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Alternative Approaches to the Extraction of 
Solid and Liquid Environmental Matrices 

Tricia S. Reighard and Susan V. Olesik* 
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43220 

* Author to whom correspondence should be addressed. 

ABSTRACT: Supercritical fluid extraction (SFE) sometimes yields poor recoveries as the result 
of inefficient analyte collection. Methods of collection and the important parameters for optimi- 
zation are briefly discussed. The extraction of polar and/or high molecular weight analytes with 
(common??) supercritical fluids is frequently difficult and therefore, Conventional liquid extrac- 
tion techniques are not obsolete. Many of the methods that are developing as alternatives to SFE 
for polar analytes are reviewed herein. The approaches are classified based on whether the 
analytes, extraction fluid, matrix, or experimentlinstrumentation were varied. Advantages and 
disadvantages of each technique are described. 

KEY WORDS: extraction, supercritical fluid, alternatives. 

1. INTRODUCTION 

Supercritical fluid extraction (SFE) was 
developed as a direct alternative to con- 
ventional liquid-solid extraction techniques 
such as Soxhlet and sonication. Frequently 
cited advantages of SFE include shorter 
extraction times, reduced solvent use, and 
the potential for analyte selective extrac- 
tions by varying the pressure, tempera- 
ture, or modifier used. Over the past 5 
years, the shortcomings of SFE and modi- 
fied SFE experiments with CO, and or- 
ganic cosolvents were illuminated. Low 
extraction yields of many polar and/or high 
molecular weight analytes were encoun- 
tered, particularly from wet and adsorp- 
tive matrices. Technical problems such as 
restrictor plugging and inefficient trapping 

of the analytes after extraction were also 
observed. A survey of analyte collection 
methods for SFE is included here. Finally, 
the large number of experimental variables, 
initially seen as an advantage, slowed the 
practical use of SFE because standard ex- 
traction conditions for a range of analytes 
and matrices were not established, thereby 
requiring a method development step for 
each sample. 

Alternative approaches are being inves- 
tigated. This review describes the alterna- 
tives that are currently in use as an attempt 
to “bridge the gap” between liquid extrac- 
tion techniques and SFE for both solid and 
liquid matrices. Experimental approaches are 
categorized herein based on whether changes 
were made to the extraction fluid, the 
analytes, the matrix, or the experimenvin- 
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strumentation. Positive and negative at- 
tributes of each technique are discussed. 

A. Analyte Collection Methods in 
SFE 

Restrictor plugging and poor analyte 
collection are two frequently cited difficul- 
ties that limit the reliability of SFE. Restrictor 
plugging results as the extraction fluid de- 
pressurizes across a length of tubing and the 
analytes are deposited on the restrictor walls, 
or when the restrictor tip freezes due to the 
Joule-Thomson cooling of the expanding 
CO,.' Wet samples are particularly difficult 
because of the low solubility of H,O in CO, 
and ice formation at temperatures 50°C. 
Heating the restrictor or the collection vessel 
is sometimes used but at the risk of poorer 
analyte collection, as will be discussed be- 
low. Methods of analyte collection include 
cryogenic trapping in an empty container, 
deposition in a liquid solvent, or retention on 
a solid surface. Although cryogenic trapping 
is not very viable or frequently used, liquid 
solvents and solid surfaces are efficient and 
commonly employed. 

1. Cryogenic Trapping in an Empty 
Container 

One of the first collection methods used 
for SFE was cryogenic trapping. This method 
attempts to utilize the decreased volatility of 
analytes at very low temperatures. However, 
the results obtained are not especially prom- 
ising. For example, polycyclic aromatic hy- 
drocarbons (PAHs) were extracted from 
XAD-2 resins and collected in 100 ml volu- 
metric flasks.' When the flask was cooled to 
0°C but left open to the surroundings, recov- 
eries were 18%. Upon cooling to liquid N, 
temperatures and sealing the flask (leaving 
only a small vent tube for exiting CO,), yields 
improved to -80%. The increased recover- 
ies were attributed to the reduction of CO, 

aerosol formation that was purging the 
analytes from the flask and the elimination 
of analyte volatility concerns by freezing the 
analytes. In another study, PAHs were 
trapped in empty vials that were not cooled 
prior to use.' Although the vials were rap- 
idly cooled by expanding CO,, analyte re- 
coveries did not exceed 40%. Overall, cryo- 
genic trapping in an empty container is not 
feasible unless the analytes are extremely 
nonvolatile and the collection vessel is cooled 
with liquid N, before use, and therefore is 
not frequently used. 

2. Deposition in a Liquid Solvent 

One of the simplest collection methods 
found to produce high yields is to place the 
tip of the restrictor directly into a few milli- 
liters of liquid solvent. Several problems 
arise, however. First, exiting CO, can cause 
aerosol formation and subsequent purging 
and evaporation of the solvent and analyte~.~ 
This can be reduced by keeping the flow rate 
low (generally 51 ml/min of liquid, equiva- 
lent to -500 mumin of gas) and by cooling 
the solvent. Small volumes of solvent must 
sometimes be added to keep an adequate 
volume in the collection' vial. Replacement 
with solvent at room temperature can negate 
the cooling effect that CO, had on the origi- 
nal solvent, lowering the trapping and mak- 
ing evaporation even more likely. 

Second, the analytes may not efficiently 
partition from the extraction fluid into the 
collection solvent. Solvent identity, volume 
or height, and temperature were found to be 
important  parameter^.^ For example, phenol 
was much more efficiently trapped in meth- 
ylene chloride or chloroform than in acetone, 
methanol, or hexane. A greater solvent height 
in the collection vial was shown to be more 
important than volume, because the solvent- 
analyte interaction time was longer before 
the gaseous CO, exited the vessel. Very 
volatile fragrance compounds were collected 
up to 11% more efficiently when the 2.5 ml 
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solvent volume was 22 nun high compared 
with 8 mm high. Finally, yields were highest 
when the collection solvent was allowed to 
cool from the expanding CO, to tempera- 
tures as low as 40°C.4  Cooling increases 
the solvent viscosity, decreasing the size of 
the CO, bubbles, and reducing aerosol for- 
mation. However, maintaining the solvent 
temperature at 5°C by placing the vial in a 
hollow aluminum block containing chilled 
H,O eliminated the freezing of extracted H,O 
and provided a steady flow rate.4 Recoveries 
in that case were 292%. In another study, 
PAHs were more efficiently trapped in 15 
ml acetone (86 to 100%) compared with 5 
ml acetone (70 to 85%).4 Analytes as vola- 
tile as benzene and n-nonane were collected 
in 15 ml methylene chloride (150 mm high) 
at 290% yields but somewhat less efficiently 
in 8 ml methylene chloride (85 mm high): 
and isopropanol was trapped in 13 ml hex- 
ane (57 mm) at 72% but at only 61% in 4 ml 
hexane (18 mm).7 

Third, heating the restrictor may be nec- 
essary to avert plugging.' The restrictor can 
be placed inside a stainless steel tube and 
wrapped with heating tape to a few centime- 
ters short of the tip or placed inside an insu- 
lating aluminum block. Heating the restrictor 
inside an aluminum block is considerably 
less of a fire hazard and resulted in 90 to 
95% recoveries of PAHs. This method was 
viable for the extraction of wet samples, in- 
cluding petroleum waste sludge containing 
45% H,O and pine needles consisting of 
80% H,O, and elemental sulfur. In another 
variation, the restrictor was heated and an 
organic solvent was introduced at the 
restrictor tip via a plastic tee to increase 
solvent contact with the depressurized 
analytes and maintain the solvent volume in 
the collection vial.' A stable flow rate and 
collection efficiencies of 8 1 to 95% for PAHs 
were achieved, but an extra pump was needed 
to deliver the organic solvent. 

When the restrictor is heated to high 
temperatures (2150°C) across its entire 
length, a glass transfer tube is used to avoid 

placing the hot restrictor directly into the 
solvent. 1*7,8 The transfer tube is positioned 
near the bottom of the vial, forcing the gas- 
eous CO, (and analytes) to interact with the 
solvent before exiting the vessel. However, 
analytes are frequently deposited on the trans- 
fer tube and are hard to recover. For ex- 
ample, PAHs were recovered at only 30 to 
65% using the transfer tube but at 90 to 95% 
with an unheated restrictor placed directly in 
the solvent.' 

In summary, deposition in a liquid sol- 
vent is a viable collection method provided 
that the appropriate factors are considered. 
Flow rates of < I  mVmin liquid are essential 
for the collection of even nonvolatile 
analytes, and flow rates 50.5 mumin may be 
necessary for the more volatile analytes. The 
efficient partitioning of analytes into the 
collection solvent was shown to vary with 
solvent identity and volume or height. The 
collection efficiency for a given set of 
analytes can be determined by spiking the 
analytes onto the outlet frit of the extraction 
vessel and immediately extracting at the 
conditions of interest. Because extracted 
analytes can also be purged from the collec- 
tion solvent during the remainder of the ex- 
traction, spiking the solvent with analytes 
and purging with extraction fluid is also use- 
ful to quantitate losses. In general, the 
restrictor should be heated only when abso- 
lutely necessary. Because most plugging 
occurs at the restrictor tip, heating all but the 
last few centimeters is not useful, and the 
use of glass transfer tubes frequently yields 
poor results. 

3. Retention on a Solid Surface 

The first class of solid surfaces uses an 
inert material such as stainless steel beads or 
silanized glass beads.3.9*1@12 Analytes are 
trapped by deposition on the cryogenically 
cooled surface. The material is then rinsed 
with a few milliliters of solvent to recwier 
the analytes. Glass beads were capable of 
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trapping hydrocarbons C,, to C,, with 75 to 
95% yields at a temperature of ~ l 5 " C . ~  Trap- 
ping was not affected by increasing the flow 
rate to 5 ml/min. However, volatile analytes 
such as acetophenone and N,N-dimethyl- 
aniline were recovered at only -10% yield 
from stainless steel beads following an ex- 
traction with CO,.l2 

The second class of solid surfaces uti- 
lizes a sorbent material such as silica, 
octadecyl siloxane (ODs), or other chromato- 
graphic stationary phase mater ia l~ .~ ,~JO-~~ 
These traps utilize cryogenic cooling and 
analyte adsorption to specific sites on the 
surface. The traps can then be rinsed, poten- 
tially selectively for the analytes of interest, 
by appropriate choice of the elution solvent. 
A wide variety of sorbents are available for 
use. For example, Porapak Q was used to 
trap total petroleum hydrocarbons with 287% 
efficiency,6 and a diol trap was most effi- 
cient for phenols." 

Both classes of traps work well for ex- 
tractions with CO,. However, when modifi- 
ers are used, the analytes may be rinsed from 
the trap by the modifier as the extraction 
proceeds. By elevating the trap temperature 
near the boiling point of the solvent, the 
solvent can be evaporated while the analytes 
are adsorbed. However, heating the sorbent 
eliminates the cryogenic cooling aspect, 
making it more difficult to efficiently trap 
volatile analytes. A five-component test mix 
with a range of polarities (acetophenone, 
N,N-dimethylaniline, n-decanoic acid, 2- 
naphthol, and n-tetracosane) was tested with 
ODS traps using CO, and 1, 2, 4, and 8% 
methanol in CO2.I2 The volatile components, 
acetophenone and N,N-dimethylaniline, were 
trapped at -100% with pure CO, and 1 to 
2% methanol in CO, using trap temperatures 
of 5 to 20°C. With 4 and 8% methanol in 
CO, and trap temperatures of 30 and 50"C, 
respectively, recoveries of the volatiles were 
-70 and -20%. Analyte volatility consider- 
ations were more predominant with increas- 
ing temperatures. On the other hand, the 
nonvolatile analytes were most efficiently 

trapped with 1 to 2% methanol in COz as the 
extraction fluid. A thin film of methanol on 
the surface of the ODS may increase interac- 
tions with the analytes. However, with 4 and 
8% methanol in CO,, recoveries of non- 
volatiles were 60 to 100% at 40°C and 20 to 
100% at 50"C, respectively. A thick film of 
methanol may be unstable during the extrac- 
tion, may prevent dispersive interactions 
between the ODS and analytes, and may 
lead to reduced partitioning from the polar 
methanol layer to the nonpolar ODS.12 There- 
fore, in most cases, solid surfaces are only 
useful when the extraction fluid contains 52% 
cosolvent in CO,. 

