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ABSTRACT 

The desorption of an analyte from a sample matrices' 

surface is the limiting process in a supercritical fluid 

extraction ( SFE). Af f in_i ty of adsorbent matrices, and the 

ability of solvent modifiers to interrupt this affinity under 

SFE conditions, was investigated for semi-volatile analytes. 

Eight probe analytes, were extracted from adsorbents which 

demonstrated different chemical interactions with sample 

matrice::1. Three SFE solvent compositions were ::Jtudied: pure 

carbon dioxide, carbon dioxide modified with H1t>thc1nol, c1n<l 

carbon dioxide modified with a derivatization reagent, 

bistrimethylsilyl-trifluoroacetamide (BSTFA). Five manufactured 

homogenous matrices and two natural matrices were studied: 
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alW11ina, silica, anu.no, phenyl, cyanno, fly ash and marine 

s~.iment. Solvent modifiers were necessary to displace c1nc1lytes 

wh.ich were strongly adsorbed from so1id matrices surfaces. The 

effectiveness of the modifier was relc1ted to .its ability 

interact with the c1dsorbent surface. Me thanol wa::3 sufficient to 

achieve quanti tc:1 t.i ve yields from the 111aouf ctctu1.e<.l c1dsorue11t::1. 

However, the stronger desorbing agent., BSTFA, was needed to 

achieve quantitative recoveries from the highly adsorptive fly 

ash and marine sediments • .Analysis of extraction kinetics 

allowed evaluat.ion of the adsorbents in terms of probe 

compounds' df>sorption rates. Correlat.ion was observed ~tween 

the total amount of analyte recovered and the analyte's rr~asured 

rate of desorbtion from that particular phcise. 
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INTRODUCTION 

Although analytical-scale supercritical fluid extraction 

( SFE) has been shown to be a r~pid, simvle anti .i.nexpensiv~ 

method for sample preparation before ch.c:0111atoyrc1phic analysis, 

the performance 0f the technique is often ine1Jeque1te without the 

addition of solvent modifiers to the supercrit.i.cal fluid 

sol vent. The physical properties of conu11011ly used supercritical 

fluids would seem to make them ideal extract.i.011 medict for 

several reasons. One, the gas-like mass transfer allows for 

rap.i.d '=quilibration, thus faster extrdction ti.mes than liquid 

techniques. Two, solvation strength vari~s with the density of 

t.l,e f lu.i.d, approaching that of liquids c1t h.i.ylter de11sit.i.es. 

Tltr~e, dut'. to low inter-moleculdr colte~.i.011, ~ui~rcriti.cril 

extraction flu.ids are · gases at room temperdture and pressure; 

he11ce easily removed from the extract. Allowing the 

depres::rnrized solvent to escape afte1· the ext1:action ledves the 

sc11npl~ ready fo.c: inunediate a11ctlysis without co11centration steps 

11eed in liquid phase extraction methods. 1 However, SFE is 

limi te<l to non-p::>lar sol vent:-i; sol vents w.i tit low intermoleculctr 

cohesion, if this concentration advantage is to l.>c realized. 

The limitation of SFE to weak solvents hinder::; the extraction of 

compounds which are stronyly adsorl..>t:.J to sample 111c:1trices. 

The configuration of a SFE appcirc:1tus allows several 



additional advantages over traditional liquid extraction 

techniques. The continuous flow through the extraction cell 

n~sult::\ in a much higher partitioning efficiency than the finite 

number of equilib1:ations of a Soxhlet apparatus, which may cycle 

only ct few times ctn hour. Sol vent modi[ iers d1·e edsi ly 

introduced to the extraction vessel .before pressurization and 

extraction. These modifiers can be ether 11011-reactive such as 

methar~l or reactive such as chemical derivatizdtion reyents. 2 , 3 

Liquid phose extractive derivatize1tion procedures dre described 

.i.11 the literature but these techniques have low eff ..i.c..i.ency 

!:>:-cause they are typicetlly be ccirrieJ out in ci separatory 

f u1111el, ayc1in li111.i.ting tLe practicdl 11wnl>er of pcirtition 

•-qui librations t.o only a few.~ The clu~·H::::-d SFE r1ppc1re1tus allows 

c~micd l der i ve2ti7.c1tion reactions to occur wi lhout loss of 

volat.i.l~ r.:-agent~ or products while 111e1intctinin':3 high extraction 

effici~ncy. 

F.xtraction is pct1· tit..i.oning of nn c1ne2lyte between the 

adzK>1ptiv- ffi"2lrix active sit~s c1nd the exlrncl.i.011 solve11t. 

