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Abstract

Self-constructed pressurized hot water extraction (PHWE) equipment was used in dynamic mode to extract spiked phenolic compounds
(phenol, 3-methylphenol, 4-chloro-3-methylphenol and 3,4-dichlorophenol) from sea sand and soil. Phenols were analyzed by both gas
chromatography—mass spectrometry (GC-MS) and capillary zone electrophoresis (CZE) to compare the techniques and to find out if CZE is
a suitable tool for analysis of phenols extracted from environmental matrix. Good recoveries of phenols spiked in sea sand were achieved at
all PHWE temperatures (50, 100, 200, 3@). GC-MS studies showed that phenols were selectively extracted from soil@tkd various
other compounds (e.g. polyaromatic hydrocarbons) were extracted along with the phenolsGiti8Gbe case of CZE, phenols extracted
from the soil, at 300C were separated with good resolution at pH 9.7, and co-extracted compounds did not interfere with the analysis. The
analytical values obtained by GC-MS and CZE were generally of similar magnitude.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Relative permittivity ) is the key parameter in deter-
mining solute-solvent interactions. At elevated temperatures
Water is non-flammable, non-toxic, readily available and and pressures;, of water is decreased significan{¥,2].
cheap and as solvent environmentally benign. The dramaticAt room temperatures, of water is high (78 at 25°C),
change in its physico-chemical properties at elevated temper-but at 300°C (P = 23 MPa) it is only—21. For compari-
atures and pressures enhances its usefulness. Pressurized &iin, e, of acetone at 25C is 20.7[3]. The dramatic change
water (PHW) has been used to replace conventional organicin the ¢, value can partly be explained by the decrease in
solvents in a variety of extraction processes (pressurized hothydrogen bonding at elevated temperatures and the weaker
water extraction (PHWE)). Temperatures below the critical intermolecular forces between water molecules. lonic and
value of water [z = 374°C) but usually above 10T are very polar compounds can be extracted quantitatively near
employed. In work in liquid phase, pressure must be high room temperature, but non-polar compounds require signif-
enough to prevent the water from vaporizing. In studies car- icantly higher temperatures. Selective extraction can thus be
ried out in vapor phase, some pressure is generally neededichieved by temperature tuning.
for effective transportation of the water. Above the critical  Although high PHWE temperature decreases the solubil-
temperature and critical pressure, the technique is called sudity of polar compounds in water, it may also have some
percritical fluid extraction (SFE). positive effects on the extraction result. High temperature
increases the initial desorption of the compounds from the
sample particles, and the properties of the matrix may be
* Corresponding author. Tek:358-919150268; fax:-358-919150253.  altered, making the analytes more accessible to PHW. In ad-
E-mail addressiiisa.riekkola@helsinki.fi (M.-L. Riekkola). dition, fast diffusion, low viscosity and low surface tension
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are achieved at high temperatures. On the negative side, ther- The primary aim of the study was to compare GC-MS

mally labile compounds may be destroyed and the amountand CZE techniques in the analysis of phenol and three

of co-extracted compounds (other than analytes) may besubstituted phenols extracted with PHW from sea sand and

greater than at lower temperature. soil. Especially, CZE analysis of phenols extracted from
Hot water at atmospheric pressure has long been usedenvironmental matrix was of great interest, because this

in the extraction of relatively polar compounds from solid type of matrix contains often various compounds possi-

matriceg4]. Hawthorne et al[5] were among the first fully ~ bly having effect on the reliability of the CZE analysis.

to exploit the altered physico-chemical properties of pres- Different PHWE conditions were studied to determine the

surized hot water in extraction. PHWE has already been most suitable conditions for effective extraction of the

applied, for example, to the extraction of phenfis6], compounds.

alkaned6,7], PAHs[6-9], PCBs[10,11] pesticide$12,13],

essential oilg14,15] and flavor compoundgl6,17] from

solid matrices. Phenols are relatively polar compounds and2. Experimental

it can be assumed that moderate temperatures are sufficient

for good PHWE recoveries. For example, Hawthorne et al. 2.1. Solid matrix

[5] obtained 99-100% recoveries for 2,4-dichlorophenol,

2,4,5-trichlorophenol and 2,3,4,6-tetrachlorophenol at Two types of solid matrix were employed: acid-washed,