A final factor to consider is the choice of 
elution solvent. Polar sulfonyl urea herbi- 
cides were trapped on stainless steel beads 
and Recoveries from ODS were as 
much as 45% lower because the ODS was 
poorly rinsed with acetonitrile. Therefore, 
analyte losses from sorbents may be attrib- 
uted not only to inefficient trapping but to 
less than quantitative rinsing as well. 

Overall, the collection method appropri- 
ate for a given application is dependent on 
the analyte volatility, the need for a heated 
restrictor, the presence of cosolvents in the 
extraction fluid, and the possibility of a se- 
lective extract by varying the solid surface. 
Because analytes as volatile as benzene can 
be quantitatively trapped in a small vial of 
solvent,6 this simple and cost-effective 
method is a reasonable first choice. Regard- 
less of the method chosen, prudent consider- 
ation of the parameters involved, such as 
solvent or solid surface identity and trapping 
temperature, is essential so that poor collec- 
tion efficiency does not limit the extraction 
results. 

II. "BRIDGING THE GAP" 

A. Altering the Extraction Fluid 

CO, is the most widely used extraction 
fluid because it is inert, nontoxic, available 
in high purity, and has a low critical tern- 
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perature (31.1”C) and pressure (72.9 atm).I3 
However, CO, lacks a permanent dipole 
moment and has a polarity comparable to 
liquid pentane or hexane.lkl6 Nitrous oxide, 
with a small permanent dipole moment of 
0.17 D,13 was one of the first tested alterna- 
t i v e ~ . ~ ~ - , ~  However, N20  is now avoided due 
to the risk of oxidation and explosion when 
the matrix organic content is high. Other 
alternatives are limited because of environ- 
mental hazards (freons), or critical tempera- 
tures and pressures too high for convenient 
use (H20 and organic solvents such as metha- 
nol). Despite these apparent disadvantages, 
the search for a polar extraction fluid war- 
ranted their investigation, and several are 
discussed herein. Critical properties and di- 
pole moments of these fluids are listed in 
Table 1.13 The liquid mixtures of common 
associated solvents such as methanol with 
liquefied gases such as CO,, are also alterna- 
tive solvents. These “enhanced-fluidity 
1iquids”offer the increased polarity and sol- 
vent strength of the organic liquid while 
maintaining the beneficial viscosity and dif- 
fusional properties of CO,. Also included in 
this section is the use of temperatures 2200OC 
for the extraction of solid matrices. Elevated 
temperatures are expected to provide the 
activation energy needed for analyte desorp- 
tion from the matrix sites. 

I .  Freon-22 

Chlorodifluoromethane or Freon-22 is 
nontoxic, nonflammable, and has a large 

dipole moment of 1.29 D. But, it is very 
expensive and has a relatively high critical 
temperature of 960C.13 Freon-22 is believed 
to be less ozone depleting than Freon- 1 1 and 
Freon-12, but still damaging because it con- 
tains chlorine. Still, examples in which Freon- 
22 was shown to be advantageous as an 
extraction fluid include the recovery of seven 
steroids (including cortisone, shown in Fig- 
ure 1),26 PAHs and nitrated PAHs from die- 
sel exhaust particulate matter,27 polychlori- 
nated biphenyls (PCBs) from river sediment, 
PAHs from petroleum waste sludge, elemen- 
tal sulfur from bituminous coal, and a-pinene 
from pine needles.19 The stronger interaction 
between the polar extraction fluid and ma- 
trix H,O was credited with the increased 
recoveries. 

2. Freon-23 

Trifluoromethane, also known as fluoro- 
form or Freon-23, has a large dipole moment 
of 1.65 D, a critical temperature and pres- 
sure lower than those of C02,13 and is be- 
lieved to be less hazardous to the atmosphere 
than Freon-22 because it does not contain 
chlorine. Freon-23 was tested for the extrac- 
tion of sulfonyl urea herbicides and PAHs.,~ 
Despite the polar nature of the extraction 
fluid, sulfometuron methyl and chlorsulfuron 
(shown in Figure 1) were recovered from 
spiked Celite at only 43 and 52%, respec- 
tively. Recoveries with pure CO, were 30% 
lower, although >90% yields were obtained 

TABLE 1 
Critical Properties and Dipole Moments from 
Reference 13 of the Extraction Fluids Discussed 

Dipole moment 
T c  (“C) p, ( a m  (debye) 

CO, 31.1 72.9 0 
NZO 36.5 71.7 0.17 
Freon-22 (CHCIF,) 96 48.5 1.29 
Freon-23 (CHF,) 25.9 46.9 1.65 
Methanol 240 78.5 1.70 
HZO 374.1 218.3 1.85 
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with a supercritical mixture of 2% methanol 
in CO,. Freon-23 was 15 to 30% less effi- 
cient for the removal of PAHs from clay 
than either CO, or Freon-22. However, 
Freon-23 produced yields that were gener- 
ally 15% higher than those with CO, for the 
extraction of triazines, organophosphorus 
pesticides (OPPs), carbamates, and anilides 
from glass beads, although overall recover- 
ies did not exceed 80%.29 Additionally, no 
selectivity was observed for analytes with 
differing polarities. 

3. Methanol 

Methanol is a common liquid solvent 
with a large dipole moment of 1.70 D.13 The 
high critical temperature of 240°C generally 
deters the use of methanol as a supercritical 
fluid. However, supercritical methanol was 
investigated in one study for the recovery of 
bound (nonextractable) 14C pesticide resi- 
dues from soils and plants.30 Recoveries were 
generally >60% and were comparable to or 
better than a high-temperature distillation 
technique. But, reactions between methanol 
and some of the pesticides or their metabo- 
lites occurred at the extraction temperature 
used, 250°C (for example, atrazine was con- 
verted to its methoxy analog). 

4. Subcritical and Supercritical H,O 

Hawthorne and co-workers recently dem- 
onstrated the feasibility of using H,O as an 
extraction fluid in the subcritical liquid or 
gaseous ~ t a t e . ~ ~ . ~ ~  The critical temperature 
and pressure of H,O are 374.1 "C and 2 18.3 
atm, respectively. l 3  Supercritical H,O is cor- 
rosive in the presence of oxygen, leading to 
both analyte degradation and instrumental 
problems. For this reason, Hawthorne's work 
centered mostly around milder, subcritical 
conditions. 

The high polarity of H20 is reflected by 
the large dielectric constant, E, of 79 at am- 
bient conditions. At the critical point, how- 
ever, E is -5 to 15 (see Figure 2), which is 

comparable to liquid methylene chloride, 
making supercritical H20 an attractive sol- 
vent for nonpolar organic po l l~ t an t s .~~ ,~*  For 
example, the solubility of benzo[e]pyrene in 
H,O at 99 atm increased -25 million-fold by 
elevating the temperature from 25 to 350°C31 
As shown in Figure 3, extracted analytes 
were collected in a few milliliters of chloro- 
form, with the exiting H,O extraction fluid 
forming a layer above the chloroform in the 
collection vial. After initially separating the 
liquid layers, the H,O layer was extracted 
two more times with chloroform, and the 
combined chloroform extract was analyzed. 

The variation in dielectric constant with 
temperature made class selective extractions 
based on polarity possible. Chlorinated 
phenols, PAHs, and alkanes were fraction- 
ated from an urban air particulate and a cer- 
tified soil by raising the temperature from 50 
to 250°C and then to 400°C.31 The dielectric 
constant decreases from 71 to 29 to 8 at the 
three temperatures. Shown in Table 2, PCBs 
were recovered from an industrial soil and a 
river sediment at trace levels at 50 to 100°C 
but quantitatively at 250°C in 15 min at 
liquid conditions and in 5 min with steam at 
300"C.32 

This extraction fluid appears promising. 
H,O is an inexpensive, environmentally 
sound solvent. Because the extraction fluid 
polarity is controllable with temperature, 
analytes of a given polarity can be recovered 
selectively from other analytes and extrane- 
ous matrix material. However, most stan- 
dard SFE instruments currently available do 
not operate at temperatures >150"C and the 
possibility of corrosion due to oxidation is a 
considerable risk. The extra liquid-liquid 
extraction step to recover the analytes in the 
collection vial is also both time and solvent 
consuming. 

5. Enhanced-Fluidity Liquids 

As mentioned in the introduction, en- 
hanced-fluidity liquids are mixtures of com- 
mon associated liquids, such as methanol, 
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TABLE 2 
PCB Removal Efficiencies from Industrial Soil 
(CRM 481) Obtained by Sequential Extraction 
with Higher Temperatures 

Liquid water Steam" 

Temperature ("C) 50 100 150 200 250 300 
H,O dielectric 70 56 44 35 27 1 
constant 

Cumulative removalb ("h) 

PCB-52 
PCB-101 
PCB-118 
PCB-149 
PCB-153 
PCB-105 
PCB-138 
PCB-128 
PCB-156 
PCB-180 
PCB-170 

0 15 36 71 
0 4 16 53 
0 3 10 49 
0 2 11 51 
0 1 9 48 
0 0 14 52 
0 1 9 48 
0 1 8 50 
0 0 6 4 7  
0 0 4 4 3  
0 0 5 4 5  

100 
94 
92 
93 
92 
92 
92 
93 
90 
90 
91 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

a At 50 atm, H,O is liquid at 250°C and lower temperatures 
and steam at 300°C. 
One hundred percent removal is defined by the lack of 
any detectable species in the 16-h sonication extract 
(using methylene chloride and acetone) of the residues 
after a 60-min (10 min at each temperature) H,O extrac- 
tion. 

Adapted from Reference 32. With permission. 

with liquefied gases such as CO,. Enhanced- 
fluidity liquid mixtures have low viscosities, 
approaching that of the liquefied gas, 
whereas the solvent strength is similar to 
that of the associated solvent. For example, 
the addition of as much as 50 mol % C0,is 
possible in these mixtures before the solvent 
strength decreases significantly from that of 
the original associated solvent. Enhanced- 
fluidity liquid mixtures are presently studied 
as possible alternative solvents for the ex- 
traction of polar a n a l y t e ~ . ~ ~ . ~ ~  

Rosset and co-workers also studied the 
use of enhanced fluidity liquid mixtures for 
extraction of alkaloids. Thebaine, codeine, 
and morphine (shown in Figure 1) were ex- 

tracted from poppy straw usi subcritic 1 
mixtures.36 No significant extraction was 
observed with CO,. Quantitative yields were 
obtained with 50/50% (w/w) methanoKO, 
after 3 h and with 24/6/70% (w/w) metha- 
nol/H,O/CO, in just 20 min. Subcritical mix- 
tures of 8.5/1.5/90% (v/v) methanol/triethy- 
lamine (TEA)/CO, and 6/6/3/85% (v/v) 
methanol/TEA/H,O/CO, were used for the 
recovery of morphinic alkaloids in H,O and 
urine after adsorption onto a C,, or silica 
  or bent.^^ 

Reighard and Olesik used a C,, sorbent 
as a model system to optimize extraction 
conditions from an organic solid. Eleven 
phenolic and nitroaromatic pollutants were 
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extracted from the C,, sorbent using 
supercritical CO, and enhanced-fluidity liq- 
uid methanoVC0, mixtures at 25 to 65"C3* 
An average recovery of 59% for 10 of the 11 
analytes was found with CO, in 20 min, but 
2,4-dinitrophenol was not recovered. Aver- 
age yields for all 11 analytes improved to 75 
and 7 1 % with liquid 10/90 and 20/80 mol % 
methanoVC0, mixtures, respectively, in 4 3  
min. Statistical analysis of the data illus- 
trated that solvent composition was the most 
important variable, whereas the effect of tem- 
perature was minimal. For the same mixture 
composition, the extraction rate did not de- 
pend on the phase state of the solvent (liquid 
or supercritical). 

Phenolics and nitroaromatics were also 
recovered from fortified house and 
river sediment.40 Zero to 40 mol % metha- 
noVCO, and methanol/H,O/CO, mixtures 
were evaluated as extraction solvents in both 
supercritical and liquid state conditions. 
Analytes with pK,s 2 10 were the most dif- 
ficult to extract. Enhanced-fluidity liquid 
mixtures of methanoVH,O/CO, and metha- 
noVCO, provided higher extraction yields 
than supercritical CO,, supercritical metha- 
noVCO,, or Soxhlet extractions. The aver- 
age extraction yield was highest when using 
32.1/7.9/60.0 mol % methanol/H,O/CO, mix- 
tures as the extraction solvent; however, the 
yields were also high when 20/80 mol % 
methanoVC0, was the extraction solvent. 
Table 3 shows a comparison of the extrac- 
tion yields obtained using Soxhlet, 20/80 
mol % methanoVC0, and 32.1/7.9/60.0 mol 
% methan~VH,O/CO,.~~ For the solvent mix- 
tures studied, the extraction rate was again 
comparable for the same solvent composi- 
tion under both supercritical and liquid con- 
ditions. 

