

volume, which is desaibed (Pawliszyn , 1997): 

Howwer, this asaimption has ban  shown to be incorrect even for those andytes 

whose partition d c i c n t  values wcn wry sMU or for iarp sample volmes (Gorccki 

et al., 1997). This misintapr*aion aiso ld to miscaiculation of the partition d c i a  

vaiues. 
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As an example, Goncki et ai. (1997) reported t h t  for Kvaiues of the order of 10,000, the 

mor is unind S0% for a 2 mL sample and 100 thick fiba. It is thus not aurprising 

tha thm is disparity in the values of K repoited in the litenhire (Gorecki a ai., 1997). 

fherefon, in order to avoid these mors, the volumes of samples and solutions uscû for 

caiibration should be consistent or the sample used mua be vcry large. 

Nonetheleos, equation (2-4) is important as it shows the proportiodity among the 

initiai arnount of the anaîyte, the vahe of K and the coating volume. This lineu 

rclatioarhip ailows the quantification of the anaiyte present in a given sample. At higher 

concentration, the liearity is no longer foilowcd as ovaload of the fiba is expected. 

Equation (2-4) aiso implies that the c~nsitivity CM be improved by inaeasing the volume 

of the stotionary phase, usually by inwcasing the thickness of the polymcr. Thickcr 

coaîings, however, slow d o m  the mrss transfer. 

2.2.2 Kinctics 

in dina SPME, the analyte is transfemed fiom the buk of the aqucous solution to 

the d a c e  of the polyma to nnally düfuoe onto it. This continuous mus tnnsfm occm 

until equilibrium is reached. 

This rnass transfm can be desaicd by Fick's second law of difItsion, which for a 

one-dimensional process can be expmssed as (Pawliszyn, 1997): 



Hm, C is the concentration and D the diffusion coefficient of the analyte through the 

fibcr. If a cylindricai geometry is considud, the following expression is obtained: 

In a perfectly agitatcd syaem, the s p a d  of absorption is limited by the dinusion 

of the d y t e  in the coating. However, in experimental conditions this is not achievable. 

As a nsult, an unstimd thin layer of water remaias next to the fiber, which limits the rate 

of absorption since analytes must fint difise aaoss this static layer. Therefore it is 

important to maintain a constant rate of stirring during the produre. 

The equilibrium t h e  depends on the partition coefficient K. When K is luge, 

more anaiyte has to diffuse through the siraic water layer, therefore, the equilibrium times 

will be even longer. This is particularly me when deaîing wîth compounds of larger 

molecular weights in a homologous series. 

In ptgctice, this is obtained as an extraction profile gnph, which is obtained by 

plotting the mount of analyte in the coa!ing versus time. The typicai gnph shows that 

the amount of anaiyte in the fiba increases untiî it maches equiiibrium, which is 

obmed as a plateau. 



2.3 Adsorption venus absorption 

Because the originai SPME coatings wae b w d  on liquid polymas, it wu 

assumed that the d y t e  w u  absorbcd into the coating. The partition coeflcicient, K ,  

based on the mode1 of absorption is desaibed by eqwtion (2-1). which is expresseci in 

tenas ofvolume as (Yang a al., 1998): 

MA K =- 

"il, 

Here M is the amount of analyte and V voiume of the coating (s) and aqueous sample (w). 

Figure (2-2) illustraies the mechanisms of absorption into liquid polyma, and 

adsorption in two pore &es. In this mrss wnsport pmccss, the anaiyte difises âom the 

bulk of solution or headspace to the rurfaK of the solid support. Tht analyte is then 

adsorbai ont0 the surfm. In liquid polymm, the d y t t  migrates through the poIymer 

at a me limited by its difision coe&cient. In the case of adsorption, the d y t e  rcmains 

on the mrfhce of the soiid support. 



Absorption 

Adsorption - large pores 

Adsorption - small pores 

F i g w  (2-2). Cornparison of absorption and adsorption extaction mcchanism at the initiai 
stage (Mt) and s t d y  state (right) (Gorccki et al., 1999). 

Yang a al, (1998) fkst suggested tht adsorption onto the mixed phases was the 

primary mechanism as suppose to absorption. Thus the pro- w u  &ter desaibai by 

the partition coefficient, K&, based on surhcc uca (S, ) rcithct 1&n volume (5) of the 



As san in cquation (2-8) the numerator is expresseci in temu of d â c e  area of the fiber. 

Yang et al. calculated the K and &of polychlorinatcd biphenyls ( P a s )  ranghg 

from di- to decrchlorobiphenyls; the vaiucs wen conelated with the comsponding 

octanol-wattr partition coefficient, &, values. Two PDMS fibers (7 and lMpm 

thickness) wen assesseci. By definition, the vaiuc of K is independent of the thicbress of 

the coating. 

îhe K ratios ranged &om 3 (the lower PCB) to 22 (for the larger molenilar 

weight). The K& ratios between 7 pm and 1ûûpm wae very close to UIUty (0.28-2.3). It 

was thus concluded that sorption of high molecular weight PCBs on PDMS fibers is 

better described as adsorption phenornena. It is important to point out that PDMS is a 

liquid polyma, and it m y  be that the diffusion coefficient of these PCBs in the polymr 

is very smaii, thus they are more likely to remah on the d a c e .  

This theory of adsorption m h a  than absorption for fiben such as 

CarbowudDVB and PDMS/DVB was fider explorai by Gorecki a al. (1999). This 

question arosc due to the results obuined using these fibers iadicating incomplote 

desorption and curyover. 

Gorccki et al. assumai tht a Langmuir adsorption irotham dcscribes equilibrium 

analyte extraction by PDMS/DVB and CubowadDVB coatings. ui this case, w u k  

interactions between the pomus polyma and the analyte arc preâorninant, anci the 

available sites to be occupied by the Wytt molecules are limiteâ. As a result, my aha 

molccuie will compete for those rvailable uter and in some cases will displace the 

llnady ocaipied sites if the aflinity is higher- This niegens tht the linear dyaimic 



range of the fiber will be smaii and that the matrix composition will affect the unount 

adporbcd by the porow polyma. 

The amount of anaiyte found in the S W f a  at quilibrium in mol cmœ2, [&], un 

be expresscd as (Gorecki a ai., 1999): 

Whae [s,] is the totai concentration of active sites on the surface in mol cm-', 

KA is the adsorption quilibrium constant, and [A] is the concentration of A ia the 

sample ma& (mol cmœ3). 

As noted, the concentration of the d y t e  is expresscd in tams of moles p a  cm2, 

which is impraaid. if it is asmmed thot the sorbent has a uniform size distribution, 

thai each tem of quation (2-9) is multiplied by the +N, whm 4 is the airfice uea 

(cm2). in this case, the d a c e  concentration is rcplaced by buk concentration (moles cm' 

3, thus the cquation obtained is: 

If the maximum concentration of the actiw sites in the coating is given by 



and the concentration ofthe anaiyte on the f i b a  is expresscd as: 

then [A] can be expresseâ as CWA : 

Substituting (2- 1 1,12 and 13) in (2- 1 O), we obtained: 

The niars baiance for this purpore can be expresseci as: 

Cd =Cu& +C,V, 

From qn. (2-14), the equilibnum concentration of the anaiyte is: 



By comblliing eqwtion (2-1 5) and (2-16) we finaily obtun: 

Note that C, appean in both sides of the equation (2-1 7). 

As mentioned before, the adsorption process is a cornpetitive process in which the 

presence of other compounds S e a s  the amount of the taqet d y t e  that is being 

cxtf8cted. This dependency con be expresscd as: 

Whcre Kg is the adsorption equilibrium constant for compound B and Cd is 

the equilibrium concentration of B in a mple. 

Figure (2-3) shows the calibration cuves for i-propanol in the presence of mahyl- 

isobutyl ketone (PDMSIDVB Aber, headspace sampling). The uppa hne nprcsents 

methyl-isobutyl kaone at a concentration 10% lower thui the i-propanol concentration 

and circles are at equrl concentrations. 
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Figw (2-3). Calibration m e s  for i-propanol in the pnsence of methyi-isobutyl ketone 
(Gorecki a al., 1999). 

From Figun (2-3) it un be concluded tbat the presence of intdrbg compounds 

ua affect both the amount adi.aacd and the lincar mge of the mahod for porous 

It wu aiso obsemd thai the prmce of additional compounds, which are CO- 

extracfed &om the simple, reduccs the amount of d y t e  extnaeâ by the fiber, u n i e s  

&ose compounds are present a vay  low concentrotions in the sample at equilibrium. 



2.4 SPME Applications 

2.4.1 Desorption 

in a well-agitated solution, the desorption process is the inverse of absorption if 

the initiai concentration in the fluid is zero and the linear flow rate sunoundhg the fiber 

is hi*. In orda to quant@ the amount extracted by the fiber, SPME can be hyphenrtd 

to Merent instrumentation syaems such as GC, HPLCy CE, for Wer saparation and 

detection, providing a suitable interface is available (Figure 2-4). 

1 Hyphenated 1 

The modarorption 1 injection port 
Solvrntlderorption Decorption 

Figure (2-4). Desorption modes for SPME. 

In SPME-GC, anaiytcs are desorbed in a modifieci injection port of the GC and 

directeci a, the analpicai cohimn; thw SPME is endowed with the mait of being a 

solvent-fie technique. In order to obtain a quantitative and ba desorpion, the 

temperature mua be the highest amenable for the target uulyte. GC-injector pon 

desorption wu the fint reportcd for SPME d it bas b a n  extensively invcstimted in 

mon tha 500 uticles. The only limitation is the instability of the f iba  a high 
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tanpemturcs, e.g., it was rcported that PDMS fibas start blading at 2W°C (Chong a ai., 

1997). 

In SPME-HPLC. demption is attained by the use of a solvent. During this 

process, the a t y  of the malyte towards the solvent mua be Iarger than towards the 

coating; thus the choice of solvent is of puamount importance. Morcovcr, completc 

desorption shouid be obtained by a small volume of solvent because both the fiow rate 

and the dimensions of the interfrce in HPLC are very small. The Iita is due to the 

chromatographie requirement of low dead volume. 

The main disadvantage ofthis method is the limited numba of f i b a  which arc 

compatible with organic solvents (PDMS/DVB, CWITR and PA only, Table 2-1). 

Monover, as discusseâ later, there is o h  an incomplcte desorption. It is not surpnsing 

that, since its introduction, less thui 20 articles have been published on SPME-HPLC. 

2.4.2 Types of solid phases 

As mentioned before, liquid polymers such as PDMS were initiaily used to coat 

the silia rod. Supelco currtlltly offm a wide variety of cottings for W m n t  

applications (Taôle 24, which includcs liquid polymen and porous soiids. In the &et, 

DVB micro-sph- an held ont0 the fiber by a glue or Carbowax (pawliszyn, 1997). 

The selection of the appropriate mat@ is cruciai in the sensitivity of SPME since it 

detamines the K vaiues for a target d y t e .  Also listeci in Table (2-1) are those fibar 

that have been applied to HPLC d y s i s .  



Table (2- 1). SPME fibers supplicd by Supelco. 

SPME Fiben Thickness 
(ml 

Poly(dimethylsi1oxanc) PDMS 7,3465 

Poly dimethyl siloxane/diviny1bell~enc (PDMWDVB) (HPLC) 65,60 

Poly (ahylene giycol)/poly(divinylbenzene) (CarbowmlDVB), 65 

Poly(ethy1ene giycol)/tcmplatc poly(diviny1benzene) m i n  50 
CarbowmlIll (HPLC) 
Carboxenldiviny lbenene 65 

Late advances in SPME tcchnology incorporate new solid supports whose 

applications have bccn focuseci oniy at the rewuch level. Examples of these new 

coatiags include ethoxy-dimethylsiiomt (Ligor n ai., 1999), graphitued carbon black 

(Mangani a al., 1995, Djozan a al., 1997), Carboxen-PDMS, Cg fiba coating (Popp et 

ai., 1999), sol-gel coating (Chong et al., 1997 and Zhou, a ai., 1999) and c8 porous layer 

(Liu a al., 1997). 

Of importance to the work in this thesis are reports of carbon b a d  phrrecr. 

Mangani et al. (1995) d e  silia fibat coated with gnphitized arbon black for the 

d y s i s  of benzene, toluene, ethylbenzene and xylene isomas @TEX) ind some other 

voiatile organic compounds. The hehavior of the fibers wrc determinad by slmpling 

gaseous nüxnuft in a caiibration appuwis. Extractions were paformd by rimpling the 

hdspace above the solution containhg the target d y t e s .  Thormdesorption wu 



achieved at 240°C for 1 min. LOD wcn of the order of pe/mL and LDR of two ordas of 

magnitude. 

Chai a al. (1995) describeci the anaiysis of environmental air sunples by SPME 

using two carbon-based coatings of unknown thickntss, Carboxen, a pomus moledar 

sieve, and Carbopack B. a graphitized carbon coating, comparexi to a 100 ~III PDMS 

f iba .  In this case the PDMS fiber had the greatest response for ail compounds used 

whereas the Carboxen coating absorbed a lorger quantity of organic compounds than the 

Carbopack B coating. 

Djozan et al. (1997) coated a dica rod 4 t h  extra-fine powdered aaivated 

charcoal(100 pm thichess) to d y z e  BTEX by GC-FID. Headspacc extractions above 

stirred solutions (25-75OC) wcte pdormcd. Desorption took place in the GC injection 

port held at 280°C. The main rdvantages ofthis coating were its chemical, mechanid 

and thamai stability. It alro exhibiteci fmr mass traasfer, obtaining adsorption 

equilibration times of a few minuta. They obtained LOD 1.5-2.0 pg/mL and liacar 

dynamic range of 5 to 104 pg/mL for the BTEX. 

Severai authors developed coatings using sol-gel coating technology (Chong a 

ai., 1997 and Zhou et ai., 1999). Such coatings possess highar thermonability and luger 

wbct areas due to the porous structures. In contnst to Supelco's fiben, sol-gel 

coatings am chemicaîly bound to the sub-e providing stronger adhesion, thus chemical 

and mechanid rcsistance. Memory tfftcts werc not reported for the use of these fibers. 



2.5 SPME-HPLC 

2.5.1 SPME/HPLC interfkct 

The first SPME/HPLC interface was developed b 1995 (Chen et al., 1995); it was 

modified and is now commacially available fkom Supelco. The interfâce consists of a 

tee port connected to a six port valve in the place of the sample loop (Figure 2-5). The 

interfiace is composed of thne ports: a stainltss steel body (internai volume of ca. 65 w), 
a stainless stal cap, and a double tapered fernile which is placed in bctwtcn thea The 

septum-piercing needle rem at the top of the femle; when the piunger is presseci, the 

fiber slides through the femlc. The design of the interfiace is ouch that the mathg of the 

fiber is positioned just below the inlet of the mobile phase. By closing a clamp, the SPME 

fiber is cornpresscd by the f m l e  just above the coatkg. The system is thcn seaîed and it 

can withstand bigh pressures. 

Two diffaent desorption modes are possible using this intafrce. In the static 

mode, the interface is previously filleâ with a solvent, and then the fiber is soakd for a 

period of time befon switching the valve to flush the solvent and andyte onto the HPLC 

column. In the dynamic mode, the f iba  is flushcd by h h  mobile phse  fot a certain 

penod of t he .  



In 1995, Pawiiszyn's group describeci the first interfiice for HPLC d y s i s  for the 

detamination of polycyclic ammitic hydrocubons (PAIX'S) (Chen et ai., 1995). Since 

then, oniy a lirnited munba of articles have ken published in the litcrature (Table 2-2a 





Table (2-2b). Summuy of the work on SPME/HPL.C (modified fiom Wu eî ai., 1999) 

ANALYTE 

amines 

Ant i biot ics 

Polar 
pesticides 

P& CWITR, 
sol-gel Ci 
PDMS 
PA 
PDMSfDVB, 
CW/DVB, 
CW/TR 
CW/TPR 

PDMS/DVB, 
PA, CW/TR 

LOD 
(ng/mLj 

DESORPTION CONDITIONS 

@Umin) (min) 
Static 30min ACN/ 50 @/min Jinno et 

buffer al., 1998 

Static and O-Smin Varieâ 0.2 and 1 1-5min 
dynamic comp. 

ACN/aceta 
te buffer 

Dynamic 30 min MethanoV 1.3 and 0,2 30min 
H20, 5050 W m i n  

Siatic ACN/aceta 0.1 -0.2 1-2 min 
tebuffer mUmin 

Dynamic 1 -2min 
Staîic 30s ACN/Hfl O.SmL/min 

Chao a 
al., 1999 

wu et al., 
1999 
wu et al., 
1999 

Kelly d 
al., 1999 

Static 5 min ACN/H20 1 mUmin Continuosl Lock et al., 
y exposed 1999 

Static 5 min Methand 0.2 ml/min 2 min Moder et 
gradient al., 1999 
elution 



Tables (2-2r and2b) are an updated aimmiry of the work done in SPMUHPLC. 

It shows the analyte, type of fibas unda investigation and limit of detection Aiso it 

desaibes desorption condition nich as desorption mode, duraîion and solvent. 

The following section will be devoted to highlight those contributions to the 

SPMUHPLC analysis such as relevant experixnental consideratioas. In addition 

drawbacks such as desurption and chromaîographic implication will be discussed. 

2.5.2 Relevant aperimental considerations 

As mentioned before, Chen et ai. (1995) published the first application of 

SPME/HPLC for the anaiysis of 13 PAH's using a PDMS fiber. In this work, sweliing of 

the polymas by the solvents was reponed. It was estimateci that desorption was achievd 

in less than 1 s, and only 0.2 pL of solvent was needed. It was found that, unda 

experimcntal conditions, desorption was complete. 

Boyd-Boland a al. (1996) described a mahod applied to nonionic surfactants, 

reporting dctcction limits of the order of parts pa billion. Desorption took place in a 

dynamic mode for 1 min or 50 min with the mobile phase. in addition, the cfficiencies of 

methano\, acetone and dichioromethane as dtsorption solvents were tested wing a -tic 

mode for 1 min. Similar rcsuits were obtaincd with both modes and al1 the solvents 

tested. A carryover of 10% was also obraved even at 50 min dtsorption. 

Volmer a ai. (1997) described a method for the determination of corticortaoids 

in urine. Static desorption mode wu applied for 5 min followed by dynamic mode using 

the mobile phase throughout the d y s i s .  Because of a higha chernical mistance, 

C W m  was selected for mer arpaiments. 



It is important to m e m b a  that in the early stages of SPME-OC, the desorption 

procedure was optimized in tamr of t h e  and desorption tempentures. In SPME/HPLC 

the experimentai variables that can be exploreci are dtrorption solvenî, mode anci time. In 

addition, some authors havc examinai the effect of tanpenture in the desorption process. 

Daimon a ai. (1997) tira examinai the effkt of the temperature in order to 

enbance the mount of .liulyte demrbeû from the fiba. Daimon et al. dcSCnbed an 

intediace coiled with a heating wire to obtain temperatures of 60, 90 and 180°C. T h e ~  

temperatures wae obtpined by adjusted the voltage of a powa supply. Anotha approach 

was the use of capacitive discharge nichhg temperature as high as 430°C (Figure 2-6). 

Figun (2-6). Schematic diagram ofthe ternpenture coniroUed SMPE/HPLC interface 
@aimon et ai., 1997). 



Carryover wu dtcrcased to les  than 10 % by increasing the thne of desorption 

(1 5 s vs. 180 s) at room temperature, but peak broadening ocmeci. 

The percent of carryover ifta 15 s d e a d  with incrersing of temperature (32- 

43 % et 22OC and 24% at 180°C). Howevar, crpacitive discharge desorption wu not as 

efficient (carryover of 17-28%) which was 8taibuted to the large intemal diameta of the 

dewrption c h b e r ,  thus the fiber was not herted as hr The precision of the method 

was baween 5-30 %MD without heating and 3-13 with heating at 90°C. 

Despite the enhancement in the desorption efficiency by an inmase in 

temperature, this procedun ddeots the pwpose of using HPLC in the fkst piace, since 

many of the compounds d y d  by HPLC decompose with b a t .  

Volmer a al. (1998) described the use of SPME/HPLC/MS/MS for ND 

methylcarbamate pesticides in watcr. The LOD obtaincd was bctwcen 0.3-1.9 pg/L and 

precision between 4-13 % RSD and LDR of 2-2000 pfi. Evaluation of the fibas 

showed that Carbowax-TR was more mechanicd and chernical durable than PDMSDVB 

and PA 

Wu et ai. (1999) dcscribcd a method for the anaiysis of uomatic amines. 

Moreovcr, desorption parameters such as dtsorption mode, composition of the dewption 

solvent and time of desorption w a e  optimized. The fibers uada study were PDMSDVB 

and CW/TR. They stuâied bath static and desorption mode at Wtlcnt solvent 

composition of acetonitrile (ACN)RI20 (40 to 8V? ACN) at constant time of dcsorption- 

They found no statistical différences unong the modes and fibers. 

To study the eff&t of time of aponin uUag dynrmic mode, the fiba wu 

#posed to the mobile phase fbr 2 and 5 min a 0.2 miAmin flow m. The peak m a  of 
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the d y t e  increased with incmsing desorption period using CWRR f iba whaeas for 

the PDMSIDVB 92-97?!!! of desorption wu obtaincd in a 2 min period. 

It was also found that flow rate has an effkct in the pcak broadening of the 

analytes. In gaimal, carryoven ranged bom 0.3-3 %. The deteaion limits obtained 

ranged âom 0.66-1.5 ng/rnL using C W m  and 0.33-2.4 ng/mL using PDMSî'DVB fiber. 