150°C from spiked sand, and at 3Q, the recoveries were calcined sea sand (Riedel-de Haén, Seelze, Germany, grain

only slightly lower. Determination of phenolic compounds size 0.1-0.3mm) and soil mixed with the sea sand in a

has usually been carried out by gas chromatography (GC)ratio of 1:6. The soil, kindly supplied by Dr. Bert van

or liquid chromatography (LC)18]. A mass spectrometer Bavel (MTM Research Centre, Orebro University, Swe-

(MS) has often been connected on-line to GC to provide den), was from a decomissioned coal gasification plant in

reliable analysis of phenols in environmental samples, and, Husarviken, Stockholm (Sweden). The moisture content

in many cases, a relatively non-polar capillary column has of the soil was 21 and 29% of the dry mass was organic

been the choice in GC separati@,6,19,20] With this type carbon. The pH of the soil was 6.2. The soil was sifted

of column, the separation of the analytes is based mainly through a 4 mm sieve, homogenised, and air-dried for three

on the vapor pressures of the compounds. days. The dry soil was ground to a fine powder in a ball
In the past few years, capillary electromigration tech- mill.

niques (CE) have been widely applied to the determination

of phenolic compounds, affording excellent separation ef- 2.2. Reagents

ficiency. Good separation of phenols has been achieved

by both capillary zone electrophoresis (CZR1-24] and The model pollutants were phenol (>99.5%), ob-

micellar electrokinetic capillary chromatography (MECC) tained from E. Merck Darmstadt, Germany, and 3-

[25,26] In these approaches, selectivity control is achieved methylphenol (>98%), 4-chloro-3-methylphenol (99%) and

by adjusting the pH of the separation buffer or by adding 3,4-dichlorophenol (>97%) from Fluka AG, Buchs SG,

anionic [25] or neutral surfactantf26] in concentrations  Switzerland. All four compounds were used without further

higher than the critical micelle concentration. Recently, purification. Aqueous phenolic solutions were prepared by

non-aqueous capillary electrophoresis has been applied towveighing predetermined amounts of the analytes=(ca.

the separation of pheno]&7-30] In the present work, the 1.0 mg/ml) into distilled deionized water (UHQ water from

ionization constants of the phenols in wat€alfle ) were Millipore Milli-Q system, Molsheim, France) and mixing

clearly different from each other and the simplest capillary the solutions in an ultrasonic bath for ca. 5 min. All the

electromigration technique, CZE, was sufficient for their phenolics were soluble in water at working concentrations

investigation. (Table 1. Dichloromethane (HPLC grade, Mallinckrodt

Table 1
Physicochemical properties of the investigated phenols, obtained from refé¢8#jcand fragment ions used in the qualification and quantitation of the
phenols in GC-MS analysis

Quantitative Qualitative pKa dissosciation Solubility in Vapour P

ion (m/2) ion (m/2) constant H20 (ag/l) (mm Hg)
Phenol 94 66 9.99 82.8 0.35
3-Methylphenol 108 107 10.1 22.7 0.11
4-Chloro-3-methylphenol 107 142 9.55 3.8 ¢*05
3,4-Dichlorophenol 162 164 8.83 9.26 0.017
4-Bromophenol (ISTD) 172 65 9.17 14.0 0.012

aT =20°C.
T not stated.
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Fig. 1. PHWE equipment used in the experiments.

Baker B.V., Deventer, Holland) was applied as solvent 2.4. PHWE procedure
in the liquid—liquid extraction of the organics from the
PHWE effluent. The internal standard (ISTD) used in sam-
ple analysis was 4-bromophenol (99%~= 1.0 mg/ml in
UHQ water) obtained from Fluka AG, Buchs SG, Switzer-
land. The buffer solution used for the CZE analysis was
based on 2N-cyclohexylamino)-ethanesulphonic acid,
30mmol/l CHES (Sigma Chemical Co., St. Louis, Mo,
USA), in water. The pH of the buffer solution was ad-
justed to 9.7 with sodium hydroxide (>99 %, Fluka Chemie
AG, Buchs, Switzerland). In the following, background
electrolyte (BGE) means the pH-adjusted CHES buffer
solution.

