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The efficiency and reproducibility of an analytical procedure for
trace determination of polychlorinated biphenyls (PCBs) in soil/
/sediment samples were evaluated by analyses of soils differing in
their sorption-controlling properties. PCBs were accumulated from
soil by sonicated multiple extraction with a 1:1 acetone/n-hexane
mixture. The extracts, purified by treatment with copper powder,
mercury, and sulphuric acid were analyzed by gas chromatography.
The extraction efficiency from a soil spiked with 4-430 pg kg1 of
Aroclor 1242/Aroclor 1260 mixture depended on the initial PCB
mass fraction. The matrix effect was evaluated by the analysis of
PCBs added to five European reference soils differing in organic
matter content, grain size distribution, mineral composition, pH
values, and iron and aluminium oxides content. In four of these
soils, a linear correlation was found between the slopes of calibra-
tion lines for the determination of PCBs and soil organic matter
content. An exception was the most acidic soil with the highest,
but poorly humified, organic matter. The linear regression of cali-
bration line slopes and the content of soil fine silt particles indi-
cated a positive, but not statistically significant, correlation.

Keywords: Aroclor 1242, Aroclor 1260, soil/sediment analysis, soil
sorption controlling properties, Euro-Soils, extraction efficiency,
gas chromatographic analysis.
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INTRODUCTION

Due to high chemical and thermal stability, inertness, and excellent di-
electric properties, complex mixtures of polychlorinated biphenyls (PCBs)
have been used extensively over the past half century as dielectric fluids in
transformers and capacitors, as components of hydraulic fluids, and as plas-
ticizers. The wide-spread use of PCBs, coupled with uncontrolled waste dis-
charge, spills, dumps, and accidents has led to significant environmental
contamination by their persistent commercial formulations.!

Being highly hydrophobic, PCBs tend to be rapidly and strongly sorbed
by most soils and aquatic sediments.?” Soil and sediment sorption of PCBs
is favoured by a high degree of chlorination and absence of substitution in
the ortho-positions of the biphenyl.® The sorption is stronger for co-planar
than for non-planar PCBs with the same degree of chlorination.® The
soil/sediment properties favouring the sorption of PCBs are high organic
carbon, high aluminium and iron oxides, and fine particles like silt.?

The quantitative and qualitative analyses of PCBs encounter specific
problems due to the complex composition of PCB mixtures in different envi-
ronmental and biological samples. For easier handling of the 209 PCB syn-
thetic congeners, 100-150 being present in commercial mixtures, a system-
atic congener numbering has been accepted and the numbers are referred to
as Ballschmiter, IUPAC or PCB numbers.'® High resolution gas chroma-
tographic techniques enable efficient separation and quantitation of individ-
ual congeners in different samples, selected either as congeners of a typical
structure and high toxicity or congeners taken to be typical and representa-
tive of the most widely used PCBs.11-13

Methods for determination of PCBs in soil/sediment samples are mostly
based on a Soxhlet or ultrasonic solvent extraction and a clean-up step fol-
lowed by gas chromatographic separation and electron capture detec
tion.>~71417 The use of solvents of medium-polarity (dichloromethane) or
solvent mixtures (n-hexane/acetone) containing a wetting agent (typically
acetone) is recommended for liquid-solid extraction procedures.'®!¢ Critical
comparison of six different extraction methods for PCB extraction from sew-
age sludge was published recently.!® At mass fractions of individual conge-
ners of about 100 ng g~! and higher, PCB 28, PCB 52, PCB 101, PCB 118,
PCB 138, PCB 153, and PCB 180 were extracted almost quantitatively by
Soxhlet Dean-Starch extraction of sludge with toluene, Soxhlet extraction
with 2:3 n-hexane/acetone mixture, cold digestion/saponification with KOH
in methanol, followed by partition with n-hexane, ultrasonic extraction with
1:1 acetone/n-hexane mixture, and treatment with BF;-methanol, followed
by partition with dichloromethane. Though slightly less efficient (78%), cy-
clic steam distillation was recommended as an interesting alternative be-
cause of the low solvent consumption and the possibility of analyzing the ex-
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tract directly without the clean-up. Column elution with dichloromethane
was the least efficient (61%). Supercritical fluid extraction/supercritical
fluid chromatography coupled with FT-IR spectrometry can also be applied
to the analysis of PCBs in contaminated soils.!6171° By analyzing certified
sediment samples containing less than 10 ng g! of individual PCB conge-
ners, Fuoco et al.l” have demonstrated that extraction of PCBs either with
1:1 acetone/n-hexane mixture in an ultrasonic bath or by supercritical fluids
from certified sediment samples generally gives a quantitative recovery and
a lower coefficient of variation than the extraction with a Soxhlet system.
The ultrasonic extraction procedure worked out by those authors'417 was
equally efficient but less solvent consuming and, due to the shorter extrac-
tion periods, much faster then the similar extraction procedure applied for
determination of PCBs in sewage sludge.'® This method was successfully
used for determination of PCBs at pg/g levels in sediment and soil samples
from Antarctica®” and it seemed to be the method of choice for trace enrich-
ment of PCBs in soil. However, environmental analysis including soil/sedi-
ment analysis deals with great variation in the composition (matrix) of sam-
ples. It is therefore problematic to anticipate the efficiency and imprecision
of compound analysis in a soil/sediment sample on the basis of recoveries
and standard deviations estimated earlier with a sample of different charac-
teristics. To examine the interferences and matrix effects, additional recov-
ery experiments should be performed with each type of analyzed soils and
at different concentration levels, expected in real samples.