Salvation lb0del11, ~uch dS the H.il~b1c1ud solubility parameter 

U~ry, h"'"~ l>-ri u~ tu µ1~.i.ct u~ ~quilil..,1 .i.um solubility, 

~~ u~ -•t.1oct..sb.i.l.i.t.y, of compou11Js .i.11 su~1·crit.ical flu.ids. 5 

Th~ non-J.,OlM, l0w cot~:1ion, zK>lv~nt~ u~~ in SFF. have low 

.olub.i.l.i.t.y p,u~t...!t1•. To ioc,e,u~-~ t~ ~olubility pcsrd~ter it 

i • ~n pr ..ct .ic-- t.o ...de! polA1· C'O.(JOuri<l~ :\~ti ..,~ ~thd11ol to 

U..- ~•t..r..ct..i.on .olv .. rat. n- addit.i.011 of p.,ldt modif i~r~ 

5 



increases the solubility of polar molecules in the solvent. The 

solubility parameter theory, originally developed for 

engineering applications, holds well in systems where the 

analyte is present in high concentrations and other extractable 

components are present in low concentrations. However, 

limitations 1.n this approach are encountered when predicted 

equilibriwn is disturbed by other, often unidentified 

components, .1.n c1 :3ctmple. 6 The theory ctl:30 fails for very low 

analyte concentrc1tions where the compound is thought to be 

c1c.h:sorbed to a matr .i.x :3urf dce. The mode 1 is ba::ied on cohesive 

energy between solute and solvent. It does not consider 

cohesive forces which adsorb an analyte to a surface. Often the 

liinit.iny !actor iu envi1·o~ntal ct11c1lysis .1.s t.he cohesion 

~tween the analyte and the sample matrix surface, not the 

ctnalyt.~ ctud the t:tal vent. Thus, dist upt.ion of t~ an<2lytt-matr ix. 

internwolecular interaction i~ key to extraction, not solv~tion. 

Studying solv~nt nodi!i~rs in liUf•-"l'Crit.ical flu.iJ 

chrom.atography (SFC), JansSE:n ~t. al. concludt-d that the solvent 

modi! i~r s t.ti~y had st. udied oot.h inc 1 ~e1~~ th~ ~ol vat.ion stn~nqth 

of t.h~ :su~rcr .itical ccarbun d.iox.id~ aud i11t~1 act.~ with t~ 

tStatio~ry phdse. 7 Tht- increas~d solviition ~t1•-:ngth effect .ltS 

cousitit.~nt with t:tal ub.i l i ty ptU"<!lmt,te1· th~ry. Both ~! f ~ttS 

inc.rec~ the capacity !actor; the analyt~ ::i~nt less time 

adoorbed to the packing and more time solvc::at~ by the 

8Upercritical solvent. They go onto say that the stationary 

6 
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phast> d..::e1cti vcition, due to C'ldsorption vf tht mod if iet· , we1s the 

primary phenomencs e1f fecting tM !e1stet· elution, not t~ 

inc1·eas~ solve1tion stt·t-ngth. 

The same solve1tion and e1dsorption ph~uoa~na not~ in SFC 

a1·e prt:~11 t in all SFE. Hyd.1 O<Jt:n Lau1.d.i 11y .i11tt-1 a..:t .iu1u1 alt' 

thought to ~ e1 dominate force o! a~hsorpt.i.on in b.>th sy::itt'~. 

Carbon dioxide, alone d<>t:s not hciv~ 1iy~fro1:r-ri 1.,,rndiny c 1-k'b.i.lit.y, 

thus, only interacts ~cikly with the :itdtiona1·y pha~ su1·face. 

Tho? hydrO<Jt>rl bonds, holdi11y ti~ nllnlyt ... t o t.ta- :itati<>11n1y phc1~ 

sur!ac~ of the were di~rupt.ed t.>y tt~ nddit.io11 o! hydru<:J~II 

bonding modifi~rs. Th~ modifie1~ c vm~t~ !01 tho-s ~ 

adHOrpti ve sites. F.x<1111pl~:i of imp1·ov~ modi f i~d ~ l v~nt SFF. 

~f!icit'.ncy can r~ndily ~ found in lla ... l.it~rntu1·"-"•e,,,10,11 

It has ~n shown that ch~1ici:l l de1· i Vctt i z..,t ion r..-..,y~nt.s, 

w~11 U:it'd cis n::ctctivt> solvt-nl mod if itr~, r1lso -=-nhanc~ -xtraction 

efficiencies.:!, J, l:! 

enh.;nc <l P.Xtraction yie lds by mc1ki11y ~on~ politr, d~1·ivcitiz,"lble 

compounds, such cs:i c,:srboxyl i.c acids trnd alcohols, mon:~ :ioluble 

in non-fX)lar supe1·cr it icc1l extr c1ct ion n,edici. As with non

reactive modifiers, chemical derivativization improved 

extraction eff ici~ncies of molecul~~ which ;ir inert to the 

modifier/reagent. The reagents are postulated to interact with 

active sites of the 11\Cltrix. The result in the presence of 

derivatization reagents is a permanent chemical modification of 

the matrix surfac-2, as opposed to temfX)r.=try modification with a 
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non-reactive modifier. Once displaced from the matrix surface, 

analyte molecules are more readily solvated and removed from the 

sample by the extraction solvent. Further, once the active site 

is derivatized the analyte is not able to readsorb to the 

surface at that site. 

The kinetics of an extraction can yield information about 

processes limiting an extraction. Kinetic desct·iptions of a 

matrix releasing an analyte have been contributed by both 

Bartel 13 and Pawliszyn. 1.i Bartel considers diffusion of an 

analyte through a p:)lymer to the surface-fluid interface where 

it is pc1rtitioned into the supercritical fluid solvent. In this 

treatment the diffusion coefficient of the analyte through the 

organic material was the limiting parameter. Pawliszyn discusses 

an analyte desorbing from a solid particulate matrix covered 

with on orgcinic lciyer, through which the analyte must defuse 

before partitioning into the extraction solvent. According to 

Pawliszyn, if it is assumed the limiting process is the 

desorption of the analyte from the sorbent surface, the ~mount 

of analyte desorbed as a function of time from a homogenous 

matrix can be expressed 

m(t)/mo = 1 - xe-kt 

where mo is the mass of analyte in the sample, m(t) the mass 

after time (t), Xis the fraction of analyte molecules adsorbed 

and k is the rate constant of desorption. Extraction rate is 

8 



dependent on the desorption time of an analyte from the surface. 

