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Abstract

Packed in a high-pressure vessel and under calculated conditions, dry ice can be used as a source of carbon dioxide for supgrcritical CO
extraction or liquid CQ of organic compounds from environmental samples. Coupled with a fluid modifier such as toluene, dry ice-originated
supercritical CQ (Sc CQ) achieves quantitative extraction of many volatile organic compounds (VOCs) and semivolatile organic compounds
(SOCs) including polycyclic aromatic hydrocarbons (PAkisj/kanes, and polychlorinated biphenyls (PCBs) from solid matrices. Compared
to contemporary manual or automated supercritical fluid extraction (SFE) technologies, this novel technique simplifies SFE to a minimum
requirement by eliminating the need of a high-pressure pump and any electrical peripherals associated with it. This technique is highly suitable
to analytical areas where sample preservation is essential but difficult in the sampling field, or where sample collection, sample preparation,
and analysis are to be done in the field.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tion of sample pre-concentration step and, in many cases, the
sample cleanup process, which is typically time-consuming
Supercritical carbon dioxide (Sc GPextraction has been  and often results in loss of volatile analyt¢23] In order
successfully used for removing a variety of organic com- to attain the supercritical state and to deliver Sc,G®the
pounds such as polycyclic aromatic hydrocarbons (PAHSs), sample vessel, a high-pressure pump is required for con-
[1-12] polychlorinated biphenyls (PCBE)3-15]and pesti- temporary manual and automated SFE systems. A commer-
cide residue$16—18]from various environmental samples, cially available manual high-pressure pump typically costs
from food compositg19], and for extraction of contami- a few thousand US dollars, while its more sophisticated,
nants from recycled paper and bo§28]. Compared to lig- automated counterpart typically costs 10,000-30,000 US
uid solvent extraction, Sc CQextraction has several advan- dollars. Although the manual high-pressure pumps do not
tages including: (1) faster extraction due to carbon dioxide’s require power supply, they are heavy and are not suitable
higher diffusivity and lower viscosity, thus faster mass trans- for field operations. The automated high-pressure pumps
fer; (2) higher extraction efficiency due to continuous flow are somewhat lighter but require power supply, thus limiting
in of fresh fluid through the sample matric§&]] (3) higher their field applications to those having power supply. Both
selectivity by manipulation of extraction temperature and pumps also require a liquid GQank for performing SFE.
pressure and/or addition of modifi2]; and (4) elimina- The dry ice-originated supercritical and liquid €@x-
traction techniques described in this article simplifies SFE
to a minimum requirement by eliminating the need of a
* Corresponding author. Tek-406 273 5493, high-pressure pump and any electrical peripherals associ-
E-mail address: drlang@nutritionallabs.com (Q. Lang). ated with it. This technique requires only two high-pressure
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stainless steel vessels, one for packing dry ice and the othe2.3. Samples

for containing the sample of interest, two water bathes for

temperature control purpose, and a box of dry ice. Supercrit- A soil sample was collected from a garden behind an

ical and liquid CQ are readily produced using this device apartment building in Moscow, ID. A road dust sample

which provides satisfactory extractions of PAHs, PCBs, and was collected from a busy street (sixth Street) on the

n-alkanes. campus of University of Idaho. The samples were passed
Although using dry ice as a CGGsource for SFE of pesti-  through a 45-mesh sieve, then carefully mixed, stored in

cide residues from meat produg®4], oil from spent bleach-  clean glass bottles and kept in a refrigerator maintained at

ing clays[25], and spiked organic compounds from soil <4°C.

sampleq26] has been reported, it is to our knowledge that

its applications to real-world environmental samples have 2.4. Extraction

not been studied. This report demonstrates that the dry ice

method can be successfully applied to SFE of various or-

ganic pollutants from environmental matrices.

Fig. 1illustrates the set-up of the dry ice extraction appa-
ratus. The CQ source vessel (50 mL) was packed with dry
ice while the sample vessel (7.5 mL) was loaded with sam-
ple. Approximately 1.0 g silica gel was placed at the bottom
of the sample vessel for in situ fractionatidd7]. Before
connecting the sample vessel to the system, a known amount
of perdeuterated chrysene (e.g. ad) was spiked onto the
sample as the surrogate, and 1 mL of toluene was added into

