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DDT degradation during enhanced solid–liquid extractions
A consideration
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Abstract

Analysis ofp,p′-DDT in solid environmental samples, like soil or sediment, requires monitoring the breakdown of this insecticide dur-
ing sample preparation and measurement, which produces mainlyp,p′-DDD andp,p′-DDE. The occurrence of matrix-enhancedp,p′-DDT
degradation during GC injection is a well-known phenomenon; careful cleaning and pre-treatment of the GC injection port enables for an
overcoming of this problem. Modern solid–liquid extraction methods apply high temperatures and/or pressures to enhance the extraction
kinetics and diffusion rates of the target compounds from the solid matrix. Due to the parameters, high temperature and catalytic surface,
DDT could break down during enhanced solid–liquid extraction comparable to the degradation process during GC injection. In the present
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tudy a performance evaluation by an experimental design of microwave-assisted extraction in closed vessels, pressurized-liqui
nd fluidized-bed extraction with standard solutions ofp,p′-DDT and with a quality control material was carried out. In order to identify
ffect of matrix-enhanced DDT degradation during solid–liquid extraction a careful analytical protocol using isotope labelled stan
eveloped. At high temperatures matrix-enhanced degradation could be observed during all three investigated extraction methods
ight have important implications on the resultant interpretations of environmental degradation of DDT.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Since the 1940s the insecticidep,p′-DDT [1,1,1-trichloro-
,2-bis(p-chlorophenyl)ethane] was heavily used in agricul-

ure and for control the spread of vector-borne human dis-
ases, especially typhus and malaria[1]. Due to its persis-

ence and lipophilic nature, DDT tend to bioaccumulate in
ora and fauna, and was, therefore, banned in many coun-
ries in the early 1970s[2], although it is used even today in
ome regions.

In general, the ratio of DDT and its main metabolites
,p′-DDE [1,1-dichloro-2,2-bis(p-chlorophenyl)ethene] and
,p′-DDD [1,1-dichloro-2,2-bis(p-chlorophenyl)ethane] are
sed to infer inputs of old versus new DDT residues or to
ttempt to characterize the importance of various environ-
ental degradation pathways[3]. The DDT family also has
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been implicated in various aspects of endocrine disrup
with the degradation products more effective than the pa
DDT in disrupting some hormonal pathways[4,5]. There-
fore, an accurate analysis of the DDT species is mand
for an understanding of their transport, fate, and ecolo
impact.

Unfortunately, DDT is known as fragile at high tempe
tures and shows matrix-enhanced degradation during G
jection[6]. Due to a contamination of the injection port w
high boiling residues by sample injections over a sequ
of routine GC analyses, an increase ofp,p′-DDT degradation
can be observed. GC degradation is indicated by formati
the degradation productsp,p′-DDD via dechlorination and/o
p,p′-DDE via dehydrochlorination. In order to monitor t
breakdown, an injection and measurement of a perform
evaluation standard containing onlyp,p′-DDT, but notp,p′-
DDE orp,p′-DDD, at regular intervals throughout an anal
cal sequence is required, as demanded by US Environm
Protection Agency (EPA) Methods 508[7] and 525.2[8].
EPA Methods 8081A[9] and 8270C[10] limit GC-derived
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breakdown ofp,p′-DDT to not exceed 15% prior to calibra-
tion and also require a re-check using the performance eval-
uation standard for each 12 h shift. Otherwise, the ‘injector
maintenance and recalibration should be completed’ before
proceeding with additional sample analyses. The breakdown
in percent can be calculated using the peak areas A following
Eq.(1) as reported by Foreman and Gates[6]:

%p, p′-DDT − breakdown (1)

= Ap,p′-DDD + Ap,p′-DDE

Ap,p′-DDT + Ap,p′-DDD + Ap,p′-DDE
× 100

Modern solid–liquid extraction methods for environ-
mental samples, like microwave-assisted extraction (MAE),
fluidized-bed extraction (FBE) or pressurized-liquid extrac-
tion (PLE), apply high temperatures and/or pressures to en-
hance the extraction kinetics and diffusion rates of the tar-
get compounds from the solid matrix. Obviously,p,p′-DDT
breakdown during enhanced solid–liquid extraction can be
assumed, since comparable reaction conditions to GC injec-
tion are applied. The soil matrix can act as catalytic surface
similar to the high boiling residues in a dirty GC injection
port and the extraction temperatures, even much lower then
during evaporation in the GC injector, are applied for several
minutes. The combination of catalytic surface, temperature
and hold-up time could lead top,p′-DDT breakdown during
e
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Nitrogen (purity: 99.9990%) and helium (purity:
99.9990%) were purchased from Air Liquide (Graz, Austria).