Analysis of taacycline antibiotics was described by Lock et al. (1999). They 

obsennd deterioration of the fibers during the conditionhg process, in which the fibers 

were exposed to the mobile phase gradient flow for 30 min. This includes pining of the 

poiyms coating and loss of the solid phise matcriai. 

L. Wu a al., (1999) d d b e d  a diffennt SPMEMPLC system. The main 

diffaence was the use of a CI refocusing unit that was comectcd to a tan port valve 

(rcplacing the six port vaive). Two pumps (anaiytical and desorption) wae also 

connected to the system. 

Mer the extraction procedwe, the fibs was placed in the SPME/HPLC intafi#. 

Desorption twk  place inside the deso~tion chamber, with a desorption pump directhg 

the solvent (0.2 mUrnin) thrwgh the i n t d c e  and transfdng its content to the CU 

refocusing unit. An d y t i d  pump thm dinetcd the mobile phase (1.3 mWmin) 

through the refocusing unit dtsorbing the explosives and tramferring thcm to the 

anaîytical column for separation md detection. Moreovet, i was suggested that the 

refocusing unit eliminated the potaitial problem of extracolumn dispersion causeci by a 

large sample volume. 



2.5.3 Msin drawbacks in the use of SPME/HPLC 

îhe aforementioned papas desaibed the most important aspects of the 

development of the SPME/HPLC procedure. In most of the cases, the authors agrd that 

the main shoitcomings of this application arc: 

1) The limited number of fibers commercially available (PDMSDVB, CWiTR 

and PA). 

2) Lack of durability of the fiber. Under experimental conditions, it was reported 

that the coating can be destroyed by the solvents awing pitting of the 

polyrner or totai loss of it (Volmer et al., 1999, Lock a ai., 1999, Wu et ai., 

1999). In most of the cases, CWîïR was the most robust to the analysis 

conditions. 

3) Memory effects. Diverse pacents of wryover have b a n  reportcd (fiom 1- 

1 )  Canyover is more intense for polar anaiytes using a Carbowur f iba  

due to strong absorption (Moder et al., 1999). 

4) Chromatographie implications. Desorption mode seems to afT&t the 

chromatographie pdormance. Long dynamic desorpion times cuiscd pcak 

broaâening (Daimon a al., 1997) as did high flow rates (Wu et ai., 1999). 

The redts are howevcr inconsisttnt. Rtsutts also differ h m  one fiber to 

motha, for instance, diffaences between static and dynimic mode wen 

insignifiant usin8 C W m  howcver this was di f fhnt  for PDMWDVB (Wu 

a ai., 1999). This discrepancy is amibuted to différences in the partition 

coefficients betweea the fiber and the solvent. 



2.6 DerivatizatiodSPME techniques 

2.6.1 Introduction 

An increasingly popuiar way to aiboace the smsitivity and seîectivity of 

detedion of the anaiytes is a derivatization procedure by which target moicties are 

rcaaed with a suitable chromophore, fluorophore or electrophore. These daivatization 

techniques have becn extensivcly used in GC and HPLC analysis, since chromatographie 

performance and detectability are improved. 

Momvcr, some pmpertks such as water solubility and vapor pressure of the 

analytes are iffected. For instance, conversion of polar into las polar derivatives cm be 

achieved rducing d p e  watcr solubility and incrrshg ;;a vapor pressure. Extradion 

procecluns aich as LE, SPE, SPME have been benefited âom derivatization schemes. 

Improvements of the dectectaôility of a wmpound are achievcd by the use of 

derivatintion reagents thit enhance the responae in the deteaor (use atmsively in this 

work). In GC d y s i s ,  for example, the fiuorinated anhydride derivatives are used 

primarily for electron capture detcction @CD) (Supelco Catalogue). In HPLC, 

derivatization is applied when the target compounds lack chromophons. This is 

important, since the ;iblorbance of underivatized compound n e u  2 0  nm cannot be useâ 

due to absotbance of the mobile phase (Toyo'oka et ai., 1995). 

Furthcr advantagcs can be obtained, e.g. daivatization provides specificity bascd 

on funaionai gmups which at the sune time could be used u a confiimrtory test (Mutos 

et al., 1998). 

T b  selection of derivatkation reagent h of purmount importance. An i d d  

derivahiion reagtnt shouid p o l ~ ~ s  the foiiowin8 Qjtcrjl: 
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cornpletc and q d t a t i v t  conversion to a single conjuga!e unda mild 

&on conditions, 

performance of the reaction in either aqueous or non-aqucous solvents, 

minimai side reactions 

the ragent as well as the conjugate should possess reasonable stability at 

room temperature and 

chrornatograpbic separation of the reagem and the conjugate should not be 

difficult . 

2.6.2 SPME/Derivatitation SC hemes 

Derivatization for SPME applications has b e n  developed for the same reasons as 

given above. A general view of the mategies has becn described (Pawliszyn, 1997, Pan 

a ai., 1997) and is shown in Figure (2-7). 

I D 

ûeivatizationlSPME 

Sirnultanaous Deriwüzation 
ddwtization and 

extraction extraction 

Figure (2-7). DerivatizatiodSPME modalities (Pan et al., 1997). 



Direct &nvvrtizananon in ample m e  

Direct daivatization in the sample matrix is an extension of solvent extraaion. 

Daivatization takes place in the sample matrix and ficilitates the cxmmïon, as the 

partition coefficient, of the derivative is luger thui the non-daivatiad analyte. This 

method is rccommended when the Mgent and products arc stabk in aqueous solution. 

Another approach wu aqucous-pbe derivatkation phor to headspace txtraction. 

This method was applied to the damination of ionic macury species, w h m  

dcrivatization in the sample via1 was obtained by adding an ion-pair derivatization 

(sodium tetraethylborate) and subsequent headspace extraction with a PDMS f iba (Cai a 

ai., 1995). 

Nilsson a al. (1998) developed a method of aqutous-pk derivatization 

foliowed by SPME for the anaiysis of phenoxyacetic acids (PAA). The procedm 

included the addition of benyl bromide and phosphate bufk  to a solution containhg 

P M  The effect of pH was studied (3, 4, 5, 6.3, and 7.4). It was found thu carboxylic 

acids wuld be deiivatized in aqueous solutions, signincrnt amount of derivatives w u  

extraad by the PDMS fiber. LOD were in the order of 0.1-1 pg/L and a RSD of 14- 

32%. 

In-fiber cberiwtizatim 

The more advantagrnus of the procedures is in-fiba derivatization. The 

polymaic materiai cui be seen u an organic medium where the r d o n  takcs plice. 

Once the f iba is doped with the dmvatization ratgent, it is immased in the sample 

whae simuhanmus exmaion and derivatkation take p h .  Th- arc many doping 

apptoaches; some of than include the absorption of the derivathg mg- in the 
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headsprce such as anaiysis phenoxyacid habicides (Nilsson et ai., 1998) and 

forrmldehyde (Mutos a ai., 1998). 

In the anaiysis of phenoxyacid herbicides, a PDMS fiba was aposed to the 

vapors of benzyl brornide for 10 min, then plrced in the headspace of a aqueous soiution 

containing the analyte and NaCl at p H 4  (Nilsson et ai., 1998). This procedure did not 

succeed since low amounts of PAA were transferred to the fiber due to die low vapor 

pressure of the PAA even at low pK 

Determination of gwous fomaldehyde (Mutos et al., 1998) w u  obtaincd by on- 

fiba derivatizat ion with o-(~3,4,S,6,-pentafluot0be~1zyi)hydroxyla~ (PFBHA). 

SPME fibcn (PDMS, PDMS/DVB, CW/DBV, PDMS/DVB and Carboxen 1006/PDMS) 

were placed in the headspace of a solution containing PFBHA-HCl. The fibss werc 

then placed in a headspace of hair gel and particle board contaminated with 

fonnaidehyde. The criteria of fiba rleaion wae based on the highest loading and yet 

high derorption yield, plus good stability of the PFBHA on the fiber with tirne. 

PDMSDVB fiiffiil the aforementioned criteria. 

Another way of doping the fibs is by dissolving the daivatization ragent in an 

orpic solvent (Pan a al., 1997), in which case, the &&y of the derivatkation reageat 

towuds the fiber must be larger thn towarcis the solvent. In addition, chernicol 

resistance of the fibas towardr the solvent and derivatization reagtnt is rcquired. 

This method was applied to the inilysis off- acids (Pan a ai., 1997) in waste 

water. PA fiba w u  dippcd into a solution containing 5 rn JmL of pynnyldiwmethane 

(PDAM) in h a i n c  for 60 min. The doped fiber w u  tirasfamd to the hcadspace of 

aqueous solution containing the htty b d s  anâ saturated NaCl , pH 1.5. Equilibrrtion 



w u  reachd der 30 min. This procedun was aiso applied to the detumination of fw 
acids in milk samples. Here extractions were pdonned for 2 h and at room temperature. 

This procedure achieved lincar dynamic range ofO.005-5 pg/L and a LOD of 6-10 

The same procedun was applied to the adysis of fatty acids in fecd samples 

using PDAM, and heaâspace (Mills et al., 1999). 

Deriwtizution foIIowing extraction 

The second in-fiber derivatization moâaiity is daivatization following extraction. 

A f k  extraction, the fiba is placcd in the hcadspace of a via1 containing the rugent. 

This is a more complicated system, since the derivatization reagent vapour pressure and 

fiberfair partition coefficient mua be large. This rnethod was applied to in the anaiysis of 

staoids (Okeyo et ai., 1998). 

Acidic herbicides were exmcted from aqueous solution via SPME (Lee a d., 

1998). The fiber was then placed in an N-mahyl-Nnirro-N-Iiitro5oguonidine (MING)- 

diazomethane kit bom Aldrich Chernicd Co. heated at SO°C. The limits of detedon 

using PA fiber were 10-900 ag/L and 30-1 500 a@ ushg PDMS. 

DerivcrtizWon in the GC iwection slpon 

Finally, derivatuation in the GC injection port is an extension of norrml GC 

derivatktioa. PM a ai. (1995) carrieci out this proceciun using an ion pair magent 

tctramethylammonium hydrogen sulfate and tetnmethylammonium hydroxide for 

cuboxylic acids. 



2.6.3 Thtory 

The following kurctics theory was describecl by Martos a al. (1998) and considers 

in-fiber dcrivatiution when the fiber is do@ with the derivatization reagent. It is then 

assumed that the coaîing contains a high concentration of dcrivatization reagent ailowing 

simultaneous denvatbtion and trapping of the d y t e  in the fiber. 

The adsorption of the ragent (R) on the fiber can be describd as: 

Fiber (S) + Reagent (R) L' R - S (adsorption) 

R - S  '-' b R + S (desorption) 

Where KA = k i k i  is the equilibrium constant for absorption of the rwtgmt. 

Once the fiber is in contact with the runple, some analyte molecules un be 

adsorbed onto the available sites. This process is describeci by: 

arulyte (A) + Fiber (s) t? A - S (adsorption) 

A - S A + S (desorption) 

Here Ke = k k 2  is the eqdibrium constant for adsorption of the anrlyte. However, it is 

expeaed that molecules of the rcagcnt occupy most of the sites. 

The reagent, R, will then rcact with the analyte to form product P and is expressed 

A + R - S A  P-S (fcoction) 
as: 



It is assumed tht P i s  rate limiting as opposecl to the rate of the diffusion of  the 

analyte toward the solvent. In order to keep pseudo &st-ordcr kinetics of d o n ,  the 

amount of rqent must be in excesq so that ragent conantmtio~ remains constant 

throughout the extraction procea. Thus, the o v d  rate of reaction is dependent only on 

the concentration of the analyte. 

Desorption of the prodii* eithu in the GC injeaion port of in the SPME/HPLC interfixe 

is the final step. It is then desired to have a fast desorpion 

Martos et ai. (1998) d d b d  the above mcchanism of in-fibs derivatiuition for the 

Molysis of formaldehyde with PFBHA to form the oxime. They pioposed that the 

mechanhm for this system is a Langmuir-Rideal, which assumes that the d o n  takes 

place on the surfâce bctwem an abrbed molecule and a gaseow-phase molcale. The 

velocity of oxime formation (weightltime) is proportional to the concentration of gaseous 

forrnaidehyde (CHCHO), the rate of remtioa bnween PFBHA (k*) and foddchyde  

and the total number of sorbent sites occupied by PFBHA ( O ) .  

Finaily, r direct reiationship between the velocity of the niaion and the reaction rate as a 

fimaion of the anaiyte concmmtion cm be expresseci as: 



This nluionship is important sincc it is expected tht quantitative anaiyses of unknown 

amount of formaidehyde is possible using this empincally determinecl first-order rate 

constant when the amount of PFBHA is negligibly consumeci. Figure (2-8) shows the 

resuits obtained by Martos a al. The values of the invase of the reaction velocity (hg)  

of the product a diffbrcnt concentration of foddehyde are plotted. The invcne of the 

slope repr-ts the apparent nnt-orda rate constant (0.00297 ng/ppb) which can be 

used to quanti@ unknown concentration of formaldehyde. The main advantage is that no 

cilibration c w e  is required for quantification. 

The developed mahod was found to have a precision of 12YoRSD and LOD of 

4.6 ppbv. 

Figure (2-8). Plot of the hvme of the r d o n  rate versus the inverse formaidehyde 
concentration (Bhtos a al., 1998). 
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Chapter 3 

3 Polycrystalline graphites 

3.1 Introduction 

Despite the rapid development of new fibers for SPME, wch as rnixed phases and 

sol-gel fibas, the application of SPME to HPLC anaiysis bas been limited due to the 

nature of the cornmerciaily available fibm (Chapter 2). Therdore, a ncw solid phase is 

requind that ovcrcomcs most such hwbacks. 

Silica fibes coated with graphite wen developed for the analysis of volatile 

organic cornpounds. These grapâite-coated fibers offired many advantaps, such as 

chemicai, mechanid and thermal staôüity, in addition to hi@ Durface arca They wcn 

only appiied to GC d y s i s ,  however (Mangani a ai., 1995, Djozan a ai., 1997). 

It was found that some graphite-likt materiais such as giusy carbon and carbon 

fibers maintain sow graphite characteristics. They couid be used to advantage for 

SPME-HPLC applications due to th& ngid nature. 

Such mataiais arc named polycrydline graphites QG) (dm included are carbon 

blacks and pyrolytic graphite), anci are obtained by carbonization of polymeric mataiils. 

They do not pphitize readily even at high tempemures. Thedore, PG are m e s  

of graphite aystailiter which vary in site, orientation, degrees of pomsity and purity. As 



a consqueacq their properties and use vary mormousîy as discussed in the next 

sections. 

3.1.1 Graphite 

Graphite, strictly spealing, is considad an ideai material with a perféct aystal 

structure. in the r d  world such maaial does not a is t ;  howevtr it is important to 

describe graphite's characteristics in order to understand polyaystalljnc graphites, 

containhg a graphitic structure but with a number of structural defects. 

In graphite, ach carbon atom is bonded to three neighbors in the sample plane. 

This gives a bonds b e w o r k  of planar hcxagons bound by sp2 hybridurtion (Figun 3- 

1). Each atom also hrs one 2p orbital availablc to fom delocalized n orbitals. 

The a bond bru a length of 0.141 nm and Ma strength (524 W/mole); the spacing 

betwan layers is 0.335 nm and the imerlayer mength 7 iü/mole. Thus graphite is staôle 

and has a high ele*nc conductivity due to the delodizcd n electrons. As the layus are 

hcld togaha by vau da Waals' fbrccs it requins linle encrgy to slidc them, hcncc 

graphite is a good lubriuet. 
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Figure (3- 1). Crystal stnicture of fiphite (Piason, 1993). 

Table (3-1). Physicd properties of graphite (Pierson, 1993). 

Cryrtilline fonn H q o n a i  
LatticcpMmeters &= 0.246 nm bo=û.671 nm 
Color Black 
Densityat300K,latm 2.26&n3 

Circmidproperttes 

Pure graphite is one of the most chemicaiiy iDat rnatetiais. HOWMI, some 

impatections confa some curlytic effs*, incrcasing chernical reactivity in proportion to 

the surhce area. At high tempemua, graphite oxidizts with mert and oxygen. It h 

b a n  sugeeaed tha bctional gtoups aich as C-O a C-O-H are prrscm in the &hce of 



3.1.2 Glassy cubon 

Glassy carbon has been u d  in electrochemisüy as a working electrode (RF et 

PI., 1994) and as sutionrry phase in chromatography (Larkins a al., 1993). uidustrd 

applications include vessels for chemical proccssing, Ilid acid battay electrodes (Pierwn, 

1993). 

Vitreous or glassy carbon (GCar) is obtaind by c a r û o ~ t i o n  of organic 

polymcrs mch as polyfurfuryl alwhoi, phcnolics, polyirnide, polyaaylonbiie (PAN) and 

cellulose. It does not graphitize ieadily and has characteristics and proputies that are 

isotropic. Its structure is more closely relatecl to glassy material with non-aysul 

arrangements. It has been suggested thrt sp3 bonds are premt, expllining the poor 

grophitization, and the high strength and hardness (Figure 3-2). 

Figure (3-2). hposed mode1 of the nibon rtnichue of gLuy carbon (Pierson, 1993). 
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Cubonization is achieved by slowly heating the polymer in a reducing or inat 

environment (rate of heating 1-S°C/min to 1000°C), and no mesopbar is rcached. GCar 

does not gnphitize to uiy extcnt. Heraiag to 1800°C produces a rnatuiai with an 

inteilaya spaciag (d) of 0.36 nm and a crystal sue (Lc) of 1.5 nm. 

Glassy carbon contains smdl randomly oriented crystallites. Within each 

crystallite, the intcmornic distances deviate fkom those of the i d d  graphite by 5 %. 

GCar has a low dcasity (approximately two thirds that of the ideal graphite), which 

implies that it hm high porosity; however helium penncability is low, thaefore the porcs 

are extremely small, typically 0.1- 0.3 nm in diameter. 

Glassy carbon's suitability as a chromatogtaphic stationary phase reiies upon its 

chemical staôility and high surfhce ana (1.62 m21g) (Pienon, 1993). Like graphite, GCar 

is a hydrophobie, highly polarizable solid. The highly ordacd planar airfrce, on the 

moleculsr level, produces unique stniaural selectivity, with an morphous macro 

structure that fonns the porous particles ntccssary for high d i e  uea. The main 

disadvmtage is that GCu is highly m d v e  and higha moleculor weight solutes miy 

not elute (Rittebnhouse a ai., 1996). 



Table (3-2). Physicai and Mechnid Pmperties of GCar rad othm d o n  materials at 
2S°C (P~cIso~, 1993). 

Properties GCar Casbon Pyrolitic 
 PU graphite 

Density &rn3 1.54 1 -42 2.10-2.24 

FIexural strength, MPa 210 260 80-170 (c) 

Compressive saaigth, MPa 580 480 

3.1.3 Carbon fibers 

Carbon fiben have been used as reinforcements in composite matcriais based a 

polymaic ma& They have been widely used in aerospacc. as well as in the a r a  of 

high technology products (Lee a ai.. 1997). 

The production process of  PAN-based carbon fibers includes sphing the PAN 

CO-polymer to form a fiba. As a result of stretcbiag, a high strength fiber is obtaincd 

with 500-1 300 % elongation. 

The structure of PAN-based carbon fibers is turbostatic and is composcd of smail 

two-dimensional fibrils or ribbons. Stmaunl models proposeci two aitical parameters: 

Lc, the stack height of the ribbon, and the crystaUite size 4 ad the mean length of a 

straight section of the fibrîl. In is lesi thn 20 nm (Figure (3-3)). 

The interlayer spacing never shrinks to leu than 0.344 nm, indicating a poor 

ali~nmcnt of the basai planes and the pmmce of defects, riielriiig fuilts anâ didocation. 



Figure (3-3). a) Two-dimensional schematic representation, and b) thrdirnensionai 
representation of the structure of carboa fibtrs (Pccbles, 1995). 

3.2 Adsorption onto iolid sudaces from liquids 

3.2. t Introduction 

Adsorption oato solid surfhca fiom liquids bas becn stuclied for &te solutions. 

The thennodynamic and kïnaic beluviour of an adsorption process generaiiy varies h m  

one adsorbent to anotha and depends upon the nature of the sohite adsorbed ('Muth ct 

al., 1997). In orda to detamine the mechinism of adsorption, many variables murt be 

considerd (Partifîet al., 1983): a) the sudh,  b) the solute, c) the solvent, d) the nature 

of the interactions bctwecii d c e  and idsorkat rolute, e) the srni- of the aâroibed 

Iayer. 

Su7face. It is important to consider the characteristics of the airhce, aich u its 

chernid nature and the prr#acc of eontuninrtion. Tt has ban observai tht nirfia 



hacrogeaeity in active d o n  affects dramatidly thc rdsorption phenornena. Chernid 

hetmgeneity includes the presence of ftnctionai groups, whereas geometricil 

heterogeneity C O ~ ~ ~ K I  the existence of pores or defccts (Heuchel et ai., 1995). 

Moreover, a chernical rnomcation on the surfacc will lead to a Miirent d a c e  

reaaivity . 

Solute. It is important to consida the nature of the solute iad its interaction with 

the solvent as the physicochemical properties of the solute wül affect the interactions 

with the solvent. Solubility is important, and is nlated to the chiin length and the 

presence of fimaional groups. 

Solvent. The properties of the solvent will affect its intaaction not ody with the 

solute but also with the adsorbent and the adsorbent kyer. 

Interaction bewen sulute and surj9ce. Adsorption âom solutions by mlids bu 

been studied for dilute sohtions. The interaction between the swface and adsorôed 

species may be either chernical (chemisorption) of physicai (physisorption). 

Structure of the odsorbedlayor. Generaiiy speaking, a monolayer is postuiated in 

adsorption irouierms. Howcva, wme solutes will change orientation at the d w e  and 

there an be formation of multimolecuiar layers. 