Plotting the logarithmic version of this equation the slope of 

the lint? cor.resE_X)nds to the rate constant of desorption. The 

rate of desorption is related to the strength of desorption. 

Disruption of the analyte-surface cohesive interaction will 

cause the rate constant to increase. 

The objective of this work was to demonstrate that both a 

polar modifier (methanol) and a chemical derivatization reagent 

(BSTFA) act to displace analytes which are adsorb:?d to a surface 

by inte racting with the sample matrix. This wc1.s c1ccomplish~ by 

inve stigating the effect of the two modifie rs on recoveries and 

recovet·y k.i.1:etics for probe comE_X)unds c1nd nctt.iv ~ analytes from 

various matrice s with known functional groups ctnd unknown 

surfaces. 

9 
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EXPERIMENTAL 

Apparatus. The extraction system was obtained from 

rsco, (ISCO, inc. Lincoln, NE) and consisted of a model 260D pump 

and a model SFX 2-10 ext.ractor. The extraction solvent was 

supercritical fluid chromatography and extraction grade carbon 

dioxide obtained from Scott specialty gases (Plumsteadville, PA) 

and was used without additional purification. The sampl~ 

extraction cell consists of a metdl tube with an internctl volume 

of 5 mL body and two frit filters that are held by threaded end 

caps. The low pressure end of the r ~strictor was placed in the 

solvent trap, which was a small screw top test tube containing 

methylene chloride. 

standards, analytes and internal standards were 

obtained from Resteck (Bellefonte, PA). Materials were obtained 

as stock solutions 1000 µg/mL for the analyte comp:>Unds .1n 

methylene chloride or methanol. A five-point calibration curve 

was prepared from the standard stock solution by serial 

dilution. Probe analyte compounds were added to the sorbent in 

two mixtures, base-neutrals (1,2-dichlorobenzene-D4, 

ni trobenzene-D4, 2-f luorobiphenyl, terphenyl-D14) at 1000 µg/mL 

and acids ( 2-f luorophenol, phenol-OS, 2-chlorophenol-D4, 2, 4, 6-

tr ibromophenol) at 1500 µg/mL. The internal standards (1,4-

dichlorobenzene-D4, naphthalene-D4, acenaphthene-D4, 

10 
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phenanthrene-D10, chrysene-D12, perylene-D12) were added from a 

4000 µg/mL stock solution to the extracts in 5 µL injections 

with a 10 µL syringe. 

Sample matrices preparation. The manufactured 

homogenous adsorbents used were solid phase extraction 

cartridges (Baker, Philipsburg, PA). The cartridges consisted 

of 3 mL syringe housings with the solid phcise e1dsorbent pc1cked 

into the lower J?Ortion of the syringe volume. Five SPE packing 

typ?s were used, aluminc:1, silica, amino, phenyl, and cyanno. 

The homogenous adsorbent were spiked .=ts receivt~d without any 

pretreatment. A 10 µL syringe was used to deliver 10 µL of each 

probe crnalyte solution to the SPE packing. The methylene 

chloride spiking solution solvent was allowed to evaJ?Orc:tte for 

five minutes. A final drying was ensured by passing air through 

the SPE syringe with a vacuum system for 5-10 seconds. 

Municipal solid waste incinerator fly ash was obtained from, 

K. P. Nc1ikwc1di c1nd F. Kc1rc1sek at University of Wc1terloo, 

Wc1terloo, Ontario. The standard reference material, organics in 

mc1r.i.n>:? ~~diment (SRM 1941), wets obtained from the Ncttional 

Institute of Standards and Technology (Gaithersburg, MD). Both 

natural matrices were used as received without any preparation. 

SRH 1941 contains approximately 4i moisture as delivered. This 

was taken into account when calculating extraction yield. 

Extraction procedure. The solid extraction packing was 

removed from the syringe housing with a small blade and placed 

11 
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in a 5 mL extraction cell. The mate rial· was extracted at 400 

atm 100 °c, with pure carbon dioxide and modified carbon 

dioxide. The fly ash and marine sedim~nt sample matrices were 

extracted at 500 atm and 100 °C Two modifiers were evaluated, 

methanol and bis-trirnethylsilyl-trifluoroacetamide 

(BSTFA),(Supelco, Bellefonte, PA). The modifier was added to 

tho:: sample in the cell with a 250 pL syr.1.ng~. After an initial 

reaction/static extraction period of 5 min., the flow rate of 

carbon dioxide through the cell was 0.1-0.3 m.L/min. at 400 atm 

measured at the pump. This was continued for one hc:1lf hour. 

The flow res tr ictor was a ca. 2 O cm SOµm i. d. f us~d ::;i licr.i 

capi l la.ry. 'l'he extract was collected in ca. O. 5 mL methanol. 

After the extract.ion the volume of the extract was brought to 

1 . O nl.L with methylene chloride. Internc":11 ~tandard solution ( 5 

µL) was added to the diluted extract solution. The extract was 

.inject€=<l into the GC/MS without further preparation. Time 

fractions were collected for kinetic analysis of the extraction 

by changing the trap each 3 minutes for the manufactured 

homogenous and 5 minutes for the fly ash e1nd marine sediment 

sample matrices. 