2.2. Sample

Optimization experiments were performed using a spiked
river sediment as quality control material (qcm). For the pro-
duction of the qcm sediment samples from the Yangtse river
(Eastern China), available from a finished European Union
project [11], were combined. In order to achieve sufficient
intermixing, 5 kg of the pooled raw sediment were weighed
into a 10 L glass bottle, well packed into a blending machine
and rotated for 4 h. Thereafter, the sediment material was
wetted with 2.5 L methanol and rotated for 1 h. This slurry
was spiked with the analytes and intermixed for further 5 h.
Afterwards, the mixture was transferred into an open con-
tainer and, in order to evaporate the methanol, placed for 3
days into a hood at room temperature. After the material had
been dried, it was ground, sieved and transferred again into a
10 L glass bottle, rotated again for 4 h over head and stored at
a dry, dark place outside the laboratory for one year. Finally,
the material was simply tested on homogeneity and charac-
terized by means of Soxhlet extraction, as indicated later.

Additional experiments were performed with the refer-
ence material ‘Sediment S37’, produced according to the
general principles for candidate reference material produc-
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xtraction.
In the present study DDT-degradation during MAE, F

nd PLE has been investigated. In order to identify the e
f matrix-enhanced DDT degradation during solid–liquid

raction a careful analytical protocol using isotope labe
tandards was developed.

. Experimental

.1. Reagents and chemicals

n-Hexane and acetone were supplied by Baker (De
er, The Netherlands) (purity: Ultra resi-analyzed).n-Nonane
purum, 99%) was acquired from Fluka (Buchs, Switzerla
ichloromethane and methanol were purchased from
ochem (Wesel, Germany; purity: Pico grade, for res
nalysis). Silica gel (particle size 0.063–0.200 mm, for
mn chromatography, water content: 2.62%) and sodium

ate anhydrous were obtained from Merck (Darmstadt,
any). Diatomite (filter agent) was purchased from Ald

Gillingham, UK).
Reference compounds were supplied by Dr. Ehren

er GmbH (Augsburg, Germany) as standard soluti
olychlorinated biphenyl (PCB) 209 (10 ng�L−1) in cy-
lohexane;p,p′-DDE, p,p′-DDD and p,p′-DDT as pesti
ide mix in cyclohexane (10 ng�L−1 each); and isotope l
elled13C12–p,p′-DDT as well as2H8–p,p′-DDE in acetone
100 ng�L−1). The both isotope labelled standards were
uted inn-hexane to a final concentration of 10 ng�L−1.
ion except the final certification. Sediment S37 was te
n homogeneity within and between bottles and stab

or several organochlorine pesticides over a time-cour
month by isotope-dilution GC–MS[12]. Furthermore, a

rganochlorine pesticides containing mallow powder T
13] was analyzed for comparison purposes.

.3. Soxhlet extraction

For definition of a reference procedure a 24 h Sox
xtraction method was chosen. Five grams qcm, 5 g T
r 10 g sediment S37 were transferred into a cellulose

raction thimble (MN 645, 30 mm× 100 mm, Macherey
agel, D̈uren, Germany), 100 ng (10�L) of the interna
tandards PCB 209, [2H8]p,p′-DDE and [13C12]p,p′-DDT
ere added, covered with glass wool (preconditioned
2 h at 300◦C) and inserted into a 100 mL Soxhlet extrac
he samples were extracted under reflux with 150 mL on-
exane–acetone (4:1, v/v) for 24 h. Since extraction thim
re a potential contamination source, they were pre-extr
efore use under reflux in 100 mL Soxhlet extractors
50 mL n-hexane-acetone (1:1, v/v) for 4 h. Following

raction, the extracts were rotary evaporated to approxim
mL.