The chemicals used in the study are listed as follows: the vessel as a modifier. After the vessels were connected via
toluene (HPLC grade, Fisher), regular and perdeuteratedstainless steel tubing and fittings, the £€durce vessel was
PAH standards (GC standard, Ultra Scientific, N. Kingstown, placed into a water bath maintained at around@Qand the
RI), n-alkanes (GC standard, Alltech), polychlorinated sample vessel into a water bath maintained at abo€40
biphenyls (PCBs, GC standard, Supelco), dry ice (Oxarc, Pressure was monitored with the pressure gauge. When the
Lewiston, ID), and silica gel (70-230 mesh, Aldrich). pressure reached a stable value (usually >4000 psi if the dry
ice was firmly packed), a 20-min static extraction was first
conducted. After the 20 min of static extraction, the outlet
valve was opened for a dynamic extraction. The flow rate

Two high-pressure stainless steel vessels were used for thevas controlled at about 4-5 mL mif by the outlet valve so
extractions. One was a 50-mL homemade vessel for dry icethat during depressurization no toluene would be splash out
(CO; source vessel), and the other (7.5-mL sample vessel)of the collection vial. When the pressure in the £durce
was purchased from Keystone (Philadelphia, PV). Two sty- vessel had dropped down to near atmospheric pressure, the
rofoam buckets filled with warm water were used as water extraction was terminated. Typically >0.5 mL of toluene was

2. Experimental

2.1. Materials

2.2. Apparatus

baths. A Hewlett Packard GC (model 5890) equipped with
a flame ionization detector (FID) and installed with a DB-5
column (30mx 0.32mmx 0.25um) was used for quan-

titative analysis. A GC-MS (model 5890-5971A) installed
with the same DB-5 column was used for peak verification
of the real-world samples. Helium (Oxarc, Spokane, WA)
was used as the carrier gas for both the GC and GC-MS.

D

collected in the collection vial. The extracted sample was
transferred to a smaller vial for storage and the collected
toluene was transferred to a clean vial. The collection vial
was rinsed twice with fresh toluene that was subsequently
added to the collected toluene to ensure quantitative trans-
fer. The final solution was then brought to volume for GC
analysis.

E2
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Fig. 1. Dry ice extraction set up: (A) vessel for storage of dry ice; (B) vessel for sample extraction; (C) water baths; (D) pressure gauge; (E) valves; (F)

collection vial.
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2.5. Analysis benzene) and PCBs (BZ# 3) were partially or completely
lost, most of the other spiked compounds were quantita-
After extraction, exactly p.g of squalane was spiked into  tively recovered. The relative standard deviation (R.S.D.)
each of the samples as an internal standard. Approximatelywas in the range of 1.1-7.9%. The loss of the lower molec-
1uL of the samples was injected into the GC for quan- ular weight compounds were most likely due to their higher
tification. The injector and detector temperatures were setvolatilities and probably happened either during the solvent
at 280 and 300C, respectively. The oven temperature pro- evaporation process after spiking on the sand, or being
gram started from 1-min hold at 4C, followed by a ramp purged during the depressurization of the L£LOhis phe-
of 5°Cmin~! to 310°C, where it is held for 15min. The nomenon is identical to that of a conventional SFE operation
peaks were identified by comparison of retention times with with commercial equipment, and in this case a liquid—solid
authentic PAHs, PCBs andtalkanes, and further verified trap collection methodl1] or a cryogenic trap collection
with GC-MS. Peak areas were used for quantifications.  method[28] should be employed if the volatile compounds
are the analytes of interest.
Lower flow rate, e.g. 1-2 mL mirt, was also investigated

3. Results and discussion using a 100-um diameter capillary restrictor. Although loss
of the lower molecular weight compounds was slightly re-
3.1. Recovery tests duced, the overall recovery of the other compounds became

obviously lower (ca. 50%) than those performed at higher

Standarc-PAHs (acenaphthene, phenanthrene, chryseneflow rate (e.g. 4-5 mL min) via a 320-um diameter fused
and perylene)n-alkanes (G4, Cz6, Cog and Gp) and PCBs silica capillary as the restrictor. As was discussed in a pre-
[4-monochlorobiphenyl (BZ# 3); 2,5-trichlorobiphenyl vious article, a higher flow rate invariably produces higher
(BZ# 18); 2,2,5,5-tetrachlorobiphneyl (BZ# 52); 2,5,6- recoveries for nonvolatile or semivolatile analyf24]. This
tetrachlorobiphenyl (BZ# 54) and 2,2,4,6,6-hexachloro- is due to the fact that higher flow rates can significantly
biphenyl (BZ# 155)] were used for the recovery tests. The reduce the mixing effect of the incoming fresh £@ith
standard compounds were spiked onto 5g of Fisher seathe bulk CQ that is already in the extraction vessel at any
sand, and air-dried in a clean laboratory hood over night. given time. This bulk C@, which contains the dissolved
After a sample was loaded into the 7.5-mL extraction vessel, organic compounds, can exit the extraction vessel without
the remaining space was filled with glass beads to minimize being further “diluted” by the fresh C£and therefore, en-
void volume. The same extraction procedure was used forhance the extraction efficiency for a given volume of liquid
both spiked samples and real-world samples. The extractionCOs.
results of the standard compounds are listedlable 1. Among a variety of modifiers, toluene was reported
These analytical results were obtained either on the sameas one of the most effective organic solvents that could
day as the SFE experiments or on the following day after enhance the SFE recovery of PAH3,6]. For simplic-
the SFE. If the GC analysis was conducted on the following ity, toluene was also used as the modifier for extraction
day, the samples would be kept in a refrigeratoxdtC. of the hydrocarbons and PCBs. As shown Tiable 1,