3.2.2 Adsorption Isothmns 

An adsorption isotham is a mathematical expression tht  relates the concentration 

of adsorbate a the intafice to its equiiibrium concentration in the liquid phase. Thae are 

many types of irothenns, nich as Langmuir, Tankin, Frcundljch, which differ in one or 

more of the uaimptions made in daiving the expression for the surfàce c o v q e .  A 



type of adsorption isotherm commonly observed in adsorption fiom solutions of 

surfiactants is the Langmuir isotherm, expresseci by (Gorecki et al., 1999): 

When CA is the d a c e  concentration at equilibrium, Cs, is the maximum 

concentration of the active sites on thc Surface, Cd is the concentration of component A 

in the liquid phase at adsorption equilibrium and K is a constant. The assumptions of thk 

mode1 (Rose, 1989) include that the 1) the adsorbent is homogeneous, 2) both solute and 

solvent have quai rnolar d a c e  area, 3) there are not interactions, such as white-solute 

or rolute-soivent interaction in either p h w ,  and 4) the adsorption is a monohyer. 

To determine whether adsorption is following t& Langmuir isothmn, the 

equation can be traasfonned into a linear form by inverthg it as (Gorccki, et al., 1999): 

A plot of l/Cd versus IIC* should be a süaight line with a dope of 1IC,-KA 

and an httfcept of 1/c,, . 

In the adsorption of sudàctants some of the restrictions ut not met, however, they 

still show Laqmuir-type bhrvio .  The fid thaî the data fit this irotham daes not 

mean tha the assumptions are fpilowed. For instance, adsorption of nonionic adbtmts 
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is highiy dependent on temperature, moleculu structure of the adsorbate duc to the 

solutosolvtnt, solutosolute interactions, nich u micelle formation (Parfitt, 1983). 

Adsorption of nonionic surfactants wiU be fiarthm discussed in Chapter 6. 

3.3 Adsorption onto graphite 

The surâice of graphite, as an ideal adsorbent matcriai, is considerd 

homogaianis. It is therefore not nirprising that many authors have studicd adsorption 

onto this SUfface. However, there is a lot of potmtid misunderstanding of the materiais 

used for N C ~  studits, since they oftai used polycrystalline graphites. Some examples are 

graphitized d o n  black ( S u b d a n  et al., 1993), pyroiitic graphite (McDermott et al., 

1994 and Aviram a al., 1995) and advated carbon (Kochkodan a al., 1996), which in 

some cases iue hetaogmeous. 

As mentioned befon, the churaeristics of the surhce have an effect in the 

adsorption phenornena. The o v d l  heterogtneity of these polycrystaiiine graphites 

consists of both chemicai ciad geometncol haerogeneity. Chemical hcterogcneity 

includes s w h  impurhies as well as functional groups prem on the SWfjlce. 

Geornetrical heterogeneity includes rurface defects and porcs (Heuchel et al., 1995). 

Many authon hve conridaed thu impurities prcacnt in the nufrce of graphite 

dominate the interaction between the aâsorbant and sorbent. Subramanian et ai. (1993) 

investigated the adsorption of dextrines ont0 graphite as nceivcd and leacheci with Hel. 

They wncluded that pdcation of graphite by leaching rcduces the content of m d î i c  

impurities anâ inaeues graphite hydrophobicity, thaefoae leacheci m p l a  showd less 

adsorption tbui orighi. 



MacDmott et ai. (1994) hypothcsized that the leinetics of adsorption depead on 

spccific chernical sites which exist only at defeds on highly orientcd pyrolytic graphite 

(HOPG). Results were cornparcd to those obtained using glusy carbon. It wu found 

tbat adsorption of quinones onto HOPG followed Langmuir iwthamis, and that it was 

dependent on defect density as measured by scanning tunnelhg microscopy. 

Kim et al. (1995) investigatcd adsorption of anionic naphthalene derivatives at the 

grap hite-aqueous solution inttrfàce. Adsorption isothcfms were obtained b y contacting 

graphite with a solution containing the derivative in the presence o f  inert electrolyte at 

constant agitation and temperature (2S°C). An increase in hydrophobicity of r Surfactant 

promotes its adsorption onto graphites surfaces. It is generally understood that a benene 

ring strongly afFects adsorption onto the hydrophobic d a c e  from aqutous solutions, 

through both a reduction in solubility as well as strong n-TC bond. The actual arcas 

occupied by the hdividurl Surfactants, as revealed by the adsorption isotbams, provide 

uime indication of their possible surface orientation. 

Kochkodan et d. (1996) studied the effm of temperature on the adsorption of 

nonionic sudactants ont0 acetylcne d o n  bllck and activated carbon. î b y  suggested 

that the maure ofadsorbed layer is tempenwe dependem. 

3.4 Effkts of surface modifiertioos 

Adsorption is highly dependent on the naturc of the surf'ace. As Jnrdy 

mentioned, the i n t d o n  of the solutc with the imcrâce will depend upon the fiinctiod 

groups prescrit on the Swface. The d f f i s  in the cryrtrllites of gnphite d l  coda soma 

res*ivity; rnoreova, impurities dm could change the dsorption cbuiaairtics. 



The surhce of polyaynJline graphites have becn chemically m d i e d  a d  wili 

be explainmi below. 

MosyiCClttCCltton of glàssy carCCabon 

Glassy carbon has been uscd as a workhg electmde in electrochemistry. Thus 

chernical modifications were doue to improve the electrochemical behaviour. In 

addition, glassy carbon has been used as statioaary phase in HPLC. 

As mentioned before, CO and COH gmups an present in the surhce of graphite 

and they are dso expected to be in the mfhce of glassy d o n .  Gomathi et ai. (1995) 

characteriwd the sudâce of glassy carbon (fieshly cut, polished, chemically prctreateù 

and electrochemically pntnated). The reactivity depended heavily on the treatmcnt of 

the SUrfâces as obsaved by mersuring the cyclic voltammetric response. The numbers of 

oxygm containing groups, possibly of phenoiic nature, were highcr in chemically and 

elcctrochemicaily trcated SUrf~ccs. 

Mieda et al. (1996) chinctaized the SW63:ce of a glassy carbon a m d a  in a 

primary alcohol to elucidate the SUrfELce srnichue by mumrhg its wcubility and 

capacitance. They showed that it w u  possible to modify the surfâce of the glassy carbon 

by covdently bonding primary alcohols. It w u  proposed that the terminal hydroxyl 

groups on dectrodcs rn Lürcly to be oxidizcd to carbxyl groups dm the anodic 

modification. Dependin8 on the alcohoi, the elmode un be mon hydrophilic or 

hydrophobie. 

Knox a al. (1996) modified pomus graphite for ion exchange ctuomrtognphy. 

They useci polyethylene imine (C&-C&-NH+, wbich, behg polymeric, is expectcd to 

be strongly dsorbeû on to graphite. They proposai t b  difhnt trertment mahods, 
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dynamic coating, insoluble monolayer ad cross-iinkcd coathg. Monolayu coaîkg was 

found to give better chmatographic paformanu. In addition, monolaya cordiiig wu 

stable over 8000 column volumes of elucnt. 

Md~'cattbn of purlytic grwhite 

Some studies have demonstrateci that the d a c e  of graphite can be oxidizcd to 

fonn carboxylic and hydroxiiic groups thaefore the Surface will be more polar (A- 

et d., 1995). Chernical modification of the d c e  of highly orientcd pyrolytic graphite 

(HOPG) hu ban carrieci out by oxidation with acetic acid and Cr% (Avinm et a., 

1995). Fuaher chemicai modification included reacting the oxidiad d a c e  with 

(CH&-N-(CH&i-CH& Auger electon spectra showed that the signai duc to oxygen first 

incrcased due to oxidation, and then afker 30 min of surface treatment did not change. 

Mdipcanon of curbonfikrs 

In the early development of &n fibers, the adhaion between the fibers and 

matrix m i n  was poor. This is the nuon why many commercial &on fibas are 

available in surface-treated fonn. Coating or sizing is sometimes applied after fiber 

airnce trcatment. Epoxy without a ùardena is oftca used as siting for the epoxy 

polymu d x  to improve hindling of the tow and to deaease nirlia damage of the 

fibers during manufbuhg of the composite m e  a al., 1997). 

DEtfcnt sutface weatmeas of carbon fibers have ban found to be efficient 

bccow they promote the mmovrl of auâce con tuninlms, which miy inhibit wetting. 

Tnctment dm removes w u k  bounduy Iryers h m  the fiber, mughens the f iba surf& 

to in- the contact am, iad produces chcmidly or physidy active sites to bond 



with the polymer mmiK It has been proven that treatment of the fiba with nitric icid 

introduces fùnctiond groups such as carboxyl and phenolic onto the fibm (Pittman et al., 

1997). 

Modifications of fimaional groups at the carbon fiber surface are bued on the 

application of classical reactions of oiganic chemimy. The reactions most commonly 

used are estefication of strongiy acidic corboxylic groups, and selective or non-selective 

reâuction of carbonyl and carboxylic groups. 

In the early-1970s, carbon fibers were used for the adsorption of v u s  

compounds. Rcsearchers combineci the knowledge of carbon fibss and activated carbon 

to develop activated carbon fibas. As a remit, activated carbon fibm were uscd in 

adsorption of S02/NOr and volatile organic compoimds nom air, in addition to uulysis. 

Activateci carbon fibers provide a fracr rate of adsoqtion, hi& aàsorption capacity? and 

futer fluid tnnsport to and fkom micropores and mesopores which improves theü 

regencf~tion (Burcheil, 1999). 

Zielke a al., 1996 modifieci the surfàce of carbon fibers by reaction with 

methanoVHC1 (esterification) ad selective reduction of carbonyl groups with NaB& and 

non-selective rduction with LAD&. Studies by X-ny photodectron spectroscopy 

showed that the comasion of carboxyl groups to esters w u  incomplete and seleaive and 

non-selective duaion wae dso incomplcte. iHowwer? it bs been reporteci t h t  BET- 

rneawements showed both increascd sudb area and porosity of the SUIface oxidized 

fibers. 

Lee et al. (1997) reportcd oxidrtion of the PAN-baurl carbon fibers. Suing wu 

removed by hCrting the fibers at 3W°C for 4 h w b m s  h a  at 7W°C and 950°C 
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oxidition of the wfw wu, accomplished. Morphologid changes wae not o b m d  

by scanning electron miaoscopy at 5000 miignificatioq however they wae observed by 

atomic force rniaompy (MM). Mon importantly, changes in porosity and Surface are 

wen obraved. Tbe oxidation 4th air followcd by oxidation in an inat atmosphere 

inaased the surface ara by 20 fold (fiom 1.1 m2 g to 20 m2 g). 

Pitanan et al. (1997) &d out oxidaticm of PAN-based carbon fibers with niîric 

acid (at différent times) followed by r&on with tetraethylenepentamine (TEPA). The 

quantity of surhce bound acidic and basic fûnctions on these modified fiba surfaces was 

rneasurcd by NaOH and HCl uptake aperiments. Then, rnethylene blue and mainil 

yeflow dye adsorption cxperiments wae anployed to provide a musun of the surfhce 

ana of both the surfàcc density and steric avaiiabiiity of the surface acidic and basic 

fiincti~ns~ It was estimated that 52 % of the acidic groups reacted with TEPq and 2.6 

amiw groups were intmduced for each acidic group. More devant for this work, 

Pittman et al. found that the aunCe ucrs incmsed with incrcasing the oxidation 

trcatmcnt due to formition ofcrevasses and pits as shown in Figure (34). 

Figure (34). Inmduction oflQdic fhctions biq mtnc icid orridation of carbun fiba 
wrfhs which causes an in- in atrhce ucr (Pimm et ai., 1997). 
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As already memiond, the pirpose of  Mface modification of carbon fibers is to 

improve the intenaion with the iesins. Apart from some articles dedbing the use of 

activatcd d o n  fibas for adsorption of gascs in Ur, idormation on the effects of such 

modification on the dsorption/dcsorption procas was not found, aibcit an exhaustive 

literawe search was attempted. 
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Chapter 4 

4 Direct SPME 

4.1 Application to a nonionic surfactant 

4.1 .1 Introduction 

Nonionic surfactants are those which do not have a charged functiod group. 

The most cornmon nonionic groups are hyâroxyl (ROH) and ether @-O-R'). The water 

solubilizing propcrties of a hydroxyl group or an etha groups are low comparai with 

sulfate or sulfonate groups. Surtictants showing desirable propmies are thmfore 

obtrincd by using multiple hydroxyl groups or multiple aher groups. A f k  anionic, 

nonionic surfiictants are the moa important. Among nonionic compounds, those hving 

one or more polyoxyahylene groups are the mon widely used. The length of the chah 

makes the compounds more or lem water soluble. 

The problem with the synthesis is the polydispasity and formation of undesireci 

products (Mszkiewicz et ai., 1996), surfactants can thmfore be c o m p l a  

The products therdore cornsin several homologues with M i n t  

polyoxyethylene chah lengths (Scullion et ai., 1996). Momver, hydrophobie rcagents, 

c.g. aicohols or wlphenols, can wnsin of several componentp. The dUtnbution of 

moldar weights depends on the W y s t  uscd anâ conditions of cthoxy1ation. in most 



ureq the producîs contain very srnail puantities of the nutùig alcohol, but the 

distribution of the higha ethoxylates approaches a Poisson distribution. 

The most important nonionic airfictmt is describcd UI the alkylphenol 

polycthoxylate (APEO). An estimatecl 500 000 tones p a  year of APEOs arc cuncntly 

used in the US, Europe and Japan (Rennery 1997). Howevcr, due to thtir poar 

biodegrability, their use will be phased out by tbe end of 2000 (Kiewiet et d., 1996). As 

a remlt, in 1995 there was a volmtary ban in northem Europe, and APEOs wae replaceci 

in aii household products by aicohol ethoxylates (AE). In the fuwe, AE wilwill bey by fir, 

the most importaut nonionic &actant used (Figure 4-1). A& are highly biodegrachble 

and their use in Gennany is estirnateci to be 50 000 tones pa yur .  Despite the restriction 

in the use of APEO in domestic detergentq they may still bt used in indusaial products 

('Matthijs et al., 199 1). 

OPEO 

Figure (4-1). Srnichires of diffaent nonionic SUff&tants, Aîkylphenol polyethoxyI~tes 
(APEO)y Nonylphcnol polyehtoxyIrtes (NPEO), oaylphenol polyethoxylae, (OPEO) 

(MuComini ct aL, 1987). 



Mection of nonylphenol and ita lower cthoxylates (NPEO) in treated a~iewater 

sludger, river watas and sedhents in Europe led to theu removal &om c l d g  products 

and to the publication of a Chernical Hazard idonnation Pronle by the U.S 

Environmentai Protection Agency (Naylor a al., 1992). Mo~t~vcr ,  in 1984 it was 

discovaed that APEO breakdown products are weakly estrogcnic (Renner, 1997). 

Although NPEO have been fuund in environmental samples, th& concentration 

varieci over a widt range (Naylor et ai., 1992). Data reporteci range âom 0.64-16 Cign in 

rivers and up to 900 Cign in sediments. Concentrations of AE in untreated municipal 

sewage an in the 0.5-5 rnfi concentration mge and in wastewata a f k  activateci 

sludge treatmcnt in the range 0.0 1 5-0.040 m a  (Marcornini et al., i 996). Thenfore, the 

anaiyticai methods for d y s i s  of surfacunts in wata must have detectionr limit of the 

orda of 10 to 100 p@. 

4.1.2 Determination of nonionic swfktants 

Sepmtion of swfàctants âom matrixes can be achieved by difftrtnt methods, 

aich as soIvcnt sublation, liquid-liquid extraction, solid phase extraction, pncipitation 

and dialysis. 

In solvent mblation, the nirÉiaiat is transfcrred h m  the aqueour phase to 

constant flow of a bubbled i n n a  gas tht rises to an inganic phue (&y1 acetate) above 

the aqueous solution The solvent is then coilecicd d concentrri5eâ for fbher d y s i s .  

nK major disadvanfase is the sunplc si# nquirrd (4 L) and time of bubbling (3h). 

Because it is easy to pafbm,  liquid-liquid tfaraction is the most commonly useci 

method. A hs wvoidible dnwbacâs, sufh as the k g e  amount of solvents nquircQ 



and formation of emulsions. Monover, fàtty acids are coextracted; this extra cleaning 

stcps must be included (Schmitî et al., 1990). 

Solid phase extraction includes the use of activated charcorl and cation exchange 

resins. Extraction using Cla disks have alsa b a n  nported, but they arc not selective and 

elution of the adâctant is diffcu1t (Schmitt a al., 1990). 

Squation and quntificstion of nirfactants are anhitvcd by GC, HPLC and CE. 

The major limitation for GC is the iack of voiatiîity of the airfactants. This problem can 

be overcome by transforming the dcohol moiety to its methyl ester. The drawback is that 

the instrument has to be nui at higher temperatures that xnay cleave the molecule. Some 

compounds may even decompose at these highcr taaperatures. The main advantage is 

that GC separates on the basis of the hydrocahon c h i n  length and ethoxy chUn le* 

The major advantage of HPLC is its ability to sepamte and quantitate the various 

homologues and oligornas by length of the akyl and ethoxylate chahs. R e v e r s e - p h  

HPLC provides information about the akyI chain length whmis nomiil-phase resolves 

the ethoxylatc oligomm (Figure 4-2). 



Figure (4-2). (a) R e v d - p h a r e  chromatographie separtion of akyl cthoxylatc 
homologues and @) Nod-pâase cbromatographic sepamion of APE oligomas 

WtWiet n al., 19%). 

The sequena of elution on normal-phase depmds on the le@ of the 

polyahylene chah; niemion tirne incnasts with the length of the chain. Interactions 

between the column packiag and rlLylaryl and -1 gmps ofethoxylated rllylphenols, 

dcohols and acids are ail much ltas important. AU oügomen with the rim+ polyethylene 

chah length have similu mention times under the rune conditions, itrespcctive of the 

length of the aikyl and aikylvyl chin, i.e. pwnyl and pouylphenol ue ehtd as a 

smgie pcak (Miszlriewicz a d, 1996). 



A method described by Scullion et al. (19%) utilizes a trUnethy1siiyl coiumn to 

provide sepantion of anionic (alkylbenzene sulphonates) and nonionic (akyl phenol) 

Purfiiaants. The mobile p h  composition was water/acetonitdt with an ammonium 

acetate b s a ,  daection wrs done with fiuomcence. The method was appüed to the 

analysis of d u e  wata, and some matrix interférence was observed. Desbén et al. 

(1996) obtained sqaration of AE surfactants on a Ci column using a mobile phase of 

acetonitrile/water and rdhctometer detedion, 

4.1.3 Research Objectives 

Solid phase microuctraction (SPME) bas become an important sample preparation 

technique mainly for the extraction of organic compounds nom aqueous, air and solid 

samples ( E h  n al., 1997). The advent of new fibas has inaeased the mpe of SPME 

not ody in analysis by GC, but dm by CE (Eister ct ai., 1997) and HPLC (Eister et al., 

1997, Chcn et ai., 1995, Boyd-Boland et ai., 1996, Aranda et al., 1998). Boyd-Boland et 

d (1996) d d b e d  a method to detcrmined nonionic Swfactant using SPME-HPLC-W 

deteaion. 

The use of SPME/HPLC, howeva, has ben limited due to the poar chemicai 

resistance of wmmeicially available fibers, carryover of the anaiyte fkom one d y s i s  to 

the ncxt, and stripping of the c-. T h d o r e  a ncn soiid phme b mquiruî. 

Graphite could be a wtlble candidite shce it provides a high sufice a m ,  high 

adsorption capacity and, mort importantlys high chemicai resistance. 

The use of pmcil l d s  as rorkms for SPME-GC d y s i s  was fint nported for 

the daermination of lindane, mcthyl purthion and 2.cblorophenol (W&n et al., 1994). 

'fhe atathon achimd detedon b i t s  ofparts patrillion, but curyover h m  one anaiysis 
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to the next was ftportcd. A diffwent approach wnsisting of elearodeposition of 

diamines ont0 the pend l d s  foiîowed by GC anaiyris with detection limits of the order 

of parts p u  billion wu reported by Conte a ai. (1996). 

Glassy carbon has been mainly used as a mataial for workiag electrodes in 

elearochemistry. Because of its mechanid and chemicd stability, and its hi@ surface 

area, it has b e n  used as a stationsry phase for HPLC (Knox et al., 1996) and nipucriticai 

fluid chromtography (Larkins et al., 1993, Rittenhousc et ai., 1996). 

Polycrystalline graphites have not been used for SPME/HPLC. The aim of this 

work was to dcvelop and study the applicability of two polyaystailine graphites @encil 

lead and gletsy wbon rod) as sorbents for SPME of a nonionic sudactant. Among the 

nonionic surfactants, alkylphenol ethoxylates (rcpresented in this work by Triton X-100) 

are the mon important and exteasively used (Figure 4-1). 