Comparable extraction solvent conditions 
were studied for the extraction of the phe- 
nolic and nitroaromatic compounds from 
sediment. 10/90 mol % methanol/CO, at 
150°C or 20180 mol % methanol/CO, at 
100°C gave better recoveries for the analytes 

than the other methanol/CO, compositions 
studied. The best extraction condition for 
most of the analytes involved the addition of 
10% H,O (v/w H,O/sediment) with the 10/ 
90 mol % methanoVC0, mixture as the ex- 
traction solvent at 100°C. Ternary mixtures 
of methanoVH,O/CO, were the best extrac- 
tion solvent for the three analytes with pI<$s I 
4.7.40 

Four phenoxyacid herbicides were re- 
covered from fortified house dust as well.41 
Phenoxyacids are relatively nonvolatile and 
require a derivatization step, most commonly 
to the methyl esters, prior to gas chromato- 
graphic analysis. Most of the recent studies 
of phenoxyacids focused on in situ deri- 
vatization or ion pair formation (see the next 
section, Altering the Analytes) to make the 
analytes less polar and more readily extract- 
able. In this study, the phenoxyacids were 
recovered by increasing the polarity of the 
extraction fluid and derivatized after extrac- 
tion, upon injection in the heated GC injec- 
tor. Recoveries were <40% with CO, at tem- 
peratures of 25, 50, 100, and 150"C, but 
ranged from 83 to 95% using 10/90 and 20/ 
80 mol % methanoVC0, at 100 and 150°C. 
However, recoveries of two analytes, 
dicamba and 2,4,5-TP, were comparable for 
all four temperatures tested, whereas 2,4-D 
and 2,4,5-T were more efficiently extracted 
at 100 and 150°C (see Figure 4A and 4B). 
Because the carboxylic acid side chains of 
2,4-D and 2,4,5-T are less hindered by other 
substituents, these analytes were possibly 
more strongly adsorbed to the matrix rela- 
tive to dicamba and 2,4,5-TPY and thus re- 
quired both a high solvent strength extrac- 
tion fluid (such as 20/80 mol % methanol/ 
CO,) and elevated temperatures (100 and 
150°C) for efficient desorption and extrac- 
tion. 

Sixteen native PAHs were also identi- 
fied in house dust extracts using supercritical 
and enhanced-fluidity liquid mixtures of 
methan~VCO,.~~ Highest yields were ob- 
tained with 30170 mol % methanoVC0, at 
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TABLE 3 
Average % Recoveries k One Standard Deviation, Relative to the Spiking Levels 

Percent recoverya 

Analyte 

Phenol 
2-Chlorophenol 
o-Cresol 
mCresol 
Nitrobenzene 
2,QDimethylphenol 
2,4-Dichlorophenol 
2,4,6-Trichlorophenol 
2,4-Dinitrophenol 
4,6-Dinitro-o-cresol 
Pentachlorophenol 

Soxhlet 

7 4 f  17 
5 4 f  13 
42 f 12 
52 f 13 
59 f 4 
15 f 7 
63 f 14 
79 f 24 
52 f 34 
41 f 14 
81 f 2 8  

CO, 

49 f 23 
6 3 f  16 
4 9 f  16 
53 + 20 
87+  16 
24 f 6 
61 k 2 5  
92 f 33 
35 f 16 
2 4 f  10 

0 

10/90 rnol % 
MeOH/CO, 

72 f 2 
65 f 2 
41 f 2  
60 f 3 
51 f 3  
1 2 f  1 
74 f 3 
81 f 7  
9 f 2  

3 4 f  10 
53 f 14 

20/80 rnol % 
MeOH/CO, 

74 k 9 
76 f 5 
50 k 1 
63 f 2 
75 f 5 
22 k 1 
73 f 2 

105 f 11 

35 f 9 
94 f 6 

0 

32.1/7.9/60.0 rnol % 
MeOH/H,O/CO, 

85 f 7 
63 f 6 
66 f 8 
60 f 6 
51 f 4  
36 f 6 
86 f 7 
88 f 5 
2 3 f  10 
67 f 21 

132 f 26 

a Extractions using CO, , methanoVC0, and methanol/H,O/CO, were done in at least triplicate at 238 
atm and 50°C. The Soxhlet extraction used methylene chloride for 24 h and replicated 12 times. 

liquid or supercritical conditions. With the 
exception of acenaphthalene and naphtha- 
lene, all analytes were recovered at ~ 1 0 0 %  
relative to 24 h Soxhlet extractions. Addi- 
tionally, recoveries of 5 and 6 ring PAHs 
were 160 and 31% with CO, alone, but av- 
eraged 143 and 226% with 30/70 mol % 
methanoVC0,. 

The extraction of PAHs from spiked lig- 
nite and bituminous fly ashes using metha- 
noVCO, mixtures under supercritical and liq- 
uid conditions was in~es t iga t ed .~~  Good 
recoveries from lignite fly ash were found 
with all conditions tested. None of the PAHs 
was recovered from bituminous fly ash until 
the temperature was raised to 1 50°C regard- 
less of extraction fluid composition. A 40160 
mol % methanoYC0, mixture at 150°C 
(supercritical) was found to be the best ex- 
traction condition; SFE experiments using 
40 mol % modifier as in this study are gen- 
erally not reported. 

In all of these experiments, the extrac- 
tion rates with enhanced-fluidity liquids were 
comparable to or better than those with 
supercritical fluids. Therefore, the favorable 

mass transport properties of supercritical flu- 
ids were preserved and the state of the fluid 
(liquid or supercritical) was generally incon- 
sequential. The enhanced-fluidity liquid tech- 
nique is quite appealing for the extraction of 
matrices with a high H,O content where the 
solubility of H,O in the extraction fluid is 
important and for thermally labile analytes 
where a high solvent strength fluid at low 
temperatures is needed. Enhanced-fluidity 
liquid extractions may be more exhaustive 
than SFE and may require an extract clean- 
up step. 

6. High-Temperature SFE 

The use of elevated extraction tempera- 
tures (2200°C) was initially avoided because 
CO, density decreases with increasing tem- 
perature at constant pressure. However, 
analyte solubility in CO, is influenced by 
both CO, density and the analyte vapor pres- 
sure (which improves with increasing tem- 
perature).44 Furthermore, the activation en- 
ergy of desorption, needed to release the 
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analytes from the matrix, should be more 
easily overcome at higher  temperature^.^.^^ 

Analyte fractionation via temperature 
variation was recently investigated with good 
results.45 A mixture of PCBs and PCDDs 
was spiked onto Florisil. Plots of % recovery 
vs. extraction time at various temperatures 
are shown in Figure 5. The PCBs were first 
extracted with CO, at 238 atm and 80°C for 
15 min, conditions at which the PCDDs were 
not significantly extracted (see Figure 5A). 
The PCDDs were then removed with CO, at 
6 12 atm and 200°C during an 80-min extrac- 
tion (shown in Figure 5B). To extend the 
technique to native samples, fly ash was ini- 
tially extracted with CO, at 640 atm and 
250°C for 80 min to remove all of the 
analytes. The extract was then loaded onto 
Florisil with liquid elution of interfering 
components followed by CO, fractionation 
of the PCBs and PCDDs at the above listed 
conditions. The two steps were then per- 
formed simultaneously by connecting a 
Florisil column directly to the outlet of the 
extraction vessel containing the fly ash ma- 
trix. 

Temperatures of 50,200, and 350°C were 
tested for the extraction of PAHs, N- and S- 
heterocyclics, chlorinated phenols, and pes- 
ticides from soil and s00t.l~ Increasing the 
temperature from 50 to 200°C with CO, had 
a positive effect on all analytes. A 350°C 
extraction temperature resulted in yields only 
comparable to the 50°C extractions although 
no thermal degradation was detected. Ex- 
tractions at 350°C were more difficult to 
perform due to leaks around the vessel seals, 
and low molecular weight PAHs were formed 
from matrix organics. To determine the role 
of CO,, thermal desorption with a nitrogen 
purge was tested. Recoveries of 0 to 50% 
with nitrogen were compared to 51 to 100% 
recoveries with CO, at 200°C from a rail- 
road bed soil, indicating that the solvating 
power of CO, was important to the extrac- 
tion. 

In other studies, aliphatic and aromatic 
hydrocarbons were recovered from shale 

more efficiently at 350°C than at 50, 150, 
and 250°C,47 PCDDs from fly ash and PAHs 
from marine sediment were detected at higher 
yields at 200 than at 120 or 40°C,48 PCBs 
from river sediment and PAHs from urban 
air particulate were effectively recovered only 
when the temperature was raised from 50 to 
200"C,49 and PAHs were more efficiently 
extracted from marine sediment, diesel soot, 
and air particulate at 200 than at 80°C.44 In 
this last study, the effect of temperature was 
found to be matrix independent.44 

The most severe limitations currently 
slowing the use of elevated temperatures are 
technical in nature. Most of the commercial 
SET instruments have a maximum operating 
temperature of 150°C. Although the use of a 
GC oven is quite feasible, appropriate reus- 
able seals for the extraction vessel are not 
commonly available. However, the benefits 
of high-temperature extraction, including 
higher recoveries, decreased extraction time, 
possibility of a matrix independent effect, 
and potential for selective extraction or frac- 
tionation, make the technique worth further 
investigation. 

6. Altering the Analytes 

When the analytes have low solubilities 
in CO, or the matrix-analyte interactions are 
strong, the addition of a reagent capable of 
chemical derivatization, complexation, or ion 
pair formation is a viable new approach. The 
reagent works either by modifying the 
analytes so that the resulting compounds are 
more soluble and/or less polar, or by inter- 
acting with adsorptive sites on the matrix 
thereby displacing the analytes and prevent- 
ing readsorption. Thus, some of the examples 
cited in this section are also applicable to the 
next section where altering the matrix is 
considered. This technique was first applied 
to organic pollutants and was termed 
supercritical fluid derivatization and extrac- 
tion (SFDE).50 Recently, the methodology 
was extended to organometallic compounds 
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FIGURE 5. Effect of extraction temperature on the recovery of (A, top curve) 2,2',3,4,5'- 
pentachlorobiphenyl and (B, bottom curve) 2,3,7,8- tetrachlorodibenzo-p-dioxin from Florisil 
using neat CO, at a density of 0.6 g/ml. (M) 50"C, (+) 80°C, (*) 120"C, (0) 160"C, (0) 
200°C. From Reference 45. With permission. 
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and metal ions as well, making many of 
these analytes CO, extractable for the first 
time. 

1. Organic Analytes 

Tri-sil silylation reagent, a 2: 1 (v/v) mix- 
ture of hexamethyldisilane and trimethyl- 
chlorosilane, was one of the first reagents 
tested. This reagent reacts with functional 
groups such as carboxylic acids, alcohols, 
phenols, and amines. For example, carboxy- 
lic acids are converted to trimethylsilyl es- 
ters. The extractions of caffeine from roasted 
coffee beans and Japanese tea,50 lipophilic 
material (fatty acids and terpines) from ma- 
rine sediment,50 PAHs from harbor sediment 
and urban dust standard reference materi- 
a l ~ , ~ ]  and 2,4-dichlorophenoxyacetic acid 
(2,4-D), a broadleaf weed control herbicide, 
from sand and soil5, were studied. The PAH 
recoveries were six times higher with Tri-sil 
added than with CO, alone and two times 
higher than with 10% methanol added. How- 
ever, low yields of 2,4-D (31%) were attrib- 
uted to the interference of matrix moisture in 
the silylation reaction. Tri-sil is not a very 
good silyl donor and is rarely used today. 

