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Evaluation of SFE-CO 2 and Methanol-C02 Mixtures for 
the Extraction of Polynuclear Aromatic Hydrocarbons 
from House Dust 

Abstract 

The extraction of native polynuclear aromatic hydrocarbons (PAHs) 
from house dust is studied using supercritical fluid extraction 
(SFE-CO 2 ) ; direct modified SFE; and mixtures of 10, 20, 30, and 40 
mole percent methanol in C O 2 . The temperatures studied are 50, 
75, and 100°C. For the direct modified SFE experiments, the effect 
of adding 100 and 200 L of methanol and 100 μL of water directly 
to the sample at 75 and 100°C is studied. The properties of the 
PAHs and of the dust matrix are used to explain the patterns 
observed in the recovery yields. The increase in the solvent 
strength of the methanol-CO 2 mixtures greatly increases the 
recoveries and decreases the total extraction time. Also, an 
increase in the extraction temperature positively affects the yields. 
The direct modified SFE and S F E - C O 2 experiments give similar 
extraction yields, and the extractions with the binary mixtures give 
optimum results. 

Introduction 

Supercritical fluid extraction (SFE) (1-3) has become the 
preferred choice for the extraction of environmental pollu
tants, superceding techniques like Soxhlet or sonication, which 
require longer extraction times and extreme extraction condi
tions (4). A common extraction fluid used in SFE is CO 2 . C O 2 is 
a preferred extraction solvent because it is easily vented to 
atmosphere, it is nontoxic, and it solvates nonpolar to moder
ately polar compounds (1,5-7). The extraction of "real world" 
samples is controlled by numerous factors, among them the 
matrix-analyte attraction, the diffusion through an adsorbed 
water or organic layer, and analyte solubility (8). These pro
cesses often limit the yields in the extractions by SFE-CO 2 . The 
matrix-analyte attraction can be minimized by using a high-
solvent-strength extraction fluid. The diffusion through an 
adsorbed layer of water occurs in the extraction of most envi
ronmental matrices and will depend on the solubility of the 
water in the extraction fluid and the moisture and organic con-
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tent of the matrix. To increase the solvent power of the fluid and 
increase the solubility of the water in the fluid, 5-10% (wt/wt) 
of organic modifiers is often added to the C O 2 (i.e., methanol) 
(1,2,7). This addition can be performed from a modifier pump 
or a premix CO2-methanol cylinder or by adding the modifier 
to the sample matrix. However, the extraction of polar and 
high molecular weight compounds remains problematic (1,2,7). 

Binary methanol-CO2 mixtures with higher proportions of 
methanol have been used as an alternative to SFE and modified 
SFE (8-10). As much as 60% (wt/wt) liquid CO 2 could be added 
to methanol at room temperature before noticeable changes in 
solvent strength occurred (8). However, when more than 40% 
methanol is added to the C O 2 , the viscosity of the mixture 
increases substantially, which makes CO2-methanol mixtures 
with more than 40% methanol unattractive for extraction 
purposes. 

House dust is a very difficult matrix for target analyses 
because of the heterogeneity of the compounds it contains 
(11). The major source of pesticides and polynuclear aromatic 
hydrocarbons (PAHs) in house dust is brought in on shoes from 
outdoors (11). 

The work described here studies the optimization of the 
extraction of native PAHs from house dust. PAHs are found 
almost everywhere, and some are very strong carcinogens (12). 
Pollutants, such as PAHs, adsorbed onto house dust are more of 
a concern to the welfare of children than adults. Small children 
spend a considerable amount of time on household floors. It is 
also estimated that they ingest 2.5 times more soil and dust 
around the home than adults, whereas their body weight is 
only about 25% that of an adult (13). Therefore, reasonable 
exposure levels in house dust for children and adults may be 
significantly different. 

Extraction and analysis of PAHs from environmental 
matrices using SFE-CO 2 , direct modified SFE (1-10% [wt/wt] 
methanol addition on top of the sample), and modified SFE 
(1-10% [v/v] of methanol added to the CO 2) have been widely 
used for the extraction of PAHs from urban dust and soils with 
varying results (1,2,14,15). 

In this study, SFE, direct modified SFE, and extractions with 
binary liquid mixtures were compared in the extractions of 
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PAHs from house dust. Variables studied include temperature, 
composition of the extraction fluid, identity of the modifier 
(for direct modified SFE, methanol versus water), and volume 
of the static modifier added. Soxhlet extractions were per
formed and used for comparison purposes. 

Experimental 

Materials 
A PAH standard (2000 μg/mL each) solution containing the 

16 PAHs on the U.S. Environmental Protection Agency pri
ority pollutant list (16) was obtained from Supelco (Bellefonte, 
PA). Table I summarizes the physical properties of these PAHs 
of interest. Carbazole (surrogate, 98%) and p-terphenyl (in
ternal standard, 99.5%) were purchased from Aldrich Chemical 
(Milwaukee, WI). Reagent-grade sea sand was obtained from 
Jenneile Chemical (Cincinnati, OH). 

Solvents used include methylene chloride (Optima, 99.9%) 
(Fisher Scientific, Fairlawn, NJ), acetone (99.9%) (Mallinckrodt, 
Paris, KY), and methanol (100%) (J.T. Baker, Phillipsburg, NJ). 
SFE-SFC-grade C O 2 (> 99.99%) was purchased from Air Prod
ucts (Allentown, PA). Amber vials (2.0 mL) were purchased 
from National Scientific (Lawrenceville, GA) and amber col
lection vials (4.0 drams) were purchased from VWR Scientific 
(Bridgeport, NJ). Amber glassware was used throughout to pro
tect the compounds from exposure to light. 