Four experimentsn(= 4) were carried out under similar
conditions, and relative standard deviation (%R.S.D.) was
used as a measure of repeatability. Three gram of sea sand
or mixture of soil and sea sand (1:6, m:m) was weighed into
the extraction vessel and 90 of each aqueous phenolic
solution was injected to the solid matrix. After 20h, the
vessel was inserted to the equipment and the PHWE was
started. Direction of the water flow was from the bottom to
the top of the vessel.

In the PHWE with spiked sea sand, temperatures 50, 100,
200 and 300C and extraction times 20 and 40 min were em-
ployed. With the soil, the temperatures were 50 and°&00
and the extraction time was 20 min. The heating time to the
selected temperature (ca. 1-7 min depending on the tem-

Fig. 1 shows a simplified view of the PHWE equipment perature) was not included in the nominal extraction time.
used in dynamic mode in the experiments. One high-pressureFlow rate was 1.0 ml/min and pressure (8—18 MPa) was high
pump (Jasco PU-980 HPLC pump, Tokyo, Japan) was em-enough to keep the water in liquid state.

2.3. PHWE equipment

ployed to deliver water to the laboratory-constructed stain-
less steel extraction vessél (= 2.8 ml, 37 mmx 10 mm
i.d.) described in detail elsewhefgdl]. Tubing was con-

For sample collection, the exit capillary from the pres-
sure regulator was inserted in a flask containing 10 ml of
dichloromethane. After PHWE the tube from the three-way

nected to a three-way valve (HIP 30-15-HF4-HT, High Pres- valve to the sample collection was quickly flushed with nitro-
sure Equipment Co., Erie, PA, USA) to allow the capillary gen and then for 4 min with dichloromethane at 2.0 ml/min.
to be flushed to the sample collection with dichloromethane After this, ISTD (V = 100ul) was added to the sample.
using another similar pump. Also two on/off valves (HIP The separated aqueous sample was further extracted with
15-11AF1, High Pressure Equipment Co., Erie, PA, USA) dichloromethane (2 mk 3.0 ml), and the organic fractions
were employed in the system. All the tubes were made from were combined.

a stainless steel capillary with an inner diameter of 0.5mm  The dichloromethane solution was divided into two
(1/16in. 0.d.), except for the capillary that connected the ex- aliquots, one for GC-MS and the other for CZE analysis.
traction vessel to the high pressure three-way valve, which For GC-MS analysis, the sample was concentrated to a
had an inner diameter of 0.75 mm. The pre-heating coil lead- final amount of 1.5 ml by gentle nitrogen evaporation using
ing to the extraction vessel was 3.0 m long and the cooling a Pierce Reaction-Therm heating module (Rockford, IL,
coil, which was inserted in an ice bath, was 1.0 m long. The USA) (T = 30°C). For CZE analysis, the sample was care-
PHWE oven was a Fractovap series 2150 oven (Carlo Erbafully evaporated to dryness and reconstituted with 1.5 ml of
Strumentazione, Milan, Italy). A pressure regulator (stain- the BGE.

less steel, micrometering valve, Jasco, Japan) was used for Reference samples were prepared by addingl ®deach
pressure adjustment. phenolic solution to a flask containing 20 ml of distilled
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deionized water and 10 ml dichloromethane. The analytes start-up. The capillary was rinsed with the BGE for 3 min
were extracted and concentrated, as just described, to deterbetween runs. The BGE solution in the vials was replaced
mine the 100% recoveries of phenols obtained by PHWE. after every third run. After use, the capillary was rinsed with
One PHWE experiment with soil not spiked with phenols UHQ water and dried with air.

was carried out to determine if any phenols were naturally ~Samples were introduced to the capillary under pressure

present in the sample. (5KPa) fixed time period (3s) and the analyses were per-
formed applying a constant voltage $20 kV. The calibra-
2.5. GC-MS analysis tion for quantitative analysis of phenols by CZE was carried

out with a dilution series of phenols spiked in the BGE so-
A Hewlett-Packard model 5890 gas chromatograph lution.