Neat N,O-bis-trimethylsilyltrifluoro- 
acetamide (BSTFA, shown in Figure 6 )  is a 
more rapid and efficient silyl donor than Tri- 

In addition, the byproducts are more 
volatile and commonly elute well before the 
derivatized analytes during GC analysis. 
BSTFA was added to fly ash for the extrac- 
tion of PAHs, halogenated phenols and aro- 
matics, and dioxins.54 Although some of the 
analytes do not form trimethylsilyl esters, all 
recoveries were enhanced in the presence of 
BSTFA relative to CO, alone or with metha- 
nol added to the sample. 

Acetic anhydride, triethylamine, and H,O 
were used to recover phenols as their acetyl 
derivatives. The extraction of chlorophenols 
from fortified and contaminated soils,55 cat- 
echols, guaiacols, vanillins, and syringols 

from ~ e d i m e n t s , ~ ~  and pentachlorophenol 
(PCP) from leather57,58 were investigated. The 
derivatization was most effective for highly 
chlorinated phenols like PCP but was ame- 
nable to di- and trichlorophenols as well. 
Using acetic anhydride and pyridine, 0-, m-, 
and p-cresol were recovered from spiked 

A variety of reagents were tested for the 
SFDE of phenoxyacid herbicides. Phen- 
oxyacids are prime candidates for this tech- 
nique because derivatization to a more vola- 
tile and less polar form (most commonly the 
methyl ester) is required prior to GC analy- 
sis. Boron t r i f l ~ o r i d e , ~ ~ ~ ~ ~  pentafluoro- 
benzylbromide (PFBBr),62 trimethylph- 
enylammonium hydroxide (TMPA),61 
tetrabutylammonium hydroxide (TB A) and 
methyl iodide,63 tetrahexylammonium hydro- 
gen sulfate and methyl iodide,@ and methyl 
iodide alone65 were all studied. Three se- 
quential extractions with more TMPA added 
were necessary for quantitative recoveries 
of 2,4-D and dicamba (3,6-dichloro-2- 
methoxybenzoic acid) when the matrix or- 
ganic content was high.61 Yields of seven 
analytes from sand, clay soil, and topsoil 
ranged from 57 to 141% using TBA and 
methyl iodide, although excess methyl io- 
dide prevented analysis by GC with electron 
capture d e t e ~ t i o n . ~ ~  2,4-D and 2,4,5- 
trichlorophenoxyacetic acid (2,4,5-T) were 
also extracted as methyl esters when methyl 
iodide and tetrahexylammonium hydrogen 
sulfate (a phase transfer reagent) were added 
to spiked diatomaceous earth, soil, urine, 
and rice.64 The phase transfer reagent was 
later found to be unnecessary. Methyl iodide 
alone recovered organic acids such as 2,4-D, 
2,4,5-T, and PCP from an anion exchange 
resin at 78 to 101% yields.65 

Transesterification with methanol in CO, 
was demonstrated. Triglycerides in soybeans 
and soybean seeds, evening primrose seeds, 
and peanuts were converted to fatty acid 
methyl esters over methanol-treated alumina 
in the presence of C0,.66 Resin and fatty 

~0i1.59~60 
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acids were extracted from sediment with the 
addition of methanol and formic acid. Re- 
coveries improved from 13% with pure CO, 
to 88 to 267% relative to Soxhlet re~u1t.s.~~ 

Ion pairing reagents were also tested. 
TMPA was utilized for the extraction of 
sulphonamides from diatomaceous earth with 
82 to 108% yields.68 Secondary alkane- 
sulfonate (SAS) and linear alkylbenzene- 
sulfonate (LAS) surfactants were recovered 
from sewage sludge as TBA ion pairs.69 Three 
consecutive extractions with more TBA 
added lead to a 2.5-fold increase in yields 
over methanol modifier alone. Finally, the 
addition of a strong cation displacer, CaC1, 
. 2H,O in methanol, yielded 87% of 2,4-D 
from soil.,, 

Strong advances were made in the ex- 
traction of some polar analytes by the use of 
SFDE. Additionally, even analytes that did 
not react with the reagents were more effi- 
ciently extracted because the reagents inter- 
acted with the adsorptive matrix sites. How- 
ever, problems encountered include the need 
for multiple extractions with more reagent 
added when the matrix organic content is 
high, ineffective reagents in the presence of 
matrix H,O or other modifiers, and excess 
reagent complicating analysis. 

2. Organometallic Analytes 

SFE was applied almost exclusively to 
the recovery of organic analytes until the last 
few years. However, organometallic com- 
pounds are frequently used in environmental 
applications. For example, uses of organotin 
compounds include agricultural and wood 
preservative fungicides, antifouling paint 
biocides, fire retardants, thermal stabilizers 
for poly(viny1 chloride), and catalysts in the 
production of silicones and polyurethane 
 foam^.^^,^^ Most of the analytical methods 
developed focus on monobutyltin (MBT), 
dibutyltin (DBT), and tributyltin (TBT) due 
to toxicity and lack of a suitable method for 

MBT analysis. The use of SFE for the recov- 
ery of organometallics is still in its early 
stages with the majority of references re- 
ported in the last three years. Examples with 
and without the addition of a complexing 
reagent during the extraction step are in- 
cluded in this section to calibrate the reader 
to the present state of the technique. 

Di- and trisubstituted tins were recov- 
ered from marine paint, potatoes, and al- 
monds using on-line SFE/SFC with 0.3% 
(v/v) formic acid in C0,.72 TBT and 
triphenyltin (TPhT) were extracted from a 
fish tissue certified reference material using 
10/90% methanoVC0,; only 44% of TBT 
and 23% of TPhT were r e ~ o v e r e d . ~ ~  The use 
of 20/80% (v/v) methanoVC0, lead to the 
82% recovery of TBT from spiked soil and 
the 70 to 75% recovery of TBT from a cer- 
tified reference sediment.73 Aqueous ethyl- 
ation with sodium tetraethylborate prior to 
solid phase extraction (SPE) of H,O samples 
and SFE of the extraction disks with pure 
CO, resulted in 55 to 115% yields of butyl-, 
phenyl-, and cyclohexyltins.21 The Sn-C,H, 
bond was thermally more stable than the Sn- 
C1 bond and lowered the analyte polarity, 
increasing the solubility in CO,. 

Although the results described above 
without the use of a reagent during the ex- 
traction were promising, in situ complex- 
ation reactions were also investigated. So- 
dium diethyldithiocarbamate (NaDDC, 
shown in Figure 6) was one reagent tested 
for ionic organotins. Recoveries of trisubsti- 
tuted species improved from 50 to 73% with 
CO, alone to 79 to 94% with NaDDC added 
prior to extraction (see Table 4).,' Recover- 
ies of dimethyltin, DBT, diphenyltin, and 
MBT increased from 521% to 11 to 93% 
with NaDDC added followed by extraction 
with CO, or 5/95% methanol/CO,. In an- 
other study, the recovery of MBT was im- 
proved to 62% using NaDDC and 10/90% 
methanoVC0, while TBT and DBT were 
quantitatively r e ~ o v e r e d . ~ ~  The authors at- 
tributed the low recovery of MBT to either 
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exhaustion of NaDDC during the extraction 
or loss of the now volatile analyte during 
collection in a small vial of solvent. The 
addition of diethylammonium diethyl- 
dithiocarbamate (DEA-DDC) followed by 
extraction with 5/95% methanoVC0, resulted 
in recoveries of <48% of monosubstituted, 7 
to 106% of disubstituted, 75 to 119% of 
trisubstituted, and 76 to 123% of tetra- 
substituted species from soils and sedi- 
m e n t ~ . ~ ~  

In situ Grignard reactions were tested 
because organotin species are relatively 
involatile and derivatization is required prior 
to GC analysis. The sample must be very dry 
to prevent deactivation of the Grignard re- 
agent. Treatment with C,H,MgCl and ex- 
traction with CO, lead to recoveries of 70% 
MBT, 92% DBT, and 102% TBT from an 
SPE disk.21 In situ Grignard hexylation fol- 
lowed by CO, extraction yielded 76 to 114% 
recoveries for di- and trisubstituted species 
but only 15 and 40% for MBT and MPhT, 
re~pectively.~~ 

The extraction of ionic alkylleads from 
sediment and urban dust was accomplished 
via methanol addition and CO, extraction 
with yields of 96% trimethyllead, 106% 
triethyllead, and 80% die th~l lead .~~ Com- 
plexation with DDC was required after ex- 
traction and before analysis. Given the fa- 
vorable results for in situ complexation of 
DDC with tin described above, the addition 
of DDC to the sample prior to extraction 
appears quite feasible for lead as well. 

Although recoveries of tri- and tetra- 
substituted organotins were consistently high 
with in situ complexation, the extraction of 
monosubstituted and some disubstituted spe- 
cies was plagued by low and sometimes 
irreproducible results. Still, the recoveries 
were promising relative to previously used 
methods. The extraction of alkylleads was 
recently reported, and SFE with or without 
in situ complexation will undoubtedly be 
extended to other organometallic species in 
the near future. 

3. Metal Analytes 

The extraction of metals by SFE was 
initially ignored due to the extremely low 
solubility of charged species in supercritical 
CO,. Interactions between the ionic analytes 
and nonpolar solvent are very weak and 
charge neutralization is required.80 Chelat- 
ing or complexing reagents are commonly 
used to recover metals from H,O. The re- 
agents are generally soluble in organic sol- 
vents but not soluble in the aqueous phase.81 
For example, NaDDC is added to precipitate 
the M-DDC complex in aqueous solution 
then the M-DDC complex is extracted into 
an organic solvent. The potential for in situ 
chelation or complexation using CO, in place 
of an organic solvent, followed by SFE of 
the neutral species was successfully investi- 
gated over the past 5 years. 

DDC forms stable complexes with over 
40 metals and nonmetals. However, M-DDC 
solubility in CO, is quite low. The substitu- 
tion of fluorine for hydrogen, producing a 
ligand such as bis(trifluoroethy1)dithio- 
carbamate (FDDC), was shown to improve 
metal-ligand (M-FDDC) solubilities by 2 to 
3 orders of magnitude.80.82 

FDDC was used for the extraction of 
Cu2+ from Celite and directly from H,O,*O 
Hg2+ from spiked filter paper,83 and Cu2+, 
Co2+, Cd2+, and Zn2+ from spiked filter pa- 
per, sand, and silica gel.84 Extraction fluids 
were CO, or 5195% methanoKO,. The ad- 
dition of H,O to the sample aided extraction 
by facilitating chelation and transport of the 
complex, and covering matrix sites reducing 
read~orption.~~ Recoveries were generally 
near 100%,83*84 although percentages of RSDs 
were sometimes high and ranged from 2 to 
70%.84 

The ligand tetrabutylammonium dibutyl- 
dithiocarbamate (DBDTC) was found to be 
more soluble than DDC. DBDTC-saturated 
CO, was used for the recovery of Zn2+, Cd2+, 
and Pb2+ from H20,85 divalent metals from 
freeze-dried and fresh bovine liver,86 and 
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Cd2+ from metallothioneins dissolved in H,O 
(although Cd2+ recovery from the solid pro- 
tein was unsuccessful).87 

Fluorinated P-diketones, such as 2,2- 
dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5- 
octanedione (FOD, shown in Figure 6), are 
commercially available and form stable com- 
plexes with trivalent species.*8 The P-dike- 
tones react with metals when the enol form 
deprotonates, coordinating the metal between 
the two oxygen atoms.81 In the liquid phase, 
selective extractions are possible by varying 
the pH. For example, T1 (111) is extracted at 
pH 2, whereas TI (I) is not recovered until 
pH 6.  In addition, many of the metal chelates 
are sufficiently volatile for GC analysis. 

The efficient extraction of lanthanides 
and actinides is of increasing importance for 
nuclear waste analysis and management. 
Uranyl ion (UO?), La3+, Eu3+, and Lu3+ were 
recovered from spiked filter paper with FOD 
and H20 added followed by extraction with 
CO, or 5/95% methan~VCO,.~~ Recoveries 
were <1% in the absence of the ligand with 
CO, extraction and 91 to 99% with FOD 
added and methanol modification. The met- 
als were also extracted at very acidic pH, 
outside of the pH range where complex- 
ation was expected with liquid solvent ex- 
traction. 