In the present work, we have focused on variations in the extraction effi-
ciency of PCBs from different types of soils by multiple sonication of soil
with acetone/n-hexane mixture and following in general the procedure re-
commended by Fuoco et al.'4'7 The matrix effect on PCB extraction efficiency
was evaluated by gas chromatographic analysis of PCBs, added as an Aro-
clor 1242/Aroclor 1260 mixture, in a surface soil collected from a strip land
excavation and in four surface and one subsurface European reference soils
(Euro-Soils)20-2! differing in their sorption controlling properties, such as
the organic matter content, grain size distribution and mineral composition,
pH values, and iron and aluminium oxides content. The extraction recover-
ies are discussed with respect to the pedological characteristics possibly af-
fecting the efficiency of the procedure.

EXPERIMENTAL

Chemicals

The PCB mixtures Aroclor 1242 and Aroclor 1260 were obtained as standard ref-
erence compounds from the U.S. Environmental Protection Agency Repository, Re-
search Triangle Park, NC, USA.
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n-Hexane for organic trace analysis (SupraSolv®), mercury (Suprapur®), copper
(Kupfer fein gepulvert) and sulphuric acid, 95-97%, pro analysi, were purchased
from Merck, Darmstadt, Germany. Mercury was washed with 5% HNOjs, rinsed with
water up to neutral reaction, then with acetone and 2—-3 times with n-hexane. Cop-
per powder was washed twice with diluted HCI (1:1), and rinsed with water, acetone,
and n-hexane as described for mercury. Both metals were stored till use in n-hexane.

All other chemicals were the products of pro analysi purity of Kemika, Zagreb,
Croatia.

Soils

The samples of reference Euro-Soils?’: Euro-Soil 2 ( Rendzina, A-horizon, Pelo-
ponnesos, Greece), Euro-Soil 3 (Dystric Cambisol, A-horizon, Wales, Great Britain),
Euro-Soil 4 (Orthic Luvisol, A-horizon, Normandy, France), Euro-Soil 5 (Orthic Pod-
zol, A-horizon, Schleswig-Holstein, Germany), and Euro-Soil 6 (Orthic Luvisol, BC-
horizon, Normandy, France) were obtained by courtesy of Dr. H. Muntau from the
European Commission Joint Research Centre, Environment Institute, Ispra, Italy.

Soil DP was collected from a strip land excavation in Dalmatia, Croatia, and
characterized by courtesy of Dr. M. Juraci¢ in the Center for Marine Research, Ru-
der Boskovi¢ Institute, Zagreb, Croatia.

Equipment

Gas Chromatographs. — Pye Unicam 204 (column 1) and Varian 3400 (column 2)
equipped with 3Ni electron capture detector.

Columns. — Column 1: glass, 2.5 m x 2 mm i.d., packed with 5% OV-101 on
0.16—0.20 mm Chromosorb W/DMCS/AW. Column 2: RSL-200 bonded phase fused-
silica capillary column, 30 m x 0.25 mm i.d., with a 0.2 um film thickness, supplied
by Alltech-RSL, Applied Science Labs.

Operating Conditions. — Column 1: column, injector and detector temperatures
205, 250 and 300 °C; nitrogen (carrier gas) flow rate 30 mL min~'. Column 2: tem-
perature programmed from 40 to 145 °C at 50 °C min!, from 145 to 155 °C at 1 °C
min?, from 155 to 225 °C at 2 °C min!, from 225 to 280 °C at 40 °C min! and finally
kept at 280 °C for 15 min; injector and detector temperatures 270 and 375 °C; he-
lium (carrier gas) linear velocity 0.5 m s™!; splitless injection.