connected to a model 5989 A quadrupole mass spectrom-
eter (USA) was used in the GC-MS analysis. All MS
analyses were carried out in SCAN mode (mass range3. Results and discussion
50-550amu) by electron impact ionization (ElI, 70V).
The temperature of the GC-MS interface was 300 3.1. Preliminary studies
that of the ion source 22@ and that of the analyser
120°C. Samples were injected’if; = 2.0 wl) in on-column In the development of the pressurised hot water extrac-
mode with a Hewlett-Packard 7673 auto sampler using tion, the GC-MS and CZE methods were initially tested
oven tracking for the injector temperature. The analyti- separately. First, the separation of phenols by CZE was stud-
cal column of the gas chromatograph was a 25.0m HP-5ied. The acid—base properties of the analytes in CZE depend
(Hewlett-Packard, USA) with 0.2 mm i.d. and 0 film mainly on the pH. Thus, the mobility differences of the ana-
thickness. A 2.0-3.0m retention gap (BGB Analytik AG, lytes can be maximized and high resolution can be achieved
Rothenfluh, Switzerland) of 0.53mm i.d. with DPTMDS by selecting the correct pH of the buffer. After preliminary
(1,2-diphenyl-1,1,3,3-tetramethyldisilazane)  deactivation investigations on several buffers, CHES was chosen as the
was connected to the analytical column with a press-fit background buffer for the separation. Study was then made
connector (BGB Analytik AG, Rothenfluh, Switzerland). of the influence of the buffer pH on the migration time and
The inlet pressure of the carrier gas (He 4.6, Oy Aka Ab, resolution of the phenols. pH values in the range of 9.5-10.0
Espoo, Finland) was 100 kPa and the temperature programwere tested, and the most appropriate separation, concern-

of the GC oven 30C (2 min)-10°C/min—-300°C (10 min). ing selectivity and analysis time, was obtained at pH 9.7.
The ions used in quantification and identification of the The K, values of the phenols are listed Table 1
phenols are listed imable 1 The software used in the com- The results of earlier experiments with phenols were uti-

puter was Hewlett-Packard ChemStation (G1034C versionlized in finding suitable parameters for the GC separation
C 03.00). The software included a mass spectral library (Wi- and MS detection. The conditions have been described in
ley), which was used in identifying organic compounds (also Section 2

other than the four phenols) extracted from the soil. The The detection limits (AN = 3) for the phenolic com-
calibration for quantitative analysis of phenols by GC-MS pounds were determined by both GC-MS and CZE
was carried out with a dilution series of phenols spiked in (with UV detection). They were as follows (N =

dichloromethane. 3): 67ng/ml (GC-MS) and 410ng/ml (CZE) for phe-
nol; 107ng/ml (GC-MS) and 270ng/ml (CZE) for
2.6. CZE analysis 3-methylphenol; 176 ng/ml (GC-MS) and 300 ng/ml (CZE)

for 4-chloro-3-methylphenol; 282ng/ml (GC-MS) and

Capillary zone electrophoresis experiments were carried 380 ng/ml (CZE) for 3,4-dichlorophenol. As can be seen, de-
out with a HP3PCE system (Hewlett-Packard, Waldbronn, tection limits for the compounds, especially for compounds
Germany) equipped with an on-column diode-array detector. with low vapour pressure, were only a little lower with
Instrument control and data analysis were performed with GC-MS than with CZE technique. Although selected ion
HP Chem Station software (Revision A.06.03). Uncoated monitoring (SIM) mode would have produced significantly
fused-silica capillaries (Composite Metal Service, Hallow, lower detection limits for GC-MS, SCAN mode was used in
UK) were 50um i.d. and 375um o.d., with effective length  this work because other compounds than phenols extracted
of 50.0 cm and total length of 58.5 cm. The capillary cassette from the soil were of interest as well. Linearity (value) for
temperature was maintained at 25®with an air-cooling GC-MS method was calculated from the calibration curve
system. Ultra violet (UV) detection of the analytes was car- and it was 0.997 for phenol and 3-methylphenol, 0.998 for
ried out at 220 nm. 4-chloro-3-methylphenol and 0.999 for 3,4-dichlorophenol

All new capillaries were conditioned before use. They (concentration range ca. 1.5-@/ml). With CZE, ther?
were pretreated sequentially for 10 min with sodium hy- values were 0.999 for all compounds.
droxide ¢ = 0.1 mol/l), 5 min with UHQ water and 15 min After optimization of the separations, PHWE conditions
with the BGE. This same procedure was applied in daily (extraction temperature and time) were studied to determine
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Table 2
Relative recoveries in % and R.S.D. in % (within parenthesis) of phenols extracted with PHW at 50, 100 a@d(28020 min) from sea sand and
analysed by GC-MS and CZE (with UV detection)