House dust was collected from the entrance mats in chemistry 
buildings and from a dormitory at Ohio State University using 
a high-volume small surface sampler (HVS3, Cascade Stack 
Sampling Systems, Bend, OR) (17). This device is a modified res
idential vacuum cleaner with a filter that divides the particles 
into fractions of those with diameters greater than 5 μm and 
those with diameters less than 5 μm (17). The particles smaller 

than 5 μm were collected in a regular vacuum cleaner bag that 
was discarded. The particles larger than 5 μm were collected in 
a removable polyethylene bottle and used for this project. 

The total organic content was 31 ± 1 wt% and 48 ± 3 wt% for 
the chemistry building dust and the dormitory dust, respec
tively, as determined by thermal gravimetric analysis (TGA) 
(9,18,19). 

In addition, the water content was determined by volumetric 
Karl-Fisher titrations. The result for the chemistry building 
dust was 3.5 ± 0.2% (relative standard deviation [RSD] = 5%, 3 
replicates), and the result for the dormitory dust was 3.0 ± 
0.1% (RSD = 3%, 3 replicates). High levels of organic matter 
and significant levels of adsorbed water often cause strong 
retention of organic compounds (20). By comparison, both 
types of collected dust would be expected to be very retentive 
matrices. Also, the dust collected from the dormitory was 
expected to be more retentive than the dust collected from the 
chemistry building because of the higher levels of organic 
material. 

Soxhlet extractions 
Soxhlet extractions for both types of collected dust were per

formed using a micro-Soxhlet instrument (Ace Glass, Vineland, 
NJ). Dust (1.0 g) was weighed and placed in a pure cellulose 
thimble (10 χ 50 mm, National Scientific). Fractions were col
lected after 2,4,8, and 24 h. Methylene chloride (15 mL) was 
selected as the extraction-collection solvent, and the carbazole 
surrogate (10 μg) was added to account for sample loss. After 
the fractions were collected, they were concentrated down to 
0.1 mL with a low stream of N 2 ,8 μg of internal standard (p-ter-
phenyl) was added, and the solution was diluted to 1 mL with 
methylene chloride. These solutions were transferred via pipette 
to autosampler amber vials, and the samples were analyzed 
using gas chromatography-mass spectrometry (GC-MS). Four 

Table I. Properties of the PAHs Used for Analysis (26,27)* 

Identifying Soxhlet Soxhlet 
Boiling Molecular fragmentation recovery 1 recovery 2 

Compound point (°C) weight Formula pattern (μg/g) (μg/g) 

Naphthalene 218 128.17 C10H8 
128,127,129 0.3 (9) 0.3 (1) 

Acenaphthylene 280 152.20 C 1 2 H 8 152,151,153 0.3 (28) 1.0 (1) 
Acenaphthene 279 154.21 C 1 2 H 1 0 154,153,152 0.6(17) 0.6 (1) 
Fluorene 295 166.22 C 1 3 H 1 0 

166,165,167 0.9 (17) 0.8 (1) 
Phenanthrene 340 178.23 C 1 4 H 1 0 178,152,179 20.0(13) 8.5 (2) 
Anthracene 342 178.23 C 1 4 H 1 0 178,179 . 4.0(12) 1.5 (1) 
Fluoranthene 384 202.24 C 1 6 H 1 0 

202, 201,203 40.8(16) 14.7 (2) 
Pyrene 404 202.24 C 1 6 H 1 0 

202, 201,203 32.2 (15) 11.0 (2) 
Benzo(a)anthracene 437 228.28 C 1 8 H 1 2 228, 226,114 12.5 (24) 4.7 (1) 
Chrysene 448 228.28 C18H12 228, 226, 229 17.9(21) 7.8 (1) 
Benzo(b)fluoranthene N/A 252.30 C 2 0 H 1 2 252, 253, 126 24.8 (28) 2.7(1) 
Benzo(k)fluoranthene 480 252.30 C 2 0 H 1 2 252, 253,126 24.8 (28) 2.7(1) 
Benzo(a)pyrene 495 252.30 C 2 0 H 1 2 252, 253,126 8.0 (28) 2.5 (1) 
Dibenz(a,h)anthracene 524 278.33 C 2 2 H 1 4 278,139, 276 0.5 (30) 3.8 (2) 
lndeno(1,2,3-cd)pyrene 536 276.31 C 2 2 H 1 2 276,138,277 4.0 (28) 0.9 (1) 
Benzo(ghi)perylene > 500 276.31 C 2 2 H 1 2 276,138,137 3.3 (29) 3.5 (1) 

* The Soxhlet recovery is the value that corresponds to a 100% yield. The numbers in parentheses are the %RSDs. Soxhlet recovery 1 refers to the extractions of the chemistry building 
dust, and Soxhlet recovery 2 refers to the extractions of the dormitory dust. 
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replicates were done, and duplicate chromatographic runs were 
performed. 

SFE-CO 2 and extractions with CO 2-methanol 
The extractions were performed using an Isco SFX 220 

(Lincoln, NE) supercritical fluid extractor equipped with a 
260-D syringe pump. For the S F E - C 0 2 experiments, only one 
pump that was filled directly from the C 0 2 cylinder was used. 

For the extractions with the binary fluid mixtures (BME), two 
pumps were needed. One pump contained C O 2 at constant pres
sure (233 atm), and the other pump was used to prepare the 
mixture. For the mixtures, the needed volume of the cosolvent 
was added to the empty pump, and room was then created for 
the C O 2 by using the refill mode. The mixtures were prepared 
on a mole ratio basis. The pump containing the mixture was 
pressurized to 238 atm and allowed to equilibrate for a min
imum of 12 h to ensure a single-phase liquid (21,22). Pressures 
higher than 163 atm produce one-phase mixtures for temper
atures less than or equal to 100°C for the entire range of pos
sible methanol-CO 2compositions (i.e., 0-1 mole fraction 
methanol) (21,22). The homogeneity of these mixtures was 
evaluated by measuring the amount of methanol collected 
through the vent valve after the dynamic step. This volume 
was measured in a graduated cylinder to verify that no solvent 
gradients were produced in the pump. Consistent volumes 
were measured for each extraction condition. 