Analysis procedure. The extracts from the manufactured 

homogenous matrices were analyzed by GC/FID (Hewlett-Packard, 

Avondale, PA), controlled by chemstation software. 

Quantification was achieved by an internal standard method. The 

internal standard used for quantification was 2-fluorobiphenyl, 

12 
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the others were used as retention time standards. Extracts from 

the fly ash and mar1.ne sediment were analyzed by GC/MS (Hewlett

Packard, Avondale, PA) according to EPA CLP semi-volatile 

method. Splitless injection (2 µL) 0f all extracts was made 

onto a 30 m Rtx-5 capillary column (Resteck, 8t"llofonte, PA) 

held at 40 °c for 5 min. The carrier gas was helium at 1 

mL/min. through the column. All sepctrations wo::- r e temperature 

progrrtmmed with an initial column temperature of 40 °C with no 

hold time. The oven was programmed f1·om 40 °C to 270 °C at 10 

°C/m.in. with a final hold of 35 min. The injection port 

temperc1ture was maintained at 270 °C. Quantification c1.chieved 

by c:1n internal standard me thod. 

Gas Chromatograph/Mass Spectrometer. The fly ash and 

marine sediment extracts were analyzed by GC/MS. The GC/MS 

system used in these experiments was that recouuuended by the EPA 

CLP semi-volitile method. It consisted of a Hewlett-Packard 

5890 gc1s chromatograph fitted with e1 5970 me1ss sensitiv~ 

de tector. operating conditions for the mass spectrometer were 

as follows: The ion source for the mass sensitive detector was 

held constant at 250 °C. The voltage for the electron impact 

ion source was operated at 70 v, but was not turned on until the 

solvent and excess reagent had eluted from the chromatographic 

column, 8. 5 minutes after injection. The chromatographic 

conditions were id~ntical to those given above. 

13 
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RESULTS AND DISCUSSION 

Recovery of Probe Compounds. Considering the seven 

homogenous manufactured matrices, the lowest yields, under all 

three solvent conditions, were observed from the alumina phase, 

indicating it had the greatest affinity for the analytes spiked 

onto its surface. Referring to the data given in tables I, II 

i\nd III, decreasing affinity of the matrices for the probe 

compounds follows the order: alumina, silica, amino, phenyl, and 

finally cyanno. The average recoveries of the eight probes from 

the five phases were 52\ with pure carbon dioxide, 90% with 

methanol modified carbon dioxide and 92i when BSTFA was present. 

A significant difference between modified and unmodified carbon 

dioxide was clear. Little difference in enhancement was seen 

between the two modifiers. However, when the probe analytes 

were adsorbed to the fly ash matrix, the association between the 

analytes and the surface could not be overcome by the addition 

of methanol. Recoveries for this matrix are given in table IV. 

The addition of BSTFA was required to achieve quantitative 

recovery from this surface. Average recoveries of the eight 

probes were 54\(20\ RSD), 43\ (10\) and 94% (8%) for pure carbon 

dioxide and carbon dioxide modified with methanol and BSTFA 

resf)€'Ctively. 

Alumina is generally considered to be a basic adsorbent, 

14 



with a strong affinity for acids. However, th~ surface also has 

moieties which act as Lewis ~cids and thus adsorb Lewis bases. 

This acidity is in large part due to the positively charged 

metal centers the alumina surface. These adsorptive properties 

ar'? illustrated by the less than quantitcttiv~ yields of both the 

acids (24'li) and the base-neutrals (44'li) from the alwnina matrix. 

The addition of methanol to the sample before extraction raises 

the average yields to around 70\ for both classes. The methanol 

addition effected th"? acids more than the bas~ neutral 

compounds. Methanol is a weak Lewis acid. During extraction, 

it competed for the same adsorptive sites as other Lewis acids, 

thus enhancing recovery. The addition of BSTFA improvet, the 

extraction of the base-neutrals to 86'l. recovery. Presumably, 

this is due to elimination of surface hydroxyls to which the 

Lewis base probe comp:)Unds were adsorbo:d. 

Methanol acted on the surface moieties to which the phenols 

W•?re adsorbed, thus improving the extract.ion efficiency of the 

acids. BSTFA acted on the both the surface moieties and the 

phe nols themselves. Both actions disrupted the adsorptive 

analyte-matrix interactions. The 30i of the probes which 

remained on the matrix when alumina was extracted with methanol 

modified carbon dioxide were presumably too strongly adsorbed to 

be displaced by the methanol. The analyte-matrix interactions 

were greater than the modifier-matrix interactions. 

Extraction from the silica phase matrix benefited from the 

15 
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addition of either modifier. The nature, reactive or non

reactive, of the modifier made no diff e rence. This was 

attributed to the weaker adsorption strength of the probes to 

the surface then seen with alumina. When the probes are weakly 

adsorb?d, hydrogen bonding of meth~nol to th~ rtdsorptive moiety 

of the surface is sufficient to displace th~ analyte. The 

BSTFA reacts readily with the silanol groupg of the silica, 

eliminating the adsorptive character of the sorbent. The 

methanol weakly hydrogen oonds to the base-neutral analytes and 

to the sites where the phenols are adsorbed, thus disrupting the 

analyte-matrix inte ractions. 

considering the phenyl and cyanno matrices, which are inert 

to BSTFA, the carbon dioxide solvent eluted 61 i of the probes 

from the phenyl matrix. This retention is in large part due to 

the electrophlic character of both the matrices and sorbed 

analytes. The acid probes were more retained (53'i. recovery) by 

the cyanno phase than the base-neutrals (75i recovery). The 

acids have the ability to hydrogen oond to the nitrogen of the 

cyanno group, while the base neutrals have little attraction to 

the cyanno matrix, which is a Lewis base itself. The 

inte raction is stronger with cyanno groups than phenyl due to 

the difference in electronegitivity between the phenyl n-cloud 

and the nitrogen of the cyanno moiety. 