4.2.1 Aaalytical system 

The HPLC system wnsisted of a Varian 9050 autosampla connccted in d e s  to 

a six port Valco valve (Figure 4-3). The m p l e  loop in the vdve wu replaceci by the 

SPME/WPLC interface (Supelw, Beîkfonte, USA). A pump wu, used to deliver 

methanol imo the SPME/HPLC intcrfllce for nrtic dciorption a<paimtnts (Anada et aL, 

1999). The mobile phase w u  delivmd by a gndient pump (VariSn 9010) to an ODS- 

Zorbax (250 mm x 4.6 mm x 5 pm particle size) coiumn and a ODS-Zorbax guud 

column (4.6 mm x 1.25 cm). The mobile phue wu composeâ of 6û% A and 4û?6 B. (A: 

methanol anâ B: 30:70 wt~a:lcdonitrile) u a td flow rate of 2.0 mL/min. Detection 



(Linur Instruments Co. LC 304 fluorescence ddcctor) wu done at I = 230 nm and A, 

= 3 10 nm Standard solutions in methuiol wae automatically injedeci (20 a) by means 

ofthe autosampler into the HPLC mlumn 

SPMEiHPLC 
INTERFACE 

WASTE 1 
AUTOSAMPLER 

Figure (4-3). Schematic dhgm of the SPME-HPLC systern useci in this study. 
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4.2.2 Solid supports 

Polpystalline gqphites 

Pend ieads (60 mm x 0.5 mm), H grade, wae obtained from Peatd (Japan). 

These were used as naiveci (PLU) or afta coatïng with graphite by cubon evaporative 

coating (ca. 5 nm thickness) (PLC). Both PLU and PLC wen conditioncd prior to 

d y s i s  by immersion in acetone for 1 h. nie optimum conditioning tirne was found by 

perfoming bladcs &a this procedun. This was carried out by static desorption at the 

inttrface 4 t h  methmol. 

Glassy carbon rods (Ku) (50 mm x 1 mm) wae obt.incd âom M a  KSAR 

(Ward Hill, MA, USA). They were used as nceived (GCU), or affa a iight polishing 

between extmctions with 1000 grit sandpaper foilowed by sonication in deionizd water 

for 10 min (GCP). Both were cleaned by immersion in acetone for 20 mie The 

conditioning time was obtained by paforming blanks, it was found tht 20 min w u  

optimum as cornparcd to 60 min for pencil lead. 

SPIME Fibers 

SPME fibers, 50 pm CarbowadTR-100 and 60 pm Polydimethylsiloxan~ 

divinylbenzene (PDMSDVB) wen obtained from Suptlw (Bellefonte, USA). These 

fiben were wnditioned by immersing them in acetonitrile with st- for 1 4 foiiowed 

by methanol for 1 h. The optimum timcs for conditioning the fiba werc founâ by 

pafofming a dynamic desorption at the SPMEMPLC int&acc. 



4.2.3 Rcagcnts 

Triton X-100 was obtaind from Aldrich Chemicai Co. ~ w a u k e e ,  Wï, USA) 

and uscd as rcctived. Al1 solvents uscd wac ûptima gnde (Caiedon Laboratones, ON, 

Canada). A stock standard solution wu prepwd in mcthuiol (SOO m a )  and diluteci to 

obtain concentrations in the range of 0.010 to 10 mg/L which w a e  used to caiibrate the 

response of the deeaor. Aqucous mode1 solutions w a e  pnpared by serial dilution h m  

a stock solution containing 100 mg/L of Tnton X-100 in deionized water (Mïiii-Q Plus 

watei pufification system, 18Mf2). 

Detemimtion of Triton X-IO0 using SPMEfibcrs 

Waction. Six mL aiiquots of aquwus solutions with Triton X-100 

concentrations fiom 0.005 to 0.150 mgL wme transfened to 7 mL vids d e d  with 

Teflon lined septa, which could be piaced by the n d e  of the SPME device. Ihe 

solution w u  vigorowly rnixed with a magnetic stimr, the speed of which was kept 

constant for dl extradions. Extractions were paiformed at m m  temperature (23 I 2OC) 

for 60 min. 

L)esorptim. Mer artnaion of the d y t e  h m  the aqueous rimple, the SPME 

device a n s  transfctted to the interface, the cluap wuas closed and the qaan was d e c l  

(Fipare 4-40). Vaive 1 (Figure 4-3) w u  switched to the inject position for two minutes to 

pdorm a dynamic desorption. 



To Column 

Figure (44). (a) Cross sectionil diagram of the SPMEIHPLC interfàcx using a 
conventionai SPME fiber, @) use of thc interf'ace for graphite rods. 

Deteminution of Triton X-100 usangpoipystolIine grqhites 

Ertraction. Six mC aîiquots of aqueous runples containing Triton X-100, a! 

concentraions fiom 0.005 to 0.150 men,  wae  tmnsfetrad to 7 mL v d s  without caps. 

PL and GCu rods were mounted in a peacil holda (Figure 4-5) ailowing a lcast 4 cm of 

the rod to be exposeci to the eaMromern (miution hdspace); howcwr, oniy 1.0 f 0.1 

cm length of the d o n  r d  wu immetsed into the rtimd solution. Extractions were 



Figure (4-5). SPME device for sanction ushg glassy cubon and p c i l  leaô. 

Deso~ptiion. Desorption took place in the -tic mode in the SPME/HPLC 

ïnterhce. The system was first d e d  as abovt, uPng an SPME fiber without a matin& 

to aüow filling of the i n t e d k  with mcthrnoL îhis was done just prior to the end of the 

adnction time (Figure 4-4a). The prcsencc of the f iba during filling snaircd that whcn 

the cuboa rod was inmed in its phce, the volume ofm*hrnol was SuffiCient to fil1 the 

intdcc without any ovdow. The rtiialcss steel cap, P E M  n d e  guide and SPME 

fiba wae then withdrawn togsthr (Fi- 4-4b). The uibon d with rdsorbed analyte 

was oiaofarod hto the intahct. Approyim.tely 4 cm d the roâ, hchiding the 1-cm 
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exposai to the aqucous solution, wu then inside the body of the intedace. After aiiowing 

tirne for dewrption, the rod was withdrawn, the system seaied as above, and the mobile 

phase then flushed the contents of the desorption chamber onto the HPLC coltum. 

4.2.5 Scanning Elcctron Microscopy 

The scanning electron micrographs of the d e s  of the carbon rods wen 

obtained using a JSM 6400 system (JEûL, Japrn). 

4.3 Results for Triton X-100 

A typical chrornatognm ïs shown in Figure (4-6). In this study, a Cl8 column wu 

u d .  It was found that the best chromatognms were obtained usin$ a mobile p h a ~  

composed of methanoUacaoniaile:water composition, as pcak tPiling was then smdl. 

L 

i i I l t I I 

3 4 5 mul, 

Figure (4-6). Typicll chromatopam of Triton X-100. 



4.3.1 ûptimization and evrluation of solid supports 

Prelirninary experiments were pdormed n m m  temperature with aqucous 

solutions contcrining 0.100 mg& of Triton X-100 using a 60 min amaction and 60 min 

static desorption with m*hrnol. 

Pencil hud 

Experiments perfonned ushg a single PLU rod showed pwr reproducibility (74 

% RSD, n = 7). The amount of Triton X-100 ddected decreaseù with the numba of 

extractions perfonned with a single roâ, which indicates incomplae desorption and 

conxquently saturation of the surfâce. The resulu are illustrated in Figure (4-71, which 

is a plot of the amount daected vs. the numba of consecutive extractions using 5 

different pend lads. Using a single pencil lead, the amount of Triton X-100 dcc~eased 

by 5 fold &cr 7 extractions. Howcver, for the first extraction using 5 dinaent PLU, 

M e r  precision was attained (13 % MD, n = 5). The results aiggest thrt the 

composition of diffcfent pencil lads is consistent; -for a new p c i i  lead could be 

u d  for cach sunple. 
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Extndions perbmed with a single rod (ordinal) 

Figure (4-7). Peak ami of Triton X-10 using a single PLU rod for successive 
ex~rtactions. 

Pencil lerd is a mixture of h e  gnphite powds and resins. Beciuse its exact 

composition is unknown and in order to pvide a more horno8eneous surfice, pend 

lead rods w a e  coatcd with w h i t e  by carboa evapontive wahg (ca. 5 am thiclmess). 

Si@cantly bencl precision (4 % RSD, n = 5) wu obtained uing these carbon couted 

m i s .  This suggcm that the carbon coathg produces a homogeneous hyer of gnphite 

rurlrce rllowing for a beur ~ o n - d e s o r p t i o n  process. 



Gkqy C h  

The redts  obtaineâ ushg PL wated with graphite gave better mults, mainly due 

to the homogeneity of the surfâce, it was of our intaest to find a better nirtiice for thU 

purpose, thacforc giassy carbon was chosen. Propdes such as high mength, hi& 

resistance to chernid atmk and low heiium permeability make it a good candidate. 

Morwver, giassy carbon has bcen used in electrochemistry as working electrode with a 

high versatiiity. It has low density and a d o r m  structure which is gaiaally âee of 

defécts (Pierson, 1993) providing a homogeneous surface. 

'The precision obtaincâ by using the samc GCU for successive extractions was 16 

% RSD (n = 4). Great- adsorption was expected ushg GCU because of its I.rga 

gcornctrical d a c e  arca (32.2 vs. 15.9 mm2). However, this w u  not the case. This may 

bc duc to the apparentiy low porosity of the GCU d a c e  as evidenced by the elcaron 

micrograph in Figure (4-Ba). The glassy carbon d a c c  was then sanded foilowed by 

clcaning in ultnxuad to detach any l o o ~  pirticlcs, producing poüshed giassy carbon 

rods. Sanding of the surface likely i n c r d  the SUrfkce area (se the relatively porous 

surhce shown in Figure (4-8b)). When this was done bctween sucassive extmctions, it 

provided a fiesh surfkce fkee of the d y t e .  



Figure (4-8). Scuinuig Electron Micrograph of (a) glassy carbon rod as received (GCU), 
and (b) glassy carbon rod der mding (GCP), both at SOOx magnificatioa 



The time of extraction profile (fiom 1 to 90 min) wu obtained for 08 using 

Triton X-100 at 0.100 mg/L with a 60 min desorption time with methanol (Figure 4-9). It 

was obsand thit anaiyte was being uctracted even after 1.5 hom of exposun. A time of 

60 min was relected u an optimum adsorption time for the remahda of the acpaiments. 

Further discussion on adsorption and desorption is provideci in Cbapter 6. 

O 10 20 30 40 50 60 70 80 90 tOO 

Timr of extncüon (min) 

Figure (4-9). Peak a m  of Tdon X-100 venus time of extraction on a giassy carbon rod. 



Desoption fium S p ' f i b e r s  

Efficient desorption is of pasamount importance sincc it a f k c t s  the accuricy of 

the resuits and semitivity of the method. 

A problem of curyovcr (up to 10°/r) bas been reportcd in the litcmturt (Boyd- 

Boland a al., 1996, Moda a aL, 1999). Desorption fiom the SPME fibers was done 

dynamically as outlind above. A second desorption showed that curyover u m  prasent 

(6 % of the amount obtained in the fh desorption). Tbaefore the fibers haâ to be 

clcaned by immening them in mabuiol for 30 min pnor to the next extraction+ Bl& 

betweui aaractions t h n  showed no carryova of Triton X-100. 

Although the canyover (6%) was measured at one concentration, the arccllem 

lin- dynamic range (Figure Al-2, Appendix 1) indicates that canyover is not a 

problem, as long as the clcaning procedure betwcen successive nins is usd. Sweliing of 

the polymcric coating of SPME fiben frcquently led to stripping of the muing h m  the 

silica fiber when the u ~ m b l y  was withdrawn through the double sided f m t .  

Desoption f om p o ~ ~ ~ l l i n e  pqhi te  

As discussed pnviously, static desorption fded to completely derorb Triton X- 

100 fkom PLU rnd GCu m n  der a 60 min desorption time. Data plottd in Figure (4- 

10) shows that the amount daorbcd increases npidly with time up to 60 min, anci 

possibly decreases a f k  60 min. It was obsaved tbat methanol in the intcrfhce is lost by 

capülary raion and ~paration which likely cuiseci some d y t e  UI be dsorbcd  in 

dry areas. Seiling the systan d d  wlve this problem. 



Mer cleaning PLU and GCU rods with methano1 for 30 min, the rods wae 

p l d  in the SPMUHPLC intdcc and s d l  amounts of Triton wae aiil detccted. 

Using a ntw rod for #di mraction an solve this problem. This is faible becaum of 

th& low cost and gwd rcproducibility. In the case of GCU, c ~ y o v e r  can be ovcrcome 

by wding the surfàce. Blanks were pafomed between extractions using these GCar 

and no d y t e  wu found. 
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Figure (4-10). Desorpion profile of Triton X-100 from pencil leaàs. Static desorption 
using methanol. 

4.3.3 Assessrnent of polycrystaliine graphites as rorbents for dyticai purposes by 
cornparhg th& performance with SPME fibers 

In orda to oôtain the anaiytical figures of muit, the extraction tim was set to 60 

min and dcsorption with methano1 to 60 min. 

The ndts obtained for each type of SPME f iba (Cubowuc and PDMSIDVB) 

d polycrystalline gnphitc (PLU, PLC, GCU and GCP) arc shown in Table (4-1). The 



d y t i c a i  procedure for each soüd support is presented in Table (4-2). The muhs are 

cornparcd to those obtained by Boyd-Boland (1996); the experimentd conditions diffa 

fiom orn atperirnents only in the separation cohunn and d a d o n  systern usd. 

Limit of d a d o n  (LOD) is defincd as the minimum concentration of anaiyte that 

gives a signal statisticdy different from the background noise* usuaily aven as a pre-set 

confidence intervd. The LOD in this work is defhed as the minimum concentration of 

d y t e  that can be extracteci and detected whose signal is five times b e r  than the 

basdine noise. 

Recapitulating, the use of a single PLU rod for ulibntion and d y s i s  w u  not 

suitable because of carryover. The LOD using a single PLU was 5 W. Because the 

exact composition of PLU is unknown, and in orda to provide a homogenaius d a c e ,  

PLU rods wae coated with a 5 p thick graphite laya (PLC). The pnchion improved 

to 4% RSD and the detection Limit by one order of magnitude to 0.50 &L. Improved 

dctectability is attributcd to more ctncient desorption, rince thtre was no canyover when 

using PLC. It is belicved that coollig the pencil lead provida a more homogeneous 

d a c e .  

The LOD foi GCU was 50 lg/L. It was improved by two ordas of mrgnitudt to 

0.50 pg/L whea the surfbcc was sanded (GCP). This is rmibuted d y  to the inmase 

of the surface am sincc sanding mughens the surhce (sa Figun 4-8). The pmision 

was essentiaiiy unaffecîed by the me&iiing. 

Also preaented in Taôle (4-1) are chta fiom the uae of conventionri SPME fibas. 

prewion that are no better t h  those oWned using the urbon mis. Our d t s  am 
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pgL, and a linear dynamic range of tbm ordas of magnitude. 

Table (4-1). Figures of mait  of the anaiysis method of Triton X-100 using dEcrrnt solid 
supports: pend lead unwated (PLU), coated PLC, glassy carbon untreated (GCU), 

sanded (GCP) and SPME fibers. 

Uncoated (PLU), one rod 
use repcatedly 
Uncooted (PLU) new rod 
use for each extraction 
Coated (PLC) 
Gcu 
GCP 
PDMSfDVB fiber 
Carbowax fiber 
PDMSIDBV and 
carbowd 

Table (4-2). Exptrimcntal conditions used during the acquisition of the analytiud figures 
of merit. 

Extraction Desorption mode Column Deteaion 
the (min) 

Pencil lead 60 Staticwithmahnol, Ci$ FIuorescenct 
60min 

G b y  carboa 60 Staicwithmethanol, cl$ Fluorescence 
60niia 

SPME in thir midy 60 Dyarmic with mobile Cl, Fluorescence 
phase, 2 min 

SPME (Boyd- 60 Dynamic with mobile Nomiil 
Boland et ai.) 

w(-) 
phase, 1 min phase 



4.3.4 S u m m q  for Triton X-100 

The @ormances of two polycrystaiiine graphites werc w d  for -sis of a 

nonionic surhctant. Reliminary results showed that pend l d s  and glusy carbon 

paformed as well as SPME fibers (PDMSIDVB and Carbowax/TR) in temu of limit of 

detedon, linear dynomic range and precision. However, a longer desorption time was 

necessary using the carbon rds. Canyover was present in aii the sorbents; this can rfié* 

the limit of deteaion and reproducibility. Problems with both were ovcrcome by using a 

new pencil lead for each extraction or by sanding the SUrfhce of glassy carbon rods 

between extractions (which sllows for about 100 extradons p a  rod). We have found the 

admuges of carbon, notably its chernid rcsistance and low cost, outweigh these 

disadvantagcs. It is believed that polycrystalline graphites con be more versatile since 

any derivatization reagent could be sorbed onto their SUffiice (more on this in Chapter 5). 

Tbis would permit the anaiysis of compounds thrt requin derivatization prior to detection 

such as alcohols and amines. 



4.4 Application to pentachlorophenol 

4.4.1 Introduction 

For cvaluation of the pafomanu of polyaystailine graphites, Triton X-lW was 

selected to rrpresmt the nonionic dâctant ciass. As a surfactant, Triton X-100 brs a 

hydiophilic and hydrophobie moiety, which confer specid ptoperties to the moleaile. As 

a remit, unique properties at intemKs are obsaved, e.g. at liquid-did interfaces. In 

addition, it was observeci that glassy carbon gave the best r d t s  in terms of d a d o n  

limit and iinear dynamic range. Moreowr, about 100 aanctions w be performed using 

a single g lasy  carbon rod. 

It was -fore interesting to asscss glassy carbon's applicability for SPME-HPLC for 

other d y t e s .  Pemachlorophenol (PCP) was chosen as target d y t e  for various 

reasons. PCP is polar and thus more d i f n d t  to aoact from water than many otha 

anaiytes, it is dl1 an important anaiytc enviromentally, and it is a weak acid. 

In addition, in order to Mihancc extraction cfficicncy the sample must be acidified. h has 

been reporteci that commaciaiîy fibas are not nsinant to low pH or even to acidic 

vapours (Aüuwa et al., 1996). 

PentachIoropheml 

Chiorinateû phenols (CP's) are widespread in the environrnent. Those with thme 

or mon chlorine atoms have ben usd as pesticides and as synthesis intetmediates of 

otha pesticides and dyes. PCP is usmi to control mold, mildew and termites in wood, 

and it bas dm b e n  usai as a herbicide in pinerpple and sugar cane fiel&. ûther 



important sources of CP's an des id i i on  plants and, pulp and paper mills whae CP's 

are produced by chlorination of lignin. 

Although the use of PCP hu b e n  restriaed in Canada since 1993. the amount of 

PCP releued in the effluents from pulp and papa sectors in 1993 wu abwt 32 kg/year. 

The concentrations in the effluents were Iess than 10 timw the Provinciil Watcr Quality 

Objective and the hightst concentration found was 3pgiL (Soch. a ai., 1993). 

Nowadays CP's are of concem bccuim of the direct e fk t s  on aqyatic ecosystems 

anci the indirect effects on human behgs and animais as a result of theh entry into the 

food chain. Chlorophenols photodecompose anâ are degradai by soil bacteria. An 

important aspect is the evaluation of the &te of the chlorophenols in the environment and 

thUr uptake into piants as well as their accumulation and maabolism (Roy et ai., 1994). 

Fruits, vegetables and grains coauminated with PCP accouat for 99.8% of the acposure 

in w n  occupationai paoons. 

In 1993, the Ontario Ministry of Environment and Eaergy r e l d  a List of 

candidate substances for bans, phase outs or reduction. The compouds to be included in 

the list wae identifiai based on thtir presence in Ontario's environment and their 

potential hlurds. The ri& involveâ in the use of these subsiws was not asscsscd sincc 

expowe data wae lacking. The list includd PCP, 2,3,4,S=tetnchiorophenol and 2,4,5- 

üichlorophaiol (Socha et ai., 1993). 

The current strndud methods of phmol anaiysis in wastewater. such u U.S. 

Environmental Roteaion Agency (EPA) mahod 604 Phenols and the rcid-amr*rble 

section of EPA methd 625m arc bucd on iiqdd-liquid emwions. Thy requin 
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extensive cleanup procedures that are tirne-intensive rad involve expensive and 

hazardous solvents, which are undesuable for hdth and disposal reasons. 

Solid phase extraction of PCP bu b a n  rchieved using Supelclw ENVI-Chrom 

P following uralysis by GC (Supelco, 1999). 

Methods using S P W G C  using polyacrylate fiba (BulchhoL et al., 1994) and 

SPME-GC-FID using PDMS, PA and CW-DVB fibers (van Daom et al., 1998) have 

b a n  also reported. 

Humic substances 

Organic d o n  is cornposeci of both dissolved and particulate forms. Totai 

organic &on is oAen calculateci as the différence baween total carbon and total 

inorgmic carbon. In water, organic carbon is principally composeâ of humic substances. 

Natural waters contain a diversity of dissolvcd and parciculate inorgaaic and 

organic constituents. Laites aud rivas have approximately 10 times more dissolved 

inorganic matter than organic matter, whereas groundwsta has 100 times more inorganic 

matter than organic matter (CWQG, 1987). 

Dissulved and particulate muta art opcntionaily separateci with the use of a 0.45 

pm pre-size filter. Material pusing through U considad disdved, and the remahder 

partidate. Both of theac cluses of matter conaist of organic (e-g. proteins, fi& 

cubohydntes and relatai wmpounds) lad inorganic muSnal (c.g. suspendeci minds,  

rock puticles, ciays, salts). 

Humic wbstrnces (HS) represent a signifiant fiaction of the kilL of organic 

mina in most soül and wrta. HS contain moldes with hrge m o l d u  weights 



cuboxyl groups conferriq to the HS a hyârophilic and acidic character Q i ~ ~ f t  4-1 1). 

Because of th& polyelectrolyric nature, HS have the ability to bind to vuious inorguiic 

and organic compounds. 