Procedures

Extraction of PCBs from Soil

Soil samples were spiked with Aroclor 1242/Aroclor 1260 standard solutions in
acetone using a similar procedure as described by Fuoco and Griffiths.!® The air-
dried and sieved (<1 mm) DP soil samples (10 g) were first moistened with acetone
and then mixed with 5.0 mL of Aroclor 1242/Aroclor 1260 acetone solutions contain-
ing 8 to 860 ng mL™! of total PCBs (6-615 ng mL™! of Aroclor 1242 and 2-245 ng
mL! of Aroclor 1260). The 10-g portions of Euro-Soils, moistened with acetone, were
mixed with 5.0 mL of Aroclor 1242/Aroclor 1260 acetone solutions containing 22 to
178 ng mL" of total PCBs (16—-124 ng mL" of Aroclor 1242 and 6-54 ng mL"! of Aro-
clor 1260). The samples were made homogeneous by mechanical shaking at room
temperature till the solvent evaporated.
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PCBs were extracted from spiked soil samples following a modification of the
procedure described by Fuoco et al.'*17 The 10-g soil sample was extracted five times
with 15 mL of acetone/n-hexane 1:1 mixture in an ultrasonic bath: four times for 3
min and the last time for 15 min. The combined extracts were evaporated to 10 mL
under a stream of nitrogen. To remove the sulphur, 0.5 g of Cu powder and 0.5 g Hg
were added and the sample was stirred for two hours. The liquid phase was de-
canted and evaporated to dryness under a stream of nitrogen. The dry residue was
redissolved in 1.0 mL of n-hexane and washed with 1.0 mL of conc. sulphuric acid by
mixing the sample for 30 s. A 0.7-mL aliquot of organic layer was separated, evapo-
rated to dryness under a stream of nitrogen and redissolved in 1.0 mL of n-hexane
immediately before gas chromatographic analysis. Solvent and reagent blanks were
prepared and analyzed with each new set of spiked and non-spiked soil samples.

Gas Chromatographic Analysis

PCBs were quantitated against a standard mixture consisting of Aroclor 1242
(49.30 ng mL) and Aroclor 1260 (21.74 ng mL!) at a total concentration of 71.04 ng
mL-1. Calibration standard solutions were tested in an interlaboratory comparison.
The individual peak method proposed by Sawyer?? was used for quantification on
the packed 5% OV-101 column. Each PCB peak was identified according to the rela-
tive retention time to 4,4'-DDE multiplied by 100 (RRTppg). The 26 major peaks in
the gas chromatogram of the standard mixture were calibrated by multiplying the
Aroclor 1242 and Aroclor 1260 concentration by the mass percentage of individual
peaks in the respective Aroclor, determined under standard operating conditions.2?
The total PCB concentration in a sample was calculated by summing up concentra-
tions corresponding to individual peaks detected in that sample.

The PCB congeners in the chromatogram of the Aroclor 1242/1260 standard
mixture on the capillary RSL-200 column were identified by comparison with the
Aroclor chromatograms published by Ballschmiter and Zell.!® The concentration of
individual congeners in the standard was calculated by multiplying the mass frac-
tion (%) of a given congener in Aroclor 1242 and 126023 by the concentration of that
Aroclor and then by summing up the contributions from both Aroclors. The total
PCBs in the analyzed samples were calculated by summing up the individual conge-
ner mass fractions (ug kg~!) measured in that sample. Calibration lines for determi-
nation of total PCBs and selected congeners: 2,4,4- and 2,4',5-trichlorobiphenyl
(PCB 28 and 31), 2,2',3,4,4',5'- and 2,3,3',4',5,6-hexachlorobiphenyl (PCB 138 and
163), and 2,2',3,4,4',5,5'-heptachlorobiphenyl (PCB 180) in different Euro-Soils were
constructed by analysis of soils spiked with different amounts of Aroclor 1242/1260
mixture.

All results were corrected for blanks prepared by extraction of non-spiked soil
samples.