.4. Microwave-assisted extraction

MAE experiments were carried out with a Mu
ave3000 microwave oven (Anton Paar Physica, Graz,

ria) equipped with a 16-sample tray. Portions of 5 g (q
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or TP29) or 10 g (sediment S37) were weighed into 100 mL
perfluoroalkoxy (PFA) polymer extraction vessels equipped
with polytetrafluoroethylene (PTFE)-sealed lip-tight caps
and polyetheretherketone (PEEK) liners. The extraction sol-
vent as indicated by the experimental design, 100 ng of each
internal standard and magnetic stirring bars were added. The
extraction was performed in temperature controlled mode, the
temperature was ramped for 2 min. The maximum pressure
increase rate was set at 80 kPa s−1; the maximum pressure in
the extraction vessels was programmed to not exceed 2 MPa.
Temperature and hold-up time were set according to the ex-
perimental design. After a 15 min cooling step, the stirring
bar was removed and rinsed withn-hexane. The raw extracts
were separated from the solids by centrifugation at 100×g
for 3 min and transferred by means of a Pasteur pipette into
50 mL pear-shaped flasks. The remaining solid was washed
three times with 1 mL portions ofn-hexane and again sepa-
rated by centrifugation. The combined solution of raw extract
and washing solution was concentrated to nearly 1 mL.

2.5. Pressurized-liquid extraction

The PLE experiments were performed using an ASE
100 system (Dionex, Vienna, Austria), equipped with 11 mL
stainless-steel extraction cells. The extraction cells were pre-
pared as follows: the bottom of the extraction cell was covered

with a cellulose filter (I.D. 16.2 mm, Schleicher&Schuell,
Dassel, Germany) and about 0.5 g Bulk Isolute Sorbent (Inter-
national Sorbent Technology, UK) as filter agent to prevent
frit blockage or fine powder breakthrough into the collec-
tion bottle. Afterwards, 5 g (qcm or TP29) or 10 g sediment
S37 were transferred into the extraction cell, which had been
mixed with 1 g (S37) or 2 g (qcm and TP29) filter agent to
improve the permeability. One hundred nanograms of each
internal standard were added directly to the sample and, fi-
nally, the extraction cell was filled up with 0.5 g filter agent.
The samples were extracted withn-hexane-acetone (1:1, v/v)
in two extraction cycles under the conditions given by the ex-
perimental design as listed inTable 1. The experimental vari-
ables for the optimization were extraction temperature and
static extraction time. Further PLE parameters were selected
according to the default settings: The maximum extraction
pressure was set to not exceed 1700 psi (=11.72 MPa); the
flush volume was 60% of the extraction cell volume and the
purge time was set to 1 min. The raw extracts were trans-
ferred into 100 mL pear-shaped flasks and concentrated to
about 1 mL by means of a rotary evaporator.

2.6. Fluidized-bed extraction

For the extraction experiments a fexIKA variocontrol se-
ries extractor (IKA-Labortechnik, Staufen, Germany) was

T
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1
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1
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2
2
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2
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able 1
esign matrices for the three surface response designs with a three-f

un FBE PLE

Number of
cycles

Hold-up time
(min)

n-Hexane Hold-up time

1 8 7 1 9
2 8 5 0.6 5
3 8 7 0.2 1
4 14 3 1 9
5 14 5 0.2 1
6 14 5 1 9
7 8 5 0.6 5
8 8 3 0.6 5
9 2 7 0.2 1
0 2 3 0.2 5
1 2 3 1 5
2 2 5 0.2
3 14 7 1
4 8 5 0.2
5 2 5 1
6 14 5 0.6
7 14 7 0.2
8 14 7 0.6
9 8 7 0.6
0 8 5 1
1 2 7 0.6
2 2 7 1
3 8 5 0.6

4 2 3 0.6
5 2 5 0.6
6 14 3 0.6
7 8 3 0.2
8 14 3 0.2
9 8 3 1
etition of the centre for the investigated extraction methods

MAE

Temperature (◦C) Extraction
time (min)

Temperature (◦C) Acetone

80 45 150 0.4
115 45 115 0.2
150 45 115 0.6
150 25 115 0.4
115 25 115 0.4
115 5 115 0.6
80 25 150 0.2