Methanol also interacts with the both the phenyl phase and 

the cyanno phase through hydrogen bonding. Methanol is a 

16 
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hydrogen bonding donor, thus interacts well with electronegative 

surface moieties such as those containing O, N and to some 

extent n-clouds. This interaction is extensive enough to 

enhance the recovery of both probe classes to quantitative 

yields, 97i with methanol-modified CO 2 and 1ooi with BSTFA

modified co2 • When BSTFA is present the phenols are converted 

to the TMS esters, leaving relatively weak induction forces of 

the phenol phase's aromatic rings as the primary mode of 

analyte-matrix interaction. This explains the slightly 

retention of the derivatized phenols (78\ recovery) from the 

phenyl matrix and the quantitative extraction from the cyanno 

matrix when BSTFA was used as a extraction solvent modifier. 

The amino me1trix is ooth a hydrogen bonding acceptor, a 

base, and reactive towards BSTFA. Like the bas~ phases 

described above recoveries were enhanced by the addition of 

either methanol or BSTFA. However, the acids did elute more 

~fficiently when BSTFA was present the1n when methanol was used. 

This is attributed to the conversion of the acids to TMS 

derivatives which have little affinity for the amino or TMS

amino matrix. 

Thus far, only homogenous sample matrices have been 

considered in this study. Fly ash was investigated as an 

example of a adsorptive and non-homogenous real-world sample 

matrix. The high adsorptivity of the fly ash was attributed to 

the oxidized surface of the fly ash resulting from the oxidizing 
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atmosphere where it was produced. The interaction of the 

methanol with the oxidized surface of the fly ash is, 

presumably, not larg~ enough to interrupt the strong analyte 

matrix adsorption and displace the analytes from the adsorptive 

sites of the matrix. The BSTFA interacts, indeed reacts, with 

oxidized moieties such as hydroxyl and acid groups to a much 

grE:ater extent than does the methanol._ The covalent 

interaction, which is many times stronger than a hydrogen bond, 

makes BSTFA the stronger displacing agent. 

Precision. The effect of the reactive modifier on 

precision was determined using the amino matrix. The amino 

matrix was chosen because the matrix reacts with the reagent as 

w~ll as the acid probe analytes spiked on to it, thus adding the 

modifier has the greatest effect on the system. The results of 

four replicate extractions are given in table V. The modifier 

increased the average overall extraction yield of the elght 

probe comp:)unds from 54i to 103% while not significantly 

effecting the prec i sion which remained around 10\ RSD in both 

case s. Dividing the analytes into chemical classes, phenolic 

acids and the base neutral compounds, no difference was seen in 

recoveries or precision when the modifier was present. 

considering the pure carbon dioxide extractions, yields of both 

classes were much lower, however yields of the acids showed 

RSD and the base neutrals a much higher 2oi RSD. The high 

uncertainty in the base neutral data is primarily due to the 

18 
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recovery of dichlorobenzene. If this value is omitted from the 

average the RSD of the base neutral compounds recovery is a 

1~asonable 9i RSD. The use of this modifier does not adversely 

e ffect the precision. 

Rate of Recovery. Figure l shows the cumulat Lve recovery 

of phenol-D5 spiked which was spiked onto the five homogenous 

matrices. The up_E:>er three traces indicate the extraction 

profile of phenol extracted with pure carbon dioxide. The lower 

three traces indicate data obtained with carbon dioxide modified 

with the reactive modifier BSTFA. Two, or more , cell volumes 

were needed to reach exhaustive recovery when carbon dioxide 

alone was used to extract from silica or alumina. However, when 

BSTFA was present, quantitative recovery of the phenol took just 

over one cell volume. The total amount extracted was 

distributed over several three minute fractions when eluted by 

pure carbon dioxide. 

Figure 2 shows the same data plotted as amount extracted 

verses time for phenol-OS from the silica gel matrix. The 

resembles chromatographic elution. However, a distinct 

difference is apparent between the elution with pure carbon 

dioxide and modified carbon dioxide. In addition to the much 

larger and earlier eluting peak in the case of modified CO2, 

extraction with modified solvent yields a much sharper 

with pure carbon dioxide. Both the retention time and the peak 

width are related to desorption of the analyte from the sample 
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matrix. 

Using the equation given in the introduction, the 

desorption rate constant of the phenol from the matrix gurface 

can be determined. Figure 3 shows the logarithmic version of 

this function ln{(Ino-m)/m0 } plotted against void volumes (t/t0 ) 

for phenol-o's extracted from the silica matrix with pure CO2. 

The time axis is normalized to the dead time (t 0 ) of the 

extraction cell. The slope of this line is the rate constant o 

desorption (kd)· The data indicates the rate constant of 

desorption (kd) has the value 0.37/t0 • Data obtained for 

extraction from the same phase with BSTFA-modified caroon 

dioxide gave a rate constant that approached infinity. This 

implies that the phenol is unretained, or is only very slightly 

retained, by the silica and elutes with the dead volume. The 

desorption rate constant in the presence of the BSTFA modifier 

is very large and therefore implies desorption is no longer a 

limiting factor in the extraction of phenol from silica gel. 