In an effort to eliminate the methanol 
modifier, tributyl phosphate (TBP) was added 
with various P-diketones to test the syner- 
gistic effect. With TBP alone in CO,, ~ 4 %  
of the lanthanides were detected from spiked 
filter paper. Recoveries of 92 to 98% were 
found in the presence of various P-diketones 
and TBP.89 Because the coordination num- 
ber of trivalent species is generally 8 to 9, 
TBP probably fills vacancies not occupied 
by the P-diketone, preventing readsorption 
to the matrix.89 La3+, Eu3+, and Lu3+ were 
recovered at 75 to 89% yields from H,O 
with the P-diketone thienyltrifluoroacetyl- 
acetone (TTA) and TBP added.89 Likewise, 
Th4+ and UO? were quantitatively recov- 
ered from filter paper, mine H,O, and soils 

using TBP andFOD or other P-diketones 
without methanol modif icat i~n.~~ Shown in 
Figure 7 ,  the extraction of UO? from Kaolin 
(Al,SiO,(OH),), however, required the use 
of 5% ethanol in CO, with FOD and TBP 
added for a 93% yield.91 In contrast, the 
effect of the P-diketone was minimal for the 
recovery of lanthanides from a 6 M HNO,, 
3 M LiNO, solution using a 30% (v/v) TBP/ 
CO, mixture.92 TBP reportedly acted as both 
a chelating agent and a solvent modifier. 
Recoveries of 85 to 92% for Sm3+, Eu3+, 
Gd3+, and Dy3+ and 44 to 72% for La3+, Ce3+, 
Lu3+, and Yb3+ were found. 

Finally, a t-butyl substituted dibenzo- 
bistriazolo-crown ether (see Figure 6 )  was 
used to selectively extract Hg2+ in the pres- 
ence of other divalent metals such as Cd2+, 
Mn2+, and Zn2+.93 The crown ether is selec- 
tive based on ionic radius-cavity size com- 
patibility. The extraction fluid was 5/95 mol 
% methanoVC0, and the presence of H,O 
again aided extraction. Recoveries of 98,95, 
and 94% from filter paper, sand, and H,O, 
respectively, were reported while <4% of 
the other divalents were extracted. However, 
Au3+ was partially extracted in the presence 
of Hg2+. 

The recovery of metals by SFE provided 
a cleaner, more selective extract that was 
desirable for quantitation by analysis meth- 
ods such as ion chromatography and GC 
with atomic emission detection. Organic 
solvent use was also substantially reduced. 
The chelating reagents commonly used for 
liquid extraction were found to work quite 
well. Numerous developments are anticipated 
in this area over the next few years. 

C. Altering the Matrix 

The extraction analytes from liquids us- 
ing supercritical CO, is difficult due to ex- 
perimental problems of sample containment 
and restrictor plugging. Because H,O and 
CO, have low solubilities in one another,94 
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FIGURE 7. Recovery of uranium (VI) ions from Kaolin using different supercritical carbon 
dioxide modifiers as follows: 1 = 5% ethanol; 2 = 5% ethanol with 0.1 0 MTBP; 3 = 0.10 M FOD; 
4 = 0.10 M FOD + 0.10 MTBP; 5 = 5% ethanol with 0.10 M FOD; 6 = 5% ethanol with 0.10 
M FOD + 0.10 M TBP. From Reference 91. With permission. 

significant time is required for analyte parti- 
tioning between the nearly immiscible 
phases. The direct SFE of analytes in H,O 
was achieved with good results, however, 
and is briefly reviewed herein. Freeze dry- 
ing a liquid sample and subsequently ex- 
tracting the residue is a rather novel ap- 
proach with some applications. A very 
promising alternative, SPE followed by 
supercritical fluid elution (SFE), is also dis- 
cussed. SPE/SFE utilizes common sorbents 
to preconcentrate the analytes before elution 
using standard SFE instrumentation. Solvent 
use is greatly reduced compared to liquid- 
liquid extraction and the time for extraction 
is lessened relative to SFE of the original 
H,O sample. As pointed out in the previous 
section, some of the derivatizinghon pairing 
reagents used for the organic analytes also 
modify the matrix by interacting with ad- 

sorptive sites and preventing readsorption of 
the analytes. 

1. Direct SFE of Liquid Matrices 

The direct SFE of a liquid sample first 
employed a phase separator for the recovery 
of phenol and 4-chlorophenol from urine.95 
Consistent with SFE of solid matrices, 
Hedrick and Taylor then modified 10 cm x 
1 cm i.d., 7 to 8 ml stainless steel vessels 
(Keystone Scientific, Bellefonte, PA and 
Suprex, Pittsburgh, PA).96-99 The vessel 
(shown in Figure 8A) was filled half full and 
positioned vertically with flow of CO, down 
from the top through an inlet tube inserted 
below the H,O surface. CO, flowed out of 
the vessel bottom via a tube inserted above 
the H,O level in the cell. A series of 6-port 
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switching valves and a recirculation pump 
were used to move supercritical CO, in a 
loop through the matrix. The CO, extract 
was then sampled and analyzed on-line or 
trapped in a liquid solvent or on a solid 
phase support for later analysis. 

Analytes that are polar, of high molecu- 
lar weight, and even very H,O soluble may 
be efficiently extracted provided that the 
analytes are also soluble in CO, and suffi- 
cient time is allowed.97 Examples of analytes 
recovered from aqueous matrices include 
diisopropyl methylphosphonate (DIMP),96,97 
triprolidine and p s e ~ d o e p h e d r i n e , ~ ~ ~ ~  six 
phenolics,99 and phenoxyacid herbicides af- 
ter the addition of 10% methanol or acetoni- 
trile as modifiers.lm Additionally, phenol was 
extracted with CO, from 6 M H,SO, into 
H,O for subsequent analysis.97 

This vessel was also used extensively 
for the extraction of metals from H,O. Due 
to the low solubility of metal ions in 
supercritical CO,, a ligand was added either 
to the extraction fluid or directly to the sample 
to form a neutral complex that was then 
readily extractable. Dithiocarbamate-based 
ligands, particularly fluorinated species, were 
utilized for divalent metals.80r85-86 Fluorinated 
P-diketones with or without TBP were used 
for lanthanides and  actinide^.^^.^^.^^ A crown 
ether was used for the selective extraction of 
Hg2+ in the presence of other divalent met- 
a l ~ . ~ ~  In all cases, ~ 1 0 %  analyte was ex- 
tracted without ligand and recoveries of 50 
to 100% were reported when in situ chela- 
tion was possible. A more detailed discus- 
sion of the chelation procedure and cited 
references were given in the previous sec- 
tion. 

Barnabas et al. later used a 50 ml, stain- 
less steel vessel design shown in Figure 8B.lo1 
An HPLC solvent filter was placed on the 
end of the CO, inlet tube that was submerged 
in the solution. CO, exited the vessel via a 
tube positioned above the H,O, effectively 
sampling the headspace. Although a consid- 
erably larger sample volume (-45 ml) could 
be used than in the Hedrick and Taylor ves- 

sel, the extraction time was greatly increased 
as well. Recoveries of the organochlorine 
pesticides (OCPs) lindane, aldrin, and dield- 
rin ranged from 40 to 75% after a 2 h extrac- 
tion.'O1 Alcohol phenol ethoxylate (APE, 
shown in Figure 9), a non-ionic surfactant, 
was removed from H,O at 60% yield in 
2 h.lo2 

The direct SFE technique suffers from 
several limitations however. First, although 
the solubility of H,O in CO, is quite low 
(-0.2 to 3 mol % at 25 to 100°C),94 any H,O 
that is transported from the vessel may con- 
tribute to restrictor plugging. This H,O also 
causes problems in the analyte collection 
step. If the analytes are collected in a few 
milliliters of nonpolar organic solvent, a two- 
phase aqueous and organic mixture may re- 
sult, and the matrix and analytes are simply 
transported from one vessel to another. H,O 
can also activate solid phase traps, lowering 
the trapping ef f i~ iency .~~ Second, the Hedrick 
and Taylor extraction vessel holds -3 to 5 
ml H,O and the Barnabas extraction vessel 
holds -45 ml solution. When trace levels of 
pollutants are present, the extraction of a 
much larger sample volume (such as 1 L) 
may be necessary in order to concentrate the 
analytes sufficiently to exceed the limit of 
detection imposed by the analysis method. 
Third, the pH of H,O in contact with CO, at 
pressures of 70 to 200 atm and temperatures 
of 25 to 70°C was recently measured at 2.80 
to 2.95.1°3 Therefore, bases are protonated 
and are much more soluble in H,O than CO,. 
If the analyte pK, is >lo, reactions with CO, 
are possible (for example, nitrogenous bases 
are converted to carbamates). Hedrick and 
Taylor found that a hydrocarbon, lipophilic 
moiety of considerable size (i.e., caffeine or 
larger) is necessary for a base to be extract- 
able in C0,.98 

2. Freeze Drying the Sample 

An interesting alternative to the direct 
SFE of a H,O sample is to freeze dry the 
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liquid and extract the residue. 104~105 This may 
be particularly attractive when analytes such 
as organophosphorus pesticides and carbam- 
ates decompose in H,O upon prolonged stor- 
age. A H,O sample spiked with atrazine and 
related herbicides was freeze dried with 0.6% 
glycine added as a stabilizer.'"'' The residue 
was then extracted with CO,. All of the 
analytes except fenitrothion were stable for 
at least 1 month, and recoveries exceeded 
those obtained by liquid-liquid extraction of 
the original sample. SFE was also applied to 
freeze-dried skim milk for the recovery of 
PCBs in Arochlor 1242. The residue was 
mixed with Florid and extracted with C0,.lo5 

3. Solid Phase Extraction/ 
Supercritical Fluid Elution (SPU 
SFE) 

SPE is a favorable method for the con- 
centration and/or purification of trace levels 
of pollutants from liquid matrices. SPE uti- 
lizes a small quantity of a support material 
coated with a chromatographic stationary 
phase and contained in a cartridge or disk. 
The analytes of interest are adsorbed while 
interferences are not retained (or in some 
cases the reverse is true). The analyses are 
then eluted with -15 to 30 ml of an appropri- 
ate solvent. A solvent concentration step 
typically follows prior to analysis. 

SPE substantially reduces the volume of 
organic solvent required compared with liq- 
uid-liquid extraction methods, but elution 
with supercritical fluids offers a further sol- 
vent reduction. Moreover, SPE/SFE reduces 
or eliminates some of the difficulties en- 
countered in the direct SFE of H,O, includ- 
ing containing the sample in the extraction 
vessel and restrictor plugging associated with 
the minimal solubility of H,O in CO,. But, 
as shown in Figure 10, drying the disk prior 
to extraction can often lead to substantial 
losses of volatile components. SPE/SFE also 
provides a preconcentration step for the 

analysis of trace levels of pollutants. Whereas 
the concentration or removal of an aqueous/ 
organic eluent after SPE is time consuming, 
the supercritical fluid eluent is easily re- 
moved from the extract because CO, goes 
off as a gas into the air. 

Octadecyl (C,,) sorbents are by far the 
most widely used SPE materials. Examples 
of SPE/SFE using C,, are the isolation of a 
drug metabolite, mebeverine alcohol (shown 
in Figure 9), from dog plasma;lo6 morphinic 
alkaloids from H,O and urine;37 PCB conge- 
ners from milk and blood serum;lo7 and ro- 
tenone (see Figure 9), a natural product pes- 
ticide used for controlling fish populations, 
from H,0.lo8 In several cases, CO, modifi- 
cation with methanol or acetonitrile was nec- 
essary for rapid and efficient elution. Recov- 
eries were generally quantitative. 

Class selective extractions based on po- 
larity were also possible. Three OCPs (lin- 
dane, aldrin, and dieldrin) and three OPPs 
(dichlorvos, diazinon, and malathion), shown 
in Figure 1 1, were selectively recovered from 
a c18 disk.'@ The disk was first eluted with 
pure CO, for the removal of OCPs then with 
CO, after the addition of methanol directly 
to the disk for elution of the OPPs. Recover- 
ies exceeded 70% for all six analytes. The 
selective extraction aided in GC analysis 
because the nitrogen phosphorus detector 
used for the OPP analysis was less respon- 
sive in the presence of chlorinated species 
such as the OCPs, which were then quanti- 
tated by electron capture detection. In a simi- 
lar study, three OCPs (heptachlor, isodrin, 
and dieldrin) were first extracted using CO, 
before six herbicides including simazine and 
diuron were then removed with 10/90% 
methanoKO,. lo The OCPs were analyzed 
by GC and the herbicides were quantitated 
by HPLC with recoveries of 85 to 100% for 
all analytes. 