HS may be classifieci into thm fiactions baseâ on their solubility, which is pH 

dependent. Stnicturaily they are believed to be similar; howevu, they diffa in molccular 

weight and fhctional contait. The thrtt &#ions arc: 

Humic acids, which an sohible in alkaline solutions but precipitate in acidic solution; 

Fulvic acids whicb are soluble ova the entire pH range due to their lower moiecular 

weight and higher acidity; 

Humin, which is the bctioa that ir insoluble at ail pH levels. 

Oniy ncently has the importance of dissolval organic matter been rtcopizeâ. 

The distribution of organic compounds in wata is governecl, in part, by the extait of the 

interactions behmcn them and the HS. It has bccn reportcd that HS (the mjor part of 

dissolveci o r p i c  matter (DOM)) enhance the apparent solubility of non polrr 

compounds (Sunet et ai., 1989) rnocl@ing their bioavailabüity and toxicity. Wmbaw a 

al. ( S a  a al., 1989) found that the apparent water sohhility of DDT inmasai more 

that 200 timcs in cin aqueous solution containing HS. Maguirr et al. (1995) reporid that 

DOM could r&ct the recoveries of organic compounds by LLE and SPE. 

HS can also aert a cornpetitive effect on the adsorption of volatile o w c  

compounds on activated &on during treatment of drinking wata, and advcrscly affect 

the cniciency of oxidative watcr treatInent proceic. 

The aim ofthese studies h to assess the peiformdjlcc ofgiassy carbon u sorbent 

fot SPME of PCP h m  quaus crmples. Opimitisioa of the meth& aich as time of 
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wnct ion  and dcsorption will be given Momvct, the dmloped method wiii be applicd 

to r d  sunples and mode1 solutions containhg fùlvic acids (FA) at various 

concentrations. 

O n 
II I 

O 

HO- C-CHIœ F-CY-C-OH II 

Figure (4-1 1). Structure of Mvic acids (Stevenson, 1994). 

lrrsnvmenfotrôn 

nie d y t i c a î  system described in section 4.2.1 was employd. The mobile 

phase was composeci of 95 %A and 10 % B. (kmethanol ad B: 1% acetic acid in 

water). Toul fîow rate of 1.5 &min. D a d o n  (Variable-wavelength UV-VIS, Varian 

9050) wu done at 225 am. Stindrrd sotutions in methna1 w a e  automrticaiiy injected 

(20 pL) by means of the autosampler into the HPLC wlumn. 



Simple ppzmtion 

Standard solutions of PCP wae pnpued in methmol at concentration h m  0.05 

to 20 mgL. These standards wen uscd to caiibnte the rwponse of the detector and to 

spilre the aquwus solutions. These methano1 solutions were prepured at such 

concentrations that the volume of mcthanol was constant in al1 the mode1 solutions. 

Mode! solutions werc prcparcd by spiking deionized water (mi-Q-Plus wata 

purification system, 18.2 MR) with PCP to obtain a concentration range of two orders of 

magnitude. Each solution was acidified to pH 1 using HNa.  

A 2 L sample of Rideau River surface water was mllected fom a site a Carleton 

University using a precleancd Tefion wta sunpler. This d c e  water had a pH of 8.0 

and dissolveci or@c carbon of 6.5 mg of C/L (Manda1 a al., 1999). Samples of ZOO mL 

were spilced with PCP in mahuiol to give concentrations from 0.005 to 0.100 mg/'. The 

solutions were mixed ovemight with a magnetic stirrer. Each solution was acidified to 

pH 1.0 using HNa. 

The blvic ucicî useâ in this study was obtained âom the Department of Water and 

Environmentai Studies in Lipk6pine, Swedm Solutions containing 5, 10, 50 and 100 

mgL w a e  prepared by weighing the appropriate amount of FA in 2WmL volumetnc 

flask. Each fluir was  spikd with the propn volume of PCP standard in methuiol and 

mixed for 2 &YS in the CM. 

Solid phase m i c r ~ o n s  ushg glassy cubon (GCP) were pafomed as 

describeci in section 4.2.4.2. Mcthraol wu useâ as i derorption solvent. Prcvious 

studies s h d  incomplete dcrocpion, even rfta 3 derorpion stcps. The glassy arbon 
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r d  was thaefore placed in an ovai at 310°C for 15 min prior to exmaion. This 

trratment was d c i e n t  to clean the rod beniveen extractions. 

4.4.3 Results 

It has been dcmongnted that pH affects the extraction of acidic compounb âom 

-ter by LLE, SPE, SFE and SPME. For acidic compounds, the partition coefficient, K, 

b a w a n  the fibcr and water inaerses as the pH demases below the d u e  of pKa. of 

those cornpounds (Pan a al., 1995, van Doom, a ai.. 1998). 

Pentachlorophenol has a p h  of 4.35 rnd is thus telativdy acidic. The 

concentration of the neutral form increases as the pH decrcases below the vaiue of pKP. 

Its solubility, on the othw hanci, d e m w s  increasing the attraction of PCP to the glassy 

carbon d a c e .  

Thaefore, prior to d o n ,  the pH of the aqueous PCP solution was lowcrcd to 

1.0 with EINa. The necessity of this was obsemeâ in preliminary qeriments in which 

the amount of PCP extractcd was smail and the reproducibility was poor wben the pH 

was not l o w d .  

Although the effect of pH on the extramion eniciency in solvent actnction is well 

known, the rppüution of low pH to SPME is limiteû due to the instibility of the fibers at 

low pH. Monova, deteriontion of the fiba is obse~~ed evw in contact with ridic 

vapoun (Pan, 1996, Aüuwa et ai+, 1997). In addition, the vapeurs couid destroy the 

epoxy glue, detiching th silica rod &om the syrhge. in wmng glusy urbon is quite 

mistant to low pH and concentrateci acids. 



op>timization 

In the surch for the mon fivorable conditions, optimuation extraction t h e  , 

temperature and desorption t h e  wcre investigated. 

ûptimization of extradon time was carrieci out between 1 to 90 min ushg an 

aqueous solution containhg 0.10 mg/L of PCP. The acposure time profile is shown in 

the Figure (4-12) (one value p a  point). It is obswed the m e  levels off &a 60 

minutes. 

O 20 40 60 80 1 O0 

Time (min) 

F i p  (442). Extraction time profila for 600 ng of pentachlorophwl using glruy 
d o n  polished. 



The tirne of desorptioa wu opthni& der e x t m h g  for 60 min h m  aquwus 

solutions containing 0.10 m g L  of PCP. The procas wu repeatcd in the i n t h  a two 

d i n i  tempcmturts: 2S°C and 3S°C, for up to 50 min uhg mcthanol. The d t s ,  

shown in Figure (4-13) illustrate that this change in temperature has no effect a f k  5 min 

of desorption. HOWCVU, it longer timeq the amount desorbeci at 2S°C nmrins constant, 

while it inCrcases at highcr temperature (38T). Lt may be possible tht  thc differcnce in 

temperature (13°C) is smdl to obtain a conriderable change in desorption. 

Incornpletc desorption an be considered a dnwback in the use of glauy carbon 

as SPME solid support, especiaily if quantitative anaiysis is being considered. This is 

discussed M e r  in Chapter 6. 

The acperiments hereafter were thus Cuned out under the foiiowing experimentai 

conditions: 60 min extraction âom a solution Mdified to pH 1.q foliowed by 5 min 

static desorption in the interfbe at room temperatm. 



O 10 20 30 40 50 

Time of drrorption (min) 

Figure (443). Desorption time profiles of pentachiorophenol at 2S°C and 38OC. One 
vaiue per point acept for 5 min which shows the mean of 7 repliates and 1 standard 

deviation. 

Appiicatitm to red smpies. 

To date, SPME hs b e n  succesofuliy applied to simple sampies such as mode1 

soiutions or &inking w r t a  sampies. For more wmpliclted matrices such as =ils anâ 

sludge, hcidspacc -sis miy devine some interfmnces. Nevortheless, this is limited 

to volatile anaiytes anâ to those srmples whem interactions betwan the target analytes 

and th mitrix are nogügible. Thus, it would be imaeaiag to midy the applicability of 

glusy carbon as sorbait for SPME of riva samplcs with organîc muta content. The 

p-ce of WC substancts has a nqptive e&cr in the atnction procedum. They 
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an l d  to d s i o n  formation in LLE, phiggine and ovaloading ofthe d d g e  in SPE. 

and retention of the anaiyte in the aquww phare. in SPME, it is obscrved that these 

M c  substances am adsorbai ont0 the surfâce of the coitiag, hindaiag the absorption 

of othcr compounds (Pofschmann et ai., 1998). Moreova, then is evidence that some 

organic compounds bind to humic substances. As a result, the apparent solubility is 

enhPnced and theu bioavaifability d e d .  

In ordr to see the effect of humic substances on the performance of glassy 

carbon, river water samples wae spiked with PCP to obtain wnccntntions from 0.005 to 

0.1 mg&. It is obscrved that 6.5 mg of CR. in the sample does not affkct the 

determination of PCP, since the precision, lineu dynamic m g e  and scnsitivity are the 

same for bath samples (Table (4-3)). This is also acemplified in Figure (4-14). 

Table (4-3). Analytid figures of ment for the d y i s  of peathchlorophenol in mer 
using glassy carôon and values reporteci in the litaature. 

RSD (%) 1 -7 12 
Buchholz a al. 1994 
van Doom a d. 1998 
This work for mode1 soiutions 
' This work for Rideau Riva samples 



1 PCP in river samples 
PCP in water 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 

Concentration of PCP in solution (mglL) 

Figure (4-14). LDR of PCP spiked on Rideru River water ample and deionid ma. 
Extraction 60 min, desorption with MeOH for 5 min. Minimum 3 rcplicws YoRSD 5- 

lm* 

Our refuhs an comparable with those reportmi in the Merature (Tabk (4-3)). 

Buchholz a al. (1994) reportcd limits of deteaion of the oder of parts p a  billion using 

GC-FID and GC-MS and LDR of 2-3 ordas of Mgnmidc. Van Doorn npo~ed a LOD 

of 0.5 &L using OC-FD, w h m  those reportcd hm arc 0.5 c i f i  us@ APLC-W. 

The mah advantage of the method prrrcatcd hcmin, is that ddvrtuuion is not required. 



Eflects offiMc mi& 

As demonstnteà in the previous eiqnnments, the presence of oqp ic  muta at a 

concentration of 6.5 rq of CR. did not inect the ssnsitivity of the method. h wrr 

h y p o u i e s ~  that an effbct wouid be seen at higher concentrations. 

Fulvic acids w a e  chorn to exemplify the organic matter present in nJ rampler. 

Although firlvic Mds an ody 8 ac t ion  cf the total orgaaic mattu, tbey wen seleçted as 

they arc soluble ovcr the eniire pH mge. Modd solutions conuining diffaest amount 

offblvic acids wae prqared. Each sunple was diowed to equilibrate for 48 houn in the 

dark. It is important to note that tk saxnple was not acidïfied at this point because it is 

hypothesized that in doing so, both fulvic acids and PCP wiii be in the protomteci forrn 

making them more hydrophobic. This could enhance their interaction with each d e r  

and decrease the fice PCP in solution. As a result, the mount of PCP exîractcd would be 

low, due to analyte-matrix interaction and not to the extraction procedure. Thmefore, 

prior to exvrnion the sunple was acidified with HN03 to pH 1.0 and mixed for 2 min. 

The extractions twk place for 60 min and dcsorption for 5 min at m m  temperature. 

It was observeci that fùlvic acids a concentrations up to 10 mg/L do not seriowly 

afféct the extraction efficiency Qigun 4-15). Howmr, at 50 mfl, the amount of PCP 

dctccted decrersed by about SV%. fhis couid bc amibutcd to two phenornena. PCP may 

hve bound to the F& anâ been maâe more sohibk in effcct. The 0th- is tha fiilvic 

acids are adsorbed to the SUIfrce of the glassy cubon obstnicting the rdmrption of the 

PCP. 

Lee et al. (1998) found tht the atmaion cfficiency was reduccd iit 

c o n c e ~ o n s  of fuivic acid accoding 5 mgîL. The deacue  in fhctors for e m d n g  
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herbicides m8ed fiom 2-10 for habicides in 10 mgL humic acid soiutions. The 

acpaimentai set up wu using 25 wg/L of mixecl herbicide aqucous soIution spiked with 

1.25 to 10 mg/t of humic substances. HS in aqueous solution wouid inhibit the 

adsorption of herbicides ont0 the fiber. 

O 20 40 60 80 100 120 
Conœntradion of fulvic adds (mg/L) 

Figure (4-1 5). Effect of fuhic acid con~tntrrtion in the extraction efficiency of 
pentachlorophcnol. 



Smmray 

Determination of pentachlorophcnol ushg SPME-HPLC W detection wu 

achieved with gla~sy carbon as the rorbait. The limit of detection and linear dynamic 

nnge were comparable to t h o ~  obtained by SPME-GC-FiD und SPME-GC-MS. The 

main dnwback is the inwmplete desorption which a f b t  the LOD and LDR s ina  the 

auface is owrloadcd with analyte at highu concentration. 

Glassy carbon was suitable for the d o n  of PCP fiom simples with low 

content of dissolvcd organic carbon (6.5 mg/L of C). This wu obraved by cornparhg 

the seasitivity of spiked deionized water and spiked r iva  wata, which was uncbanged. 

Further experimcnts dcmonstrated k t  content of fulvic acids up to 10 m& does 

not a f k t  the exmaion. Howmr, at higher concentrations (50 aad 100 mfi) the 
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Chapter 5 

5.1 Application to dcohol ethoxylates 

5.1.1 Introduction 

Nonionic sufhctants are used worldwide as defounas, emulsifiers and in somt 

pesticide formulations. Because of health and environmental cancans, the use of APEû 

in household produas has becn banneci in =me Europcan countnes (Renner, 1997). As 

r d t ,  aicohol cthoxylates (AE) will be used to a grriter uctmt. The levels of AE in 

untreated municipai sewagc are in the 0.55- 5 concentration nnge. Much lower 

concentrations (0.015-0.040 mfi) are expected and found in wastewater &a activatd 

sludge or tricldiag fiita trestments as weii as in mtural waters, depending on the extent 

of the biotic and abiotic nmovais of AE (Mhrwmini a d, 19%). 

5.1.2 A n i l y l  of rlcohol ethoxylates 

Analysis of nonionic sufktmb bas k e n  well documcnted (Kiewiet et ai., 1996, 

Marcornini a al., 1996, Miszkiewia a ai., 19%) ad wae describeci in C h p t a  4. Thcy 

include solvent sublation, liquid-liquid extraaion, roiid-phase extraction, solid pbase 

micmxmaioa, precipitation and dirlysis. 



The most suitable mahod for the anaîysir of ourhctants is HPLC since s e p d o n  

based on the homologues and oligomer suies un often be achieved, depding  on the 

separation column. In the past y#n, capillary electrophoresis (CE) hm beui building its 

niche in the analysis of sufàctants (Heining et al., 1996). 

The detcction of nonionic Surfactant, in eitha HPLC or CE, is accomplished by 

rekctive index @esbene et ai.. 1996) flamc ionization or evaporsttd liglit scanaing; 

howeva, poor sensitivity is obtained in aU cases. nie premce of the benzene ring in the 

APEO allows daection by W absorbame and by fluorescence dctcaion (Holt a ai., 

1986). In contrast, due to the Iack of chromophors, AEs r q u h  derivatization prior to 

deteaion by UV or fluorescence. 

Figure (5-1) outlines the sample preparation and d y s i s  of AE by daivatization 

with phenyl isocyanate. The proCCdure requins isolation and cleanup procedures prior to 

off-line derivatkation. 

Ev;iponte ethylacct~te 
Dissolve in rnethmol 

Derivacisaion 
Pknyl i i -anntc  

I 
HPLC 

Figure (5-1). Smplc Orrpurtion md daivrtipton acheme fw the determination of AE 
in environmtd runples (Maühijs et ai., 1991). 



S i n a  dcohol ethoxyl~tes swfàctants posses at lsut one dcohol group, they will 

undergo nuclcophilic substitution (SNZ reactions). Methodi based on esterification have 

been widely explored, and some derivatization rtagcnts and products are shown in Figure 

(5-2). A review of derivatiution procedwes is given by Marcornini a ai. (1996). 

Figure (5-2). Fluorescent md/or W-aôsorbing reagtnts proposed for AE derivatkation 
(Marcornini et ai., 19%). 



Some of the reaction proceducs u e  shown in Table (5-l), which hcludes 

derivatizaton reagent, solveat and ruction conditions. 

Nozawa et ai. (1980) used 3,s-dinitroberwyl chloride for ddvatization of 

polyoxyahylene-monododecylether on a large s d e .  ïhe HPLC separation took place in 

a reverse phase coiumn anâ no limit of detection w u  nported. 

A rasonable limit of deteaion (0.05 m a )  was obtaincd by using a polyvomatic 

daivatizing wmpound such as 1-imhroylnitrile (Kudoh et ai., 1984) which unfortunately 

is not commercially available. Momva, it was reporteci that 1-anthroylnitrile reacted 

with wata, thenfore drying steps werc included in the proCCC1urt. 

A method for routine anaiysis of influent and effluent of sewage ueaîmeat piant 

was describeci by Kiewia a ai. (1995). The iintar alcohol polyethoxyiates wue reacted 

with phenyi isocyanate a f k  tediow isolation and cleuuip steps. Analysis was peformed 

by HPLC-UV. The LOD for the effluents wap 3.0 p&. 

Further procedutics for the analysis of  AEs and polycthylene glycols in 

environmentai samples by derivatization with 1-napththoyl isocyanaie (MC) rnd 1- 

naphthoyl chloride (1-NC) wen proposai by Zuiaete et al. (1996). The conditions are 

presented in ?&le (5-1). The ümit of detection using NIC wu, 5 ng anâ with 1-NC was 

10 ng. 



Table (5-1). Daivrtitition pmcedures for alcohol ethoxylates. 

O. lg 0.2s 33-  20 mL 65OC for Nozawa ND 
polyoxyethylcne dinitro pyridine 30min et al., 
-moaododecyl bwnzylchlori 1980 
ether de 
1-2SOpg dcohol Spg 1- 5 mL 0.2% 4S°C for 2h. Kudoh et 50- 
ethoxy lated rnthhoyinitril AcN in Diluted in al., 1984 200 

e tnabylimine mobile phase 
1 mLofafàtty 5 0 m L C  10 IL 80°C for Zanette tl 

chlofide 
Standard in 3S°C for Zanate 5ng  

Standard in 20pL 1- Mer 80°C for Zanettt 10 ng 
acetone naphthoyl evapontion 1 Smin et al., 

chloride (NC) ~ s o l v e d  in 19% 
100 jlL of 
ACN and 
10w 
pyridine 

ND: Not detcrmined 



5.1.3 Resamrch objectives 

Chapter 2 includes SPME-derivatkation procedures which have ban appîied to 

GC anaiysis. To date, no SPME-HPLC derivatuation work bas been published. The iim 

ofthis work was to develop a method for the detaminition of aicohol ethoxylates @rij 

56) in water samples by muru of daivatizatiodSPME/HPLC with fluorescence 

det ection 

1) A mode1 compound (1-hedeconol) was chosen to investigate the rcaction 

conditions during derivatization with 1-naphthoyl cbloride. Monom, the eEect of 

temperature and presence of a cltaiyst were investigated. 

2) Solid phase micr~ction-dcrivatization w u  investigated using PDMSmVB 

fiben for on-line derivatization of the aicohois with 1-naphthoyl chioride. In Iddition, 

the use of polyaystaîiine graphites for simultaneow in-fiber derivatkation was 

investigated. 

3) Finally, the efféct of a second compound in the sanction-daivatization of the 

alcohol ethoxylate was investi8ated. The second compound wu 1-hexadecanol. 



5.2.1 Reagents 

The following chemicaîs were obtained fkom Alclrich Chernid Co. (Müwaukec, 

Wi, USA): Brij 56 (CdI~~(ûCH~CH~)i~OH), and 1-he&-01 (99%), the 

derivatization rergent 1 -Naphthoyl chloride (gr/.)), and 4-(dimethy lamino) p yridine 

(DMAP) (99%). AU of them were uscd wiwitbt M e r  purification. AU solvents used 

were HPLC grade or bettu (Fiahcr Scientific, Nepcan, CA). Al1 aqueous solutions w m  

prepared with deionued water (Milli-Q systems). 

Stock stanâards were p r e p d  by weighirig the appropriate standards (1- 

Htxadecanol or Brij 56) and dissolving in pyridine, water or aœtonc. 

5.2.2 Solid supports 

PIMEfibers 

SPME fibas (60 pm nIm thickatss polydirnahylsilom~vinylbe~~~tnc; 

PDMS/DVB) wen  purchucd h m  Supelco (Bellefonte, PA, USA) and conâitiomd by 

successively immcning them for 1 h in 4 mL of each of stirred acetonitrile, methanol and 

the HPLC mobile phase. 

Po&crystdlilino &ites 

Pmcil leaâs (60 x 0.5 mm) H gmâe wae obtained h m  Pente1 Pokio, J a p ~ ) .  

These wae used as neeived (PLV) or &r coating with graphite by d o n  anporative 

mathg (m. 5nm thidmess) (PLC). Both PLU and PLC wae conditioned prior to 

d y s i s  by immersion in -one for 1 hour. 
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Glassy carbon rad (5 O x lmm) was obtaïned âom Aif'a ESAR (Ward, Hili, Mq 

USA). It was usai as nceivd &er clcaning by immersion in acctone for 20 min (GCU). 

5.2.3 Instnimtntation 

The HPLC system consisted of a VMan 9050 autosunplu, a Varian 9010 t a i u y  

gndient pump and a Linw Instninitnts Co. LC 304 fiuonscence deteaor. The system 

wu wupled to the SPMUHPLC intcrticc (Vaico vaive, intemai volume 60 pL, Supdco, 

Bellefonte, USA) by conntcting the autosampla valve (Valve 1) in suies with the 

SPMEMPLC ( F i p  4-3). In order to avoid overloding the dcteaor with an excess of 

ragent, a thra port vaive (Valve 3) was placeû between the column and the detcctor. 