One can observe froriable 1that although the lower most of the analytes were quantitatively extracted and
molecular weight PAHs (naphthalene and 2,4-dichloro- recovered.

Table 1
Recovery test results of perdeuterated PARtalkanes and PCBs (ug)

Spiked 1 2 3 4 5 Awerage Recov.(%) R.S.D. (%)
D-PAHs
Acenaphthene 40.0 18.3 16.3 17.6 22.8 20.6 19.1 47.8 6.5
Phenanthrene 40.0 39.7 41.4 38.1 38.9 36.4 38.9 97.3 4.6
Chrysene 40.0 40.1 43.3 39.8 43.6 45.1 42.4 106.0 5.8
Perylene 40.0 37.9 36.8 37.5 37.2 37.6 37.4 93.5 1.1
n-Alkanes
Cos 20.0 19.2 19.6 21.1 22.0 21.6 20.7 103.4 6.3
Cos 20.0 18.8 21.6 19.9 20.9 21.3 20.5 102.4 5.7
Cos 20.0 18.2 18.0 18.1 19.0 20.5 18.8 93.9 5.3
Cso 20.0 20.4 20.0 18.2 20.1 21.2 20.0 100.0 55
PCBs
Bz# 3 130 78.3 52.2 60.9 58.3 54.8 60.9 46.9 7.9
BZ# 18 91 78.2 74.9 77.4 75.7 82.2 7.7 85.4 3.2
BzZ# 52 96 94.9 92.0 85.7 88.4 101.6 92.5 96.4 6.4
BZ# 54 100 94.4 87.3 94.7 87.5 105.9 94.0 94.0 7.6

Bz# 155 132.6 123.5 121.4 128.2 115.3 114.7 120.6 91.0 4.3
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Table 2
Analytical results ofn-alkanes in road dust and garden s@ig@?')
Cn Road dust Garden soll

Test 1 Test 2 Test 3 Mean R.S.D. (%) Test 1 Test 2 Test 3 Mean R.S.D. (%)
Cio 1.59 1.61 1.42 1.54 6.8 0.04 0.06 0.04 0.05 247
Coo 1.43 1.62 141 1.49 7.7 0.07 0.09 0.06 0.07 20.8
Co1 1.83 2.08 1.78 1.90 8.5 0.27 0.30 0.24 0.27 111
Co2 257 2.69 2.39 2.55 5.9 0.15 0.18 0.16 0.16 9.4
Cos 3.12 3.37 3.09 3.19 4.8 0.24 0.29 0.20 0.24 18.5
Coa 4.25 4.42 4.13 4.27 3.4 0.17 0.19 0.20 0.19 8.2
Cos 0.94 1.13 0.95 1.01 10.6 0.14 0.15 0.13 0.14 7.1
Coe 2.36 2.67 222 242 9.4 0.24 0.28 0.21 0.24 14.4
Co7 3.49 3.76 3.61 3.62 3.7 3.47 3.73 3.15 3.45 8.4
Cos 1.35 1.44 121 1.33 8.9 0.58 0.64 0.57 0.60 6.3
Cog 2.62 2.98 2.76 2.79 6.5 4.46 4.69 4.32 4.49 4.2
Cao 0.87 0.91 0.67 0.82 16.1 0.23 0.22 0.18 0.21 12.6
Ca1 2.24 2.46 2.48 2.39 5.6 2.94 3.01 2.83 2.93 3.1
Ca2 1.19 1.46 122 1.29 11.3 0.19 0.23 0.20 0.21 10.1
Cs3 1.03 1.17 0.94 1.05 111 0.65 0.74 0.59 0.66 11.4
Caa 0.62 0.87 0.75 0.75 16.7 0.03 0.04 0.03 0.03 17.3
Css 0.52 0.66 0.61 0.60 11.9 0.05 0.06 0.05 0.05 10.8