Other matrices showed similar results, which are listed in 

table VI. The rate of desorption from the alumina matrix was 

ten times higher with pure caroon dioxide then with modifier 

present. The effect was less dramatic when the phenol was 

extracted from the cyanno matrix, two times higher when BSTFA 

was used. This is attributed to the inertness of the matrix 

moieties to the reagent modifier. In the case of little or no 

interaction with the surface, the increased desorption speed 
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must, at least in part, be attributed to the convers1.on of the 

phenol to its TMS derivative. Correlation was observed retween 

the rates of desorption given in table VI and the yieldg listed 

in table, I and III. 

The extractions discussed thus far have considered analytes 

spiked onto a matrix. To investigate the interaction of caroon 

dioxide and caroon dioxide modified with BSTFA with sample 

matrices and native analytes, the extraction of fluoranthrene 

from the standard reference material SRM 1941 was investigated. 

The extraction yielded 530 ng/g with pure CO2 and 1080 ng/g with 

BSTFA modified co2 of fluoranthrene, which correspond to 47\ and 

92\ recovery respectively compared to the NIST certified value 

of 12201240 ng/g. The elution profile of fluoranthrene with 

pure caroon dioxide and BSTFA modified carbon dioxide are shown 

in figure 4. As in the homogenous matrices studied the elution 

profiles are markedly different. The carbon dioxide extraction 

profile is broader and later eluting than elution with modified 

solvent. 

Figure 5 shows the results of plotting the data obtained 

from SRJ-1 1941 as ln{(mo-m)/m} versus t/t 0 • The slope derived 

for the modified solvent data is much steeper than the that from 

the pm:·e caroon dioxide extraction. This indicates 

fluoranthrene's rate of constant of desorption (kd) was larger 

when modifier was present. The values for kd obtained were 

0.ll/t0 and 0.44/t0 with unmodified and modified solvent 
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res pee ti ve ly. 

An SFE experimental system lends itself well to being 

viewed as a chromatographic system; the extraction solvent as 

the mobile phase, the extraction cell as the chromatographic 

column and matrix acting as a stationary phase. However, some 

differences are apparent. The two systems are compared in 

figure 6. In a chromatographic model the zone containing the 

analyte is placed in a narrow band at the top of the 

chromatographic column. In an extraction system the analyte is 

spread throughout the extraction cell either adsorbed to, or 

absorbed in, the stationary phase. Thus, the eluted zone of an 

extraction is very wide compared to that of a chromatographic 

zone. The stationary phase of a chromatographic system is 

analogous to the sample matrix of a extraction system. In the 

chromatographic system the mobile phase solvent brings the 

analyte to the stationary phase. However, in the extraction 

system the reverse is true, the analyte is on, or in, the 

stationary matrix from which it is removed by the mobile 

extraction solvent. Regardless of these differences, the 

analytes' migration rate in ooth systems is limited by the 

desorption rate from the stationary matrix into the mobile 

solvent. only very rarely, and by definition never in trace 

analysis, is the solubility of the analyte in the solvent the 

limiting factor in an extraction. 

In chromatography, the entire analyte, zone elutes from the 
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system, this is not true in extraction. In extraction 

fractional recovery is common, while in chromatography this 

indicates irreversible adsorption which would suggests a 

problem. A simple chromatographic model would seem to indicate 

that longe r extraction times are sufficient to quantitatively 

extract all analytes from the sample sine~ the only limiting 

parameter is the desorption of the analyte. The desorption of 

the analyte requires breaking matrix-analyte associations, or 

eve n weak chemical tends. An analyte adsorbed to the matrix 

must obtain a threshold energy to be released from the matrix 

and move into the extraction solve nt. The analyte must gain 
~ 

e nough energy from its ~urroundings to overcome the p:>tential 

well in which it is trapped. In the case of weakly adsorbed 

analytes this ene rgy can be provided by the salvation strength 

of the extraction fluid. Most analytes have sufficient 

solubility in supercritical fluids to be readily solvated. This 

is especially true at trace levels where even quantitative 

e xtraction of a analyte would only constitute a small mole 

fraction in solution. For more strongly adsorbed analytes a 

comp:::,nent of the solvent with an affinity for the adsorptive 

moiety can displace the analyte form the surface. This lowers 

the energy by interrupting the matrix-analyte interaction. The 

greater the affinity modifier has for the adsorptive moiety, the 

greater the disruption and the greater the effect. 
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CONCLUSIONS 

Pure Carbon dioxide insufficiently disrupts analyte-matrix 

intt:?ractions to achieve quantitativ~ extrc1ction of both native 

and probe analytes. The addition of either reactive or non

reactive modifiers is sufficient to extract p1:obe analytes from 

homogenous manufactured phases. However, the effect of methanol 

is insufficient to obtain quantitative yields from strongly 

adsorptive real-world samples such as incinerator fly ash. The 

reactive modifier, BSTFA, acts on the analyte-matrix interaction 

enough to affect quantitative yields of both compounds which are 

r e active and inert to reaction with BSTFA. 