This valve was opmed at the begimhg of the HPLC nin to dow arccss reagent to be 

discarded. 

An ODS-Zorbax column (250 mm x 4.6 mm x 5 ~IIA particle s h )  and an ODS- 

Zorbax pard cohimn (4.6 mm x 1.25 cm) were uscd. Th dution program w u  as 

foiiows; 60 % A for 10 min, rampai to 95 % A ai 10 min and 95% A tbda. Phase 

A was methano1 and pbase B was 30:70 water:acetonitrilc. The flow rate w u  2.0 

mL/min. Detectioa was at &=228 nm and L = 3 6 6  m. 

Daivatization rcactions were first tested on a tcIativtly large scale in o@c 

solvents. Solutions of nominai concentrations of 68 g/L of Brij 56 or 24 g/L of 1- 

hciPdecan01 wcn p M  in round bottom flasks rnd approxhatcly 0.01 g ofDMAP wu 
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added to each followcd by the equivdent of r 4:l molu ntio of 1-NC to laive hydrogen. 

The d o n  scheme i s  shown in Figun (5-3). 

The solution was stirrcd at 80°C for 24 h. Aliquots wae taken at 1, 5, 15,30, 60 

min. and 24 h. and diiuted with acetonitrile. The solutions were injeaed (20 pL) into the 

HPLC. Derivatkation was canied out in the pmcnce of DMAP at 22, 36 aiid 80°C and 

for 1-hexadecanol in the absence of DMAP at 80°C as weii. Product formation was 

confirmeci by GC-MS for I-hdecanol ody (Appendix 2). 

Brij 56 

DMAP 

Figure (5-3). Reaction schemes of the derivatbuion of Brij 56 with l-naphthoyl chioride 
in presence of DMAP as cataiyst. 

For extemai dibmtion, rüquots of Brij 56 solution in acetone were made in the 

concentration range âom 0.2 -500 W. 500 pL of a pyridine solution containhg 2.5 

mg 1-NC and 0.5 mg DMAP werc addeâ to each viai, and the reaction wu aiiowed to 

take place a 80°C for 2 h. 500 pL of acetonitriie was added to each viai, and the 

rohttions were injccted into the HPLC. 



SP'rderfvurt i~*on ln the interime (On-Iine r d e ~ o n n )  

The e~perimental pmcedure for the pmcu1um.n duivatiption following SPME 

m c t i o n  is show in Figure (54). Solid p h u e  microextmtions wcre performd by 

mposirig the fiber to nimd solutions of Bi. 56 (6.0 mL) for 1 h. The fiber was thm air- 

dned in the headspace for 5 min and arnsfmcd to the SPME/HPLC intdce. This wu 

previously filled (ca 6 5 5 )  with a pyidine solrition contPining 500 me/L of each DMAP 

and 1-NC which had b a n  deliverd by means of an HPLC pump connected to Valve 2 

(Figure (4-3)) in position B. Afta reaction, Valve 2 was switched to position A for 2 min 

to inject the sample and Valve 3 to position B for the first 5 min. to reject excess 

derivathg ragent. Experiments CO detamine the effect of d o n  the  wcre 

pcrformed by analyzing 10 mg/L solutions of Brij 56 in deionized water. 

.) 
To Column 



In order to study product formation as a hction of concentrasion, aqueous 

solutions containing 0-10 mg& of Brij 56 wen extractad for 60 min and derivatizatd for 

30 min. 

The dependence of adsorption and derivatization procesres of Brij 56 on the 

concentration of 1-bexadecanol (as an interferhg compound) were evaiuated. Aliquots 

of 100 m g L  of 1-hexadecanol B acetone were fransfened to 7 mL vids to give final 

concentrations of 0-100 mg/L; the acetone was cvaporated by blowing nitrogen. An 

aliquot of 6.0 mL of 10 mgL Brij 56 were added to each via1 and rnixed for 5 min. 

Extraction and on-line derivatiution were pdonmd as desaibed above. 

Simltaneous iinfiber & r ~ i a t i o n / S P ~  using PGC 

Sirnultantous in-fiba daivatizatiodSPME was pdonned using pend lead and 

glassy carbon The set-up ofthis technique is shown in Figure (5-5). 

A six mL ample of aqueous solution containing Brij 56 (0.1 0-0.20 mg/L) w u  

transfmed to a 7 mL viai. Approximately 5 mg of DMAP was addd, and the solution 

wu stirred for 2 min Prior to derivatization, one centimeter of the pend lead rod was 

dipped diredy into 1-NC for 1 min. Then the rod w u  inunerscd in a sti~cd aqucous 

solution containing Brij 56. The uulytes wen dowed to partition into the carbon rod 

and react with the daivatjzing nagent a 2S°C. Afta 60 min, the rod wu m f d  to 

the SPME/HPLC interfiice @rcviously flled with rnethanol), acetonihrilc or acetont for a 

specific paiod time paiod. 



Product 
Analyte 

+ 
To Column 

Figure (5-5). Scbtmatic of simultanwus daivatization/extnction. 

5.3.1 Derivatization in or@c solvents 

As an aicobol polyethoxylaîe, Bnj 56, posses a hydroxyl group and it will 

undcrgo nucleophilic substitution m i o n  (SN2 nrctions) and estaification reactions are 

the most widely u d .  Derivatization with 1-NC w u  optimized using 1-hexaclecanol u a 

modd compound. 

Figure 5.5 shows the d o n  time profile for the derivatization of 1-hexadecaaol 

and Brij 56. Thc pnrence of DMAP improved the yicld of tbc d o n  of 1-bdecanol 

by 4 fbld at 80°C. M ~ ~ V C T ,  the yield of derivative obtrincd rt 80°C without DMAP was 
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simiiar to thor obtained at 3 6 T  ad 2Z°C with DMAP. Signifiant product wu 

obtained &tr 1 min and âid not increase a f k  5 min (22 and 360C). The suae trend wu 

obsemd for Bnj 56. In spite of the gniiter yield obtained at 80°C with DMAP, 

subsequent nrctions in the SPMVHPLC int&t wae pafonned at m m  temperature 

so that no hcating device was rquktd. Morwver, the amount of produa remained 

unchonged after 30 min of reaction 

O 10 20 30 40 50 80 70 
Time (min) 

Figun ( 5 4 ) .  DeriVItitation of l-hex8decanol and Brij 56 with 1-NC as 5ctions of thne 
and tempcnturt (one rrpaition). 



One of the characteristics of an SN2 miction is that it shows second-order 

kinetics and foliows the me law (McMkny, 1992): 

Rate = k [A] [BI 

Tùerefore, the rate of r d o n  is dependent on both the arnoum of Brij 56 and 1-NC. 

If the concentration of 1-NC is much larger than that of Brij 56, then paaido-fïrst- 

order kinetics crn be assurned with respect to the Brij 56. 

This is important since even ifthe m i o n  dots not p to completion, the mction 

yield should be consistait ciAm rome fixed r d o n  tirne. Thus, the amount of deaivative 

deteaed will be proportionai to the concentration of the analyte in the sunple. 

It was thus important to confirm that tbe produa formation mponded linearly to 

the arnouat of Brij 56. For this purpose an arcess of 1-NC and a constant unount of 

DMAP wcre addd. It is shown in Figure (5-7) the linear dependence of the production 

formation and concentration of th Brij 56 in the vid. Repetitions (n=3) were pdormed 

in ody two points of the plot and are shown as the mean f 1 standard deviaiion. 



0.W O.Ot 0.02 0.03 0.04 0.05 0,08 0.07 0.08 0.09 0.10 

Bnj 56 (mmoi) 

5.3.2 SPMEfderivatization in the interface (On-line derivatization) 

Extraction followed by on-line derivaikation was cacried out usin8 PDMSlDVB 

fiba. Derivatkation der amaction wu chosen in this work for various CCWOIIS. The 

pwr rrsistance of the fiba towards 1-NC prevents simultan~~us derivatization and 

emaction. h i e  to the low vapour pressures of dcohol ethoxylates or their esters, 

hcadspace extraction is d i &  to paform. The desorpion chamba in the SPMEMPLC 

intafàce aliows a ruric derorpion and pmcolumn deriVItiZation. The chcmn scheme 



wu t h n f o n  adndion of the auaiytes from wata using PDMSDVB, followed by 

derivatuation and dcsorption of the daivative in the SPMERIPLC chamber. 

It is hypothesized that the mction is most ükely to occur in the pyridine and not 

on the fiba. This was obsavd by pdorzning derivainition in a m i c o ~ a i  containing u 

20 pL of 1-NC/pyridine whae, produa was subsequently daccted by HPLC. This 

necessitatecl an excess of 1-NC in the pyridine, which wouid overload the detector. The 

addition of valve 3 (sec Figure (4-3)) partially solved the problem by ailowirig diversion 

of the eatly eluting 1-NC to waste. Despite avoiding overloading the detector, the excess 

of 1-NC a&cted the chromatognphic performance as arcessing peak triling of the 

anaiyte was observeû (Figure 5-8). 

l l l l l l l b  l l l l l l 4 l l t I  I 1 1 -  

O 10 20 
Time (min) 

Figure (5-8). Cbromatogmm of the 1-NC derivatives obtaind by on-ünt dcrivuintion 
of Brij 56 and l - W ~ 1 ( 1 0  iqen ucâ) 



Rcaction in organic solvent showed thrt the estcrification d o n  procecds a 

room temperature, and that the produa couid bc obtiined m n  &a 1 min. However, 

extractions of 10 mgL of Brij 56 fiom wata foilowed by rcaction in the SPME/HPLC 

desorption chamber hiled to produce detaable product der 1 min. B a e r  resuits were 

obtawd by incrushg the tirne of reaction up to 30 min. This time profile is shown in 

Figure (5-9) and the cmir bars an 1 sundard deviation of at least thne replicotes. 

Therefore, subsequent experiments were perfonned as foliows; t h e  of extraction 60 min 

(with stirring), tirne of raction 30 min. 

O 10 20 30 40 50 60 70 
Time of imcüon (min) 

Figure (5-9). E&ct of daivatization reaction time on detector signai. Sunplcs 
contained 10 mgL of Brij 56. Extradion time 60 min. 



The tinearity of the method wu obtained by exmahg Brij 56 âom water over 

the mge of 0.1 to 10 mg/L ('Figure 5-10). The correlation coefficient wur 0.991. Th 

acess of 1-NC mrted a sloping basdine (Figure b8), producing a negative effect on the 

limit of detection (0.1 mg&) and linear dy-c range (two ordas of magnitude) which 

is shown in Figure (5-10). Momver, this may also be responsible for the somcwhat 

broad pcaks obscrved, due to modification of the HPLC stationary phase by the LNC. 

The sensitivity of this method depends on several equilibria such as partitioning 

of the d y t e  onto the fiber, desorption of the aaiyte into pyridine and M y  reaction of 

the analyte with 1-NC in the p r c ~ t n ~ t  of DMAP. The nsulu indicate that the latter is the 

limiting factor in this method. If it is considend that 15-20 % of the Brij 56 present in 

water is cxtfacted by the PDMSiDVB fiber (this was dculated âom the results obtained 

in the direct amaction of Triton X-100 âom watcr, sec Chapta 41, then only about 1 % 

was convcrted to the daivative in these experiments. Reaction yidd can be improved by 

heating the desorption chamber, which however wu not attaapted since deterioration of 

the f iba was expected. 

The precision of the rnmcthod (approximately 10 %, as shown in Figun (5-9)) is 

remarkable in view of how many equilibria mua be attained: 

1) Extraction equilibrium, in which the Brij 56 partitions between the f iba  and 

the aqucous simple. 

2) Desorption apuilibrium in the intaface, wwiie Brij 56 is desorbed by the 

rm~ent solvent (pyridine containing 1-NC and DMAP). 



3) Reaction betwan Brij 56 a d  l x .  In this case, adsorption of the product 

onto the PDMSIDVB fiber is negiigible. This wu combonted by a second 

dcsorption with the mobile phase and blanks betwecn extractions. 

O 2 4 6 8 10 12 

Brij 56 in soiution (mgll) 

Figure (5-10). L b  dynrmic range of Brij 56 (0.1-10 rng/ï,), three npli~tts were 
performcd at 10 mgh only. 



Effect of aIcohoI collcentraîim on a l i n e  &-on 

in orda to observe the effcct of 1-hexadecanol on the daennination of Bnj 56, 

samples containhg 10 mgL of Biij 56 and 1-hexadccmoi ranging &om 0-1 00 mg/L wae 

prrpsnd. Extraction and derivatkation were pdormed as d e s c n i  in section 5.3.2. 

Resuits indicated tht the preSdLicx of 1-hcxadccanol deaused the amount of Brij 

56 actmîed and daivatked as obsaved in Figure (5-1 1). 

Figure (5-1 1). Mnction of Brij 56 as a finction of 1 -hd-1  wll~~lltr~tion. 
E d o n  with PDMSDBV fiba for 60 min. Opline derivatkation, d o n  took place 

for 30 min. Desorption 2 min (one exprimait pa point). 



Yang a ai. (1998) and Gorccki et al. (1999) proposai a mcchanism of extmction 

using PDMSIDVB fibers. Thcy suggested that adsorption bette describes the extraction 

process and as such, the presence of aciditionai compounds wiil compcte for the 

adsorption sites, rducing the amount of Brij 56 extracteci by the fiba. It was obsc~ed, 

that at low concentration of l-hexadecanol (1 mgL), the amount of Brij 56 dctected 

decreased by 33 % and at 100 mg/L by 87%. This is in accordance with the results 

presentcd by Gorecki et al., &ch showed that the amount of Uopropanol extractcd by a 

PDMSLDVB fiber decreased by 5W when the concentration of a MIBK was equal to that 

of isopropanol (Figure (2-3)). In this case, when the concentration of l-hexadecanol w u  

10 times b e r  than Brij 56 (1 mgL), the amount daeaed d e a d  by 33%. 

The derivatization reaction is uniikely to be responsible for the lowa Brij 56 

signal. The amount of 1-NC used up during the daivatization reaction mur be 

negligibie compared to the amount remainhg. This will ensure that the rcaction is not 

limited by the 1-NC. The maximum amount of 1-NC prcsent in the intahcc is 2.6 mm01 

of 1-NC and aswming b t  2W of the 1-hexadecanol is extractecl by the fiba and 

desorbeci, then the mole ratio of 1-NC:hexadecanol is 5 000: 1. Thmefore, cornpetition for 

the 1-NC bctwem l-hdecanol iad Brij 56 is unlikely. 

Anothu acplanation is the effect of 1-hexadecanol in the behaviour of the 

sufiant at the intufke and in the bulk solutioa Despite the pmmcc of the hydroxyi 

group in the molecule of 1-hdecanol, its solubility in water is limiteci because of the 

ion8 akyl chin. Enhancement of the mlubility of nonpolar compounds (1-âexaâecanol 



adsorption propsnies of mdktants, and eo the ~ w m  of wdàctant eimicted could vuy 

as the concentration of 1-hexadecanol varies. These changes in the buik of the solution 

m y  affect the adsorption of sudàctants. 

5.3.3 Sirnultancous in-fiber derivatizatiodSPME using PGC 

SPMWHPLC derivatkation 1 limited by the availability of the fibers and th& 

poor resistance towards mme chemicals and even towuds the HPLC mobile phase. In 

previous interface dcrivatiution experir.uents using commercial SPME fibm, it was 

obmcd that der a féw extractions the polyma suffcrtd some damage. Figure (5- 

12a,b) shows a PDMS/DVB fiba after 10 cxtnction foiiowed by daivatization in the 

intedace ( 1 -NC and DMAP in pyridine). At 1 9ûx magrification (Figure (5- 12a)), cracks 

in the polyma can be seen Figure (5-12b) shows that the PDMSDVB fiba is composed 

of microsphaes (1 500x mapification). Thaefon a new solid phase is requkcd. 



Figun (5-12). S d n g  electron micrograph of a PDMS/DBV fiber after 10 extractions 
foilowed by derivatization in the SPMEMPLC interfice at (a) 190 x magnification and 

(b) 1 5 û k  magdicatioa 



In this section, Brij 56 is detennined by dmu1tancous daivatization-extraction 

and anaîysis by HPLC-fluorescence detcction. The sorbents used werc t w ~  

polyaystaiîine graphites: pend lead and giassy carbon. The time profile of simuitanwus 

extraction and ddvatization wae  p a f o d  using PLC and it is illustnted in Figure (5- 

13). Mer 60 min the amount of dcrivative detected started to level off 

O 10 20 30 40 50 60 70 80 90 100 

Time (min) 

Figure (5-13). Simuitanwus deriMtuation-cxtraction timc profile of aqyeous solutions 
containhg 0.10 m& Brij 56. OM minute dmrption in the intcrfice. (One m o n ) .  



Figure (5-14) shows the nsults of shuhanwus daivatitation-extradion of Brij 

56 in wata at concentration mges fiom 0.01 to 0.2 mg/L of Bnj 56 for three 

polycrystaîiine graphites: PLU, PLC and GCU. 

The nsuhs showed a sigrnoidai m e  in which, at low concentration, formation of 

the esta is small (or its adsorption or desorption an hindcred), whcnur for higher 

concentntoa the respow inmeases exponentially. It is important to note tht  the upper 

limit using polyaydl inc  graphites is in the wne  orda of magnitude as the LOD using 

PDMS/DVB fiben (0.1 mg/L). 

The srnail nnge of detection (O.Olmg/L) is also attriiuted to the cxcess of 

derivatking ragent, since the polycrystilliric graphites were doped with pure 1-NC. 

This causes the basdine background to be higher, and the detector is ovalo.ded. 

However, lower amounts caa be detecteâ (0.01 m&). 



Figun (5- 1 4). Simuitaneous derivatkation-extraction as a ftnction of concentration of 
~ i j  56 in sohition. One standard deviation reprcstllts the aror bars of a minimumof 3 

repetitions. 

At low conantrations, the amounts of derivative daected usiag the thne diffkmt 

PG are in the same range, whue as hi* concwtrstion the d i f f ~ n c t s  are more evident. 

GCU foiîowed by PLU and PLC obtains the highcst amornt of daivative, At 0.2 rngL 

PLU gave a higher renih, howmr oniy one dur point wu obtaincd. This is relueci to 

the &ace ami, sina mon anaiyte reaches the nuface and ni*s with 1-NC. 



The formation of the naphthoyt derivative is a multistep mechuiism as dcscribed 

in section 2.6.2: 

1) adsorption of 1-NC onto the swthe of the PL. It is believed thu some NC 

will difise h o  the pores anâ some will form a thin film coating on the PL 

surfacc 

2) adsorption of Bnj 56 h m  solution onto the PL of more likcly 1-NC hyer. 

There are few sites available, so is unlikely that moledes of Brij 56 would be 

adsorbed ont0 the surfpce of the polyaystolline graphite. Considering that 1- 

NC is in excess, then aü the sites on the d a c e  of polyaystaiiine graphite 

would be ocnipieci by moleailes of 1-NC. 

3) reaction between Brij 56 and 1-NC. 

4) dcsorption of the product from the m a c e  of the polycrystalline graphite. 

5) Desorption of the product fiom the Surface and diffusion out of the pores of 

polycrydine graphite. 

5.4 Summary 

Analysis of Bnj 56 wu achieved by solid-phare mict-on foiiowd by on- 

line derivatization-fluortsctnct deteaion. A low estcrification d o n  yield and 

.chromat~graphic problems due to the ~s of derivatizing reagent uuse the hi& lllnit 

of deteaion (0.1 mfi) and w o w  lincar dynamic muge (two ordcn of magnitude) 

(Table (5-2)). However, it is tvident that SPME(HPLC with on line daivrsiudion cm be 

dont- 

This is a promisin8 method that opau poaibilities in the uiilysis of piimuy 

aicobols and otha  compounds quiring derivatidon for detectio~~, The mrin problun 
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at present is daaiontion of the fiben. Detection limits could be improved by the use of 

fibeni that are resistant to ~ l c k  by the 1-NC. 

The presence of 1-hexadecanol as a model interforing campound had a negative 

effkct in the detemination of Bnj 56. The extractionaaivltintion of Brij 56 is 

inverady proportionai to the amount of 1-hexadecanol pnsent in the sample. This i i  

importani to consider when environmental samples are aiialyzed, since it indicotes the 

adsurption of the andyte onto the fiba is influenceci by the presence of other cornpoumis. 

Simultanwus dcrivatization~ction was achievd using pend lcad and glassy 

carbon. Better deteaion limits w a e  obtained (O.Olmg/L). However, a lineu respow 

was not obtained, mtri*ing theu use for quantification purposes. The main advanme is 

their chernical resistancc towards the 1-NC which could be adsorbecl to the SUlfacc 

without M e r  dilution. 

Table (5-2). S v  of the two mcthods developed for the dctmhation of Brij 56 in 
aqucous sdutions. 

Extraction foiiowd PDMS/DVB O. 1 0.1-10 10 
by derivatization 

Simuitanww PLU 0.01 O. 1 22 

PLC 
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Chapter 6 

6 Adsorption and desorption considerations 

6.1 Introduction 

6.1.1. General considerations 

In the previous chaptas, polyaystalline graphites were evaluated in terms of theù 

performance as solid supports for solid phase microcxtraction. The anaiytical figures of 

mait of glassy carbon and pencil l d  w m  obtrined; these wae m e r  cornparrd to 

those fkom polymeric fibas. The resuits proved that both of GCar and PL could be used 

as sorbents for SPME. The redts showed that the target d y t e s  adsorbeâ onto the 

solid support. This is diffacm fkom liquid-polymers, when absorption is the 

mechanism. In addition, the cfftctiveness of dcsorption limiteci the sensitivity of the 

method. 