A 2.5-mL stainless steel extraction vessel was used to perform 
the extractions. To reduce the dead volume inside the extraction 
cartridge and retain the small dust particles inside the cell, 
clean sea sand was used. This sand was refluxed with methylene 
chloride for 30 h before use. Dust (1.0 g) was placed between 
1.0 g of sand on the top and 1.5 g of sand on the bottom. A 
0.5-μm stainless steel frit was used to seal each end of the 
cartridge, and an Anodisc membrane (0.02 μm, 13 mm) 
(Whatman, Fairfield, NJ) was used at the bottom end of the car
tridge body, on top of the frit, to reduce plugging or particles 
escaping the frits and plugging the restrictor end. The Anodisc 
membrane is an inorganic filter membrane resistant to C 0 2 and 
methanol. The flow rate was maintained at 0.4 mL/min using 
30-μm-i.d fused silica (24-28 cm) tubing (Polymicro Tech
nologies, Phoenix, AZ). This flow rate was found to give the 
optimum trapping of solutes and less evaporation during the 
collection step, compared with 1.0 and 1.5 mL/min. This com
parison was made by analyzing the recoveries for the carbazole 
surrogate. The average recovery for the surrogate was less 
than 65% for the 1.0- and 1.5-mL/min extractions and approx
imately 75% for the extractions at 0.4 mL/min. 

Before each extraction, the extraction vessel and frits were 
sonicated in acetone for 20 min and dried with a heat gun. 
After loading the sample into the vessel, the vessel was allowed 
to equilibrate to the temperature of the extraction chamber for 
15 min to ensure temperature uniformity throughout the car
tridge. During this step, all valves were closed to avoid any loss 
of sample due to evaporation. 

The collection vessel (15 mL) contained 5 mL methylene 
chloride and 10 μg of the carbazole surrogate to account for 
sample loss. The extractions consisted of two steps: a 1-min 
static step followed by a 20-mL dynamic step for S F E - C 0 2 (8), 

or a 15-mL dynamic step for the extractions using binary mix
tures. The pump pressure used for SFE-CQ 2 was 233 atm, and 
238 atm was used for the binary mixture extractions (8). The 
temperatures used for both SFE-CO 2 and BME were 50,75, and 
100°C. The binary mixtures were used at conditions above 
(supercritical fluid) and below (enhanced-fluidity liquid) the 
mixtures' critical parameters (23). The mixtures used at super
critical conditions were 10% methanol-CO2 at 75 and 100°C, 
20% methanol-CO2 at 75 and 100°C, and 30% methanol-CO2 

at 100°C. The enhanced-fluidity liquid mixtures were 10% 
methanol-CO 2 at 50°C, 20% methanol-CO 2 at 50°C, 30% 
methanol-CO2 at 50 and 75°C, and all the conditions at 40% 
methanol-CO2. 

Fraction-collection studies were performed to determine the 
optimum extraction volumes. Initial fraction collection for the 
SFE-CO 2 experiments included 5, 10, 15, 20, 25, and 30 mL 
(approximately 1.5 h). No trace of the compounds of interest 
was seen after 20 mL, so the final volume was reduced to 20 mL. 
For the methanol-CO2 mixtures, fractions at 5,10,15, and 20 mL 
were used, but because no trace of the analytes was detected 
after 15 mL, the collection volume was once again reduced, this 
time to 15 mL. Restrictor plugging occurred occasionally when 
pure C O 2 was used because of ice formation at the tip of the 
restrictor. When this happened, the restrictor was quickly raised 
above the collection vessel and was warmed with a heat gun. This 
took only a few seconds and rarely happened; therefore, the effect 
of this heating process on the extraction yields was expected to be 
minimal. After extraction, the samples were concentrated down 
to 0.1 mL with dry N 2 ; the internal standard (8 μg) was added, 
and the solution was diluted to 1 mL with methylene chloride. 
Four extractions were done per condition, and duplicate chro
matographic runs were performed. 

Direct modified SFE experiments 
The modifier was added directly on top of the sample before 

the extraction cartridge was sealed. Because of the high con
centration of modifier initially present, the solvent power of 
the fluid and the solubility of water in the fluid increased. Vol
umes of 100 and 200 μL (this corresponds to 10% and 20% 
[vol modifier/wt] sample) were studied at 75 and 100°C, and 
methanol and water were used as the static modifiers. Water was 
used to determine the effect that the addition of moisture has on 
the extraction of environmental samples. The bulk extraction 
solvent used for these extractions was C O 2 at 233 atm. The 
extractions consisted first of a 10.0-min static step followed by 
a 10.0-mL dynamic step; the flow rate was 0.4 mL/min (the 
restrictor was a 30-μm-i.d. fused silica tubing, 24-26 cm long). 

Analyses of extracts 
Analyses of the extracts were performed using a Hewlett-

Packard (HP) (Wilmington, DE) 5890 series II Plus gas chro-
matograph equipped with an HP 5972 mass selective detector 
(MSD). An HP 7673 autosampler was used for the splitless 
injection of 1 μL of solution. A 30-m × 0.25-mm-i.d. (0.25-μm 
film thickness) HP-5 MS (cross-linked, 5% phenylmethyl-
polysiloxane) fused silica capillary column was used. The initial 
temperature of the oven was 50°C (1.0 min) followed by a 
temperature increase of 8.5°C/min to a final temperature of 
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320°C. The solvent delay was 5.0 min to avoid the detection of the 
solvent peak and to protect the detector. The total running time 
was 32.8 min. The electronic pressure control device provided a 
pressure of 0.48 atm for the helium carrier gas (3.1 atm) 
throughout the entire run. This corresponded to a mobile phase 
flow rate of 1.0 mL/min and a linear velocity of 36.0 cm/sec. 
These pressure and temperature programs provided the opti
mum resolution for the compound peaks. The MSD transfer line 
and injector temperatures were 280 and 250°C, respectively. A 
tapered deactivated injector liner (HP part no. 5181-3316) was 
used for all the sample injections. Data acquisition and analyses 
were accomplished using a Gateway 2000 P5-90 equipped with 
HP Chem Station software. To identify the peaks of interest, ion 
chromatograms were analyzed with the "extract ion chro
matogram" capability of the software. With this feature, the 

retention time, mass, and fragmentation patterns for each com
pound were compared to the theoretical values for each com
pound (Table I). 