115 5 115 0.2
80 25 150 0.6

115 5 150 0.4
150 5 80 0.4

25 80 0.6
25 115 0.4

25 80 0.2
45 80 0.4
45 150 0.4
45 115 0.2
45 115 0.6
25 115 0.4

5 115 0.6
25 150 0.2

5 115 0.2
25 150 0.6

5 150 0.4
5 80 0.4

25 80 0.6
25 115 0.4
25 80 0.2
45 80 0.4
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used. With the standard configuration of this system, four
extractions could be simultaneously carried out. The system
was equipped with a temperature sensor for an accurate set-
ting of the heating and cooling temperature. For the extraction
of solids each extraction tube was prepared with a fresh PTFE
filter (47 mm I.D., 10–20�m, fexIKA). Five grams TP29 or
qcm or 10 g sediment S37 were weighed into an extraction
tube and mixed with 3 g diatomite to enhance the permeabil-
ity of the solid bed. One hundred nanograms of each internal
standard were added and the specimens were extracted with
60 mL of ann-hexane–acetone mixture. The heating temper-
ature was maintained at 90◦C for the first cycle in order to
heat up the instrument and at 85◦C for the following cycles.
The cooling temperature was set to 20◦C. Extraction solvent,
static extraction time and number of extraction cycles were
set according the experimental design. After extraction the
raw extracts were transferred into 100 mL pear shaped flasks
and the extracts were concentrated to about 1 mL by means
of a rotary evaporator.

2.7. Clean up

Cartridges were prepared by weighing in 1 g silica gel and
3 g Na2SO4 each into empty 6 mL glass extraction cartridges
(8 mm I.D.), which were equipped with polyethylene frits
at the bottom. The solid bed was conditioned with 30 mL
n d
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Table 2
Ions selected for MS detection in SIM mode, the underlined ions were used as
target ion; the second were used as qualifiers, compounds listed in sequence
of elution

Analyte Abbreviation m/z

[2H8]p,p′-DDE DDDE 254, 256
[13C12]p,p′-DDE 13CDDE 258, 260
p,p′-DDE DDE 246, 248
[13C12]p,p′-DDD 13CDDD 247, 249
p,p′-DDD DDD 235, 237
[13C12]p,p′-DDT 13CDDT 247, 249
p,p′-DDT DDT 235, 237
PCB 209 PCB209 498, 500

equipped with an HP7683 auto sampler and a splitless in-
jector (purge delay: 0.60 min; purge flow: 39.0 mL min−1).
The injector was equipped with a single tapered glass in-
sert packed with a small amount of pesticide grade glass
wool (Supelco, Bellefonte, PA, USA) and maintained at
250◦C, 1�L of each sample was injected. The capillary col-
umn used was a HP-5MS, 30 m× 250�m I.D. and 0.25�m
film thickness. The carrier gas was helium at a constant
flow rate of 1.1 mL min−1. The temperature program was:
70◦C for 0.50 min ramped to 170◦C at 25◦C min−1, to
190◦C at 4◦C min−1, to 230◦C at 10◦C min−1, to 270◦C
at 4◦C min−1, to 300◦C at 30◦C min−1 and held at 300◦C
for 5 min. The gas chromatograph was coupled to an HP5973
mass selective detector (electron impact: 70 eV) operated in
SIM mode using them/z values listed inTable 2. The inter-
face temperature was maintained at 300◦C. The instrument
was tuned daily with perfluorotributhylamine (PFTBA) us-
ing the Automatic Tune (ATUNE). Calibration was accom-
plished by internal standardization with PCB 209, [2H8]p,p′-
DDE and [13C12]p,p′-DDT at six levels spanning the range
15–360 pg�L−1. [13C12]p,p′-DDT was used as internal stan-
dard forp,p′-DDT; [2H8]p,p′-DDE and PCB 209 were used
as internal standard forp,p′-DDE andp,p′-DDD. In addition,
each calibration standard and sample extract was injected in
duplicate. After 10 injections a standard solution containing
p,p′-DDT and [13C ]p,p′-DDT at a concentration level of
1 f the
s ar re-
g 9992
t

3

3

ing
G for
t ea-
s nce
e
w k-
d

-hexane and packed by a stream of N2. The concentrate
aw extract as well as 1 mLn-hexane–dichloromethane (7
/v) solution from rinsing of the sample flask were injec
n top of the column. After the analytes settled into the
–3 cm of the column, they were eluted from the colu
ith further 11 mLn-hexane–dichloromethane (7:3, v/v) a
ollected in a 50 mL pear shaped flask. Two hundred and
icroliters ofn-nonane was added and the clean solution

oncentrated by means of a rotary evaporator to about 1
hereafter, the eluate was further concentrated by a g
tream of dry nitrogen to nearly 250�L and transferred int
C autosampler vials for measurement.