A temperature of about 3% was found to be the opti- for the road dust sample and from 3.13¢to 24.7% (Go)
mum condition for the sample vessel. Higher temperaturesfor the garden soil (Table 2). The medians for these ranges
above this value showed an adverse effect on the recoveriesare 8.5 and 10.8%, respectively, for the road dust and for
of all the compounds. As the temperature of the sample ves-the garden soil.
sel was increased to 5C, the extraction efficiencies would Different origins ofn-alkanes were observed in the gar-
be reduced to about 2/3 of those conducted a3t is den soil and the road dust samples. From the carbon pref-
well documented that at fixed pressure, higher temperatureserence index (CPI) values, the main contribution sources of
lead to lower Sc C@densities, which in turn lower the sol- then-alkanes in these two different types of samples can be
vation power and result in lower extraction efficiendi2g]. assessed. Repeated studies have shown that if CPI is close
Extraction at room temperature with liquid GQvas also to unity, it is a good indication of high maturity suggesting
investigated, the results showed no statistically significant a major anthropogenic contribution from petroleum product
differences as compared to those performed a&tCG%Sc origin. For a CPI value greater than 6, it indicates a signifi-
COy). These results show that both liquid €@nd lower cant biogenic input from higher plarid0,31]. The road dust
temperature Sc Cfare suitable for this reported technique. demonstrated a strong input from the anthropogenic source

since its CPl value is close to 1.1, which implies the majority
of the n-alkanes input comes from petroleum products (e.g.
automobile exhausts, spilled or leaked lubricating oils, etc.).
On the other hand, the-alkanes in the garden soil sample
dshowed a major contribution from biogenic source such as

3.2. Analytical results of real-world samples

In order to investigate the feasibility of using dry ice for
real-world sample extractions, one garden soil sample an . .
one road dust sample were collected for the tegtlkanes grass aqd Eree Ie?ves, since the CPI value |s.about 7.0.
and PAHSs in the soil sample and the road dust sample were The b.|g bump under. th@-a!kanes peqks n r_oad dust
extracted and analyzed. Perdeuterated chrysene (1)—chrysene§l""mple IS anpther good |nd|.cat|on of significant input frorr_1
was spiked into the sample as a surrogate compound and; nthroi)pgenlc“ source, mainly petroleum” products. .Th's
after extraction, squalane was added into the sample as anbump IS from unres_ol\_/ed complex matter” (UCM), which
internal standard for GC quantification. Quantitative recov- Is a typical characteristic of man-made pollutajas].
ery was observed for the spikedchrysene from both the
soil and the dust samples (95-105%), demonstrating that thisTable 3
technique is capable of quantitatively extracting semivolatile Analytical results of PAHs in road duspgg™)

organic compounds. PAHs 1 2 3 Mean  R.S.D. (%)
Tables 2 and Zhow the analytical results. of-alkanes Naphthalene 0.29 0.40 027 032 219
and PAHSs in these samples. In the garden soil sample, no defjyorene 0.10 0.11 0.14 0.12 17.8
tectable PAHs were observed. In the road dust sample, onlyPhenanthrene 0.09 0.13 0.14 0.12 22.0
trace amounts of PAHs were detecteealkanes were rela- ~ Fluorancene 0.52 0.56 0.48 0.52 7.7
tively more abundant in both samples (Fig. 2). The R.S.D. Pyrene 074 068 061 068 9.6
Chrysene 0.33 0.43 0.37 0.38 13.4

for three repeated trials ranges from 3.4(20 16.7% (Ga)
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Fig. 2. Chromatograms of the dry ice SFE extracts from a road dust sample (upper) and a garden soil sample (lower). Ch: perdeuterated chrysene as a
surrogate compound for extraction; SQ: squalane as an internal standard for GC analysis; numbers on peaks are the carbon numberseaflkaamesajor

For PAHSs, only the most abundant fluorene, phenanthrene technique has the advantages of requiring very low initial
fluoranthene, pyrene and chrysene were detected (Table 3)investment in equipment, being very economical to main-
This result demonstrates exactly the same characteristics otain and operate, and having high versatility and mobility
PAHSs in road dust samples reported by Rogge ef3&]. for field or laboratory operations. This technique is highly
Although naphthalene has a high vapor pressure, it was still suitable to analytical areas where sample preservation is es-
detectable in this road dust sample. The R.S.D. for three re-sential but difficult in the sampling field, or where sample
peated extractions is between 7.7 (fluorancene) and 22.0%collection, sample preparation, and analysis are to be done
(phenanthrene), with the median of the range lying at 15.6%. immediately in the field.

In the garden soil sample, no detectable PAHs were ob-
served.
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