T = 200°C, t = 20 min, T = 100°C, t = 20 min, T =50°C, t = 20 min,

Ppy = 17 MPa Ppy = 13 MPa Pay = 12MPa

GC-MS CZE GC-MS CZE GC-MS CZE
Phenol 96.4 (8.2) 101.0 (5.0) 96.5 (5.2) 98.1 (5.7) 98.2 (3.0) 100.6 (0.9)
3-Methylphenol 89.4 (11.5) 94.7 (4.2) 90.8 (6.6) 92.2 (6.6) 89.0 (0.3) 92.9 (0.9)
4-Chloro-3-methylphenol 96.5 (4.8) 96.8 (3.2) 91.6 (3.9) 87.1 (5.0) 93.3 (0.5) 94.6 (5.7)
3,4-Dichloro-phenol 93.4 (1.7) 86.6 (1.7) 87.9 (7.7) 82.2 (5.0) 88.2 (3.9) 89.8 (5.4)

the most suitable conditions for effective extraction of the that there were no significant differences among the re-
compounds. Since pressure has been reported to have onlgults. The levels of significance corresponding to this test
a minor effect on PHWE efficiencip], the effect of pres-  for phenol, 3-methylphenol, 4-chloro-3-methylphenol and

sure on the recoveries was not studied in detail. Relative 3,4-dichlorophenol were 0.83, 0.85, 0.04 and 0.05, respec-
percentage PHWE recovery of the phenolic compounds wastively. Thus, the analysis of the results obtained by ANOVA

obtained by comparing the amounts of phenols determinedshowed that there were no significant differences among
in the PHWE-treated sample and in the reference samplethe results (except the values for 4-chloro-3-methylphenol

(see PHWE procedure). and 3,4-dichlorophenol, which were close to 0.05), so the
extraction temperature in the studied range was concluded

3.2. Spiked sea sand not to have a significant effect on the recoveries of the
compounds.

Good recoveries for phenolic compounds spiked in the ~GC-MS analysis showed that, at both 20 and 40 min ex-
sea sand were achieved at all PHWE temperat(iasi¢s 2 traction times, a little benzeneamine and some organic com-
and 3. Phenols are relatively polar compounds and soluble pounds other than phenols (not positively identified) were
in water at room temperaturdgble J). Although the po-  Ppresentin trace amounts in the samples obtained by PHWE
larity of water decreases with increase in temperature from at 300°C. The compounds were not detected in PHWE at
50 to 300°C, diffusion and transportation properties of the 50, 100 or 200C or in the reference samples, which sug-
water and desorption of the analytes from the matrix are gests that phenols (or perhaps only one phenolic compound;
enhanced at high temperatures and the overall extraction ef-not studied in detail) were decomposed to some extent at
ficiencies are good. The recoveries of the compounds with 300°C. By way of comparison, Windal et §82] found that
lowest water solubility at 25C (4-chloro-3-methylphenol  dioxins were degraded much more rapidly in pressurized
and 3,4-dichlorophenol) were generally slightly lower at 50 hot water at 300C than at 250C, while no decomposition
and 100°C than at higher temperatures. In addition to the occurred at 200C.
thermal effects explained above, this result can be explained Extraction was studied at 30€ with extraction times
by enhanced water solubility of the phenols with the lowest of 20 and 40min Table 3. Application of the unpaired
polarity. two-tailed t-test for each of the phenols showed that there

The recoveries obtained for the separate phenolic com-were no significant differences among the CZE results ex-
pounds from sea-sand by CZE at the studied extractionCept for phenol (significance level 0.01). For other com-
temperatures were compared using analysis of variancepounds the levels of significance were higher than 0.05.
(ANOVA). In each case the level of significance was de- Thus, it can be concluded that extraction time (20 or 40 min)
termined; when this value was greater than 0.05, which did not have a significant effect on the recoveries of most
was chosen as the minimum level of significance, the of the compounds. Application of thetest to the relative
null hypothesis was accepted. The null hypothesis meansrecovery values obtained by GC-MS at the two extraction