Analytes in a sample are ether entrained in the matrix or 

adsorbed to its surface. Asswning sufficient solubility of the 

analyte in the extraction fluid, the efficiency of the 

e xt1·action will be controlled by either diffusion through or 

desorption from the matrix. In the case of diffusion, the 

analyte must diffuse through the matrix media to the surface 

- where it can be solvated by the extraction fluid and carried out 

of the vessel. If the analyte molecule is adsorted to the 

matrix surface, extraction is controlled by desorption of the 

analyte from the matrix surface. In the latter case the analyte

matrix interaction must be overcome for solvation to occur. In 

the case of a weakly adsorbed molecule, solvation energy of the 

extraction fluid may be sufficient to overcome the desorption 
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energy barrier. But in many cases the analyte is too strongly 

adsorbed for the non-polar solvents employed in SFE to overcome 

the analyte-matrix energy and solvate the analyte molecule. 

Polar, ooth non-reactive and reactive, solvent modifiers 

not only increase the overall solvant strength of the solvent 

mixture, but also compete for adsorptive sites on the sample 

matrix to which analytes are a_dsorbed. Effective modifiers have 

affinity for the same adsorptive sites as thP. target analytes; 

thus occupying the sites and displacing the analytes from the 

matrix surface. The extent of this displacement will depend on 

the relative strength of the modifier-matrix interaction and the 

analyte-matrix interactions. The greater the modifier-matrix 

interaction relative to the analyte-matrix interaction the 

greater the partitioning of the analyte off the matrix into the 

solvent. Shifting this partition equilibrium can be further 

exploited by the addition of a modifier which interacts more 

strongly with the matrix than the non-reactive modifies employed 

in studies thus far. Non-reactive modifiers only form 

temporary, dispersive, induction or hydrogen bonding 

interactions, with the matrix. A strong hydrogen oond, such as 

a methanol modifier might from, is only a fraction of the 

sttength of a covalent bond. Therefore, forming a covalent oond 

to the active site of the matrix is energetically favored over 

th€ weaker, non-covalent, analyte-matrix interaction. Reactive 

modifiers form covalent oonds to some adsorptive matrix moieties 
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such as hydroxyls, thus eliminating hydrogen bonding. Thus, the 

partition equilibrium favors the reactive modifier bonded to the 

surface and the analyte displaced off the surfac~ and into the 

extraction fluid. Further, this action of the modifier on the 

analyte-rnatrix interaction lowers the desorption energy allowing 

the analyte to pass over the desorption barrier and escape the 

matrix quicker. Thus, faster extraction times are observed when 

modified solvents are used. 
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FIGURE CAPTIONS 

Figure 1. cumulative fraction of phenol (m/mo) extracted 
from s e l e cte d adsorbents as c1 function of th~ void volume s ( t 0 ) 

The mate rial was extracted at 400 atm 100 °C, with pure carbon 
dioxide and BSTFA modifi~d carbon dioxidl-? . Aft~r an initial 
r e action/st.atic e xtraction period of 5 min., the flow r a te of 
cr1 r bo n dio xid~ through the c e ll was 0.1-0. 3 mL/min. at 400 atm 
mt:asure d at the pump. The flow restrictor Wc'\S a 20 cm SOµm i.d 
f us~d si l i ca capill ar y. The e xtract w.:is coll .::cte d in me thanol. 

Figure 2. 
~xtrac t d versus 
BSTFA and carbon 
wi th purE- carbon 
figure 1. 

Extraction of phenol from silica gel, Amount 
timA. Th~ sharper trace is data obtaint=>d with 
dioxide. The broader trace is data obtained 
dioxide . Extraction conditions are the same a 

Figure 3. Ln{ (m 0-m)/m0 } as a function of void volumes of 
carbon dioxide passing through the c e ll for phe nol e xtracted 
from the silica ge l sorbent. 

Figure 4. Amount t:?Xtracted versus time for f luoranthrene 
from SRM 1941. The upper sharper is data obtained with BSTFA 
and cr1rbon dioxid~. The broader trace is data obtained with 
pure caroon dioxide. The material was extracted at 400 atm 100 
"C, with pure carbon dioxide and BSTFA modified carbon dioxide. 
After an initial reaction/static extraction period of 5 min., 
the flow rate of carbon dioxide through the cell was 0.1-0.3 
mL/min. at 500 atm me asured at the pump. The flow restrictor 
wa s a 20 cm SOµm i.d. fuse d silica capillary. The extract was 
c ollected in methanol. 

Figure 5. Plot of the function ln((mo-m)/m) versus time 
for fluoranthrene extracted from SRM 1941. Extraction 
conditions are the seam as thoes given for figure 4 

Figure 6. Comparison of the chromatographic process and 
the extraction process. 
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Tablo I.Relitive Recoveries fraa AdMorbentK with Carbon Dioxide 
(400 at.Ill, 100 °C). 

AlUJQina silica Amino Phenyl Cyanno 

2-Fluorophenol 0.22 0.54 0.7G 0.47 0.41 

Phenol-dS 0.17 0.50 0.73 0.79 O.Gl 

2-Chlorophenol-d4 0.43 0.51 0.9G O.G5 0.58 

l,2-Dichloroben~ene-d4 0.60 0. 41. 0.41 0.67 0.62 

Nitrobenzene-d4 0.44 0.41 0. 15 0.75 0.73 

2-Fluorobiphenyl 0.58 0.43 O.G1 0.71 0.65 

2,4,6-Tribromophenol o. Hi 0.46 0.]2 0.53 0.54 

Terphenyl-D14 0.13 0.44 0.13 0.33 1.02 

Acids 0.24 0.50 :.i. 70 0.61 0.53 

Base-Neutral 0.44 0.41 . 0.40 O.G2 0.75 

overall 0.34 0.4G o. ')3 0.61 O.G4 
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Table II. Relitive Recoveries of Analytes from Adsorbents with 
Carbon Dioxide (400 atm, 100 °C) and 250 µL Methdnol Modifier. 

