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Abstract

For monitoring groundwater at tar oil contaminated sites a simple method of analysis was developed for the simultaneous detection of several
NSO heterocyclic compounds, homocyclic compounds, mobile two- and three-cyclic PAHs and selected metabolites. The groundwater samples
are enriched using SPE with polymer material at pH 4. Chromatographic separation and detection is performed by LC with diode array UV or
fluorescence detection. The recoveries of 25 selected compounds were mostly between 80-110% and the detection limits weyéd 0.4—2.4
for UV detection and for the fluorescence detectable compounds 0.4-140 ng/L. The method was successfully applied to groundwater samples
from a wood preserving facility. Especially benkjibiophene showed an increasing dominance downgradient of the source. Detection of
metabolites, such as 1-hydroxyiso-, 2-hydroxyquinoline and 2-hydroxy-4-methylquinoline, 2-naphthoic acid, and 1-indanone, indicating in
situ biodegradation, was confirmed by LC-ESI-MS analysis.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction genotoxic, mutagenic or carcinogerj&-8]. Some biolog-
ical transformation products, for instance benzothiophene-
Tar oil and creosote are residuals from various chemi- sulphoxide and hydroxy-quinoline, metabolites of benzoth-
cal processes, mainly the gasification of coal for the pro- iophenes and quinoline, are also known to be mutagenic or
duction of coal gas (the so called “Leuchtgas”), or city gas. at least genotoxi¢9,10]. In addition, the di- and tricyclic
In Germany, more than 1000 former gasification plants are heterocycles sometimes show high acute toxicity witlyd-C
known[1]. Because of leakage and spillage, the subsurfacevalues in the lower mg/L randé1,12]
and groundwater at these former gas plants, coke manufactur- At some sites in Denmalif8], Canadd13], the USA[14]
ing and wood preserving facilities is often polluted with tar and Germany5,15], the occurrence of NSO-heterocycles
oil. Thisliquid consists of BTEX, PAHs and also up to 15% of was investigated, and mostly an increasing dominance down-
more polar N-, S-, O-heterocyclic aromatic compounds, such gradient of the source was observed. This can be explained
as quinoline, benzojthiophene and benzofuran, as well as by their high mobility caused by their high water solubil-
the homocycles indane and indertgg( 1, [3-5]). Several ity and low Kqy coefficients[15], and persistence against
NSO-heterocycles show significant ecotoxic effects. Furan, biological degradation. Under aerobic conditions, most com-
benzofuran, pyridine, quinoline, acridine and carbazole are pounds seem to be biodegradadld 6]. However, most con-
taminated aquifers are anaerobic, and under these conditions
mpondmg author. Tel.: +49 241 80 88282: varying results are described. Dyreborg ef&F] observed
fax: +49 241 80 3388282, an almost complete persistence of several compounds, such
E-mail addressjuliane.hollender@post.rwth-aachen.de (J. Hollender). as thiophene, benzothiophene, benzofuran and dibenzofu-
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products in creosote-contaminated soils. Due to soil matrix
and high contamination level of soil samples, they fraction-
ated the different groups of contaminants using SPE with
Indane Indene Indanone ili i iONi idi i i
200 mg/L 330 molL 1430 Mo, silica gel, l:_)gSlc anionic and acidic cation exchange material
and quantified subsequently by GC-FID or LC-DAD UV.
In contrast, in groundwater samples a lower contamination
i level is expected and hydrophobic compounds, such as higher
ndole Benzothiophene Benzofuran i
1530 mg/L 120 mgL 530 mglL moleculqr weight PAHSs are not so relevant. .
“ The aim of our study was to develop a simple method
O —
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for the simultaneous determination of the parent NSO-
heterocycles, the homocycles, as well as mobile two- and

.

Quinoline Isoquinoline Acridine - i i i
6110 mgiL 4520 mg/L kil three-cyclic PAHs and known_ metabolites in groum_jwater
G H, samples. We selected approximately 25 typical tar oil com-
©\/\j P N pounds and some known metabolites, taking into account our
N N o previous screening of contaminated groundwater sanffpjes
OH ; oo _
2-Hydroxyquinoline  1-Hydroxyisoquinoline 2-Hydroxy-4-methylquinoline and Oth_er mvestlgauons atgas plant S[m After develop
6680 mg/L 4840 mgiL 210 mg/L ing a suitable enrichment and analysis procedure, the method

was applied to the investigation of groundwater samples from
the contamination plume at a tar oil contaminated site.