RESULTS AND DISCUSSION

Table I shows the characteristics of DP and Euro-Soil samples. The con-
cept of reference Euro-Soils was developed with the aim to harmonize the
testing procedures for adsorption/desorption behaviour of new chemicals to
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TABLE I

Characteristics of soil DP and Euro-Soils (ES) 2—62

DP ES 2 ES 3 ES 4 ES 5 ES 6
loam  silt loam  loam  silt loam loamy silt loam
sand
Sand / % 49.4 13.4 46.4 4.1 81.6 1.7
Silt / %  total 37.5 64.1 36.8 75.7 12.6 82.4
fine - 19.7 5.8 41 1.0 2.6
Clay / % 13.2 22.6 17.0 20.3 6.0 16.0
pH (in water) 7.8 8.0 5.8 7.0 4.6 8.3
SSAP / m2 gt 27.6 - - - - -
Organic matter / % 5.89 6.40 6.45 2.85 15.90 0.80
C/N ratio - 18.50 13.27 9.69 30.77 12.50
Al,O5 / % - 8.66 11.92 12.07 3.85 12.64
Fey,O5 / % - 1.66 4.14 2.71 < 0.05 2.83
PCB / ng kg! (d.w.) 4.5 5.5 3.0 3.5 1.7
< 1.0° 5.5° 2.9° 2.9¢ 3.1° 2.6°

# Data for Euro-Soils referring to granulometric composition, pH, organic matter, C/N ratio,
Al203 and Fe203 content, and PCB mass fractions are taken from Ref. 20.

b SSA, specific surface area; d.w., dry weight; —, not determined.

¢ PCB mass fractions determined in this work.

be distributed on the market of the European Union.2%-?! In the first round
of soil collection five surface soils (Euro-Soils 1-5) were selected. In addi-
tion, one subsoil sample (Euro-Soil 6) was collected to represent material
that is very poor in organic carbon content. Euro-Soils cover a wide range of
sorption-controlling properties, such as grain size distribution, pH values,
organic matter content, and iron and aluminium oxides content. The repor-
ted mass fractions of total PCBs in Euro-Soils were calculated on the basis
of mass fractions estimated for eight individual PCB congeners (PCB 20,
PCB 28, PCB 52, PCB 101, PCB 118, PCB 138, PCB 153 and PCB 180), as-
suming that these congeners accounted for 40% of all occurring congeners.?°
The highest content of total PCBs (6.5 pg kg!) was calculated for Euro-Soil
1, which appeared to experience higher PCB exposure than other soils. For
our experiments, we have chosen five soils (Euro-Soils 2-6) with a lower
calculated content of total PCBs (1.7-5.5 ug kg1) in order to minimize inter-
ferences of the originally present PCBs with the estimation of total PCBs
added to investigated soils. Mass fractions of total PCBs in Euro-Soils 2—6
determined in this study were in good agreement with the calculated values
(Table I).
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The slightly alkaline DP soil consisted mainly of sand and silt and con-
tained an average percent of organic matter. As it was collected from a regu-
larly exploited strip land excavation, located at a considerable distance from
any local pollution source, the level of contamination with persistent or-
ganochlorine compounds was expected to be very low. This was confirmed by
rather low mass fractions of total PCBs determined in this soil. DP soil was
also low in sulphur content, which enabled the analysis of PCBs in soil ex-
tract with and without previous extract purification for sulphur removal
and to test the potential influence of extract treatment with Cu powder and
Hg on the PCB extraction recoveries.

To test the dependence of extraction efficiency on the initial mass frac-
tion of PCBs in soil, DP soil samples were spiked with increasing amounts
of Aroclor 1242/Aroclor 1260 mixture. The mass fractions of total PCBs in
spiked DP soil samples ranged from 4 to 430 pg kg~! (3-308 ng kg! for Aro-
clor 1242 and 1-123 ug kg ! for Aroclor 1260). Table II shows the PCB ex-
traction recoveries, determined without treatment of soil extracts with Cu
powder and Hg. In total, 75 mL of acetone/n-hexane mixture was used for
multiple soil extraction. No significant improvements in extraction recover-
ies were found because of a larger volume of extracting solvent or because of
longer sonication periods. The recoveries of total PCB congeners in Aroclor
1242, and consequently also in Aroclor 1242/1260 mixture, increased with
increasing the initial mass fraction in soil. They were significantly different
(P < 0.05) in the three listed mass fraction ranges. On the other hand, the
recovery of Aroclor 1260 was not dependent on the initial content in soil
with mass fractions ranging from 1 to >100 pg kg!. Aroclor 1260 (a mixture
of penta- to nonachlorobiphenyls) consists of more lipophilic PCB congeners
than Aroclor 1242 (a mixture of mono- to pentachlorobiphenyls) which are
efficiently extracted into the organic solvent even at Aroclor 1260 levels low-
er than 10 ug kg~!. The extraction efficiency achieved with mass fractions of
total PCBs higher than 86 pug kg~! was comparable to the average recovery
(88+12%) of seven PCB congeners extracted by sonication with n-hexane/
acetone mixture from certified sewage sludge.!® The lowest recovery from
sewage sludge, containing 79 to 313 ng g ! of individual congeners, was re-
ported for the least lipophilic trichlorobiphenyl PCB 28 (62%) while the re-
coveries of tetra- to heptachlorobiphenyls were almost quantitative. How-
ever, it should be noted that, even at the highest level of total PCBs (430 pug
kg1), individual congener mass fractions in spiked DP soil were much lower
than those in certified sewage sludge: about two times lower for PCB 28,
about ten times lower for PCB 52, and about thirty times lower for PCB
138, 153, and 180. The PCB recoveries determined in extracts of DP soil
treated with Cu powder and Hg were comparable to those obtained in non-
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TABLE II