.8. Experimental design

Surface response designs, either 32 (PLE) or 33 for FBE
nd MAE, with a three-fold repetition of the center resul

n 11 (PLE) or 29 (FBE and MAE) experiments, were cho
or the optimization of the three extraction methods and
nvestigation of the matrix-enhanced DDT degradation.
omplete design matrices are given inTable 1. For statistica
alculations (to create experimental design and analyz
xperimental results) the software package Statgraphic
ersion 3 for windows (Manugistics, Rockville, USA) w
sed.

.9. GC–MS analysis

GC–MS Determination was carried out using a Hew
ackard (Waldbronn, Germany) HP6890 gas chromatog
12
00 pg�L−1 was injected to evaluate the performance o
ystem. Chromatographic peak areas were fitted by line
ression and the correlation coefficients ranged from 0.

o 0.9999.

. Results and discussion

.1. DDT-degradation during GC injection

Since it is well known, that DDT could break down dur
C injection[6] a careful analytical protocol was chosen

he investigation of the DDT degradation during GC m
urement. After not more than 10 injections a performa
valuation standard containing 100 pg�L−1 of p,p′-DDT as
ell as [13C12]p,p′-DDT was injected and the DDT brea
own in percent was calculated following Eq.(1). A DDT-
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Fig. 1. Ion traces during mass spectrometric detection for [13C12]p,p′-DDT
and the13C12-labelled metabolites after injection of [13C12]p,p′-DDT into
a dirty GC glass insert (A) and a cleaned glass insert (B). Peak identifica-
tion: (1) [13C12]p,p′-DDE; (2) [13C12]p,p′-DDD; (3) [13C12]o,p′-DDT; (4)
[13C12]p,p′-DDT.

degradation rate greater than 10% was attributed to a dirty
glass insert.Fig. 1demonstrates clearly the matrix-enhanced
DDT breakdown in the glass insert during GC injection.

The ion traces given inFig. 1 are obtained after injec-
tion of 100 pg [13C12]p,p′-DDT into a dirty glass insert (A)
and a cleaned glass insert (B). For both chromatograms the
sum of the peak areas is nearly the same. Obviously, DDT
is degraded mainly by dehydrochlorination leading to DDE
as main degradation product. Based on this results and as-
suming that [13C12]p,p′-DDT behave similar top,p′-DDT,
[13C12]p,p′-DDT is the ideal internal standard for this com-
pound. On the other hand, [13C12]p,p′-DDT is an inade-
quate internal standard for the both main degradation prod-
ucts p,p′-DDD and p,p′-DDE and the both13C12-labelled
degradation products should be used alternatively. The aim
of our study was, however, the investigation of the DDT-
degradation, which would not have been possible when us-
ing all three13C12-labelled standard compounds. Therefore
[2H8]p,p′-DDE or PCB 209 were used as internal standard
for p,p′-DDE andp,p′-DDD.

3.2. Microwave-assisted extraction

The effect of the [13C12]p,p′-DDT-breakdown during the
MAE experiment was evaluated using a similar statistical ap-
p 3 ith
a tiga-
t nti-
fi ed
s ely

the percentage of acetone in then-hexane-acetone solvent
mixture, the extraction time as well as the extraction temper-
ature.

Hypersurfaces were constructed from the response (Y) as
a function of variable composition (xi) using polynominals
as they are expressed in Eq.(2)

Y = β0 +
∑

i

βixi +
∑

ij

βijxixj (2)

Y being the breakdown rates,xi andxj the variables consid-
ered for the optimization of the extraction andβi andβij the
parameters to be calculated. The most general function al-
lowed for the 33 surface response designs is given in Eq.(3)

Y = β0 + β1x1 + β2x2 + β3x3 + β11x
2
1 + β12x1x2

+β13x1x3 + β22x
2
2 + β23x2x3 + β33x

2
3 (3)

with x1 as the holding time after reaching the extraction tem-
perature,x2 as extraction temperature andx3 as the volume
fraction of acetone in then-hexane–acetone solvent mixture.
Eq.(4) is completed by the computationally obtained results
for the parameters. Bold numbers indicate significant factors
as identified by the analysis of variance (ANOVA) at the 95%
confidence level.