Data treatment 
To calculate the concentration of the PAHs in the extracts, 

the response factor for each of the PAHs was first calculated 
from the calibration curves (PAH standards at 2.5, 5.0, 10.0, 
25.0, and 50.0 ng/pL). Using these data, the concentration of 
each PAH in the extract was determined. The extraction yields 
for SFE and the extractions using the binary mixtures were 
determined by assuming that the amount extracted by Soxhlet 
corresponded to 100% yield. 

To determine if the extraction yields under various conditions 
were statistically different at the 95% confidence level, an anal

ysis of variance (ANOVA) was done using 
SYSTAT (Evanston, IL) software. Using 
ANOVA, the effects on extraction yields of 
temperature and fluid composition (for the 
S F E - C 0 2 and binary mixture extractions); 
temperature, modifier volume, and modifier 
identity (for the direct modified SFE); and 
fluid composition and matrix identity were 
determined. 

Results and Discussion 

Surrogate quantitation 
The carbazole surrogate was used to 

account for sample loss during the collec
tion and concentration steps for the extrac
tions. For the Soxhlet extractions, the con
centration step (lowering the liquid volume 
by blowing dry N 2 over the sample) was the 
only possible source of sample loss because 
the collection step is similar to a reflux, in 
which no sample can be lost due to evapora
tion because the trapping is very efficient. 
The average recovery for the concentration 
step of the Soxhlet extractions was 105% 
(RSD = 5%). The concentration step there
fore did not measurably reduce the extrac
tion yields. 

For the SFE-CO 2 , BME, and direct modi
fied SFE, the extraction recoveries may be 
lower because of the collection step. During 
this collection step, the extraction solvent 
flows into methylene chloride at a rate of 0.4 
mL/min. The recovery of the surrogate was 
monitored when the extraction solvent was 
at 50,75, and 100°C for the SFE-CO 2 and the 
BME conditions, while, for the direct modi
fier SFE conditions, surrogate recovery was 
monitored at 75 and 100°C. Under all the 
conditions studied, the temperature of the 
extraction solvent had no effect on the recov
ery of the surrogate. The average surrogate 
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Figure 1. Percent recoveries for anthracene (three rings) using SFE-C0 2 and BME (10-40% CH 3OH in 
C0 2) at 50°C (+), 75°C (O), and 100°C (A). Error bars represent one standard deviation; where error 
bars are not observed, one standard deviation is within the symbol. 

Figure 2. Percent recoveries for benzo(a)anthracene (four rings) using SFE-CO 2 and BME (10-40% 
CH 3OH in CO2) at 50°C (+), 75°C (O), and 100°C ( ) . Error bars represent one standard deviation; 
where error bars are not observed, one standard deviation is within the symbol. 
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recovery for SFE-CO 2 was 73% (RSD = 4%); for direct modified 
SFE, it was 72% (RSD = 2%); and for BME, it was 74% (RSD = 
3%). As expected, the yields of the surrogate were lower than 
those for the Soxhlet extractions. However, as illustrated later, 
the extraction yields using methanol-CO2 mixtures at optimum 
conditions were markedly greater than those obtained by 
Soxhlet, except for naphthalene and acenaphthylene (the most 
volatile PAHs studied). 

Soxhlet extractions 
Soxhlet extractions were performed for comparison between 

the results of the SFE-CO 2 , direct modified SFE, and BME 
experiments. The results from Soxhlet extractions were taken 
as a 100% yield for each compound. For the chemistry building 
dust, the Soxhlet extractions reached a maximum after 4 h of 

Figure 3. Percent recoveries for benzo(a)pyrene (five rings) using SFE-CO 2 and BME (10-40% CH 3OH 
in CO 2) at 50°C (+), 75°C (O), and 100°C (•). Error bars represent one standard deviation; where error 
bars are not observed, one standard deviation is within the symbol. 

extraction. The average PAH recovery from 0-4 h was 96% 
(RSD = 1%). The 24-h overall recovery was taken as a 100% 
yield. For the fractions from 4 to 24 h, only 4% PAH recovery 
was obtained with an RSD of 22%. However, for the dust from 
the dormitory to reach the maximum extraction recovery, a 
24-h extraction was needed. For a 0-8-h extraction time, a 
recovery of 84% (RSD = 0.2%) was found, and for 8-24 h, the 
recovery was 16% (RSD = 2%). As mentioned earlier, the dor
mitory dust was expected to be more retentive than the dust 
from the chemistry building because of the higher organic and 
water content found in the dormitory dust. Table I shows the 
quantity of each PAH extracted by Soxhlet and the precision 
obtained for each extraction. Even for the Soxhlet extraction, 
the RSDs were high. 

Extractions of dust from the chemistry 
building 
Analysis of data 

To simplify the analyses of trends in the 
recoveries for and the behavior of the 16 
PAHs, these compounds were divided accord
ing to the number of rings in the molecule. 
The PAHs for the house dust extractions 
were divided into the following four groups: 
(a) two to three rings (naphthalene, ace
naphthylene, acenaphthene, fluorene, 
phenanthrene, and anthracene), (b) four 
rings (fluoranthene, pyrene, benzo[a]an-
thracene, and chrysene), (c) five rings 
(benzo[b]fluoranthene, benzo[k]fluoran-
thene, benzo[a]pyrene, and dibenz[a,h]an-
thracene), and (d) six rings (indeno[l,2,3-
cd]pyrene and benzo[ghi]perylene). Data for 
a different representative compound of each 
group are shown in Figures 1-4 and Table II. 