Accumulation efficiency of PCBs from DP soil spiked with
Aroclor 1242/Aroclor 1260 mixture

Procedure PCB mixture Mass fraction  Accumulation
range efficiency + S.D. a
1g kg ! % (N)
Extract not treated with Aroclor 1242 3-6 56 +10 (10)
Cu powder and Hg 15-31 64+ 7 (10)
62—-308 83+ 7 (15)
Aroclor 1260 1-123 67+ 9 (35)
Aroclor 1242/1260 4-9 65+ 7 (10)
22-43 71+ 6 (10)
86—430 85+ 6 (15)
Extract treated with Cu Aroclor 1242 16 58 +13 ( 5)
powder and Hg Aroclor 1260 7 88+ 6 ( 5)
Aroclor 1242/1260 23 68+ 9 (5)

% 8.D., standard deviation; N, number of samples (in parentheses).

treated extracts (Table II), confirming that the applied procedure for sul-
phur removal did not affect the accumulation efficiency.

Figure 1 shows the dependence of extraction recovery of PCBs with dif-
ferent numbers of chlorine atoms in the molecule on their mass fraction in
DP soil. Concentrations of di- (RRTppg = 21), di- and tri- (RRTppp = 28;
RRTppg = 32), tetra- (RRTppg = 47), penta- (RRTppy = 78), hexa- (RRTppg =
174), and hepta- (RRTppp = 203) chlorobiphenyls in soil extracts were deter-
mined by extract analysis on the packed 5% OV-101 column.?? The highest
recoveries were obtained for the most lipophilic hexa- and heptachlorobiphe-
nyls. However, the extraction efficiency of all PCB congener groups decrea-
sed with decreasing the mass fraction in soil, especially at levels below 1 pug
kg !. The greatest recovery decrease with decreasing the mass fraction was
observed for di- and trichlorobiphenyls (RRTppr = 28) and the smallest for
hexa- (RRTpp = 174) and hepta- (RRTpp; = 203) chlorobiphenyls.

If mass fractions of total PCBs (expressed as Aroclor 1242/1260 mixture)
in DP soil were equal or higher than 10 pg kg1, the efficiency of the applied
procedure was comparable to the efficiency of the complex procedure worked
out for determination of total and individual PCB congeners in marine and
river sediments.!* After an ultrasonic sediment extraction by n-hexane/ace-
tone mixture, the treatment of extracts with Cu and Hg, and the clean-up
on a Florisil column, the ortho and non-ortho substituted PCB congeners
were preseparated by high performance liquid chromatography (HPLC) and
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Figure 1. Dependence of extraction efficiency on the initial mass fraction of PCBs in
DP soil: a) di — (O —— RRTppg = 21), di- and tri- (® ---- RRTppg = 28; A —-—
RRTppE = 32), and tetra- (B - - - RRTppg = 47) chlorobiphenyls. b) penta- (O — - —
RRTppE = 78), hexa- (A — — RRTppg = 174), and hepta- (® —— RRTppg = 203) chlo-
robiphenyls.