In this section, fbrhtr rnilysis of the data will k presented. In an attempt to 

obuin information on adsorption and desorption mechraisms, aâsorpton isothamr and 

mass balances will be considacd Mormva, partition coefficients will be caiculateâ. 

In the initial stage of the invcsti~tion, carbon fibm were dm c o r n i .  

Ho-, as it WU k shown, their use was Iimited mainly due to the inadequacy of the 



SPME interfkc. Nonctheless the results obtained will be described in this section, hcc  

they add to the information on carbon aâsorbents. 

The aim of this chapter is to investigate the mechanism of adsorption and 

desorption of Triton X-1 00 from polycrystalline graphites. The following appmachts 

will be considered. 

1) Determination of mass balance. For this purpose, after saraaion, the amount of 

Triton X-100 rcmaining in the supernatant was obtained by spectrofluorometry. The 

amount adsorbeci and desorbcd was determincd by HPLClfluorrscmce detection. 

Special attention w u  pointed towud desorption efficiency and its kinetics. 

2) Partition coefficients for Triton X-100 using PG wae obtained fiom adsorption 

isotherms (using the Langmuir mode) and fiom the d e - b a s c d  partition 

coeficient definition (&). 

3) Effect of surface modification of carbon fibas in the adsorption/desorption proceiis 

was assessed. 

6.1 -2 Adsorption of nonionic ~ ~ t s  on liquid-solid intaface 

Adsorption of nonioaic surfactants is nther a cornplex system and is affeaed by 

the concentration of the surfhant and temperature. This is reflccted in the sâape of the 

isotherm, e.g. micelle fornation flatterns the airve, heterogeneity of the solid yields 

isothams with higha slopes for dsotption onto higha caasy sites thin drorption onto 

low-cncrgy sites (Rosen, 1989). 

Figure (6-1) illustrates the most likely orientation cîwges that a nonionic 

sudimant will undqo  w h  dsorbed fiom aqueous solution, Figwe (6-2) shows the 

arpccted adsorption isothems for ach cuc. At low concentntion 0, the solut6.so1ute 
f 3 1 



interaaioas are negligible and the moleaile is adsorbed by the hydrophobic moiety ('i an 

aqueous solvent); howevu, the ethoxy chin may have some interaction with the surbce. 

As the concentration increaes, the surfàce is close to monoiayer srniration. This is 

observcd as a d t ~ ~ e a s c  on slopc on the adsorption isothtrm, At d l ,  bigha 

concentrations, solute-sotute and solute-adsorbent interactions detefmine what will 

happen at the imerffce. If the hydrophobic moiety-surface interaction is mngu, the 

hydophilic part wiil be displad fiom the nirfice by 0th- adjacent molmiles a) and 

the opposite case is shown in IIC. The intermediate case is show in IIB. As the 

concentration of the surfactant approaches the critical micelle concentration, the 

molecules will be venikally orientcd and a largcr amout of surfimant will be dsorbed 

onto the surface. This can be seen in the isothams A and C, whereas in the case of B, no 

more motecules can be accommodated on the &e. 

Figure (6-1) Modd for the adwqtion of nonionic swfhnts, showhg the orientation of 
surfictint rnoltcules at the aufice (Paditt n ai., 1989). 



Figure (6-2). Adsorption isotherms conesponding to the three adsorption sc~utnces 
illustrami in previous figure; aiticai micelle concentration is indicated by an arrow 

(Parfitt a al., 1989). 

6.2 Experimental 

6.2.1 Solid supports 

Glrruy carbon rodr 

Glassy carbon rods (50 x 1 mm, Type 2) were o W e d  form Alfa ÆSAK They 

were treated and conditioaed as desaibal in section 4.2.2,. 

C w h  flbers 

Carbon fibers wcrc Hercules Type AS4 3000 filiment bundles. Many 

commaciai fibas arc sold with 8 mmix-compatible co&g or sizing to improvt 
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adhcsion and to rcsist fiber degradation on composite formation. In orda to remove this 

coating, and to chernicaily modify the mfàce, the carbon fibers wae subjected ta acid 

treaûnenf hydrogai rduction, or huting in an incrt atmosphm. 

Cmbonfibers treatmenîs 

Aczd treatmenf (btidmion} (CFA) 

The acid treatment wu done by exposing approximateiy 0.4 g of fibar to 7o./o 

nitric acid at 1 1 SOC for 3 h (Pittman et al., 1997). They wae thcn washed with distilled 

water umil the pH value was the same as the distillai water. The fibers were then soaked 

in 2.0 N NaOH solution for 30 min, r i n d  thoroughîy with deionized water and -one, 

dried, and finaily stored under nitrogen. 

Reduction wirh W o g e n  (CM) 

The hydrogen trutment was p e r f o d  by exposhg the fibas to flowing 

hydrogen gas at 350°C for 1 h. A 300 filment bundle was p l a d  hside 1/4" wpper 

tubing held inside an oven. Hydrogen gas was flowed through the tube for ca. 2 h. The 

oven was ramped to 3S0°C in 20 min, kept at thst temperature for 1 h, rad thcn cookd 

dom. The trutcd fibers were stomî unda nitrogen. 

4n>!W (Cm 

ûthet filament bundles w a e  heated at 350°C for 1 h unda N2 mnorphn using 

the rune procedwe u for the hydrogm ûeatment. 



6.2.2 Specific d a c c  ara dcterminrtion (SSA) 

The specific surfirce a m  was d e t d n e d  with an Asap 2010 surfice area rnrlyza 

(Micromeritics instrument Coq). The anaiyses were pafonned by Régent Dutrirric at 

the National Research Council of Canada. 

6.2.3 Shidies by X-ray photodectron spectmscopy (XPS) 

The XPS analyses wae perfonned with a Kntos Axis XPS using monocbromated 

Al K a A-radiation and charge neutraiization. They were pafonncd by Ocnl Pleizier at 

the Institute for Chernical Proces and Environmental Twhnology at National Research 

Council of Canada. 

Table (64). Physicll characteristics of thc différent sorbents used. 

R d  Gtometrical Specific Density Treatment 

Glassy carbon (GCP) 32.2 8.2 1.42 Sandd 
Pend lead (PLC) 15.9 4.5 Coated 

Carbon fiben (CF) 1.3 1.7 

Sin~le filament 0.219 
3000 filament 657 As receivaî, 

oxidation, 
reduction 
or pyrolysis 

1 an Ica#th cxposd to Eolution 



6.2.4 Rugents and sample preparation 

Triton X-100 was obtained fiom Aldrich Chexnid Co. ( M i l d a ,  W[, USA) 

and used as received. AD solvents used wen ûptima gnde (Clledon Labomories, ON, 

Canada). A stock standard solution was preparcd in methanol and diluted to obtain 

concentrations in the range of 0.010 to 10 mg& which were used to caübrate the 

response of the HPLC dctector. 

Aqueous mode1 solutions wae  prcpand by serial diiution âom a dock solution 

containing 100 mgR. of Triton X-100 in deionizcd water (Milli-Q Plus water purification 

system, 18 MS2). A set of standards (0.01-0.2 mg/L) wen prepared and used to calibrate 

the responsc of the fluorescence spectrometer. 

6.2.5 Exactions and desorption 

Figure (6-3) illumrtes the expenmmtal apptoach for each polycrystailine 

graphite. 





Glkqy carbon 

Extradons and desorption of Triton X-100 using glassy d o n  were pcrformed 

as dcscribed in d o n  4.2.4. 

Cmbon fibers 

Extraction of Triton X-100 ushg &on fibers was performed as follows. Carbon 

fibcr bundles (3000 fibas) wcre chopped to 1 cm le@ (ca. 0.W26g) and the fibas were 

transfemd to a 7 mL via1 to which a 6.00 rnL aliquot of an queous solution of Triton X- 

100 was added. The solution was then shaken for 60 min. The carbon fibas settled to 

the bottom, offer which the supetnatant solution was transferred to an empty viol for 

fluorescence nadings. 

Desorption 

Two diffaent methods were pedonned for desorption of Triton X-100 h m  

carbon fibers. These will be described in following pangraphs. 

Sequentid extraction. The fibers kfi in the vid w m  sequtntiaily exüacted with 

thrce portions of 1 mL of methano1 or acetonitrile. The solvent was then concentrated by 

evaporation under N2, and 20 pL wen injected h o  the HPLC for quantification. 

Desoiprion in a new integace 

For this purpose, a stiinleu rtal union steel union tee (Swagdok, 1/16") was 

connecteci to the 6 poe vaive in place of the SPME/HPLC interface. A f k  extraction, the 

fibers were inserted into the union tee @ceviously filled with solvent) through one of the 

ends, and the tee was thai rcco~ected to the vaive. Mer 5 minutes, the vaive wu 

switched for 0.5 min to the injcct position by whidi the solvent wu directed thFou@ the 



tee to the WU: colurnn. The vaive wu then switched thm tim« every 10 min for 0.5 

min to squentiaily desorb and quanti& any remaining anaiytc. 

6.2.6 Determination of the amount of Triton X-100 runainhg in solution 

A stock standard solution of Triton X-100 was prepared in deionized wata (Milli- 

Q Plus water purification system, 18m) and diluted to obtain concentraiions in the 

range of 0.01-0.2 mfl .  These standards wae used to dbnte  the responsc of the 

daeaor. The fluorescence of standards and sarnples afia extradon wen detennined 

using a fluorescence spectrometer (Pericin-Elmer, 2WA) set at 230 nrn and L= 

3 10nm. 



6.3.1 Desornon considerationq mass balance. 

As mention4 in Chapter 2, desorption in a well-agitated system is the inverse of 

adsorption. The assumptiom ore that the initial concentration in the fluid is zero and thst 

the flow rate surroundhg the fibers is hi@. However, in HPLC the latter is not always 

possible since the solvent flow rate is small. In desoqtion with the help of a solvent, the 

following is obsewed. The targa analpe partitions baween the solvent and the solid 

phase, in this case polycrystailine graphite, which is significantly porous. In addition the 

process is inefficient. 

Desorption efficiency was detmnined for the various polycrystalline graphite 

types. For this purpose, as weil as for calculation of how much was rrtrined on the 

surfàcc, the solutions before and &r extraction were rnalyzed by spectrofluoromctry. 

The results shown in Table (6-2) r w d  that about 75% of anaiyte were adsorbed onto the 

d a c e .  Only 24% and 3% of the initiai amount (GCP and CF respectively) were 

desorbai in the interface. nierdore, it cm be estimateci that the desorption efficiency is 

about 32% and 4% for GCP and CF respectively. 

The diffc~ences between the % derorbeci form carbon fibm using diffaent 

desorption modes in discussed lata in this section. 



Table (6-2). Adsorption and desorption ncovery for giassy carbon and ahon fibu. % 
Desorbeci refm to the percent of the amount initially in solution 

% Adsorbai % Desorbai Desocpion mode 
obtained by Obtained by 
fluorimeter HPLC 

GCP 75 
CF 75 

24 
3 SPME interfa 

24 Extraction with 
MeûH 

19" Ncwintcrfiice 

Large M D  

Figures (64) and (6-5) show the mount daected versus the initiai amount of 

Triton X-100 in solution, and the concentration lefk in the via1 venus the initiai rmount of 

Triton X-100 in solutioq for polished glassy carbon (GCP) and carbon fibas (CF), 

respdvely. Figure (6-4) shows that both, the arnounts remPining in solution and the 

amount detcctd, are h e u  in the range of study (0-900 ne). This is important with 

regards to potential analytical applications. Even though then is an incomplete 

desorption the amcunt detccied is Iïnearly nlated to the initiai concentration. 

The iineu dynaxnic range obtained for giassy carbon was 0.50-150 CIgn (section 

4.3.3). If adsotption ont0 the sdhce of glauy carbon is the mechonism, it is expectd 

that the LDR wodd ôe lirniteâ by the d a c e  area. 



Amaunt rcbbed 
i Amount remrining in the via1 

O 200 400 600 800 1000 

Initirl rmount in solution (ng) 

Figure (6-4). Mass balance of Triton X-10 using polished glassy carbon rod. Mean and 
one standard deviation of three repctitions. 

In addition, a low concentrations an exhaustive extraction does not OCUK since 

25 % is lefk in the via4 regardles of the initial concentration. These obsenntions are 

important for the use of this solid support for analytical purpose. 

Data plottd in Figure (6-5) show that for CF, situnton is obtained at lower 

concentration sina the amount lefi in the Gai is dose to the initiai concentration, Le. 

very little is adsotbed. But it is notcd that the mount dctected is lincarly ptoportiod to 

the initial concentration nevuthtless. 



O 200 400 600 800 1000 
l dliel amount (ng) 

Figure (6-5). Amount of Triton X-100 adsorbed and desorbcd âom d o n  fibas (CF). 
Desorption twk place in the SPME/HPLC intafocc. The dues are the average of thnc 

npaitions. 

Desotption pnices for carbon fibors 

In initial expcriments with CF, it was obsaved t h t  as derorption tirne increised, 

the amount dctected decnucd. Thest unaxpcacd ml& can be aplained by the hct 

that the solvent was los by ccipilluy action out of the i n t h ;  consequently the amount 

remaining in thc htafâcc decrcased. 

Experiments wae b e d  out to try to prove t h  the low detectable amount w 

due to this pmblem, and not due to poor desorption. Afbr the Qdnction procedurr 



dcscribcd in d o n  6.2.3, threc sequential extractions with methanol wae  paformcd on 

carbon fibers. Mer  evapontion, the solvent w u  injected into the HPLC. The nsuits 

wen similar to glassy carbon (24% desorôed). In orda to sec the effects of the salvent in 

desorption, sequentiai extractions were also perfonned with acetonitrile, but no 

differences âom the methanol were found. It is thus concluded tbat poor desorption fiom 

CF was due to ioss of solution as described above and not to poor desorption by 

desorption solvent. 

mit desorption using the new i~terjiace. The dynamic desorption using the 

three way tee i m p d  desorption as much as 19 %. The results were however not better 

than when using sequentid extraction (24 %). This can be explahed by the fâct that the 

fibas w m  exposai to m*hanol for 5 min, and then for 10 min with the mobile phase, 

which containeci water, thus decreasing the solvent power. 

Kimtics of &?sorption 

The desorption profile shown in Figure (4-10) illustrates that the amount desorbed 

after 30 min does not increase when using PLC; a complae desorption seems thus to be 

achieved. However, blank mm &a each extraction demonmed that desorption of 

Triton X-IOO fkom polycrystailine graphites wu incornpicte. 

The desorption nte constant was obtained for Triton KI00 using PLC assuming 

a fia order kinetics, the values shown in Figure (4-10) werc usd to obtained Figure (6- 

6). The rate constant determineci from the slope was 0.0036 min-' (6.0 x1 us d) .  
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Figun (66).  Kindcs of desorption of Triton X-100 from PLC. Data wen obtaincd 
fiom Figure ( H O ) ,  Chipter 4. Lineu regession is shown (y = -0.02 - 0.0036~) with 

95% confidence intervals. 

6.3.2 Calculations of partition coefficients from adsorption isothenns and mrhcc-baseci 
partition coc5cients 

Cuicuhion of parnion cmflcientJr0111 &option isotherms 

The adsorption isothcrms of Triton X-100 on GCP and PLC arc illustrateci in 

Figure (6-7). It is apparent that the adsorption of Triton X-100 ont0 GCP is higher thrn 



on PLC, which could be associateci with the higha Mace  ares of GCP. The adsorption 

isotherms wen obtained at very dilute concentrations below the criticai micdle 

concentration 150 mg/mL (Sigrna product infondon). Although the &ta can be 

described by any of the Uotherrm shown in Figure (6-l), it is more likely that if a 

monoloyer is fonned, Triton X-100 adsorption wiU fit the type A isothenn, as the wuhcc 

of poiycrystdiine graphites is considend hydrophobic. Hence the alkylphenol part of the 

molccule of Triton X-100 will be adsohed onto the sdhce of the GCP and PLC. 

l . GCP 
I 7 rn PLC 
1 I 

1 

Figure (6-7). Adsorption isotherm of Triton X-100 for glassy urbon polished (GCP) and 
pencil lead coated (PLC). Each point conesponds to rn average of two npditions+ 



Mormver, surfàce satumiion is obsaved at a concentration of approximately 1 

mgîL of Triton X-100. Despite the fàct that the surfhcc ini Limitai the amount 

adsorbai, a linear dynunic range of thne ordus of magnitude (0.5-150 pg@) was 

obtained for both polycrystdine graphites (Chapta 4). 

It has been suggestcd that adsorption of dwtants  on carbon black follows a 

Langmuir isotherm (JCochkodui a al., 1996). The data presented in Figure (6-7) were 

ploned according to equation (3-2), in which 1/Cd versus 1/CWA shoufd be a straight 

line with a dope of II Cs-& and an hterccpt o f  1/C,, (Figun 6-8). The vdues of 

Cd were obtained using the data pnaaited in Table (6-3). 

Table (6-3). Physical description of the d a c e  of PLC, GCP and CFü. 

Specific Sample size Ana exposed Pore size* 
!wfilce area (s) to solution (A) 
(m2@ i 0.0001 (cm2& 

PLC 4.5 B . 9  0.0045 198 f 40 65 
GCP 8.2 f 1.6 0.0 1 OS 861 f 172 16 
CF 1.3 H.3 0.0026 35f 7 33 



Figure (6-8). Plot of 1I Cd varus l/CwA for both, pend lead (PLC) and ghssy d o n  
(GCP). Linear rrgnssion is shown with 95% confidence intervaics (dotted lines). 

From these plou, thc d u e s  of Cs, and K wae detamineci for both types of 

&on and are nunmarized in Table (64). 



Table (6-4). Vaiues of eqdibriurn constants and maximum mfhce coverage for GCP 
and PLU obtaineâ fiom the Langmuir isotherm. 

GCP 0.22i 0.08 0.007 f 0.001 0,942 
PLC 0.57I O. 17 0.010 2 0.001 0.952 

Aithough that are large uncertainties in these values, it is apparent that the 

maximum aâoorbable amount (Cs,) on the PLC is p a t e r  that that on GCP. The 

specitic d a c e  area of GCP is  higher than PLC (see Table 64), howmr GCP pore sue 

is smaller than PLC (1 6 vs. 33). The actual d a c e  that is exposed to solution my be 

smaller for GCP than PLC. 

The values of KA were différent by more t h  one standard deviation. This is 

expected, since KA is an quiiibrium constant for the adsorption of the sudactant on 

carbon in both cases, however, pend lead contiiao nsins which may affect the apparent 

value of KA. 

Colculution of surfce-bPFcdpartrpartrtion cmficient, K& 

A partition coenicient of the anaiyte on the PG and ample can be cilculated 

accordingly to equrtion (2-8) which considers the surface of the solid apport instcad of 

volume. Partition coefficients of Triton X-100 wcre calculateci with the values shown in 

Table (6-3) and the daîa shown in Figure (64). The values are shown in Taôle (6-5) as 

wall as the d u e s  of KA (obtained from the adsorption irothcrmr). Despite the 

dif]Ferences in the units, the same trend is observecl, the values of the putition coefficient 

are luge for PU: foliowed by GCP. Becwso the chemicai propaties of the PG auhee 



are similar, the d u e s  of the partition coefficient constants are in the sune orda of 

magnitude. 

Table (6-5). Surfact-basai PWwater partition coetIicients &) for Triton X-100 
obtained. 

PG Kdi Adsorption isotham 
(cm-') KA (qfl cm3) 

PLC 0.091 0,010 f 0.001 
GCP 0.02 1 0.007 f 0.001 

Yang a al. (1998), caiculated the vaiua of K& for PCB using PDMS fibers 

( 1 0 0 ~  and 7pm thickness) considering their geommical d c e  ano. The d u e s  range 

fonn 1.6 for PCB-209 to 76 for PCB-8. However, the values cuiwt be cornparrd since 

units of Kdr are not provided. It is important to note that the values of K are large than 

the vdues of & by ld-10' orders of magnitude. Thus the usasment of the 

effdveness of the PG as soiid support based on the vaiues of K& may not be rdistic 

since the LOD are similar to those obtaind using PDMSDVB and CubowadDVB 

fibers. 

Kinetics of crdsorption 

The aanaion profile using GCP wu shown in Figure (4-9). Using this data, and 

assuming fimsrda kinetics, Figure (6-9) is obtained. The rate constant, k, CalCuIrteci 

irom the dope of the curve is of0.0043 min" (7.0 x 10" 0') 
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Figure (6-9). Kinetics of adsorption of Triton K l O O  onto glwy carbon polished. The 
data wcre obtained from Figure (4-9). y=-0.04 - 0.0043~. 



6.3.3 Efféct of modification of carbon fiber d a c t s  on the adsorption/dewrption 
efficiencies. 

It was hypothesizcd thrt a change in the finaionai groups prirent on the auface 

of carbon fibers could mode the adsorptioddesorption process due to the chnge in 

poiarity of the d a c e .  Nitric acid treatment introduces carboxylic and phenolic 

fùnçtional groups onto the fibers (Phman, 1997). conferring some polarity to the surfàce. 

Furthet trament such as reduction with hydrogm may confer hydrophobicity to the 

d a c e .  Morwver, it has been demonstrated that oxidation either with nitric acid or air 

increascs the surûce area by foming cmasoes h the Purfoce (Pittman et al., 1997). 