C,, was also used for the SPE/SFE 
of PCBs and hexachlorocyclohexanes, l I 1  

phenols,61 PAHs,ll* OCPS,~O~J '~  nonionic 
surfactants,lo2J13 and 43 semivolatiles includ- 
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FIGURE 10. Effect of drying time on the loss of analytes (A naphthalene, 0 acenaphthylene, A anthracene, 
0 aldrin). From Reference 108. With permission. 

ing PAHs, PCBs, phthalate esters, and 
0CPs.l 14,1 l5 Recoveries of three OCPs ranged 
from 77 to 99% and were on average -20% 
higher than by direct SFE, described in the 
previous section. lol  Recoveries of the non- 
ionic surfactant, APE, improved from 60% 
directly from H,O to 100% after SPE/SFE.Io2 

Organotins were recovered at ppb levels 
from synthetic seawater after retention on a 
c18 disk and an in situ Grignard reaction.77 
Limits of detection for the three analytes 
were 6 to 16 ng/L. Similarly, organotins were 
recovered from seawater, harbor H,O, and 
river H20  after derivatization with sodium 
tetraethylborate and enrichment on a c,, disk 
with high yields.74 

Styrene-divinylbenzene (SDB) proved 
better than c18 for the extraction of phenols, 
averaging 83% recovery.l16 A c8 disk fol- 
lowed by elution with 2% methanol in CO, 
was used for the recovery of sulfometuron 

methyl and chlorsulfuron (shown in Figure 1) 
at >90%.Il7 Organic solvent use was reduced 
by 75% over liquid elution. Nitrotoluene ex- 
plosives were concentrated on a phenyl sor- 
bent and eluted with CO, or t~ luene/CO, .~~~ 
Finally, method development and evaluation 
of various SPE cartridges and disks for the 
recovery of PAHs and pesticides and phtha- 
late esters120 were previously reported. 

Advantages of SPE/SFE are numerous. 
Although pretreatment of the disk or car- 
tridge for sorbent activation cannot be 
avoided and generally consumes 10 to 20 ml 
organic/aqueous solvent, elution with CO, 
or modified CO, greatly reduces the subse- 
quent solvent usage. By choosing a sorbent 
selective for the analytes of interest, a cleaner 
extract results. The need for a solvent con- 
centration step is greatly reduced or elimi- 
nated as well. Finally, trace levels of pollut- 
ants can be concentrated from a large volume 
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of H,O to a small quantity of sorbent, reduc- 
ing the volume of CO, needed and eliminat- 
ing the problems associated with the direct 
SFE of H,O. With the advent of more SPE 
phases, class- selective extractions from liq- 
uefied samples will become even more com- 
mon. 

D. Altering the Instrumentation/ 
Experiment 

A high-pressure Soxhlet extractor typi- 
cally utilizes liquid CO, as the extraction 
fluid instead of conventional liquid solvents. 
Conversely, microwave extraction and ac- 
celerated solvent extraction use smaller quan- 
tities (generally <30 ml) of traditional liq- 
uid-solid extraction solvents at elevated 
pressures and temperatures. In these tech- 
niques, reduced liquid solvent usage and 
shorter extraction times compared with con- 
ventional techniques are clearly the goals. 
Furthermore, standardized extraction condi- 
tions were developed, minimizing the need 
for a method development step for each 
sample that is currently required in SFE. 

1. High Pressure Soxhlet Extraction 

A high-pressure Soxhlet extractor was 
first described and utilized by Jenningsl,' 
and later patented by J&W Scientific 
(Folsom, CA).122 The extractor replaces con- 
ventional liquid solvents with substances such 
as CO,, N,O, and pentane that can be lique- 
fied at temperatures of 0 to 20°C and pres- 
sures up to 102 atm. CO, is the most com- 
monly used solvent. By inserting the vessel 
in a 40 to 45°C H,O bath, CO, is vaporized 
until it hits an ice H,O cold finger above the 
extraction thimble containing the sample, 
condenses, and drips into the thimble. The 
liquid CO, collects in the thimble and even- 
tually spills over through the siphon tube to 
the boiling flask. At the conclusion of the 

extraction, the sample residue in the boiling 
flask is removed by syringe or by rinsing 
with a small quantity of solvent. 

Examples shown include the extraction 
of volatile components from bananas and 
PAHs from coal fly ash.121 Quantitative re- 
coveries of morphine from blood, caffeine 
from kola nuts, and quinine from plants were 
obtained.123 A variety of spices including 
clove, ginger, and sandalwood were extracted 
from plant materials in 2 to 2.5 h vs. 4 to 24 
h by steam distillation with comparable 
~ i e 1 d s . l ~ ~  More recently, OCPs and PCBs 
were recovered from certified potato, carrot, 
olive oil, butter, and lyophilized fish tissue 
samples,lZ5 but tributyltin was recovered from 
spiked sediment at only 21% yield.73 

Although this technique was available in 
1979, relatively few references are found in 
the literature. Organic solvent use is virtu- 
ally eliminated compared with conventional 
Soxhlet extraction. However, the instrument 
cannot be operated at a variety of tempera- 
tures, thus excluding one of the most impor- 
tant variables in SFE. 

2. Microwave Extraction 

Microwave energy was explored as a 
means of rapidly extracting analytes without 
degrading or digesting the entire sample. The 
physics of microwave energy as well as gen- 
eral applications to analytical and environ- 
mental chemistry were recently reviewed.126 
In the microwave extraction of a solid ma- 
trix, the sample is saturated with a common 
organic or organic/aqueous solvent and irra- 
diated for a short period of generally 0.5 to 
10 min. After cooling, the supernatant is 
decanted and the matrix is rinsed several 
times, The combined extract is centrifuged, 
concentrated, or purified as necessary prior 
to analysis. Solvents lacking a dipole mo- 
ment (i.e., hexane) do not efficiently absorb 
microwave energy. Therefore, at least 10% 
polar solvent is generally required. The ab- 
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sorption of energy by the solvent results in 
the disruption of weak hydrogen bonds, im- 
proved solvent penetration, and enhanced 
~olva t ion . '~~  

Environment Canada holds a patent on 
the microwave extraction technique and the 
trademark rights on a Microwave Assisted 
Process (MAPT").lz8 This process uses a 
Kenmore microwavekonvection oven and 
an energy magnetron generator. The patent 
describes the extraction of natural products 
such as garlic and mint using hexane, etha- 
nol, or methylene chloride in several heating 
stages to avoid solvent boiling. 

OCPs including endrin and dieldrin were 
extracted from spiked sediment using MAP'" 
with a 1 : 1 mixture of isooctane and acetoni- 
trile.129 Results were comparable to 6 h 
Soxhlet extractions, Other examples include 
the removal of crude fat from food products 
and OPPs (bromophos and parathion) from 
spiked soils using 30-s irradiation intervals.130 
Microwave extraction required M O O  the time 
for Soxhlet extraction, and analyte degrada- 
tion, sometimes a problem with Soxhlet, was 
avoided. The extraction of the lupin alkaloid 
sparteine and 14C labeled RGH 2981 (see 
Figure 9), a peripheral blood flow enhancer, 
and its metabolite from seeds and rat feces 
was also studied.127 Methanol/H,O mixtures 
containing acetic acid or ammonia in vary- 
ing proportions were tested. Results were 
comparable to or better than those by a shake 
flask (liquid-solid) technique. 

A CEM Model MES 1000 microwave 
system (CEM, Matthews, NC), consisting of 
a magnetron tube and sample chamber or 
oven with a turntable holding up to 12 ves- 
sels, was also developed. Extraction vessels 
are polyetherimide, lined with perfluoro- 
alkoxy or Teflon. The extraction solvent 
(-30 ml) was a 1: 1 mixture of hexane and 
acetone. Extractions were typically per- 
formed on 5 to 10-g samples at 115°C for 10 
min. PAHs, baseheutral  compounds, 
phenols, and OCPs from marine sediments 
and soils,L31J32 PCBs from clay soil, topsoil, 

and sand,133 and 187 compounds and 4 
Arochlors from topsoil134 were recovered at 
270% yields. A comparison of the recover- 
ies of phenols by microwave extraction, 
Soxhlet extraction, and sonication is given 
in Table 5.132 Six phthalate esters were ex- 
tracted from marine sediment and soil with 
recoveries of 70 to 91%,135 OCPs were de- 
tected from marine sediment at yields greater 
than or equal to those by Soxhlet extrac- 
ti01-1,'~~ and PAHs were recovered from cer- 
tified marine sediments at >73% ~ i e 1 d s . l ~ ~  
Imidazolinone herbicides were recovered 
from soil at 1 to 50 ppb levels using an 
ammonium acetate/ammonium hydroxide 
buffer at pH The average recovery 
was 92%. 

In other studies, PAHs were extracted 
from highly contaminated soils using meth- 
ylene chloride or h e x a n e / a ~ e t o n e . ~ ~ ~ J ~ ~  Yields 
were comparable to or better than 6-h Soxhlet 
extractions in methylene chloride and re- 
quired 50% less solvent. Atrazines and prin- 
cipal degradation products were recovered 
from soils at >85% by first irradiating the 
soil sample in 25 ml H20 followed by 0.35 
N HC1 in trip1i~ate.l~~ The fungal metabolite 
ergosterol and fatty acids were removed from 
a variety of agricultural products including 
mushrooms, corn, and grain dust using a 
methanol/NaOH mixture. 142 Fatty acids were 
simultaneously extracted and saponified by 
this process. PCBs and hexachlorocyclo- 
hexanes were efficiently removed from seal 
blubber and pork fat.143 Because hexane was 
used as the solvent, a microwave transformer 
was utilized to transfer energy to the sample. 

A Microdigest Model A301 microwave 
digester (Prolabo, France) was used for the 
leaching of organotin species from sediments 
using 0.5 M acetic acid in methanol.144 Re- 
coveries of MBT, DBT, and TBT from two 
reference materials were better than the cer- 
tified values. When the reference materials 
were leached at a comparable temperature in 
the absence of a microwave field, -50% of 
DBT and TBT and <lo% of MBT were 
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found, validating the need for the micro- 
wave energy. Butyl- and phenyltins were 
also leached from certified sediments using 
0.5 M ethanoic acid in methanol with recov- 
eries exceeding the certified ~ a 1 u e s . l ~ ~  

Recently, microwave energy was used 
for the direct extraction of H,O samples. 
MAP” was applied to the headspace analy- 
sis of volatiles such as benzene, toluene, 
ethylbenzene, chlorobenzene, xylenes, and 
dichlorobenzenes at ppb to ppm levels. 146 

The vapor above the H20  was sampled using 
a standard headspace sampler. PCBs were 
extracted from 500 ml H,O containing 10 g 
NaCl and 50 ml isooctane at -70°C.147 Isooc- 
tane was chosen as a cosolvent due to its 
near immiscibility with H20  and because it 
readily dissolves PCBs. The addition of NaCl 
caused “salting out” but also aided in uni- 
form heat transfer within the vessel. The 
organic phase was then analyzed with recov- 
eries of 68 to 85%. Finally, chlorinated ben- 
zenes at ppt levels were removed from 1 L 
H20 with NaCl added.148 After heating, he- 
lium was used to purge the analytes from the 
vessel into a small vial of hexane. 

Advantages noted in the above refer- 
ences include shorter extraction times and 
minimal solvent usage relative to Soxhlet or 
sonication, the ability to extract multiple 
samples at once, portability and potential for 
use in the field, and trace analysis of even 
somewhat polar analytes in H20. A com- 
parison of techniques is further summarized 
in Table 6.140 Disadvantages include degra- 
dation of some thermally labile components 
and lack of selectivity in the extraction such 
that a clean-up step is frequently necessary 
prior to analysis. 

3. Accelerated Solvent Extraction 

Accelerated solvent extraction (ASE’”) 
was introduced by Dionex Corporation 
(Sunnyvale, CA) in 1994. ASE’”, shown 
schematically in Figure 12, uses the solvents 

traditionally used for liquid-solid extraction 
techniques at elevated pressures (102 to 136 
atm) and temperatures (50 to 200°C) for 
solid and semisolid samples. 149-151 The tech- 
nique capitalizes on improved analyte solu- 
bilities and kinetics of analyte desorption 
from the matrix at temperatures above the 
boiling points of the solvents. The sample in 
a stainless steel vessel is saturated with sol- 
vent and heated. The most frequently uti- 
lized conditions are a 1 : 1 mixture of hexane 
and acetone at 136 atm and 100°C. During a 
5 to 10 min static extraction period, the 
heated, expanding solvent is vented to a 
collection vial. Fresh solvent is introduced 
at the end of the static step prior to a com- 
pressed nitrogen purge to flush the extrac- 
tion cell. A 10-g sample requires -12 min 
and -15 ml solvent for extraction. 