analyzed by capillary gas chromatography/ECD detection. Total PCBs were
recovered from certified marine sediment samples containing 1.2 and 112 pg
kg™ of Aroclor 1254 in 83 and 90%, respectively. Accumulation efficiencies
of individual PCBs from the same sediments, additionally spiked with 10 pg
kg of each of six non-ortho substituted di- to heptachlorobiphenyls, ranged
from 83 to 95% with relative standard deviations of 8 to 12%. Slightly lower,
but still high accumulation efficiencies of 70 to 90%, with relative standard
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deviations of 14 to 19%, were also achieved with 100 times lower mass frac-
tions of individual congeners. The same method, save for the HPLC pre-
separation step of specific congeners, was evaluated by spiking the real soil
and sediment samples from Antarctica with a mixture of Aroclor 1221 (con-
taining mostly mono- and dichlorobiphenyls), 1232 (containing mono-, di-,
tri-, and tetrachlorobiphenyls), 1248 (containing tetra- and pentachlorobi-
phenyls), and 1260 (containing mostly hexa- and heptachlorobiphenyls).®
The total PCB content was calculated by summing the individual concentra-
tions of identified congeners. At the 0.5 ng g! PCB level, the recovery was
always higher than 70% with a relative standard deviation of 30-32%. Con-
trary to these results, only more hydrophobic hexa- and heptachlorobiphen-
yls were recovered 70% from DP soil if mass fractions were lower than 1 ug
kg™, while the recoveries of congeners with two to five chlorine atoms kept
below 50% (Figure 1).

Differences in the accumulation efficiency of PCBs from different soils
are assumed to be related not only to variations in analytical procedures but
also to physical and chemical characteristics of soils and sediments. In or-
der to evaluate the matrix effect on the efficiency of extraction procedure
used in this work for trace enrichment of PCBs from soil, five well-
characterized Euro-Soils (Table I), including one sub-soil, were spiked with
Aroclor 1242/Aroclor 1260 mixture at mass fractions of 22 to 89 pg kgL
Chromatograms of a) non-spiked Euro-Soil 6 extract, b) extract of the same
soil spiked with 89 ug kg™! of Aroclor 1242/1260 mixture (62 ug kg™! of Aro-
clor 1242 + 27 ug kg of Aroclor 1260), and c) of 71.04 ng mL™! Aroclor
1242/1260 standard mixture (49.30 ng mL! of Aroclor 1242 + 21.74 ng mL™!
of Aroclor 1260) are shown as examples in Figure 2. Table III shows the

TABLE III

Accumulation efficiency of PCBs from Euro-Soils (ES) 2-6 spiked with
Aroclor1242/Aroclor 1260 mixture

(Accumulation efficiency + S.D.") / %

Euro-Soil (V)" Aroclor 1242 Aroclor 1260 Aroclor 1242/1260
15-62 pg kg™ 7-27 ug kg™ 22-89 ug kg’

ES 2 (6) 50 + 13 52 + 16 51+ 12

ES 3 (6) 64+ 17 57 + 18 62+ 18

ES 4 (6) 41+ 6 61+ 11 48+ 17

ES 5 (9) 81+ 14 60 + 14 74 + 12

ES 6 (9) 75 + 14 80+ 8 78 + 12

% S.D., standard deviation;
> N, number of samples (in parentheses).
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Figure 2. Gas chromatograms of a) extract of non-spiked Euro-Soil 6; b) extract of
Euro-Soil 6 spiked with Aroclor 1242/1260 mixture; c¢) standard mixture of Aroclor
1242/Aroclor 1260. Column: RSL-200.

achieved accumulation efficiencies of total PCBs from different soils. Aro-
clor 1242 and Aroclor 1260 were extracted with equal efficiency from Euro-
Soils 2, 3, and 6. From Euro-Soil 5, however, the extraction efficiency of Aro-
clor 1242 was about 20% higher and from Euro-Soil 4 lower than that of
Aroclor 1260.

Although the extraction results seemed to indicate better recovery of to-
tal PCBs from Euro-Soil 3 than from Euro-Soil 2, the accumulation efficien-
cies from these two soils were not significantly different. Euro-Soils 2 and 3
have a comparable organic matter content and more or less balanced grain
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size distribution although Euro-Soil 3 reveals a slight dominance of the
sand fraction. Euro-Soil 2 has a higher percent of silt and fine silt particles
than Euro-Soil 3, which could increase the sorption intensity of PCBs in
soil® and result in a less efficient accumulation of PCBs. However, when
comparing the particle size distribution in Euro-Soil 2 with those of other
soils, one has to bear in mind that it consists of more than 60% of calcium
carbonate, which reduces the content of minerals to nearly one third of the
total, and the percentage of individual grain fractions is given relating to to-
tal mineralogical components.?’ Euro-Soils 2 and 3 differ considerably in
the pH value, the latter being moderately acid and the former moderately
alkaline due to the high amount of free calcium carbonate.