Nonionic surfactants appcar to adsorb more efficiently ont0 hydrophobic sudhces 

than ont0 hydrophilic ones (Rosen, 1989). Neverthcless, it has been reported that 

nonionic surtiictuits adsorbed ont0 siiica by hydrogen bonding betwan SiOH groups on 

the sdace and the oxyeen in the ethoxy chah such as in Figure (6-1) case IIIC. 

It is bclieved that oxidation wül promote the interactions between the hydrophilic 

moiety of the aufrctant and the carbon as shown in Figure (6-1) use IIIC, whereas 

hydrogen trmnent will promotc hydrophobic intmctions (case mA), which ais0 wiil 

determine what moiety is towuds the aqueous solution. In addition, the effect of the 

desorption solvent will be differcnt in case A and case C thus the desorption efficiency. 

Previous reahs mggesteû that dcsorption was a lirniting f ~ o r  in the d y s i s ,  

since only 24 % of Triton X-100 adsorbed wu desobd. 

The data in Table (66) show the uwunt of Triton K l O O  adsorbcd by cubon 

fibm calculateci by meastuhg the amount runainhg in solution dter nmovai of the 

fiber. The amount aâsorbed obtained a f h  successive extractions h m  CF foîiowed by 



HPLC anaiysis repnscnts the amount that is desorbed by this procedure The desorption 

efficiency (% desorption) was caldateci as the ratio between the amount desorkd and 

adsorbed. 

Surfiice trcatment improvw the unwnt adsorbed by the carbon fiba (1.5 x 104 

untreated and 2.1 x 104 trated) with no Merence among treaments. It was observeci 

that unmec i  fiben gave higher desorption efficiencies, but the âîffetences are not 

significant. Also, the H2 rcduction of the d a c e  gives lower desorption efficiency, 

which could be explaincd by the higher a t y  of the nonionic surfactant towards non- 

polar interfiaces which reduced the arnount desorbed. Howeva, the numbers are not 

signi ficantly di fferent from the other treatments. 

Table (66) Effect of &cc treatment on carbon fibas in the adsorption and desorption 
process. Numbers in puenthesis refa to %RSD of at lem t h  repetitions. 

Treatrnent Amount adsorbed (Cig addpg CF) % Dcsorption 
By fluonmetric By successive 
determination of the extraction 
supernat followed by 

HPLC 

Unmatcd (CFLJ) 1.5 x 10 +(8) 9.3 x l0-~(2) 62 (8) 
ûxidation with HNO3 2.1 x 1 04(1 1) l.lxlo4(20) 54(16) 
(CFA) 
Chidation with HNa 2.1 10 -4(1 1) 9.2 x 1ws(6) 46 (16) 
followcd by rcduction with 
H2 (cm 
Heating in an Ni 2.1 x 10 *(O) 1.1x104(nd) 52(nd) 
atmosphere at 35OoC 
( C m  



Surtiices of the trcated fibers wae chamcterized by x-ny photoelcctron 

spcctmscopy. Sevcral lengths of fibers wae cut and attached to the anaiysis mib with 

carbon tape. Two arcas wae aaalyzed on each sample and the table reports the average 

of the two resuits in atomic % (Pleinq 1999). The nsub are shown in Table (6-7). 

Table (6-7). XPS r d t s  of thc CF chemidly trtated. The values is the average of two 
arcas anaiyzed p a  rample in atomic %. 

Total C 73 .O 87.7 81.9 90.2 90.9 
Total O w e n  22.2 8.4* 14.6 7.4 6.7 
Nitrogen 2.8 3.2 2.4 2.4 2.4 
Sodium 2.0 1 1 

Total Cf0 3.3 10.4 5.6 12.2 13.6 
ratio 

* One peak at 532.8 eV 

The las two columns rcpnsent two CF bundles trea!ed three days prior to the 

XPS anaiysis whaeas the fint threc wtre truted one y u r  ptior to the anaiysis. The ratio 

of the totai C/O ratio is prcstnted in the last row. It is observeci that the d à c c  gcts 

rcoxidued with time as the ratio dtcrcascû fiom 12.2 to 3.3 for the CFN and 13.6 to 5.6 

for CRI. The vdue of CFA may not be significant since the tocil oxyeen was obtained 

from one peak at 532.8 eV. It is dso obsaved that matment of the fibers either by 

pyrolysis with NI (CFN) or reduction by H2 ( CFH) does d u c e  the amount of oxygen on 

the d 8 c t  of the fibas. Nevcrthc1ess the changes ut not significantly diffaem fiom 

one trcatmtnt to motber. Tbis is in agreement with the adsorptioddt~~rption r d t s ,  in 

which significant diffcitnces wac not xai. 



The d e s  of the trrrted d o n  fiben wae obsaved by SEM at 3000 

magaification and are shown in Figure (6-10a-û). Figure (6-101) shows a fiber mtreated. 

No apparent eEe*s fiom the acid treatment or heatiq at 350' C in an inert atmospbere 

(Figure 6-10c, d) were obsaved. Tnatment of the Bbers with hydrogen changed the 

d u e  rnorphology as observed by some crevasses (Figure 6-lOe), howevcr, such 

Plteration did not change the rdsorpion/desorption efficiency. 

These morphoiogicd changes have been also reportcd in the literature in which 

the surface was modified after heating the fiba at 500°C for 1 h unda an air amiosphere 

(Lee a ai., 1997) of after nitric acid oxidation (Pittman et ai., 1997). 

It is believd that a tndy reduced surfirce is not possible sincc mxidation could 

o c w  during manipulation pnor to aanaion which explains the similarity in the rcsuhs. 



F i g w  (6-10). Scanning electron macrognphs of carbon fibers chemidy treated. (a) 
untmted and (b) GCP at 3000 x magnification; (c) nitric acid treatment, (d) pyrolysis 

and (e) hydni8en reduced at 10 000 x. 



6.3.4 Surfàce coveragc 

It has been proposai that adsorption of compounds omo graphite occurs throu* 

physisorption and that dispasive interactions on the pndominant i m d o n s  (Lultins, 

a al., 1993). This distinguishes atractions with polycrystailine gnpbitcs h m  nomal 

SPME fibas. Saturation of the surfrce was obsaved at 150 pg/L of surfàctant for both 

PL and GC. 

It is possible to eshate SUTfact coverage by Triton X-lW molecules. 

Theoreticai molocular areas for Triton X-100 were calculateci using HypaChcm 

molenilu modelling soAware, which calculates the sdlest possible box that can 

enclose the molde .  Triton X-100 is a mixture of molecules varying only in the numba 

of cthoxy units (n=O-20); the foliowing caiculation sets n=lO. Two conformations were 

considerai, the hydrophilic part elongated (rigure 6- 1 1 a) and in a coi1 conformation 

(Figure 6-11b). The dimensions of the box are prescntcd in Table (6-8). The areas 

occupied by the molenile in differcm axes wue dculated assuming flat orientation and 

considering two axes. 



Figure (6-1 1) Triton X-100 molecule obtained by HyperChem program. Two 
conformations are shown one with the hydrophilic part elongated (a) and in a c d  

conformation (ô). 



Table (6-8). Dimensions of  the box (A) which encloseci the molecule of Triton X-100 

Axes Elongatd Coi1 

The r o t d o n  covcrage TM was calculateci taking into account the area accupied 

by Triton X-100 at 0.1 pg/cm3 and assuming one of the orientations shown in Figure (6- 

10). It was aswmed that the molecules adsorbed in one of the thra orientaiions shown in 

Figure (6-1 1) and that thae were no interactions baween them. 

The surnice average fn of the carbon by the Triton X-100 was caiculated 

assuming a monolays covasge, for each of the thne orientations. The covcfage wied 

from 52 pmol/cm2 for the case where the molecules w a e  extendeci and lying flat (6-1 la); 

to 87 pmol/cm2 for the case whae the moleniles wae in a coiled configuration lying flat 

(Figure 6-llb), to 334 pmollcm2 for molecules in the coiled conformation with 

alkylphenol oriented to the arrfice and 441 p m o ~ c m '  with the aliqdphcnol oriented to the 

Nmce but with the ethoxy chain elongated. 

These r d t s  can be comparai to the actud d a c e  average La which at an 

aqueous concentration of 0.1 pg/an3 was founci to be 2.0 pmollcm2 of exposecl surfàce 

for GCP and 26 pmo~cm2 of exposd surfice for CF. The values of 8- (= ïobr /Tu) 

provide an indication ofthe W o n  of the airfrcc covered. 

In the case ofGCP. the vaiues of rangcd fiom 3.4 x 1ow3 to 1.9 r 1ow2 . This 

may indicate that the srirhce is in frct quitc pom rid tht the monoiaycr covcragc is 



not achievd. For the CF the vdues of rangecl fiom 7.9 x 1v2 to 4.7 x IO-', 

indicating asentidly a non-porous surface or less thui monolayr covage. 

The vaiues of O0h can be corroborrted with the rrc;inning electron micrognphs 

shown in Figure (6-IO), where GCP and CF are shown at same magnification (3000x). 

GCP shows Largct porosity than the carbon fibers and more importantly to the muaired 

surface areas in Table (6-11, which are in agrccrncnt with this trend. 

Table (6-9) Adsorption data for Triton X-100 onto glassy carbon rod and carbon fiben 

Adsorbant Area (A2) rpi robr eoa~ 
(pmo~cm') (pm0vcm2, 

GCP 295 .6' 56 1.99 1.9 x 10.' 
191.7~ 87 1 . 2 ~  1o" 
~ 9 . 8 ~  334 3.4 x 10-~ 

3(xy, coiled). 

Our resulu can be compared to those o b t d  by Bosmletti a al. (1995) who 

studied the adsorption of nonionic d i t s  (Nonylphenyl polyetho~ylatcs (NP) and 

polyoxyahylene (20) cctyl ctha (Brij 58)) at the carbon-black water interface. It w u  

concluded that the molecules w a c  aâsorkd by the lllryl chiin, and the ethoxy units wem 

directcd to the aqueous m d u m  in a coi1 conformation, staùilizing the mokîules. 
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Chapter 7 

7 Conclusions 

7.1 Summrry of conclusion 

7.1.1 Direct SPME using polyaystllline graphites 

Appkation to the dotennilt~llion of nonionic SMfacciats 

Alternative solid phases wae tested for SPME/HPLC auaiyses that replrce the 

conventional polymeric fibers currently used. The solid supports wae  polycrystaiiine 

graphites, such as glassy carbon and pencil lead. 

A mahod for the detcrmination of a nonionic s u r f ' t  (rcpresented by Triton X- 

100) was developcd. It included a direct SPME extraction fkom aquwus simples coupled 

to EPLC-fiuorescence dctection. The io i lyt id method was evaiuatd by cornparhg the 

renihs with those obtained using PDMSBDVB and CW/TR fibm. The LDR was of thce 

ordas of mignitude (0.5-150 pg/L) and the LOD was 0.5 pg/L for both glassy carbon 

and pencil lead. Roblems encountered using these phases wae dateci to incomplae 

desorpion which limited the limit of detection of the mahod. This ho- did not 

prevent their use as SPME solid phases, since each one of tban could ôe cleaned prior to 

the next d y s i s .  ïhe miin advantap wu the c h u n i d  d phymcrl resirtraecs of the 



Deteminaîion of pentr#:hIo~opknol ustng giàsry carbon for drect SPMHWLC 

A rnabod for the daamination of pentachlorophenol fkom aqueous solutions 

wing giassy cubon for S P M W L C - W  daeaion was developed. The results obtained 

w a e  comparable to those reportai in the literaturc using SPMWGC-FID and SPMUOC- 

MS. The LDR ans 0.5-100 pg/L and the LOD 0.5 wgiL. The method wos applied to 

sptlced river samples (which containcd 6.5 mg of CL) and modcl solutions cuntaining 

fulvic acids in the concentration range of 5-100 mg&. Resuits showed t h  the preSCIlce 

of fùivic acids did not Skct the extraction esciency at a concentration up to 10 m a ,  

i.e. no matrix effect w u  observed in the real samples. Thenfore, glassy carbon can be 

used as a solid support for extraction of pentachlorophenol in aqueous solutions 

maintained at a pH as low as 1.0 (which is not recornmended for polymeric fibers). No 

daivatization was neccssuy. 

7.1.2 SPMEAPLC dcrivahtion using PDMSDVB f i b a  

A non1 method for the detennination of a nonionic surfactant of the iinear 

dcohol ahoxylated class was developed. nie method consini of direct d o n  ushg 

a PDMSmVB f iba  and on-iine daivatization using 1 -nap hthoyl chloride-fluorescence 

deteaion. A lincar dynamic range of two ordm of magnitude (0.1-10 mgiL) was 

obtaind which w u  attnbuted to the low estcrification yield. Monova, it wu found 

tbt the presence ofanother dwhol diminished the amount detected. This was am%uted 

to the limited amount of d a c e  available. 



7.1.3 SPMWHPLC derivatization k g  polycrystailine graphites 

Anotha daivatization approach was developed for the detaminition of Brij 56. 

This method uses polycrystalline graphite as sorbent to pedorrn a simultaneour 

derivatization.extnction in an aqueous sample. The mcthod proved to bave r lower LOD 

than pmiously described methods. A simgoidal response was obsaved, howevu, the 

mponse ww linear in the range of 0.01 to 0.1 mgL. This respow was obsaved for 

glwq carbon and pcncil lead. The main admtage is the resistance of the glassy cubon 

towards derivatization reagcnts such as 1-naphthoyl chioride. 

7.1.4 Adsorption and desorption considerations 

Dirra SPME from BQUCOUS amples using polycrystalîine graphites was 

successfuily applied to the detumination of Triton X-100 and ptntachlorophenol. It wu 

assumed that the adyte  was adsoibed ont0 the s u r f i  of the polycrystaiiine graphite. 

The &ta wue fit to a Langmuir isotherm model, and the rnonolayer concentmion of 

Triton X-100 on the surface w u  calculateci to be 0.22 and 0.57 nglcm2 for GCP anci PLC, 

nspectjvely. The values of K;< for bah wue in the same o d a  of mapitude (0.007 and 

0.0 1 cm31ng rtspcaively). 

A surface-baseci partition coefficients, Kk W ~ C  aiso obtained, the values were 

O .O2 1 and 0.09 1 cm" for GCP and PLC, respdvely. ALthough the values of & cannot 

be cornparcd with those oôtained for KA, they followed the same mnd with respect to 

carbon type. 

The rate constants of adsorption rnd dtsoqtion, wuiaiag &st order kinetics 

wae obtciind. The values ushg glury carbon &$y cubon were 0.0043 m S 1  for 

adsorption and 0.0037 minœ' for h r p t i o ~ ~ ,  
164 



7.1.5 Sudiace modifications 

Carbon fibers wae chemicaily modified by three différent methods: oxiâation 

with nitric acid, heating the fibas to 350°C unda N2 and h a  the fibars to 350°C 

unda hydrogcn. Adsorptioddesorption of Triton X-100 on the dinérent fibas showed 

thst adsorption was improveû when the SUlfkcc was treated. However, Triton X-100 

desorbeci more efficicntly fiom untrcatcd fibas (62 t 5 %) than from those mbjeacd to 

oxidation with acid (54 f 6 %) or reduction (46 i 7 %). The vaiues however w n  not 

significantly di ffamt . 

Chernical modifications did howeva change the moaphology of the fiba as 

evidenced by the samhg clectmn micrographs, which showcd prescnce of crevasses on 

the surface. No changes wae o b s m d  at 10 OOûx rmgnification for fibas treatcû by the 

othtr mcthods. 

7.2 Future contributions 

7.2.1 Use of polyaysalline graphites for dinct extradons 

The use ofpolyaystailine graphites was successfùily applied to the detemination 

of a nonionic wnctint and pentachlorophenol by HPLC. Thus, it would be interesting 

to apply these polycrystallinc graphites to the detemination of cornpou11ds within a wider 

~ g e  of poluities nich as PAH, cuboxylic acids and amines. 



7.2.2 SPME-HPLC derivatbation 

Daivatization procedues am commody 8ppkd in HPLC d y s i s .  ThmfÔre, 

couplhg SPME/HPLC with derivatization wiii expand the application of SPME to HPLC 

anaiysis. Derivatization schemes could be developed for carboxylic acids, alcohols and 

amines. As an example, haioacetic acids and fitty acids using florescat reagents such as 

PDMA or proteins uing dansy1 cadaycrine ~~ 1996). 

Although PG has high chemicai and mechanical resistaacts, its application to 

derivatization is ~ m n t l y  limited due to the low LDR It is thus imponant to decipher 

the mechanism of simultaneous daivatization-extraction using PG so as to obtah a wider 

lineat respow. 

Moreover, 6rom the commaciai point of vicw, PG wuld be used as an SPME 

support containing a derivatization rcagmt. This would be an extension of SPE 

urtridges containing daivatization magents for the determination of ketones and 

aldehydes. 

7.2.3 Surfiict modification 

Despite the poor performance of carbon fibers, thch flexibility, chemicai and 

mechanical stabiiity are d v a n t ~ u s  to HPLC applications. It is of interest to furthcr 

investigate surfàce modifications such as amchment of dinacnt gfoups that will change 

the adsurbcat propaiics of the d c c  and cxpand its applicability. It is formeen that low 

detcction limits could k oôtained by inaeasing the exposai w f k e  uci of h n  fibm 

to the sample. This could be achicvcd by increasing the m b a  of filaments, since 



12 000 filaments, thus the scnsitivity of the method using them will be greatu that using 

the polymeric fibers. 

Desorption was irnproved up to 50% by sequentUy extmcthg the fibers with 

methanol. The design of a SPME/HPLC interfàce which could be applied to &LI 

fiben wifl expand their use in amiytical chemistry rince dynamic desorption couid then 

bc used* 
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Appendix 1 

O 20 40 60 80 100 '20 . 

Triton injected (ng) 

Figure (Ai-1). TypicJ d y t i c d  crlibntion airve for Triton X-100 in rntthui01. 
Analysis wu pertomed by RP-HPLC-fluorescence detection at l,p 230 nm L = 3  10 

m. 



Figure (Al-2). Lineu dyMmic range of PDMS/DVB rnd CubowuJTR fiba for Triton 
X-100. At 60 min d o n  and 5 min dynrmi*c desorption in the SPME/HPLC 

intmfhce. 



Appendix 2 

Scan No: 1 Retention Ti=:  8:81 RIC: 8 b R i n g e : B - 0  
h~wu: 1b iaee 1QI&r = 46191949 

Figure (A2-1). Chmotognm-of Napththoyl ester derivative. M y s i s  wu @ormeci 
by OC-MS. It was curicd out by using a Vatian Smirn II ion mp (dectron impact), 

equipped with a J&W DB-5 capilluy cohunn (30 m x 0.25 mmx 0.25pm), 
(Chromitognphic Speciabs, B m M q  ON, CA). Th GC ovai was held at 60 O C  for 
2 min, ramped rt 15 *C/min to 320°C, and held for 30 min. The mus Spectrometer wu 

operatcd in full scan mode fiom 50650 mu. Solvent dday 10 min. 



Sp8ctm Plot  F i l e :  F : W .  Date: Jun-13-1997 î0:52:31 
Conaant: PRûDUCT, REFLü% OVBW(I6HT 
Scan No: 1lW RetentionTine: îû:P RIC: 2595838 HassRinne: 58-4W 
# PicstSS Base Pk: 397 Int: 461125 lm.Wx = 461425 

Figure (A2-2). Mass specmun ofthe derivaiive. Th mus rpeanim ofthe esta showai 
a molccular ion at mlt 397 and a thgrnent ion rt m/z 155. Mol& mrrs of the 

~ p h t h o y l  hexrdaanoate is 3%. The molecuiar ion at mfz 397 mry be attributcd to 
pmtonation in the ion trap. 
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INSTITUTE for CHEMICAL PROCESS and ENVIRONMENTAL 
TECHNOLOGY 

XPS Analysis Re~ort  DATE: March 30,2000. 

From: Gerdd Pleizier. 
For: Carleton University 
Project Code: 5742SURF 
S h p l e  ID: Three carbon fiber samples: pyr(N2), pyr(H2) and Acid dig 
Smpie Coated: no 

Comments: 
Several lengths of fibers were cut and attached to the analysis stub with carbon tape. 

Anaiysis was by Kratos A x i s  XPS using monochromated Al K a x-radiation and charge 
neutralization. A survey scan was first taken to determine which elements XPS cm 
detect, then each element is run at high resolution for peak shape. position and for 
quantitative results. Two areas were analyzed on each sample and the table reports the 
average of the two results in atomic 45. Keep in rnind that XPS cannot detect hydrogen 
and 100 % does not include hydrogen. 

XPS Analysis Results. 

Sample 
Date 
Total Carbon 
C 1s at 285.0 eV. 

286.5 

289.5 
291.1 
292.6 

!TOM Oxygen 

1 Sodium 1 2.0 1 1 1.1 1 1 

Pur (N2) 
28-3-00 

73 .O 
45.2 
11.6 

1 Silicon 1 1 0.6 1 1 1 

4.7 
2.7 

22.2 
10 1s at 5315 e ~ .  - 

53345 , 
535.9 
538.6 

Nitronen 

Acid dig 
28-3-00 

87.7 
59.5 
14.4 

3.6 
3.2 
2.3 
8.4 

1.5 
5.2 

2.4 

12.7 
7.1 
2.5 

2.8 

8.5 
4.2 
1.6 
0.3 
2.4 

one 
At 532.8 
EV. 

3.2 

- 

1.6 
5.8 

2.4 

CFAS4 
3400 
90.9 
59.4 
15.4 

Pur (H.2) [ CFNZ 
29-3-00 1 3 4 0 0  

4.4 
2.4 
1.8 
14.6 

8 1.9 
56.1 
11.5 

90.2 
59.2 
14.2 

4.3 
3.6 
2.3 
7.4 

4.2 
3.6 
2.4 
6.7 