Compounds with two to three rings 
For the extractions using S F E - C O 2 and 

BME (Figure 1 and Table II), all six com
pounds had the same optimum extraction 
conditions: 30% methanol-CO2 and 100°C. 
For the two-ring compound (naphthalene) 
and acenaphthylene (three rings), the opti
mum recoveries were 97% and 61%, respec
tively. However, for the other four three-
ring compounds, the optimum extraction 
conditions provided yields greater than 100% 
when compared with Soxhlet results. For 
example, under these conditions, the extrac
tion yield for anthracene is 146 ± 1. Naph
thalene and acenaphthylene are the most 
volatile of all the PAHs studied; vaporization 
during the collection and concentration 
steps may have caused the lower yields for 
these two compounds (15,24). Another pos
sible cause of diminished yields is degrada
tion. Acenaphthylene degrades when 
adsorbed to many surfaces. In some cases, 
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Figure 4. Percent recoveries for indeno(1,2,3-cd)pyrene (six rings) using SFE-CO 2 and BME (10-40% 
CH 3OH in CO 2) at 50°C (+), 75°C (O), and 100°C (A). Error bars represent one standard deviation; 
where error bars are not observed, one standard deviation is within the symbol. 
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the degradation is so severe that its presence is no longer 
detectable (25, D.V. Kenny and S.V. Olesik. Extraction of coal fly 
ashes: Evaluation of extraction methodologies SFE, modified 
SFE, enhanced fluidity solvents, and ASE, unpublished). 

By ANOVA, fluid composition and temperature were found to 
be statistically significant factors which affect the extraction 
recoveries. Increasing proportions of methanol increased the 
extraction yield up to a limiting proportion of 30% methanol-
CO 2 . Increased temperatures also increased the extraction yield 
over the entire temperature range studied. 

The extraction yields of the two- and three-ring compounds 
were not improved by the direct addition of (100 or 200 μL) 
methanol or water to the dust. The extraction yields that were 
found for the direct addition of modifiers were approximately 
the same as those for SFE-CO 2 , and these were markedly lower 
than those found with the methanol-CO2 mixtures. According 
to the ANOVA results, the variation in extraction temperature 

or the amount of modifier added to the matrix had no signifi
cant effect on the extraction recovery for these PAHs. 

Pairwise comparison (t-test, 95% confidence level) of the 
extraction yields for the optimum extraction conditions (30% 
methanol-CO2 at 100°C) and those for the next best condi
tions (30% methanol-CO2 at 75°C and 100% C O 2 at 100°C) 
indicated no statistical difference between the yields. Therefore, 
for the extraction of two- and three-ring PAHs from house 
dust, either adding methanol to C O 2 or increasing the temper
ature to at least 100°C was effective in achieving high extraction 
yields. 

Compounds with four rings 
For the S F E - C O 2 and BME extractions, the extraction yields 

for all four compounds (fluoranthene, pyrene, benzo[a]an-
thracene, and chrysene) were greater than 100% (124-164%) 
when compared with Soxhlet extractions. The ANOVA results 

Table II. Summary of the Recoveries for the Chemistry Building Dust at All the Extraction Conditions Used 

Condition 
Naphthalene 
(two rings) 

Phenanthrene 
(three rings) 

Chrysene 
(four rings) 

Dibenz(a,h)anthracene 
(five rings) 

Benzo(ghi)perylene 
(six rings) 

SFE-CO 2 

50°C 
75°C 
100°C 

51 ± 9(17) 
57 ± 14 (25) 
70 ± 6 (9) 

98 ± 6 (6) 
106 ±18 (17) 
143 ±14 (10) 

54 ±16 (29) 
73 ± 22 (30) 

104 ±26 (25) 

54 ±10 (19) 
64 ±13 (21) 
61 ±2 (4) 

21 ± 5 (22) 
29 ± 8 (27) 
27 ± 1 (2) 

10% CH 3OH 
50°C 
75°C 
100°C 

67 ±11 (17) 
72 ±19 (27) 
85 ± 5 (6) 

103 ±11 (11) 
120 ±10 (8) 
115 ±12 (10) 

91 ± 7 (8) 
119 ± 36 (30) 
96 ±12 (12) 

102 ±7 (7) 
145 ±35 (24) 
131 ±20(15) 

71 ± 4(6) 
116 ± 35 (30) 
121 ±15(12) 

20% CH3OH 
50°C 
75°C 
100°C 

40 ±12 (29) 
59 ± 2 (3) 
68 ± 7(11) 

127 ±5 (4) 
135 ±8 (6) 
126 ±13 (10) 

111 ±7(6) 
116 ±3 (3) 
109 ±5 (5) 

135 ±23 (17) 
163 ±29 (18) 
136 ±11 (8) 

125 ±15 (12) 
108 ±24 (22) 
178 ±9 (5) 

30% CH 3OH 
50°C 
75°C 
100°C 

55 ±7 (13) 
54 ± 4 (7) 
97 ±18 (19) 

121 ±6(5) 
136 ± 37 (27) 
144 ±13 (9) 

118 ± 19 06) 
127 ± 32(25) 
123 ±6 (5) 

153 ±14 (9) 
159 ±25 (16) 
241 ±43 (18) 

179 ±23 (13) 
125 ±15 (12) 
205 ±21 (10) 

40% CH 3OH 
50°C 
75°C 
100°C 

45 ± 3 (7) 
53 ± 1 (2) 
67 ± 4 (6) 

117 ± 12 (10) 
112 ±1 (1) 
106 ±8 (8) 