According to its granulometric composition and organic matter content,
Euro-Soil 3 was the most similar to DP soil. Accumulation efficiency of
PCBs expressed as Aroclor 1242 from these two soils were comparable but
the more hydrophobic PCBs in Aroclor 1260 accumulated significantly bet-
ter from the slightly alkaline DP soil than from the acidic Euro-Soil 3. Com-
pared to the neutral Euro-Soil 4, the extraction efficiency of PCBs from the
DP soil was significantly higher, despite twice as high organic matter con-
tent that could promote the sorption of PCBs. PCBs in Aroclor 1260 were
accumulated with equal efficiency from the acidic and neutral Euro-Soils 3
and 4, while those in Aroclor 1242 were extracted more efficiently from the
former soil.

The most acidic Euro-Soil 5, sampled in a coniferous forest, is character-
ized by the highest organic matter content, which is considered to be one of
the most important sorption promoting soil properties. A linear relationship
between PCB sorption intensity and soil organic matter has been demon-
strated.® According to Cortes et al.,? other soil properties, such as the spe-
cific surface area and amorphous iron and aluminium oxides, become deci-
sive only in soils with little organic matter. However, a very high carbon to
nitrogen (C/N) ratio, used as a measure of organic matter humification,?* in-
dicates that Euro-Soil 5 contains high amounts of poorly humified organic
matter, probably due to the inhibited microbial activity under acidic condi-
tions.2%2! Consequently, PCBs in Aroclors 1242 and 1260 were extracted
from Euro-Soil 5 more efficiently than from Euro-Soils 2, 3, and 4, and as ef-
ficiently as from the subsurface Euro-Soil 6 containing very little organic
substance (< 1%). Euro-Soil 5 is also characterized by a high sand fraction
and low content of aluminium and iron oxides, which could decrease the
PCB sorption intensity. Besides, it should be pointed out that the sorption
intensity depends not only on the amount but also on the type of organic
matter. Organic matter composition in an explicitly acidic soil is quite likely
to be different from that in slightly acidic, neutral, or alkaline soils.
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The highest accumulation efficiency was achieved by the extraction of
PCBs from Euro-Soil 6, indicating the expected low sorption intensity in a
soil poor with organic matter. Subsoil 6 has the highest content of total silt
of all the studied Euro-Soils, but it is composed mainly of coarse particles
(62.5%) and the fraction of fine silt particles is small (2.6%).

Figure 3 shows the calibration lines for determination of total PCBs in
Euro-Soils 2—-6. Correlation coefficient » was 0.769, 0.929, 0.985, 0.974, and
0.992 in ES2, ES3, ES4, ES5, and ESG6, respectively. The extracts of soils
spiked with Aroclor 1242/Aroclor 1260 mixture were analyzed by gas chro-
matography using the capillary column 2. Slopes of the calibration lines for
the PCB determination in different soils were different and became steeper
in the sequence Euro-Soil 2 <3 <4 <5 < 6. The highest calibration curve
slope coefficients were obtained for determination of Aroclor 1242/Aroclor
1260 mixture (o = 0.023) in Euro-Soil 6. Statistically significant differences
(P < 0.05) in slope coefficients were determined for the calibration lines for
determination of total PCBs in Euro-Soils 5 and 6, and 3 and 4. The differ-
ence was not statistically significant between the calibration curve slopes
for determination of PCBs in soils 4 and 5, and 2 and 3. Similar differences
in calibration curve slopes were obtained by determination of selected PCB
congeners. Figure 4 shows an example with the calibration curves for deter-
mination of PCB congeners with three (PCB 28 + PCB 31), six (PCB 138 +
PCB 163), and seven (PCB 180) chlorine atoms in the molecule. PCB conge-
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Figure 3. Calibration lines for determination of total PCBs (as Aroclor 1242/Aroclor
1260 mixture) in Euro-Soils (ES) 2-6. Standard: Aroclor 1242 (49.30 ng mL™1)/Aro-
clor 1260 (21.74 ng mL™1) mixture.