Y 2

eak-
d es
c r ex-
t per-
a f
n was
o
D ndi-
c d
w f the
a ent
p lly,
t r the
e

i he
i ping
t ized
p d er-
r exert
a 5%
c tial
f ction
t , too.
T t
roach as for optimization. A 3surface response design w
three-fold repetition of the center was chosen for inves

ion of the MAE system. Three experimental factors, ide
ed as significantly influential during a previously publish
creening experiment[14], have been investigated, nam
= 67.339− 0.414x1 − 0.545x2 − 0.812x3 + 0.0001x1

+0.003x1x2 + 0.006x1x3 + 0.002x2
2 + 0.001x2x3

+0.007x2
3 (4)

As can be seen from the main effects plot for the br
own of [13C12]p,p′-DDT (Fig. 2), higher degradation rat
ould be observed at longer extraction times and highe
raction temperatures. A minimum for the extraction tem
ture could be found around 110◦C. For the composition o
-hexane–acetone, a clear minimum for the breakdown
bserved at 50 vol.% acetone. This clear finding of ap,p′-
DT-breakdown during microwave-assisted extraction i
ates extraction temperatures of 110◦C or lower combine
ith extraction times of 20 min or shorter and the use o
zeotropic mixture ofn-hexane–acetone (1:1, v/v) to prev
,p′-DDT losses by degradation during MAE. Additiona
his results are correlated with the optimum settings fo
xtraction ofp,p′-DDT as already published previously[14].

The pareto chart for thep,p′-DDT during MAE is given
n the second part ofFig. 2. The pareto chart visualizes t
nfluence of each factor on the result/degradation grou
he most influential factor at the top of the list. Standard
areto chart shows each effect divided by its standar
or. Factor bars exceeding the vertical significance line,
statistically significant influence on the result at the 9

onfidence level (ANOVA). As expected, the most influen
actor is the extraction temperature, but the static extra
ime exceeds a statistical influence on the degradation
he calculated regression coefficientR2 of 0.821 point ou
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Fig. 2. Main effects plot and pareto chart of the 33 surface response design
for the [13C12]p,p′-DDT degradation during MAE.

that the experimental results are explained by the factor ef-
fects studied.

Although numerous studies of MAE are published, the
phenomena of matrix-enhancedp,p′-DDT degradation dur-
ing MAE was not described. Several years ago, the group
of Lopez-Avila studied the stability of organochlorine pes-
ticides includingp,p′-DDT during microwave-assisted ex-
traction from solid samples[15,16]. Unfortunately, in these
studies the compounds were grouped and the stability of the
group was investigated. Nevertheless, at high temperatures
(145◦C) the recovery was already reduced. Other studies on
MAE optimization applied temperatures up to 130◦C [17]
or used naturally contaminated soil samples with a very high
p,p′-DDT background value and low values of the metabolites
[18]. MAE experiments performed with pure [13C12]p,p′-
DDT andp,p′-DDT standard solutions and free from solid
material did not lead to DDT degradation.

3.3. Pressurized-liquid extraction

The effect of the pressurized-liquid extraction on the
[13C12]p,p′-DDT degradation was evaluated by a 32 surface
response design. Hypersurfaces were constructed from the
response (Y) as a function of variable composition (xi) using
polynominals as they are expressed in Eq.(2). The most gen-
e 2 in
E

Y

w -
i

Fig. 3. Main effects plot and pareto chart of the 32 surface response design
for the [13C12]p,p′-DDT degradation during PLE.

completed by the computationally obtained results for the
parameters. Bold numbers indicate again significant factors
as identified by the ANOVA at the 95% confidence level.

Y = 85.054− 1.210x1 − 3.809x2 + 0.006x2
1 + 0.013x1x2

+0.313x2
2 (6)

The calculated regression coefficientR2 for this experi-
ment was 0.898, indicating that the both investigated factors
extraction temperature and time explain the [13C12]p,p′-DDT
degradation almost perfect. For visualization of the results a
main effects plot and a pareto chart from the calculated factor
effects were drawn.