Extracted analytes include OPPs and 
phenoxyacids from clay, loam, and sand, 149 

PAHs from marine sediment151 and contami- 
nated 56 basic, neutral, and acidic 
compounds from soils,15o and PCBs from 
sewage sludge and oyster tissue.151 Recover- 
ies in all cases were comparable to or better 
than the certified values of those obtained by 
conventional methods, and no matrix depen- 
dence in the overall extraction yields was 
observed. 

The same methodology was applied to 
the extraction of 16 PAHs from lignite and 
bituminous coal fly ashes using standard SFE 
equipment.43 Extractions with methylene 
chloride at 136 atm and 150°C yielded >70% 
recoveries of midmolecular weight PAHs. 
High molecular weight PAHs were recov- 
ered at >62% and low molecular weight 
PAHs were recovered at yields less than or 
equal to Soxhlet extraction. 

Advantages of ASE‘” over conventional 
techniques include avoidance of localized 
heating and numerous washes with sonica- 
tion, and greatly decreased time and solvent 
consumption over Soxhlet and wrist shake. 
A potential disadvantage is that the extrac- 
tions tend to be exhaustive, leading to non- 
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FIGURE 12. Schematic of accelerated solvent extraction (ASE) system. From Reference 151. With permis- 
sion. 

selective extracts requiring additional clean- 
UP.  

111. CONCLUSIONS 

Supercritical fluid extraction and tradi- 
tional liquid extraction methods represent 
opposite ends of the spectrum, with advan- 
tages and shortcomings recognized for both 
techniques. Neither is ideal for all analytes 
from all matrices. The alternative approaches 
that developed predominantly over the past 
5 years to bridge the gap between SFE and 
liquid extraction were discussed in this re- 
view. Some of the most promising alterna- 
tives appear to be the use of subcritical H,O 
at a variety of temperatures for polarity-se- 
lective extractions, enhanced-fluidity liquids 
for intermediate strength extraction of polar 
analytes, microwave extraction, and acceler- 
ated solvent extraction for aggressive ex- 
traction of polar analytes. In addition, in situ 
complexation or chelation is useful for the 
extraction of organometallics and metal ions 
that are not ordinarily soluble in CO,, and 

SPE followed by SFE is viable for aqueous 
samples.. All of the methods described focus 
on reduced solvent usage and shorter extrac- 
tion times. Some methods, such as in situ 
chelation and high-temperature SFE, are po- 
tentially analyte selective, whereas others, 
including enhanced-fluidity liquid extraction, 
microwave extraction, and ASE may require 
further cleanup prior to analysis. Because a 
single technique that is universal for all 
samples is still not available, alternatives 
will continue to develop to meet the needs 
for sensitive, precise, and environmentally 
sound extraction methods. 

ACKNOWLEDGMENT 

The authors would like to thank the U.S. 
Environmental Protection Agency for pro- 
viding financial support for the production 
of this review. Although some of the re- 
search described in this article was funded 
by the U.S. EPA, it has not been subjected to 
Agency review and therefore does not nec- 

95 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
7
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



essarily reflect the views of the Agency and 
no official endorsements should be inferred. 

19. Hawthorne, S. B.; Langenfeld, J. J.; Miller, 
D. J.; Burford, M. D. Anal. Chem. 1992,64, 
1614. 

20. Alexandrou, N.; Lawrence, M. J.; Pawliszyn, 
REFERENCES J. Anal. Chem. 1992,64, 30 1 .  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

Burford, M. D.; Hawthorne, S. B.; Miller, 
D. J.; Braggins, T. J.  Chromatogr. 1992,609, 
321. 
Wright, B. W.; Wright, C. W.; Gale, R. W.; 
Smith, R. D. Anal. Chem. 1987,59, 38. 

Ashraf-Khorassani, M.; Houck, R. K.; Levy, 
J. M. J. Chromtogr. Sci. 1992, 30, 361. 
Langenfeld, J. J.; Burford, M. D.; Hawthorne, 
S. B.; Miller, D. J. J.  Chromatogr. 1992,594, 
297. 
Reindl, S.; Hofler, F. Anal. Chem. 1994,66, 
1808. 
Yang, Y.; Hawthorne, S. B.; Miller, D. J. J.  
Chromatogr. A 1995,699, 265. 

Porter, N. L.; Rynaski, A. F.; Campbell, E. R.; 
Saunders, M.; Richter, B. E.; Swanson, J. T.; 
Nielsen, R. B.; Murphy, B. J. J.  Chromatogr. 
Sci. 1992, 30, 367. 

Meyer, A.; Kleibohmer, W. J. Chromatogr. A 
1993,657, 327. 
Howard, A. L.; Taylor, L. T. J.  High Resolut. 
Chromatogr. 1993, 16, 39. 
Bowadt, S.; Johansson, B.; Pelusio, F.; Larsen, 
B. R.; Rovida, C. J.  Chromatogr. A 1994, 
662, 424. 
Mulcahey, L. J.; Hedrick, J. L.; Taylor, L. T. 
Anal. Chem. 1991,63,2225. 

Mulcahey, L. J.; Taylor, L. T. Anal. Chem. 
1992,64, 2352. 
Weast, R. C. CRC Press Handbook of Chem- 
istry and Physics, 68th Ed.; CRC Press: Boca 
Raton, FL, 1987. 
Bowadt, S.; Hawthorne, S. B. J.  Chromatogr. 
A 1995, 703, 549. 
Phillips, J. H.; Robey, R. J. J.  Chromatogr. 
1989,465, 177. 
Deye, J.  F.; Berger, T. A.; Anderson, A. G. 
Anal. Chem. 1990,62, 615. 
Onuska, F. I.; Terry, K. A. J. High Resolut. 
Chromatogr. 1989, 12, 3 57. 
Hawthorne, S. B.; Miller, D. J.; Langenfeld, 
J. J. J. Chromatogr. Sci. 1990, 28, 2. 

21. Ashraf-Khorassani, M.; Taylor, L. T.; 
Zirnmerman, P. Anal. Chem. 1990, 62, 
1177. 

22. Levy, J. M.; Storozynsky, E.; Ravey, R. M. J.  ' High Resolut. Chromatogr. 1991, 14, 661. 

23. Onuska, F. I.; Terry, K. A. J.  High Resolut. 
Chromatogr. 1991, 14, 829. 

24. Alexandrou, N.; Miao, Z.; Colquhoun, M.; 
Pawliszyn, J.; Jennison, C. J.  Chromatogr. 
Sci. 1992, 30, 351. 

25. Sauvage, E.; Rocca, J.-L.; Toussaint, G. J. 
High Resolut. Chromatogr. 1993, 16, 234. 

26. Li, S. F. Y.; Ong, C. P.; Lee, M. L.; Lee, 
H. K. J. Chromatogr. 1990,515, 515. 

27. Paschke, T.; Hawthorne, S .  B.; Miller, D. J.; 
Wenclawaik, B. J.  Chromatogr. 1992, 609, 
333. 

28. Howard, A. L.; Yoo, W. J.; Taylor, L. T.; 
Schweighardt, F. K.; Emery, A. P.; Chesler, 
S. N.; MacCrehan, W. A. J. Chromatogr. Sci. 
1993, 31, 401. 

29. Hillrnann, R.; Bachrnann, K. J. Chromatogr. 
A 1995,695, 149. 

30. Capriel, P.; Haisch, A.; Khan, S. U. J. Agric. 
Food Chem. 1986,34, 70. 

31. Hawthorne, S. B.; Yang, Y.; Miller, D. J.  
Anal. Chem. 1994,66, 2912. 

32. Yang, Y.; Bowadt, S.; Hawthorne, S. B.; 
Miller, D. J. Anal. Chem. 1995, 67, 4571. 

33. Meyer, C. A.; McClintock, R. B.; Silvestri, 
G. J.; Spencer, Jr., R. C.; ASME Steam Tables, 
6th Ed.; Amer. SOC. Mech. Engineer: New 
York, 1993. 

34. Cui, Yi; Ph.D. dissertation, The Ohio State 
University, 1992. 

35. Abad, J.; M.S. thesis, The Ohio State Univer- 
sity, 1993. 

36. Janicot, J. L.; Caude, M.; Rosset, R.; Veuthey, 
J. L. J.  Chromatogr. 1990, 505, 247. 

37. Edder, P.; Veuthey, J. L.; Kohler, M.; Staub, 
C.; Haerdi, W. Chromatographia 1994, 38, 
35. 

96 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
7
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



38. Reighard, T. S.; Olesik, S .  V. J. Chromatogr. 
A 1996, 737, 233. 

39. Reighard, T. S.; Olesik, S .  V., Anal. Chem. 
1996, 68, xxx. 

40. Yuan, H.; Olesik, S .  V., J.  Chromatogr. A, 
accepted for publication, 1996. 

41. Reighard, T. S.; Olesik, S. V., submitted to 
Anal. Chem., 1996. 

42. Monserrate, M.; Olesik, S .  V., J. Chromatogr. 
Sci, accepted for publication, 1996. 

43. Kenny, D. V.; Olesik, S. V., submitted to J. 
Chromatogr. Sci., 1996. 

44. Yang, Y.; Gharaibeh, A.; Hawthorne, S. B.; 
Miller, D. J. Anal. Chem. 1995,67, 641. 

45. Miao, Z.; Zhang, Z.; Pawliszyn, J. J. Microcol. 
Sep. 1994,6, 459. 

46. Hawthorne, S. B.; Miller, D. J. Anal. Chem. 
1994,66, 4005. 

47. Furton, K. G.; Huang, C.-W.; Jaffi, R.; Sicre, 
M. A. J.  High Resolut. Chromatogr. 1994, 
17, 679. 

48. Langenfeld, J. J.; Hawthorne, S. B.; Miller, 
D. J.; Pawliszyn, J. Anal. Chem. 1995, 67, 
1727. 

49. Langenfeld, J. J.; Hawthorne, S. B.; Miller, 
D. J.; Pawliszyn, J. Anal. Chem. 1993, 65, 
338. 

50. Hills, J. W.; Hill, H. H., Jr.; Maeda, T. Anal. 
Chem. 1991,63, 2152. 

51. Hills, J. W.; Hill, H. H., Jr. J. Chromatogr. 
Sci. 1993, 31, 6. 

52. Rochelle, E. A.; Harsh, J. B.; Hill, H. H., Jr. 
Talanta 1993, 40, 147. 

53. Grant, D. W. Capillary Gas Chromatogra- 
phy; John Wiley & Sons: New York, 
1996. 

54. Hills, J. W.; Hill, H. H., Jr.; Hansen, D. R.; 
Metcalf, S. G. J. Chromatogr. A 1994, 679, 
3 19. 

55. Lee, H.-B.; Peart, T. E.; Hong-You, R. L. J.  
Chromatogr. 1992, 605, 109. 

56. Lee, H.-B.; Peart, T. E.; Hong-You, R. L. J .  
Chromatogr. 1993,636, 263. 

57. Meyer, A.; Kleibohmer, W. J. Chromatogr. A 
1995, 718, 131. 

58. Meyer, A.; Kleibohmer, W. J. High Resolut. 
Chromatogr. 1996, 19, 267. 

59. Llompart, M. P.; Lorenzo, R. A.; Cela, R. J. 

60. Llompart, M. P.; Lorenzo, R. A,; Cela, R. J. 
Chromatogr. Sci. 1996, 34, 43. 

61. Hawthorne, S. B.; Miller, D. J.; Nivens, D. 
E.; White, D. C. Anal. Chem. 1992,64, 405. 

62. Hillmann, R.; Bachmann, K. J. High Resolut. 
Chromatogr. 1994, 17, 350. 

63. Lopez-Avila, V.; Dodhiwala, N. S.; Beckert, 
W. F. J. Agric. Food Chem. 1993,41, 2038. 

64. Craft, M. Y.; Murby, E. J.; Wells, R. J. Anal. 

Microcol. Sep. 1996, 8, 163. 

Chem. 1994,66, 4459. 