.
g
8

H )
Carbazole Dibenzothiophene Dibenzofuran
2 mg/L 1 mg/L 3mg/L

2. Material and methods

2.1. Chemicals

g
%
4

I

Acridinon Phenathridinon Dibenzothioophene sulfoxide 1-Indanone, 2-naphthoic acid, 2-hydroxyquinoline, 1-
10 mg/L 280 mg/L 310 mg/L hydroxyisoquinoline, 2-hydroxy-4-methylquinoline, 2-thio-
phenecarboxaldehyde, acenaphthene, acridinone, benzo-
furan, carbazole, dibenzothiophene, dibenzothiophene
sulfoxide, fluorene, 9-hydroxyfluorene, indane, indene,
trans-2-bromo-1-indanole,  5-bromo-1-indanone  were
ran in denitrifying and sulphate-reducing laboratory studies, purchased from Sigma-Aldrich (Taufkirchen, Germany).
whereas other research groups described degradation of 2-Naphthalenol, acridine, bent)thiophene, dibenzofuran,
few compounds, such as quinoline under methanogenic con-naphthalene, quinoline were purchased from Merck (Darm-
ditions [18], and indole and quinoline under nitrate- and stadt, Germany). All commercially available substances
sulphate-reducing, and methanogenic conditifit$-21] were in 98% purity or higher. 1;Jbinaphthalene was self
For thiophene and benzwthiophene only a cometabolic  synthesized. 2-Carboxybenzothiophene was a gift from R.
transformation has been reported under aerobic and anaerobideckenstock (GSF Mnchen). Acetonitrile (J. T. Baker,
conditiong22—25] In some laboratory experiments, and also Deventer, The Netherlands) was used as ultra gradient grade.
at some sites, an enrichment of metabolites was reported. ThéVater was obtained from a Milli-Q water purification system
quinoline and isoquinoline metabolites 2-hydroxyquinoline (Millipore, Eschborn, Germany).
and 1-hydroxyisoquinoline were mostly observed in the
plumes[3,14]. At other sites acridinone, phenanthridinone 2.2. Sampling and sample preparation
and carboxythiophenes were detected in groundwater sam-
ples[25-27] On the site, groundwater samples were collected in 1-L
In spite of their adverse effects, their mobility and persis- glass bottles with gas tight Teflon-lined caps, adjusted to pH
tence unlike PAHs and BTEX, NSO-heterocycles are not yet 1-2 by addition of 3mL 32% HCI and transported to the
included in standard investigation programs. Several meth-laboratory. The samples were stored in the dark°a dntil
ods for groundwater monitoring of these NSO compounds analysis.
have been previous described. The NSO-heterocycles were Priorto sample preparation the groundwater samples were
mostly analysed by GC-FID or GC-MS after liquid-liquid adjustedto pH 4 by addition of 10 M NaOH solution. As inter-
extraction[5,16] or solid phase micro-extractig@8,29] By nal standards 1,dbinaphthalene, trans-2-bromo-1-indanole
contrast, the metabolites were measured by LC with diode or 5-bromo-1-indanone were used. Hundred microliters of
array or mass selective detection after solid phase extractionmethanol stock solutions was added to 1L sample, result-
[26,27,30,31] Meyer et al.[32] described a simultaneous ing in a final concentration of 20g/L. The samples were
determination of PAHs, hetero-PAHs and their degradation applied to 6 mL-SPE-cartridges (Isolute ENV+, SEPARTIS,

Fig. 1. Selected tar oil compounds with water solubility calculated by use
of Kow (EPIWIN [2]).
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Grenzach-Wyhlen, Germany) with 200 mg polymer material A secondary source of contaminated material with a semi-