As can be seen from the pareto chart inFig. 3only the ex-
traction temperature was identified as statistically significant,
although minima could be observed from the main effects plot
for both factors. A minimum for the [13C12]p,p′-DDT degra-
dation could be observed at 100◦C and estimated 7 min static
extraction time, which is correlated with the optimum of a
PLE optimization experiment for organochlorine pesticides
[19]. Several studies investigated PLE for the extraction of
organochlorine compounds – includingp,p′-DDT – from var-
ious solid matrices[18,20–22]. Nearly all of them found the
solvent mixture ofn-hexane-acetone (1:1, v/v) as suitable
for the extraction of organochlorine compounds, therefore,
t ents.
A re
c ures,
w aly-
s ot
ral function for the 3 surface response design is given
q.(5)

= β0 + β1x1 + β2x2 + β11x
2
1 + β12x1x2 + β22x

2
2 (5)

ith x1 as the extraction temperature andx2 as the hold
ng time after reaching the heating temperature. Eq.(6) is
his mixture has been used for the presented experim
dditionally, after extraction then-hexane–acetone mixtu
an easily be evaporated applying rather low temperat
hich is an advantage for organochlorine pesticide an
is. The effect ofp,p′-DDT degradation during PLE has n
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Fig. 4. Operating principle of FBE.

been described in detail yet, because in naturally contami-
nated samples the distribution between the mother substance
p,p′-DDT and its metabolites is sometimes adverse[18] or
problems in the sample clean-up occurred[21]. As could be
shown from the results the effect ofp,p′-DDT breakdown is
strongly related to the extraction temperature. At high extrac-
tion temperatures – higher 130◦C – the effect increased up
to a breakdown rate greater than 30%.

3.4. Fluidized-bed extraction

FBE is a Soxhlet-related extraction technique[23], but
with the advantage of an extraction near the boiling point of
the chosen extraction solvent. Thus, leads to a more effective
kinetics and a faster extraction. The basic principle of the
FBE technique is graphically displayed inFig. 4.

The extraction solvent is filled into the basic vessel and the
heating-cooling block of the device is heated up to a prede-
fined temperature, which is selected according to the boiling
point of the extraction solvent. The evaporated solvent pene-
trates the filter and condenses primarily at the high-efficiency
condenser (a). The condensed solvent drips back into the ex-
traction material/mixed solvent and is recollected there. The
constant flow of solvent vapor from the basic vessel heats
up and vigorously fluidizes the mixture. Extraction at ele-
v t for
p he
p ex-
t ed to
t asic
h the
b basic
v esul-
t the
fi ay be
c teps.

-
t in,

Fig. 5. Main effects plot and pareto chart of the 33 surface response design
for the [13C12]p,p′-DDT degradation during FBE.

hypersurfaces were constructed from the response (Y) as a
function of variable composition (xi) using polynominals as
they are expressed in Eq.(2). The most general function for a
33 surface response design has already been given in Eq.(3).
Eq.(7) is completed by the computationally obtained results
for the parameters for the factors number of extraction cycles
(x1), hold-up time after reaching the heating temperature (x2)
and volume fraction ofn-hexane (x3). Bold numbers indicate
significant factors as identified by the analysis of variance
(ANOVA) at the 95% confidence level.

Y = −23.659+ 1.380x1 + 6.483x2 + 46.764x3

+0.025x2
1 − 0.270x1x2 + 0.353x1x3 − 0.355x2

2

+0.612x2x3 − 10.476x2
3 (7)

The calculated regression coefficientR2 for this experi-
ment was 0.818. For visualization of the results a main effects
plot and a pareto chart from the calculated factor effects were
drawn for the13C12–p,p′-DDT degradation.

As is apparent from the main effects plot (Fig. 5), higher
degradation rates were observed for longer extraction times,
more extraction cycles and greater amounts ofn-hexane in
the extraction solvent mixture. Puren-hexane has the high-
est boiling point (69◦C) of the solvents investigated and it
t uce a
s am-
p ems
t s
ated temperature and fluidizing agitation both accoun
articularly effective extraction kinetics (b). Following t
rocess step ‘heating’ the solvent is recollected into the

raction tube. For this purpose the system is programm
urn off heating and to simultaneously cool down the b
eating-cooling block as well as the solvent contained in
asic vessel (c). A vacuum is therefore produced in the
essel as a result of the quick cooling process and the r
ant differential pressure transports the extract through
lter into the basic vessel (d). This process sequence m
yclically repeated for any number of pre-programmed s