113 ±20 (18) 
110±1 (1) 
104 ±7 (7) 

156 ±42 (27) 
173 ±7 (4) 
139 ±14 (10) 

155 ± 42 (27) 
155 ± 22 (16) 
153 ± 15 (10) 

100 μL CH 3OH 
75°C 
100°C 

66 ± 1 (1) 
48 ± 12 (26) 

102 ± 9 (9) 
99 ± 12 (12) 

86 ± 20 (23) 
98 ± 16 (16) 

40 ± 12 (29) 
33 ± 4(12) 

22 ± 4 (20) 
15 ± 4 (27) 

200 μL CH 3OH 
75°C 
100°C 

58 ± 7 (12) 
49 ± 13 (27) 

91 ± 12(13) 
114 ± 8 (7) 

68 ± 14 (21) 
82 ± 24 (29) 

34 ±4 (13) 
34 ±5 (16) 

26 ± 7 (26) 
15 ± 3 (19) 

100 μL Η 2Ο 
75°C 
100°C 

39 ± 7 (18) 
41 ±7(16) 

86 ±11 (13) 
83 ± 2 (2) 

109 ± 12 (11) 
86 ± 24 (28) 

65 ±1 (1) 
29 + 8 (29) 

26 ± 1 (3) 
13 + 2(19) 

* The numbers in parentheses are the %RSDs, and the number of rings refers to rings in the molecule. 
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100% CO2 10:90% methanol-CO2 10:90% methanol-C02 

Compound 100°C 50°C 100°C 

Naphthalene 71 ±4(23) 112 ± 7 (11) 106 ±1 (1) 
Acenaphthylene 3 ± 1 (15) 14 ± 9 (26) 14±1 (11) 
Acenaphthene 80 ± 12 (11) 120 ± 3 (4) 102 ± 1 (2) 
Fluorene 80 ± 7 (9) 120 ± 5 (8) 109 ± 1 (1) 
Phenanthrene 89 ± 7 (12) 123 ± 4 (7) 115±1 (1) 
Anthracene 144 ± 8 (15) 89 ± 15 (26) 90 ± 3 (6) 
Fluoranthene 84 ± 11 (18) 98 ± 2 (3) 99 ±4 (7) 
Pyrene 77 ± 19 (27) 89 ±4 (5) 93 ± 3 (4) 
Benzo(a)anthracene 85 ± 5 (5) 86 ± 2 (3) 110 ± 12 (18) 
Chrysene 100 ± 7 (12) 107 ± 19 (27) 118 ±4 (5) 
Benzo(b) and (k)fluoranthene 283 ± 1 (1) 142 ± 2 (3) 271 ± 2(3) 
Benzo(a)pyrene 122 ± 6 (10) 103 ± 2 (3) 213 ± 1 (1) 
Dibenz(a,h)anthracene 38 ± 10 (25) 39 ± 5 (8) 93 ± 9 (14) 
lndeno(1,2,3-cd)pyrene 39 ± 3 (6) 50 ± 7 (11) 106 ± 3 (4) 
Benzo(ghi)perylene 27 ± 2 (3) 39 ± 7 (11) 64 ± 15 (30) 
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significantly improved the extraction yields for all four com
pounds. Temperature variation was not found to be statisti
cally significant over the extraction conditions studied for these 
four compounds. The optimum extraction condition for all 
four compounds involved using either a 30 or 40% methanol-
C O 2 mixture at 75-100°C. Pairwise comparison (t-test, 95% 
confidence interval) showed that the extraction recoveries over 
this range of extraction conditions (30-40% methanol-CO2) 
were statistically the same for each of the five-ring compounds. 

In the studies of the direct addition of modifier to the matrix, 
the addition of 100 μL water at 100°C was the optimum extrac
tion condition for benzo(b)fluoranthene and benzo(k)fluoran-
thene, and 100 μL water at 75°C for benzo(a)pyrene and 
dibenz(a,h)anthracene. The optimum recoveries under these 
conditions were between 59 and 90%, relative to the Soxhlet 
extractions, which were markedly lower than those observed 
with methanol-CO2 mixtures. ANOVA results indicated that 
the variation in extraction temperature or the amount of mod
ifier added directly to the dust had no significant effect on the 
extraction recovery for these PAHs. 

Compounds with six rings 
For the SFE-CO 2 and BME, the optimum extraction condi

tion for these two compounds (benzo[ghi]perylene and indeno 
([l,2,3-cd]pyrene) was 30% methanol-CO2 at 100°C. Pairwise 
comparison (t-test, 95% confidence interval) between the 
extraction yields for this condition and the next best extraction 
yields indicated that 30% methanol-CO 2 was the true opti
mum condition. The extraction recoveries for each were more 
than 200%, relative to Soxhlet extraction (205% for benzo 
[ghi]perylene and 249% for indeno[l,2,3,-cd]pyrene). For both 
compounds, the ANOVA results indicated that both increased 
temperature and increased methanol content significantly im
proved the extraction recoveries. 

For the direct modified SFE (Table II), optimum recoveries 
were found with the direct addition of 100 μL water at 75°C; 

indicated that increasing temperature and adding methanol 
both improved the extraction yields. The optimum extraction 
condition for all four compounds could be reached either by 
adding methanol or by increasing the temperature to 100°C 
with 100% C O 2 . 

The direct modified SFE experiments (Table II) showed no 
improvement over SFE-CO 2 ; the extraction yields using the 
direct addition of modifiers were also lower than those ob
served using premixed methanol-CO 2. The ANOVA results 
showed that neither the variation in extraction temperature or 
the amount of modifier added to the matrix had any significant 
effect on the extraction recovery for these PAHs. 