(hydroxylated polystyrene-divinyloenzene copolymer, sur- residual coal tar phase, consisting of PAH, BTEX and phe-

face 1000 /g, average particle diameter pén) without nols, remained in the horizon below the water table. A con-

prior conditioning. PTFE-tubes (25 crm3 mm 1.D.) were tamination plume of approximately 250 m is expected. Due

fixed on the SPE-cartridge by PTFE-cartridge-tube adaptersto sulphate concentrations in the groundwater in the range of
and used for loading the SPE-material with groundwater sam-150-500 mg/L and nitrate concentrations up to 20 mg/L, the

ples sucked directly from the flasks by a flow of approx- redox conditions are suggested to be mainly sulphate reduc-
imately 10-15mL/min generated by water-pump vacuum. ing. For our investigation, two wells near the source and four

The cartridges were eluted with 10 mL acetone—methanol wells in the plume were available.

(50/50, v/v). A total volume of 10 mL was collected in grad-

uated 10-mL tubes and 5@Q of the extracts were trans-

ferred into microvials (50Q.L). The remaining 9.5mL were 3. Results and discussion

evaporated under a light nitrogen stream to pQGnd also

transferred in microvials. The extracts were stored in vials 3.1. Sample preparation

with a PTFE-lined cap at +4C until analysis.

For development, optimization and validation of the sam-  In preliminary experiments, solid phase extraction car-
ple preparation, typical tar oil compounds and some known tridges with the polymer material ISOLUTE ENV+ were
metabolites Table 1) were added in different concentrations compared to cartridges with the polymer in combination
to tap water samples or non-contaminated groundwater. with RP18 material in regard to their extraction efficiency

of approximately 20 compounds added to tap water sam-
2.3. LC-DAD UV/-FLD/-MS ples. Since the RP18 material did not improve the recov-
ery, ISOLUTE ENV+ cartridges without the RP18 material

The liquid chromatography was carried out with an were used in all further experiments. In order to enrich acids,
LC system HP1100 (Agilefi, Waldbronn, Germany) with  such as naphthoic acid, as well as basic compounds, such as
UV-diode array and fluorescence detectors in series. Sep-quinoline, in one extraction step, recoveries were measured
aration was achieved on a RP-column SynéfgiHy- at two pHs. In weakly basic conditions (pH 8), the naph-
dro RP Gg (250mmx 2mm |.D., 4um particle size, thoic acids were poorly sorbed to the SPE material, result-
PhenomenéX, Aschaffenburg, Germany) by gradient elu- ing in recovery rates lower than 30%. In contrast, in acidic
tion; acetonitrile—phosphate buffer pH 7 5/95% (v/v) for conditions (pH 4) all compounds, including the slightly ba-
2min, up to 50/50% (v/v) in 3min, in 10 min up to 60/40% sic heterocycles quinoline and acridine, showed recoveries
(v/v) in 12min up to 75/25% (v/v) and in 7min up to above 60%. In the next step, the elution solvent was opti-
100/0% (v/v) and then back to 5/95% in 15 min and for equi- mized. In order to allow also GC-MS measurements, a mix-
libration for 6 min. A flow rate of 0.2mL/min and a col- ture of acetone—methanol was chosen. The mixture was var-
umn temperature of 28C was adjusted. The injection vol- ied from 50:50 (v/v) acetone—methanol up to 70:30 (v/v) with
ume was usually 1QL, but for highly contaminated sam- a higher elution force for non-polar compounds. The higher
ples 0.5.L was used. The diode array detector was set up acetone concentration did not lead to higher extraction yields,
to detection wavelength=210 nm and spectra acquisition so thatin all further experiments elution was performed with
was performed fromk. =190 nm up tor =400 nm. The de-  acetone—methanol 50:50 (v/v).Table 1 the average recov-
termination of the two- and three-cyclic PAHs (naphtha- ery rates and relative standard deviations for tap water sam-
lene, 1-methylnaphthalene, 2-methylnaphthalene, fluorene,ples spiked with selected tar oil compounds and their metabo-
acenaphthene, phenanthrene, anthracene) was performed Hites at two different concentration levels are shown. Most
fluorescence detectiondy =275 nmiem=350 nm). compounds showed recovery rates in the range from 80% to