Table 3
Relative recoveries in % and R.S.D. in % (within parenthesis) of phenols extracted with PHW-& 808 20 and 40 min) from sea sand and analysed
by GC-MS and CZE (with UV detection)

T = 300°C, t = 20 min, Pay = 18 MPa T = 300°C, t = 40min, Pay = 17 MPa
GC-MS CZE GC-MS CZE
Phenol 98.2 (9.9) 98.4 (6.8) 92.1 (8.7) 77.7 (10.7)
3-Methylphenol 94.6 (4.2) 94.1 (3.6) 93.9 (4.7) 89.4 (2.2)
4-Chloro-3-methylphenol 97.1 (8.8) 93.8 (3.1) 97.6 (6.7) 96.1 (4.0)

3,4-Dichlorophenol 95.2 (8.4) 90.5 (4.4) 97.8 (4.1) 93.8 (1.9)
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Table 4
Relative recoveries in % and R.S.D. in % (within parenthesis) of phenols extracted from contaminated soil by PHW at 50°@n@ 30 min) and
analysed by GC-MS and CZE (with UV detection)

T = 300°C, t = 20min, Pay = 16 MPa T =50°C, t = 20min, Pay = 8 MPa
GC-MS CZE GC-MS CZE
Phenol 98.2 (2.2) 105.2 (12.7) 93.3 (7.6) 97.4 (9.2)
3-Methylphenol 92.0 (2.5) 93.0 (12.3) 85.2 (2.9) 88.8 (11.1)
4-Chloro-3-methylphenol 89.6 (12.3) 81.6 (7.1) 86.3 (7.0) 85.8 (23.6)
3,4-Dichlorophenol 92.7 (4.9) 85.9 (5.0) 79.4 (6.5) 77.7 (21.6)

times revealed no significant differences among the results: pounds were more tightly bound to the soil than to the sea
a level of significance higher than 0.05 was obtained for sand, even though the PHWE experiments were carried out
all phenolic compounds. Problems in data processing couldonly 20 h after spiking. Presumably native analytes would
not have been responsible for the minor differences found be even harder to extract. Organic compounds other than
for phenol working with CZE, because the peaks recorded phenols present in the soil may also have interfered with
for this analyte with both analytical techniques were near the analysis through interacting with the phenols.
the gaussian shape. No evident reason was found for the Yang et al[6] found that the recoveries of phenolic com-
low relative recovery of phenol with 40 min extraction time pounds extracted with PHW from petroleum waste sludge
(T = 300°C) obtained by CZETable 3. were increased somewhat when the temperature was raised
The PHW extraction study of the phenolic compounds from 100 to 250C (P = 50atm). In our study, increase
spiked in sea sand demonstrated that the analytes can bé the extraction temperature from 50 to 3@ provided
extracted with good recoveries even at low temperatures.a slight increase in the relative recovery of the least po-
The differences between the recoveries obtained by GC-MSlar analyte, 3,4 dichlorophenol. The relative recovery values
and CZE analysis were relatively small and the R.S.D. were obtained for this analyte by GC were compared using an

low (0.3-11.5%). unpaired two-tailed-test, and the level of significance was
0.04. The value is close to 0.05 and can be considered ac-
3.3. Spiked soil ceptable. We conclude, that the extraction temperature does

not have a significant effect on the recoveries.

The recoveries of phenolic compounds, especially Application of thet-test to compare the recoveries ob-
4-chloro-3-methylphenol and 3,4-dichlorophenol, spiked in tained by GC-MS and CZE analysis from real soil showed
the soil (mixture of soil and sea sand) were generally a little that there were no significant differences among the re-
lower than those of phenolic compounds spiked in the seasults: levels of significance were higher than 0.05. In the
sand Table 4. The structure of the matrix and its chemical light of these observations, it can be concluded that the
properties may have affected the results. Probably the com-two methods afford comparable results. As expected, the

20 1
B —
b : s
15 - 5 i 5
= =2 =
g = o
el = 5 B S
10 | ol g £ c
N ™ ©
2 - 5
™
£ =
5 - S
<
0 .
r\.ﬁva J L A«J -
'5 T T T T 1
35 4 45 _ 5 55 6
min