Alwaina silica Amino 

2-Fluorophenol O.Gl 0.93 C.7G 0.79 0.80 

Phenol-dS 0.71 0.94 0.8G 1.02 0.80 

2-Chlorophenol-d4 0.91 1. 12 l.07 1.20 1.07 

l,2-Dichlorobenzcnc-d4 0.77 0.87 (). 8 ~) 0.82 0.92 

Nitrobenzene-dS 0.65 1.03 0.92 0.99 1. 34 

2-Fluorobiphenyl 0.78 1.05 O. QO 0.8Q 0.99 

2,4,6-Tribr01110phenol 0.54 0.95 G.62 0.99 1. 19 

Terphenyl-D14 O.G4 0.84 0.99 1.04 o.aG 

Acids 0.69 0.98 0.62 1.00 0.96 

Base-Neutral 0.71 0.95 0.91 0.94 1.03 

overall 0.70 0.97 0.87 0.97 1.00 

-------- - ------------- --- - - - -
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Table III. Relitivc Recoveries of Analytes frcm Adsorbents with 
Carbon Dioxide (400 atm, 100 °C) and 250 µL BSTFA Modifier. 

Alumina Silica Amino 

2-Fluorophenol 0.74 0.99 0.98 

Phenol-dS 1.02 1.05 l. 15 

2-Chlorophenol-d4 0.91 1.04 1.00 0.84 1.12 

l,2-Dichlorobenzene-d4 1.01 0.87 1. 02 0.65 1. 10 

Nitrobenzene-dS 0.96 1. 16 1.05 0.75 1.20 

2-Fluorobiphenyl 0.96 1. 12 1.00 0.80 1.01 

2,4,6-Tribr01110phenol 0.65 1.01 0.83 0.63 0.82 

Terphenyl-Dl4 0.52 l.OG 0.97 0.62 0.36 

Acids 0.71 1.02 0.99 0.78 1.03 

Base-Neutral 0.8G 1.0 5 1.01 0.71 0.92 

overall 0.79 1.04 1.00 0.74 0.97 



• 

., ' 
• 

- ------------------
,-, • I , ' "1 ' ,- r .

1
• , .., t 

•.J ~ J •• I ' ; ' .. 1 
J J ' , .. • ... !.: • .) \.,. , i 

TAble IV. Relative Recoveries of Analytes frOUl Fly Ash Matrix. 

Pure %RDS CO2 't.RSD CO2 W/ %RSD 
CO2 W/ BSTFA 

McOH 

Phenol-dS 0.G9 11 0.00 4 1.00 3 

2-Chlorophenol-d4 0.65 3 0.35 1 0.86 20 

l,2-Dichlorobenzene-d4 0.69 12 0.55 21 1.02 4 

Nitrobenzene-dS 0.38 53 0.05 3 1.03 5 

2-Fluorobiphenyl 0.75 7 0.62 26 1. 16 5 

2,4,6-Tribromophenol 0.35 19 0.62 14 0.48 17 

Terpheny l-D14 0.27 9 0.04 2 1.0G 2 

Average 0.54 20 0.43 10 0.94 8 

------ ---- ------~---
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Table V. Reprodcibility of Recoveries with Pure and Modified 
Carbon Dioxide from the Amino Matrix. 

Pure CO2 %RDS CO2 W/ %RSD 
MeOH 

2-Fluorophenol 0.750 10.1 0.978 14.6 

Phenol-dS 0.780 0.9 1. 15 7.7 

2-Chlorophenol-d4 0.956 2. 1 1.00 4.7 

l,2-Dichlorobenzene-d4 0.406 52.4 1.02 9.4 

Nitrobenzene-dS 0.152 7.5 1.0'.:i ~.7 

2-Fluorobiphenyl 0.906 2.9 1.00 3.8 

2,4,6-TribrOB10phcnol 0.322 6.8 0.827 14.0 

Terphenyl-D14 0.129 lG.O 0.969 21.7 

Acid:i 0.659 7.0 0.989 10.3 

Base-Neutral 0.390 19.7 1.01 10.2 

overall 0.529 13.3 0.999 10.2 
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Table VI. Desorption Rate Constants and Retention times from 
Several Adsorbent Matrices 

kd tr 

Alwa.ina (pure CO2) 0. 11 • 2 . 0* 

Alwa.ina (Modified) 1. 0 ? .0 

Silica (pure CO2) 0.3 7 2. l 

Silica (Modified) l nrgt' l . ? 

Cyano (pure CO2) 0.64 1.5 

cyano (Modified) 1. 2 1. '.) 

Aai.no (pure CO2) 0 .25 0 . 3 . 

AJll.ino (Modified) .1 . 0 0 . 7 

Phenyl (pure CO2) O.JG 1. 3 

Phenyl (Modified) lct rtJ t-> 0 .4 

SRM 1941 (pure CO2) o. 11 2 . 2 

SRM 1941 {MOdified} 0.44 1. 1 

"All values are r e ported in void times (t 0 ). 
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