Like the two- and three-ring compounds, a pairwise com
parison (t-test, 95% confidence interval) of the three optimum 
recoveries (30% methanol-CO2 at 100°C and 75°C and 100% 
C O 2 at 100°C) for the four-ring compounds showed the same 
results as for the three-ring compounds. No significant differ
ences were found between the three conditions that gave the 
highest extraction yields, which were most often 30% 
methanol-CO 2 at 100°C, 30% methanol-CO 2 at 75°C, and 
100% C O 2 at 100°C. 

Compounds with five rings 
These compounds are benzo(b)fluoranthene, benzo(k)fluo-

ranthene, benzo(a)pyrene, and dibenz(a,h)anthracene. For all 
the compounds, a common optimum extraction condition was 
found (30% methanol, 70% CO 2 at 100°C), and for this mixture 
composition, all the extraction recoveries were higher than 
the results from Soxhlet extractions (132-241%). When C O 2 

was used as the extraction solvent, the recoveries never reached 
100% relative to Soxhlet. The optimum S F E - C O 2 yields for 
benzo(b)fluoranthene and benzo(k)fluoranthene, benzo(a) 
pyrene, and dibenz(a,h)anthracene were 68%, 43%, and 64%, 
respectively; when 30% methanol and 70% C O 2 were used at 
100°C, the yields were 159%, 132%, and 241%, respectively. 

The ANOVA results indicated that the addition of methanol 

Table III. Extraction Yields for the Dormitory Dust* 

* Numbers in parentheses are %RSDs. 
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however, the extraction yields were low (37% for indeno[l,2,3,-
cd]pyrene and 26% for benzo[ghi]perylene, relative to Soxhlet). 
ANOVA results indicated that, for these two compounds and 
direct modifier addition only, temperature variation was sta
tistically significant. 

Extractions of house dust collected from 
a different environment 

As mentioned before, the properties of the dormitory dust 
were different from those of the dust collected from the chem
istry building area. The organic content was much higher 
(48%) in the dormitory dust; therefore, longer Soxhlet extrac
tions were needed to completely extract the compounds. Also, 
with this matrix, only 100% C 0 2 and 10% methanol-CO2 were 
used for the extractions because, when the 20, 30, and 40% 
methanol binary mixtures were used, the flow restrictor 
plugged constantly, regardless of the amount of dust sample 
(0.5 or 1.0 g) and sand used. Particles that looked similar to the 
dust matrix itself were observed in the collection solution. 

The extracts were analyzed by GC-MS as before, using the 
same parameters and conditions. Table III shows the recoveries 
for these extractions. Again, the addition of methanol to the CO 2 

improved the recoveries, particularly for the high molecular 
weight PAHs. For example, the extraction yield for dibenz(a,h)an-
thracene increased from 38% for SFE with 100% CO 2 at 100°C 
to 93% for 10% methanol-CO2 at 100°C. For six of the 16 com
pounds, 10% methanol-CO2 at 100°C was the optimum extrac
tion condition; for four compounds, the optimum extraction 
condition was 10% methanol-CO2 at 50°C, for two compounds 
the optimum extraction condition was CO 2 at 100°C, and three 
compounds (fluoranthene, pyrene, and chrysene, three of the 
four-ring compounds studied) were extracted to the same extent 
under all extraction conditions studied as determined by pairwise 
comparison (t-test, 95% confidence interval) of the extraction 
yields. Acenaphthylene did not extract well under any of the 
conditions studied. ANOVA at the 95% confidence level was used 
to characterize the importance of the fluid composition on 
observed extraction yields. The composition of the fluid (amount 
of methanol added) also significantly affected the observed extrac
tion yield, especially for the higher molecular weight PAHs. 

Conclusion 

For most compounds, extractions with methanol-CO2 mix
tures (both for supercritical and enhanced-fluidity liquids) were 
found to be the best choice for extraction conditions, over 
S F E - C O 2 and direct modified SFE (Table II). For the high 
molecular weight PAHs, the extraction recoveries from the 
binary mixture extraction were at least a factor of 10 larger than 
when SFE-CO 2 was used. The state of the extraction fluid did 
not matter because enhanced-fluidity liquids extracted as fast as 
supercritical fluids, and the solvent strength improved with 
the increase in the methanol composition. 

Increasing temperature improved the extraction yields for all 
PAHs studied with the exception of the five-ring PAHs. Previ
ously, Langenfeld et al. (14) reported that, in order to have 

yields of 100% for low molecular weight PAHs, high tempera
tures (200°C) were needed, but even at 200°C, the SFE-CO 2 re
coveries for the high molecular weight PAHs (molecular 
weights of 276 and 278) were still below 30%. 

From the results described above, the limiting step for the 
extraction of PAHs from house dust seems to be the desorption 
step. Sometimes low recoveries are obtained using S F E - C O 2 

because the low solvent strength of CO2 does not provide 
enough interaction energy to desorb the analyte. Increasing the 
extraction temperature and solvent strength decreases the 
activation energy, which enhances the desorption process. 

Unlike numerous previous studies, the direct addition of 
modified SFE (Table II) was not the best choice to obtain good 
extraction yields. For the house dust extractions, direct modi
fied SFE showed no improvement over S F E - C O 2 . This corre
sponds with that found in two previous studies (1,15). When the 
results for SFE-CO 2 , direct modified SFE, and BME were com
pared, the recoveries for the first two techniques were always 
lower than those from BME, particularly for the high molecular 
weight compounds. 

Acknowledgments 

We thank the United States Environmental Protection 
Agency (EPA) for financially supporting this project (CR82055-
01-1), and we thank Robert Lewis from the EPA for allowing us 
to borrow the HSV3 for the collection of the house dust. 
Although the research described in this article was funded by 
the EPA, it has not been subjected to agency review and there
fore does not necessarily reflect the views of the agency; no 
official endorsements should be inferred. 

References 

1. J . J . Langenfeld, S.B. Hawthorne, J . Pawliszyn, and D.J. Miller. 
Role of modifiers for analytical-scale supercritical fluid extraction 
of environmental samples. Anal. Chem. 66: 909-16 (1994). 