65. Chatfield, S. N.; Craft, M. Y.; Dang, T.; 
Murby, E. J.; Yu, G. Y. F.; Wells, R. J. Anal. 
Chem. 1995,67, 945. 

66. King, J. W.; France, J. E.; Snyder, J. M. 
Fresenius J. Anal. Chem. 1992,344, 474. 

67. Lee, H.-B.; Peart, T. E. J. Chromatogr. 1992, 
594, 309. 

68. Tena, M. T.; Luque de Castro, M. D.; 
Valckcel, M. Chromatographia 1995, 40, 
197. 

69. Field, J. A.; Miller, D. J.; Field, T. M.; 
Hawthorne, S. B.; Giger, W. Anal. Chem. 
1992,64, 3 16 1. 

70. Liu, Y.; Lopez-Ada,  V.; Alcaraz, M.; 
Beckert, W. F. Anal. Chem. 1994,66, 3788. 

71. Kumar, U. T.; Vela, N. P.; Dorsey, J. G.; 
Caruso, J. A. J.  Chromatogr. A 1993, 655, 
340. 

72. Oudsema, J. W.; Poole, C. F. Fresenius J .  
Anal. Chem. 1992,344, 426. 

73. Dachs, J.; Alzaga, R.;  Bayona, J. M.; 
Quevauviller, P. Anal. Chim. Acta 1994,286, 
3 19. 

74. Cai, Y.; Bayona, J. M. J. Chromatogr. Sci. 
1995, 33, 89. 

75. Liu, Y.; Lopez-Avila, V.; Alcaraz, M.; 
Beckert, W. F. J.  High Resolut, Chromatogr. 
1993, 16, 106. 

76. Chau, Y. K.; Yang, F.; Brown, M. Anal. Chim. 
Acta 1995, 304, 85. 

77. Alzaga, R.; Bayona, J. M. J. Chromatogr. A 
1993, 655, 5 1 .  

97 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
7
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



78. Cai, Y.; Alzaga, R.; Bayona, J. M. Anal. Chem. 

79. Johansson, M.; Berglof, T.; Baxter, D. C.; 

1994,66, 1 16 1. 

Frech, W. Analyst 1995, 120, 755. 

80. Laintz, K. E.; Wai, C. M.; Yonker, C. R.; 
Smith, R. D. Anal. Chem. 1992,64, 2875. 

81. Cheng, K. L.; Ueno, K.; Imamura, T. CRC 
Handbook of Organic Analytical Reagents; 
CRC Press: Boca Raton, FL, 1982. 

82. Laintz, K. E.; Wai, C. M.; Yonker, C. R.; 
Smith, R. D. J. Supercritical Fluids 1991,4, 
194. 

83. Wai, C. M.; Lin, Y.; Brauer, R.; Wang, S.; 
Beckert, W. F. Talanta 1993,40, 1325. 

84. Liu, Y.; Lopez-Avila, V.; Alcaraz, M.; 
Beckert, W. F.; Heithmar, E. M. J. Chroma- 
togr. Sci. 1993, 31, 310. 

85. Wang, J.; Marshall, W. D. Anal. Chem. 1994, 

86. Wang, J.; Marshall, W. D. Anal. Chem. 1994, 

87. Wang, J.; Marshall, W. D. Analyst 1995,120, 

66,1658. 

66, 3900. 

623. 

88. Lin, Y.; Brauer, R. D.; Laintz, K. E.; Wai, 
C. M. Anal. Chem. 1993,65, 2549. 

89. Lin, Y.; Wai, C. M. Anal. Chem. 1994, 66, 
1971. 

90. Lin, Y.; Wai, C. M.; Jean, F. M.; Brauer, 
R. D. Environ. Sci. Technol. 1994,28, 1190. 

91. Furton, K. G.; Chen, L.; Jaffd, R. Anal. Chim. 
Acta 1995, 304, 203. 

92. Laintz, K. E.; Tachikawa, E. Anal. Chem. 
1994,66, 2190. 

93. Wang, S.; Elshani, S.; Wai, C. M. Anal. Chem. 

94. Page, S. H.; Sumpter, S. R.; Lee, M. L. J. 
MicrocoL Sep. 1992,4, 91. 

95. Thiebaut, D.; Chervet, J.-P.; Vannort, R. W.; 
De Jong, G. J.; Brinkman, U. A. Th.; Frei, 
R. W. J.  Chromatogr. 1989, 477, 151. 

96. Hedrick, J. L.; Taylor, L. T. Anal. Chem. 
1989,61, 1986. 

97. Hedrick, J. L.; Taylor, L. T. J.  High Resolut. 
Chromatogr. 1990, 13, 312. 

1995, 67, 919. 

98. Hedrick, J. L.; Taylor, L. T. J. High Resolut. 

99. Hedrick, J. L.; Mulcahey, L. J.; Taylor, L. T. 
ACS Symposium Series 488. - Supercritical 
Fluid Technology; Bright, F. V., McNally, 
M. E. P., Eds.; American Chemical Society: 
Washington, D. C., 1992, pp. 206-220. 

100. Daneshfar, A.; Barzegar, M.; Ashraf- 
Khorassani, M.; Levy, J. M. J. High Resolut. 
Chromatogr. 1995, 18, 446. 

101. Barnabas, I. J.; Dean, J. R.; Hitchen, S. M.; 
Owen, S. P. J. Chromatogr. A 1994, 665, 
307. 

102. Kane, M.; Dean, J. R.; Hitchen, S. M.; Dowle, 
C. J.; Tranter, R. L. Analyst 1995,120, 355. 

103. Toews, K. L.; Shroll, R. M.; Wai, C. M.; 
Smart, N. G. Anal. Chem. 1995,67, 4040. 

104. Alzaga, R.; Durand, G.; Barcelb, D.; Bayona, 
J. M. Chromatographia 1994,38, 502. 

105. Mills, A. G.; Jefferies, T. M. J.  Chromatogr. 
1993,643, 409. 

106. Liu, H.; Cooper, L. M.; Raynie, D. E.; 
Pinkston, J. D.; Wehmeyer, K. R. Anal. Chem. 
1992,64, 802. 

107. Johansen, H. R.; Thorstensen, C.; Greibrokk, 
T.; Becher, G. J.  High Resolut. Chromatogr. 
1993, 16, 148. 

108. Ho, J. S.; Budde, W. L. Anal. Chem. 1994, 
66, 3716. 

109. Barnabas, I. J.; Dean, J. R.; Hitchen, S. M.; 
Owen, S. P. Anal. Chim. Acta 1994,291,261. 

110. Barnabas, I. J.; Dean, J. R.; Hitchen, S. M.; 
Owen, S. P. J. Chromatogr. Sci. 1994, 32, 
547. 

Chromatogr. 1992, IS ,  15 I. 

1 1 1. Ong, V. S.; Hites, R. A. Environ. Sci. Technol. 
1995,29, 1259. 

112. Ho, J. S.; Tang, P. H. J.  Chromatogr. Sci. 
1992, 30, 344. 

113. Kane, M.; Dean, J. R.; Hitchen, S. M.; Dowle, 
C. J.; Tranter, R. L. Anal. Proceedings 1993, 
30, 399. 

114. Ho, J. S.; Tang, P. H.; Eichelberger, J. W.; 
Budde, W. L. J. Chromatogr. Sci. 1995,33, 1. 

115. Tang, P. H.; Ho, J. S.; Eichelberger, J. W. J.  
Assoc. OffAnal. Chem. Int. 1993, 76, 72. 

98 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
7
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



116. 

117. 

118. 

119. 

120. 

121. 

122. 

123. 

124. 

125. 

126. 

127. 

128. 

129. 

130. 

131. 

132. 

133. 

134. 

Tang, P. H.; Ho, J. S. J.  High Resolut. 
Chromatogr. 1994, 17, 509. 
Howard, A. L.; Taylor, L. T. J.  Chromatogr. 
Sci. 1992, 30, 374. 
Slack, G. C.; McNair, H. M.; Hawthorne, 
S. B.; Miller, D. J. J. High Resolut. Chroma- 
togr. 1993, 16, 473. 
Messer, D. C.; Taylor, L. T. J. Chromatogr. 
Sci. 1995,33, 290. 
Ezzell, J. L.; Richter, B. E. J. MicrocoL Sep. 
1992, 4, 319. 
Jennings, W. G. J.  High Resolut. Chromatogr. 
1979, 2, 221. 
J&W Scientific Products Catalog & Refer- 
ence Guide, Folsom, CA, 1992-93, pp. 218- 
219. 
Ndiomu, D. P.; Simpson, C. F. Anal. Chim. 
Acta 1988, 213, 237. 
Naik, S. N.; Lentz, H.; Maheshwari, R. C. 
Fluid Phase Equilibria 1989,49, 115. 
Bernal, J. L.; del Nozal, M. J.; Jimtnez, J. J. 
Chromatographia 1992, 34, 468. 
Zlotorzynski, A. Critical Reviews in Anal. 
Chem. 1995,25, 43. 
Ganzler, K.; Szinai, I.; Salg6, A. J. Chroma- 
togr. 1990,520, 257. 
U. S. Patent 5,002,784, J. R. J. Par6 et al., 
1991, Environment Canada. 
Onuska, F. I.; Terry, K. A. Chromatographia 
1993, 36, 191. 
Ganzler, K.; Salg6, A.; Valk6, K. J. Chroma- 
togr. 1986,371, 299. 
Lopez-Avila, V.; Young, R.; Beckert, W. F. 
Anal. Chem. 1994, 66,1097. 
Lopez-Avila, V.; Young, R.; Kim, R.; Beckert, 
W. F. J. Chromatogr. Sci. 1995, 33, 481. 
Lopez-Avila, V.; Benedicto, J.; Charan, C.; 
Young, R.; Beckert, W. F. Environ. Sci. 
TechnoL 1995,29, 2709. 
Lopez-Avila, V.; Young, R.; Benedicto, J.; 
Ho, P.; Kim, R.; Beckert, W. F. Anal. Chem. 
1995,67, 2096. 

135. Chee, K. K.; Wong, M. K.; Lee, H. K. 

136. Chee, K. K.; Wong, M. K.; Lee, H. K. J. 

137. Chee, K. K.; Wong, M. K.; Lee, H. K. J. 
Chromatogr. A 1996, 723, 259. 

138. Stout, S. J.; daCunha, A. R.; Allardice, D. G. 
Anal. Chem. 1996,68, 653. 

139. Barnabas, I. J.; Dean, J. R.; Fowlis, I. A.; 
Owen, S. P. Analyst 1995, 120, 1897. 

140. Dean, J. R.; Barnabas, I. J.; Fowlis, I. A. 
Anal. Proceedings 1995,32, 305. 

141. Steinheimer, T. R. J.  Agric. Food Chem. 1993, 
41, 588. 

Chromatographia 1996, 42, 378. 

Chromatogr. A 1996, 736, 21 1. 

142. Young, J. C. J. Agric. Food Chem. 1995,43, 

143. Hummert, K.; Vetter, W.; Luckas, B. 
Chromatographia 1996,42, 300. 

144. Donard, 0. F. X.; Lalike, B.; Martin, F.; 
Lobinski, R. Anal. Chem. 1995,67, 4250. 

145. L a k e ,  B.; Szpunaf, J.; Budzinski, H.; 
Ganigues, P.; Donard, 0. F. X. Analyst 1995, 
120, 2665. 

146. Part, J. R. J.; BClanger, J. M. R.; Li, K.; 
Stafford, S. S. J. Microcol. Sep. 1995, 7, 37. 

147. Onuska, F. I.; Terry, K. A. J. High Resolut. 
Chromatogr. 1995, 18, 417. 

148. Onuska, F. I.; Terry, K. A. J. Microcol. Sep. 
1995, 7, 319. 

149. Ezzell, J. L.; Richter, B. E.; Felix, W. D.; 
Black, S. R.; Meikle, J. E. LC-GC 1995, 13, 
390. 

150. Richter, B. E.; Ezzell, J. L.; Felix, W. D.; 
Roberts, K. A.; Later, D. W. Am. Lab. 1995, 
27, 24. 

151. Richter, B. E.; Jones, B. A.; Ezzell, J. L.; 
Porter, N. L.; Avdalovic, N.; Pohl, C .  Anal. 
Chem. 1996,68, 1033. 

191. 

2904. 

152. Dean, J. R. Anal. Communications 1996,33, 

99 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
7
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1