The ESI-MS analysis was performed with a Finnigan 110% with acceptable relative standard deviations. The ba-
MAT SSQ 7000 after LC separation and diode array detec- sic and acidic compounds quinoline, acridine and naphthoic
tion using 0.1% formic acid instead of phosphate buffer. The acids showed the highest standard deviations and some com-
heated capillary was set to 200, sheath gas to 4.137 bar pounds slight over estimation. This is probably caused by
(60 psi), spray voltage was adjusted to 3.3kV in the positive broad peaks in the LC chromatogram as shown for instance

mode, the CID (collision-induced dissociation) to 10 V. in Fig. 2for the quinoline and acridine peaks (peaks humbers
10 and 17).
2.4. Site description Recovery in SPE was further checked with spiked

non-contaminated groundwater sampldable ). Some
Groundwater from several wells in the plume of the tar compounds, such as 1-hydroxyisoquinoline, 1- and 2-
oil contaminated sites “\Mknitz” was investigated by the  methylnapthalene were investigated additionally, because
method developed. The site atitnitz, Saxony, Germany, they were detected in the meantime often in groundwater
was used over many decades for timber preservation. So farsamples. As expected the recovery rates were very similar for
reclamation of the non-saturated soil zone has taken place groundwater samples compared to tap water samples. Only
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Table 1
Limit of detection, intra day deviation, inter day deviation, recovery rates (RR) and relative standard deviations (RSD) of selected NSQedsgteoonycycles and their metabolites after SPE of tap water
with two concentration levels or spiked non-contaminated groundwater

Substance CAS R Limit of detection Intraday Interday  5ug/L (tap waterd 50ng/L (tap water} 50p.g/L (groundwatefy
(50png/L)  (50ugiL)

UV (ng/L)  FLD (ng/L) RR +RSD RR +RSD RR +RSD
2-Hydroxyquinoline 59-31-4 18 04 140.0 1 3 111 5 107 3 107 3
1-Hydroxyisoquinoline 491-30-5 12 12 4.0 n.d. n.d. ¢ - - - 92 1
2-Thiophenecarboxaldehydle 98-03-3 158 0.7 n.f. 1 14 107 9 92 7 c -
Acridinoné! 578-95-0 2 24 4.0 3 3 96 5 106 13 136 4
1-Indanone 83-33-0 18 04 n.f. 7 10 118 2 105 12 110 3
2-Naphthoic acid 93-09-4 B 1.2 12.0 1 4 80 12 132 28 112 3
trans2-Bromo-1-indanole (ISTD)  10368-44-2 B n.d. n.f. 1 6 87 9 107 5 98 2
2-Naphthalenol 135-19-3 ® 04 0.4 2 5 104 4 106 6 118 3
9-Hydroxyfluorene 1689-64-1 9 04 n.f. 1 4 110 2 103 2 108 2
Dibenzothiophene sulfoxide 1016-05-3 .89 0.6 n.f. 2 2 110 2 110 1 118 3
Quinoline 91-22-5 2(3 1.0 n.f. 2 2 109 23 131 7 96 4
5-Bromo-1-indanone (ISTD) 34598-49-7 .21 n.d. n.f. 2 3 91 5 110 3 98 1
Benzofuran 271-89-6 23 04 n.f. 8 6 105 10 98 4 88 3
Carbazole 86-74-8 28 04 n.f. 2 3 < - 104 3 97 2
Benzop)thiophene 95-15-8 28 0.8 n.f. 7 5 109 10 99 3 87 3
Indene 95-13-6 20 04 n.f. 8 7 < - 95 3 83 2
Naphthalene 91-20-3 B 0.2 2.0 11 5 80 8 99 12 91 1
Acridine 260-94-6 2% 0.0 n.f. 10 9 110 16 98 19 106 2
Indane 496-11-7 32 1.6 n.f. 9 8 98 3 92 2 62 3
1-Methylnaphthalene 90-12-0 2 04 1.4 n.d. n.d. ¢ - - - 87 1
Dibenzofuran 132-64-9 32 04 1.2 7 5 102 6 93 3 104 2
2-Methylnaphthalene 91-57-6 ® 04 1.0 n.d. n.d ¢ - - - 89 1
Fluorene 86-73-7 34 0.6 1.0 6 4 98 7 93 3 82 3
Acenaphthene 83-32-9 R; 12 1.0 6 5 106 9 96 3 e -
Dibenzothiophene 132-65-0 3 038 0.8 5 5 93 16 89 2 97 2
1,3-Dimethylnaphthalene 575-417 .86 04 0.4 n.d. n.d. ¢ - - - 82 1
1,7-Binaphthalene (ISTD) 604-53-5 3B n.d. n.d. 7 7 96 4 92 6 101 2