The effect of the FBE on the [13C12]p,p′-DDT degrada
ion was evaluated by a 33 surface response design. Aga
akes much longer to evaporate the solvent and prod
lurry of solvent and sample. It is probable that the s
le is heated more or less dry for some time, which se

o increase the degradation ofp,p′-DDT. These finding
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Table 3
Sediment S37[12] – results for MAE, PLE and FBE in comparison with Soxhlet extraction and the published values in ng g−1, mean± standard deviation
(SD) and relative standard deviation (RSD) in %

Compound Published value Soxhlet MAE PLE FBE

Mean± SD RSD Mean± SD RSD Mean± SD RSD Mean± SD RSD Mean± SD RSD

p,p′-DDE 2.33± 0.09 3.86 2.27± 0.09 3.93 2.29± 0.15 6.76 2.32± 0.12 5.17 2.26± 0.04 1.65
p,p′-DDD 1.29± 0.17 13.18 1.17± 0.08 6.22 1.22± 0.12 9.80 1.31± 0.11 8.40 1.29± 0.02 1.92
p,p′-DDT 3.42± 0.47 13.74 3.45± 0.10 2.90 3.35± 0.13 3.88 3.48± 0.09 2.59 3.46± 0.07 2.02

Table 4
Mallow powder TP29[13] – results for MAE, PLE and FBE in comparison with Soxhlet extraction and the published values in ng g−1, mean± standard
deviation (SD) and relative standard deviation (RSD) in %

Compound Published value Soxhlet MAE PLE FBE

Mean± SD RSD Mean± SD RSD Mean± SD RSD Mean± SD RSD Mean± SD RSD

p,p′-DDE 14.03± 1.73 12.33 14.33± 0.72 5.02 16.08± 1.43 8.89 15.02± 0.63 4.19 14.28± 0.48 3.36
p,p′-DDD 11.33± 0.97 8.56 11.78± 0.51 4.33 11.90± 0.78 6.55 11.98± 0.58 4.84 11.63± 0.33 2.84
p,p′-DDT 25.43± 3.76 14.79 27.01± 1.49 5.52 23.78± 2.52 10.60 26.34± 2.10 7.97 26.88± 1.00 3.72

were in correlation with optimized conditions for FBE of
organochlorine compounds[24] and very little [13C12]p,p′-
DDT breakdown was observed during FBE operated un-
der optimum conditions, which were 11 extraction cycles
with 5 min static extraction time and ann-hexane–acetone
(1:1, v/v) mixture. Additionally, when FBE experiments
were performed with pure [13C12]p,p′-DDT andp,p′-DDT
solutions free from solid material no degradation was
observed.

3.5. Evaluation using reference materials

In order to verify the performance of the three investigated
enhanced solid–liquid extraction methods for the extraction
of p,p′-DDT and its both main metabolitesp,p′-DDE and
p,p′-DDD, two reference materials, mallow powder TP29
and sediment S37, were analyzed in triplicate. TP29 was
chosen as representative of plant materials. This herb ma-
terial containsp,p′-DDT as well asp,p′-DDE andp,p′-DDD
in concentrations between 11 and 25 ng g−1. S37, an envi-
ronmental reference material, contains rather low concentra-
tions ofp,p′-DDT and its degradation products (in the range
1.3–3.4 ng g−1). For each extraction method the parameter
settings combination, which shows the lowest [13C12]p,p′-
DDT degradation, were used. For comparison purposes, three
s acted
b AE,
P r the
b

ction
m with
t pub-
l hod
w E.
B tine
D the
s

4. Conclusion

p,p′-DDT is less stable during analysis than proposed and
a careful analytical protocol should be established to achieve
correct and reliable results. As could be shown from the ex-
periments,p,p′-DDT degradates matrix enhanced during GC
injection as well as hot solid–liquid extraction. Therefore,

(1) Extraction parameters have to be optimised, especially
the applied extraction temperature should not exceed
120◦C to avoid DDT break down.

(2) The glass insert of the GC injector has to be maintained
carefully and after not more than 10 injections a pure
DDT standard solution should be analysed to identify a
dirty glass insert.

(3) The use of isotope-labelled internal standard, added prior
the extraction, and GC–MS for quantification could solve
the problem.
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