Fig. 2. Electropherogram of phenols spiked in the soil and extracted by PHWE300°C, + = 20 min). BGE: 30 mmol/l CHES, pH 9.7.
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Fig. 3. Total ion chromatogram of phenols spiked in the soil and extracted by PHWE (7' = 300°C, ¢+ = 20min). Explanations: (1) naphthaene; (2)
acenaphthylene; (3) dibenzofuran; (4) fluorene; (5) phenanthracene; (6) anthracene; (7) fluoranthene; (8) pyrene. The peak of the quantitation ion (m/z,

162) for 3,4-dichlorophenal is presented separately in the small window.

R.S.D. of the recoveries were generally higher with soil than
with sea sand, especially the R.S.D. of the recoveries of
4-chloro-3-methylphenol and 3,4-dichlorophenol at extrac-
tion temperature 50 °C obtained by CZE. A possible expla-
nation of the higher R.S.D. for these last two phenolsis that
they are less polar and less soluble in water at 50°C than
are phenol and 3-methylphenal.

Furthermore, it can be noted that the shapes of the peaks
obtained for spiked soil by CZE (PHWE at 50 and 300°C)
were good (Fig. 2). In GC-MS andlysis (total ion chro-
matogram), the shape of the 3,4-dichlorophenol peak was
poor (PHWE of spiked soil at 300°C, Fig. 3). No such
problems existed with spiked sea sand under any condi-
tions, nor with PHWE of soil at 50°C. The sample ma-
trix may contain some non-volatile compounds that adsorb
on the GC pre-column and disturb the formation of the
flooded solvent zone, negatively affecting the shape of the
3,4-dichlorophenol peak. The recovery calculations were
based on the peak area, not on the peak height, so the
influence of poor peak shape on the recovery value was
less. Furthermore, the shape of the peak of the quantita-
tive ion m/z 162 (see small window in Fig. 3) representing
3,4-dichlorophenol and used for quantitative analysis was
good.

A PHWE experiment carried out with soil not spiked
with phenols (T = 300°C) showed that minute amounts
of phenol and 3-methylphenol were naturally present (not
spiked) in the soil. The amount of phenol corresponded to
5.2% of the relative recovery (with respect to the spiked
amount of phenol) obtained by GC-MS and 8.6% of the
relative recovery obtained by CZE. Similarly, the amount
of 3-methylphenol naturally present corresponded to 8.6%
(GCMS) and 4.4% (CZE) of the relative recovery. R.S.D.
are not available for these results because only one experi-
ment was carried out with the soil not spiked with phenolic
compounds.

GC-MS studies showed that phenols were selectively ex-
tracted from soil at 50°C. Various other compounds (e.g.
several polyaromatic hydrocarbons (PAHS), dibenzofuran
and 1,1’-biphenyl) were found in large amounts at extrac-
tion temperature of 300°C (Fig. 3). These other compounds
are of non-polar nature and higher temperatures are re-
quired for their efficient extraction. Quantitative informa-
tion about the recoveries of PAHs from the Husarviken
soil used in this study can be found in our previous paper
[33].

The other compounds co-extracted with phenols from the
soil at 300°C were not separated by CZE (Fig. 2) because
the co-extracted compounds were not present in the BGE
asions. Peaks of the phenolsin the electropherograms were
similar to those obtained from the spiked sea sand and no
interference from the matrix was detected. Thus, good sep-
aration of phenols can be achieved even from a complex
matrix with an appropriate selection of the pH.

4. Conclusions

Comparable results were obtained by the GC-MS and
CZE methods. CZE was a reliable analytical tool for
the analysis of PHW-extracted phenols: the compounds
co-extracted from the matrix of the soil sample did not
interfere with the CZE analysis of the phenols, and the
resolution was very good thanks to an appropriate selection
of the BGE (pH 9.7). PHWE recoveries of phenolic com-
pounds were a little lower from the soil than from the sea
sand, showing that interactions between the analyte and ma-
trix may affect the extraction efficiency. PHWE selectivity
can be adjusted with temperature: GC-MS studies showed
that phenols were amost exclusively extracted from the
soil at 50°C, but also other compounds (e.g. PAHSs) were
extracted in great amount at 300°C.
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