8T2-TT2 (S002) S90T V 1601ewoiyd ¢ / JapusjioH T ‘IPUninl ‘I

n.d.: Not determined, n.f. not fluorescence active.
a8 n=9, At three different days.
bn=2.
¢ Not added to the sample.
d Detection wavelength 254 nm.
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Fig. 2. LC-DAD UV-chromatogram of a standard with heterocycles, homo-
cycles and their metabolites (5 mg/L) corresponding ta.§Q in ground-
water samples: (1) 2-hydroxyquinoline; (2) 2-thiophenecarboxaldéhyde
() acridinoné; (4) 1-indanone; (5) 2-naphthoic acid; (6) trans-2-bromo-
1-indanol (ISTD); (7) 2-naphthalenol; (8) 9-hydroxyfluorene; (9) diben-
zothiophene sulfoxide; (10) quinoline; (11) 5-bromo-1-indanone (ISTD);
(12) benzofuran; (13) carbazole; (14) berpt{iophene; (15) indene; (16)
naphthalene; (17) acridihg(18) indane; (19) dibenzofuran; (20) fluorene;
(21) acenaphthene; (22) dibenzothiophene; (23)difaphthalene (ISTD).
Compounds with"(, denotes quantified at= 254 nm; all others quantified
ata=210nm.
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compounds in a concentration of 3@@/L led to no detec-
tion of any compound in the extract of the second cartridge.
This indicates that also highly contaminated samples can be
investigated by the procedure. Of course, it is also possible
to extract only 100 mL of high-polluted samples.

In order to improve sensitivity for low contaminated
groundwater samples, the SPE extracts were concentrated
by evaporation under a light nitrogen stream, but the recov-
ery of many compounds decreased significantly (data not
shown). The recovery rates of the volatile compounds indane,
indene and benzofuran were even below 25%. The selected
internal standards did not show such a high decrease so that
they could not be used for correction of volatilization loss.
Because of these results, quantification was performed with
non-concentrated extracts.

3.2. Chromatographic separation, detection limits and
accuracy of the method

In Fig. 2, a typical LC-DAD UV-chromatogram of a stan-
dard mixture is shown. The chosen chromatographic con-
ditions yielded baseline separation for many peaks. The
compound pairs hydroxyfluorene—dibenzothiophene sulfox-
ide, benzag)thiophene—indene, naphthalene—acridine and

indane showed low recoveries, what cannot be explained atfluorene—acenaphthene showed double peaks, but quantifi-

the moment.

cation is possible. The separation of the two PAHSs fluorene

Breakthrough was tested by using two SPE cartridges in and acenapthene is known to be diffici88]. For acridine,
sequence. Extraction of a groundwater sample spiked with 252-thiophene carboxyaldehyde and acridinone calibration and

Table 2

Concentration of NSO-heterocycles, homocycles and their metabolites in groundwater samples from the timber impregnatitinisite W

Substancés Concentration in groundwater samples from different wellg/[()

IW1 near source IW2 near source GWM 1/980m IW5~100m 13/01~120m 14/01~250m
Naphthalene 1070 720 740 50 10 10
1-Methylnaphthalene b 450 300 130 & Tracé
2-Methylnaphthalene < 70 300 < < Tréce
Fluorene 160 60 20 20 40 <
Acenaphthene 480 220 190 240 290 <
Indene 650 220 210 100 n.d. <
Quinoline Tracé < < < < <
Carbazole 180 20 20 30 30 <
Benzop)thiophene 920 330 280 210 140 40
Benzofuran < 110 < < < <
Dibenzofuran n.d. 100 < 80 130 1
2-Naphthalenol 720 < < < < <
1-Naphthalenol < 20 < 50 20 <
2-Naphthoic acid < < 40 100 Trate <
2-Hydroxyquinoline 720 900 100 70 50 <
1-Hydroxyisoquinoline 700 810 140 440 n.d. <
Acridinone Tracé < < < < <
Phenanthridinone Trate < < < < <
1-Indanone < 60 < < < <
4-Methylquinoline < < < < < <
1,3-Dimethylnaphthalene < < < < < <