2. S.B. Hawthorne and D.J. Miller. Extraction and recovery of poly-
cyclic aromatic hydrocarbons from environmental solids using 
supercritical fluids. Anal. Chem. 59: 1705-1708 (1987). 

3. K. Dooley, C. Kao, R. Gambrell, and F. Knopf. The use of entrain-
ers in the supercritical fluid extraction of soils contaminated with 
hazardous organics. Ind. Eng. Chem. Res. 26: 2058-62 (1987). 

4. J.L. Hedrick and L.T. Taylor. Supercritical fluid extraction strategies 
of aqueous based matrices. J. High Res. Chromatogr. Chromatogr. 
Commun. 13:312-16(1990). 

5. J .W. King. Fundamentals and applications of supercritical fluid 
extraction in chromatographic science. Chromatogr. Sci. 27: 
355-64 (1989). 

6. M.M. Schantz and S.N. Chesler. Supercritical fluid extraction pro
cedure for the removal of trace organic species from solid samples. 
J. Chromatogr. 363: 397-401 (1986). 

7. J . M . Levy, L. Dolata, R. Ravey, E. Storozynsky, and K.A. 
Holowczak. Use of modifiers in on-line and off-line supercritical 
fluid extraction.). High Res. Chromatogr. Chromatogr. Commun. 
16:368-71 (1993). 

8. J . Abad. Evaluation and comparison of enhanced-fluidity solvents 
and supercritical fluids for the extraction of polycyclic aromatic 
hydrocarbons. M.S. Thesis, Ohio State University, 1993. 

89 



Journal of Chromatographic Science, Vol. 35, February 1997 

9. T.S. Reighard and S.V. Olesik. A comparison of the extraction of 
phenolic and nitroaromatic pollutants using supercritical and 
enhanced-fluidity liquid methanol/CO2 mixtures. J. Chromatogr. 
737: 233-42(1996). 

10. J.L. Janicot, M. Caude, R. Rosset, and J.L. Veuthey. Extraction of 
major alkaloids from poppy straw with near-critical mixtures of 
carbon dioxide and polar modifiers. J. Chromatogr. 505: 247-56 
(1990). 

11. T.K. Majundar, D.E. Camman, and P.W. Geno. Analytical Methods 
for the Screening of Pesticides and Polynuclear Aromatic Hydro
carbons from Housedust. Proceedings of the 1993 EPA/A & WMA 
International Symposium on the Measurement of Toxic and 
Related Air Pollutants, pp. 685-90 (1993). 

12. S .L Simonich and R.A. Hites. Vegetation-atmosphere partition of 
polycyclic aromatic hydrocarbons. Environ. Sci. Technol. 28: 
939-43(1994). 

13. J.K.Hawley. Assessment of health risk from exposure to contami
nated soil. Risk Anal. 5: 289-302 (1985). 

14. J . J . Langenfeld, S.B. Hawthorne, D.J. Miller, and J . Pawliszyn. 
Effects of temperature on supercritical fluid extraction efficiencies 
of polycyclic aromatic hydrocarbon and polychlorinated biphenyl. 
Anal. Chem. 65: 338-44 (1993). 

15. S. Reindl and F. Höfler. Optimization of the parameters in super
critical fluid extraction of polynuclear aromatic hydrocarbons 
from soil samples. Anal. Chem. 66:1808-16 (1994). 

16. Toxic Substance Control Act, U.S. Environmental Protection 
Agency, Washington, DC, 1979. 

17. R.G. Lewis, R.C. Fortmann, and D.E. Camann. Evaluation of 
methods for monitoring the potential exposure of small children 
to pesticides in the residential environment. Arch. Environ. 
Contam. Toxicol. 26:37-46 (1994). 

18. R. Ikan, P. loselis, Y. Rubinsztain, Z. Aizenshtat, M. Frenkel, and 
K.E. Peters. Pyrolysis of natural and synthetic humic substances. J. 
Thermal Anal. 42: 31-40 (1994). 

19. E.A. Turi. Thermal Characterization of Polymeric Materials. Aca
demic Press, New York, NY, 1981, chapter 8. 

20. B. Brady, C. Kao, K. Dooley, F. Knopf, and R. Gambrell. Super
critical extraction of toxic organics from soils. Ind. Eng. Chem. Res. 
26:261-68(1987). 

21. T.S. Reighard, S.T. Lee, and S.V. Olesik. Determination of 
methanol/CO2 and acetonitrile/CO2 vapor-liquid phase equilibria 
using a variable volume view cell. Fluid Phase Equilibria 123: 
215-230(1996). 

22. S .H . Page, S.R. Goates, and M.L. Lee. Methanol/CO 2 phase 
behavior in supercritical fluid chromatography and extraction. J. 
Supercrit. Fluids 4:109-17 (1991). 

23. SF Solver, Isco Inc., Lincoln, NE, 1993. 
24. J . Dankers, M. Groenenboom, L.H.A. Scholtis, and C. van der 

Heiden. High-speed supercritical fluid extraction method for the 
routine measurement of polycyclic aromatic hydrocarbons in 
environmental soils with dichloromethane as a static modifier. J. 
Chromatogr. 641 : 357-62 (1993). 

25. J.C. Chuang, S.W. Hannan, and N.K. Wilson. Field comparison of 
polyurethane foam and XAD-2 resin for air sampling for polynu
clear aromatic hydrocarbons. Environ. Sci. Technol. 21:798-804 
(1987). 

26. Aldrich Catalog Handbook of Fine Chemicals, Aldrich Chemical 
Company, Milwaukee, W l , 1994-1995. 

27. Sigma Biochemicals Organic Compounds for Research and 
Diagnostic Reagents, Sigma Chemical Company, St. Louis, M O , 
1995. 

Manuscript accepted September 16,1996. 

90 