242 N. PERIS ET AL.

a) PCB 28 + 31
[
o .=
R
[4+]
2
2%
o
2.)( 1_
s
(;)“ [o%
O 1 '
0 5 10 18
b) PCB 138 + 163 ES6
——_—
5.0
eE
3]
1=
o, Ir
=
L‘/‘;Q
O L i
0 1 2
ES6
¢) PCB 180 .
F
2..
O
5o ESS
T 42
cm
- ES4
w
0.2
21t ES3
o ES2
2%
© [}
%) [oN
0
0

1
Mass fraction in soil / ug kg™!

Figure 4. Calibration lines for determination of selected PCB congeners in Euro-
Soils (ES) 2-6: a) sum of the PCB 28 and PCB 31; b) sum of PCB 138 and PCB 163;
¢) PCB 180.
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ners 28 and 31 are presented as a sum because of incomplete separation of
the corresponding peaks under the applied gas chromatographic conditions.
Similarly, PCB congener 138 cannot be separated on the applied gas chro-
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Figure 5. Correlation of calibration line slopes for determination of PCBs in Euro-
Soils 2, 3, 4, and 6 vs. soil organic matter for: a) total PCBs (as Aroclor 1242/1260

mixture); b) PCB congeners 138 + 163; ¢) PCB 180.
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matographic column from congener 163.12 Correlation coefficients ranged
from 0.879 to 0.982 for PCB 28+31, from 0.818 to 0.990 for PCB 138+163,
and from 0.913 to 0.991 for PCB 180.

The calibration line slope coefficients were correlated with different soil
properties. Slope coefficients of the calibration curves for determination of
either total PCBs as an Aroclor 1242/Aroclor 1260 mixture or selected con-
geners in Euro-Soils 2, 3, 4, and 6 followed the changes in the soil organic
matter content (Figure 5). The slopes increased with the decrease in the
percentage of organic matter. An exception were the calibration curves for
determination of total or single PCBs in Euro-Soil 5, from which those com-
pounds were efficiently extracted despite the high soil organic matter frac-
tion. Slopes of the calibration curves for determination of PCBs in that soil
were similar to those for PCB determination in Euro-Soils 4 and 6 having a
low organic matter content.

No correlation was found between the calibration line slope coefficients
and pedological characteristics such as the content of total silt, clay, and
sand as well as the content of aluminium and iron oxides. However, the line-
ar regression of calibration line slopes and the content of fine silt particles
in soil indicated a positive correlation, but it was not statistically signifi-
cant.

The results presented should be regarded as an indication of matrix
characteristics that could possibly influence the efficiency of PCB trace en-
richment, and affect the accuracy of PCB determination in different soils by
the applied sonicated extraction procedure. The results emphasize the ne-
cessity to test the extraction recoveries from each investigated soil type at
different PCB levels or to apply a standard-addition method. The results
should also stimulate further research into the relationship between the
pedological characteristics and the extraction efficiency of PCBs from soils
using different extraction techniques and correlating the recoveries with the
PCB sorption behaviour in investigated soils.
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SAZETAK

Akumuliranje malih koli¢ina poliklorbifenila iz tla:
djelotvornost ultrazvuéne ekstrakcije sa smjesom aceton/n-heksan
iz razli¢itih tipova tla

Nenad Peris, Zelimira Vasilié, Sanja Fingler i Vlasta Drevenkar

Ispitana je djelotvornost i ponovljivost analitickog postupka za odredivanje tra-
gova poliklorbifenila (PCB) u tlu/sedimentu analizom tala razli¢itih sorpcijskih svoj-
stava. PCB su akumulirani iz tla visekratnom ekstrakcijom smjesom otapala ace-
ton/n-heksan 1:1. Ekstrakti su ¢iSceni izmuckavanjem bakrenim prahom, Zivom i
sumpornom kiselinom te analizirani plinskom kromatografijom. Djelotvornost eks-
trakcije PCB iz tla, u koje je dodano 4-430 pg kg! smjese Arocloral242 i Aroclora
1260, ovisila je o masenom udjelu PCB u tlu. Utjecaj svojstava tla na djelotvornost
ekstrakcije ispitan je analizom PCB dodanih u pet Europskih referentnih tala raz-
li¢itih sadrzaja organske tvari, granulometrijskog i mineralnog sastava, vrijednosti
pH i sadrzaja Zeljezova i aluminijeva oksida. U cetiri tla uocena je linearna kore-
lacija izmedu nagiba baZdarnih pravaca za odredivanje PCB i sadrzaja organske
tvari u tlu. Izuzetak je bilo najkiselije tlo s najviSe (slabo humificirane) organske
tvari. Dobivena je pozitivna, ali ne i statisti¢ki znacajna korelacija nagiba bazdar-
nih pravaca i sadrzaja finih éestica silta u tlu.