2 The following compounds were not detected in any samples: 2-thiophen-carboxyaldehyde, dibenzothiophene sulfoxide, indane, acridinalipbenanthr
hydroxyfluorene, 2-hydroxy-4-methylquinoline, 5-carboxybenzothiophene.

b Not determinable.
¢ <LOD.

d Detected but below limit of quantitation.
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quantification was carried out at 254 nm because the spec-Table 1 for most compounds, is not greater than the intra day
tra of these compounds showed higher UV-absorption at thisdeviation.

wavelength. As indicated ifiable 1, several compounds, es-

pecially PAHSs, could be determined sensitively by fluores-

cence detection, too.

The calibration was performed with at least six differ-
ent concentrations in the range of 100-10,000L (DAD
UV detection) and 0.1-1Q@g/L (FLD detection) corre-
sponding to groundwater concentrations of 1-{Lg0L and
0.001-1ug/L, respectively. The calibration curves were lin-

3.3. Application to groundwater samples from a tar oil
contaminated site

The method developed was applied to groundwater sam-
ples from the timber impregnation site(Mknitz described
in the Section2. In order to determine the occurrence and
fate of tar oil compounds, we analysed groundwater samples

ear with correlation coefficients >0.997. The detection lim- near the source of contamination and downstream the plume.
its were determined using the signal-to-noise ratio >3. They The identification of tar oil compounds was performed by
were after enrichment 0.4-2u4)/L for the compounds de-  comparison of retention time and UV spectra or in the case
termined by DAD UV detection and 0.4-140ng/L for the of PAHs fluorescence spectra with standard substances. In
fluorescence active compounds. These limits are sufficientaddition to UV spectra, identification of polar compounds
for the investigation of groundwater samples in the plume. was confirmed by LC—MS measurements. Naphthalene, ace-
To determine the robustness of the method, the prepara-naphthene, indene, benzofuran and bebnitbipphene were
tions of spiked samples and analysis of extracts were madedetected in high concentrations near the soufi@ble 2.

in triplicates at three different days. Intra day deviation Downgradient of the source the concentrations of naphtha-
was mostly below 10%. The inter day deviation, shown in lene, indene and benzofuran decreased more than those of

2-Hydroxyquinoline UV spectrum Peak 24

1000 UV spectrum Peak 1
1250 o
600 2-Hydroxy-4-methylquinoline
750
200 250
0

300 400
wavelength in nm

200

300 400

nm

Relative Abundance
100

Relative Abundance

N 2010
Lol MS spectrum 186.9 MS spectrum
Peak 1 80 1 Peak 24
80
60 - 60 -
40+ 40 1 159.9
179.8 20 | 189.0
281 14[39 | 188.0 188.902.0
1
- 1N - L 0 e . gL L
0 50 100 150 200 250 50 100 150 200 250
m/z m/z
mAU | ! 16
2500
28
2000~
1500+
26
10001 25 / 21 22
500 4 \
Mﬁ /A i
0 1 ;

0 1‘0 - 0 0 4 min I

Fig. 3. LC-DAD UV-chromatogram of a highly contaminated groundwater sample from the timber impregnation site with ESI-MS and UV spectra of peak 1 (2-
hydroxyquinoline)nw'z=186.9 [M'H*MeCN]" and peak 24 (2-hydroxy-4-methylquinoling@jz=201.0 [M'H*MeCN]". (24) 2-Hydroxy-4-methylquinoline;

(25) 1-methylnapthalene; (26) 2-methylnapthalene; (27) phenanthrene; (28) 1-hydroxyisoquinoline other peak numbers exXptai@ed in
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centrations of 1-hydroxyiso- and 2-hydroxy-quinoline near
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