Available online at www.sciencedirect.com

SCIENCE@DIREGT° JOURNAL OF
CHROMATOGRAPHY A

v LIRS
ELSEVIER Journal of Chromatography A, 1042 (2004) 89-97

www.elsevier.com/locate/chroma

Determination of alkylbenzene metabolites in groundwater by solid-phase
extraction and liquid chromatography—tandem mass spectrometry

Robert E. Alumbaugh®*, Lisa M. Giedf, Jennifer A. Field

@ Department of Chemistry, Gilbert Hall 153, Oregon Sate University, Corvallis, OR 97331, USA
b Department of Environmental and Molecular Toxicology, Oregon State University, 1007 ALS, Corvallis, OR 97331, USA
¢ Department of Botany and Microbiology, University of Oklahoma, Norman, OK 73019, USA

Received 10 March 2004; received in revised form 12 May 2004; accepted 12 May 2004

Abstract

Benzylsuccinate (BSA), methylbenzylsuccinate (methylBSA), and ethylbenzylsuccinate (ethylBSA) are unambiguous anaerobic biotrans-
formation products from toluene, xylenes, and ethylbenzene decay, respectively, and may be used to indicate intrinsic bioremediation is
occurring at hydrocarbon-contaminated sites. In order to improve upon current methods that detect and quantify anaerobic hydrocarbon
metabolites in field samples, solid-phase extraction (SPE) and direct sample injection methods coupled with liquid chromatography—tandem
mass spectrometry (LC-MS—MS) were evaluated. In laboratory studies, recoveries of authentic standards of non-deuterated or deuterated
benzylsuccinates and toluates ranged from 80 to 106% with relative standard errors ranging from 2 to 4%. The method detection limits for
these analytes using SPE-LC-MS-MS ranged from 0.006 to P.829whereas those for direct injection-LC—MS—-MS ranged from 0.61 to
1.5pg/L. Given the increased sensitivity of using SPE coupled with LC-MS-MS, this technique was then used to analyze for the presence
of putative anaerobic alkylbenzene metabolites in groundwater from a hydrocarbon-contaminated site where single-well push—pull tests were
conducted using deuterated aromatic hydrocarbons. Both deuterated and non-deuterated benzylsuccinates and toluates were successful
detected and quantified in field samples using this method.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction diation as an alternative to cleaning up contaminated ground-
water [2,5,6] Since available oxygen is quickly depleted
The USA dependence upon groundwater is underscoredin petroleum-impacted subsurface waters, anaerobic condi-
by the fact that 99% of rural drinking water and 46% of total tions often prevail7], which limits intrinsic or enhanced
drinking water is obtained from aquifef]. Unfortunately, bioremediation approaches to those relying on anaerobic
contamination of groundwater is a persistent, ubiquitous metabolism.
problem throughout the USA2]. Aromatic hydrocarbons The detection of metabolites that are unique to anaerobic
including benzene, toluene, ethylbenzene and the xylene iso-alkylbenzene transformation are a definitive way to demon-
mers (BTEX) are introduced to the subsurface in the form strate that intrinsic or enhanced bioremediation is occurring
of gasoline spills and leaks from underground storage facil- at BTEX-contaminated site8,9]. Under anaerobic condi-
ities. The BTEX compounds are of particular interest due to tions, fumarate-addition reactions lead to the formation of
their relative high water solubilities and toxicitig3 4] and unique metabolites including benzylsuccinate (BSA) from
because they are among the 33 synthetic organic contamitoluene, methylbenzylsuccinate (methylBSA) from xylenes,
nants most frequently found in drinking-water weli§. and ethylbenzylsuccinate (ethylBSA) from ethylbenzene,
Limitations and costs associated with conventional reme- respectivelyj9—11]. While the transformation of these alkyl-
diation methods have generated interest in intrinsic bioreme-benzenes to their associated benzylsuccinate metabolites has
been observed in numerous laboratory studies, as evidenced
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BTEX-contaminated site$9,16—18] To the best of our  of putative metabolites. To limit the scope of this project,
knowledge the detection of ethyl-BSA has not been re- the mmethylBSA isomer was selected; however, and
ported for groundwater samples or groundwater tracer p-methylBSA also could be determined by the methods
tests. Fewer yet are the number of reports that documentdescribed herein. Furthermore, because phthalates formed
benzylsuccinate formation during groundwater tracer testsonly at low concentrations in microcosm experimej#s
[19,20] Beller et al.[20] conducted a groundwater slug phthalates and their deuterated forms were not evaluated for
test in which toluene and xylenes were injected and the this project. The developed and validated SPE method for
subsequent formation of BSA and methylBSA metabolites the selected metabolites and their deuterated forms was then
was observed. Reusser et[dl9] injected deuteratedHsg] applied to the analysis of aromatic hydrocarbon-impacted
toluene (toluene) and BH1g] o-xylene p-xylene-dg) and groundwater samples.

monitored the formation of deuteratetHg] BSA (BSA-

dg) and PH1o] methylBSA (methylBSA-do) and reported

first-order rates of formation. Rates obtained from in situ 2. Experimental

tracer tests are more likely to be representative of actual

aquifer conditions than those obtained from microcosm 2.1. Reagents and standards

studieg[21].

Laboratory studies indicate that benzylsuccinates can Standards of DL-benzylsuccinic acid (BSA, 99% pu-
be further transformed to toluate, phthalate, and benzoaterity) and benzoic acid (99.5%) were obtained from Alfa
[9,13]. While these metabolites are not unique to the anaer- Aesar (Ward Hill, MA, USA). Standards ah-toluic acid
obic transformation of alkylbenzenes, the detection of their (99%), o-toluic acid (99%), 2,4-difluorobenzoic acid (2,4-
deuterated forms during groundwater tracer tests can beDFBA, 98%), and 2,4-dichlorobenzoic acid (2,4-DCBA,
used to validate that alkylbenzenes are being metabolized98%) were obtained from Aldrich (Milwaukee, WI, USA).
in situ beyond the initial transformation to benzylsucci- The surrogate standardy-fluorobenzoic acid (4-FBA,
nates. To date, quantitative methods for the detection of the98%), was purchased from Sigma (St. Louis, MO, USA).
deuterated forms of toluate, phthalate, and benzoate haveThe commercially-available deuterated standard$;]
not been developed. o-toluic acid -toluic acid-d) (99.3%) and $Hs] ben-

In support of previous laboratory and field stud- zoic acid (benzoic acids) (99.2%) were purchased from
ies, several analytical approaches were developed forCDN Isotopes (Que., Canada§Hs] Toluene (toluene-),
the detection of BSA and methylBSA. Several stud- [2Hio] mxylene {n-xylene-do), and BHs] ethylbenzene
ies have used liquid—liquid extraction coupled with gas (ethylbenzene«) for push—pull tests were also acquired

chromatography—mass spectrometry (GC—NEX)]; how- from CDN isotopes. Acetone (HPLC grade) and methanol
ever, this method is time-consuming and uses relatively (Optima grade) were obtained from Fisher Scientific (Fair-
large volumes of solvent. Reusser and Fifl8] coupled lawn, NJ, USA). Hydrochloric acid was obtained from

solid-phase extraction (SPE) with GC-MS analysis, which J.T. Baker (Phillipsburg, NJ, USA). Ethylbenzylsuccinic
required extracting 1L samples followed by derivatization acid (ethylBSA) andm-methylbenzylsuccinic acid n¢
with diazomethane, to achieve a method detection limit methylBSA) were synthesized and purified according to
(MDL) of 0.2 ng/L. Subsequently, Belldil6] achieved an  published methodf22,23].
MDL of 0.3 ng/L for the analysis of BSA and methylBSA [?Hs] Benzylsuccinate (BSA«) and PHio] mmethyl-
by direct injection liquid chromatography—tandem mass benzylsuccinate nGmethylBSA-dog) were produced by
spectrometry (LC-MS—MS). This latter technique is more enrichment cultures capable of biodegrading toluene or
promising for rapid analysis because no extraction or deriva- m-xylene under sulfate-reducing conditiof. Approxi-
tization procedures are required. However, additional analyt- mately 40umol (5u.L) of either d-toluene om+xylene-dg
ical methodology is needed becausg the concentrations  were amended to the enrichment cultures which were incu-
of in situ benzylsuccinates can be at or below the MDLs of bated until approximately half of the given alkylbenzene had
the current GC- and LC-based methods (e:@-2—0.3u.g/L) been consumed. At this time, half of the culture supernatant
and[2] methods are needed to detect metabolites resultingwas acidified, extracted with ethyl acetate, concentrated,
from the further decomposition of benzylsuccinates that silylated, and analyzed by GC-MS according to published
may be produced during groundwater tracer tests. methods[9] in order to confirm the presence of BSA-d
Thus, the objective of this study was to develop and or m-methylBSA-do. Mass spectral profiles indicated that
evaluate a SPE method coupled with LC-MS-MS for the these deuterated metabolites were indeed formed (data
determination of BSA, methylBSA, ethylBSA and their not shown). The remaining culture supernatants were then
deuterated forms, and for toluates, deuterated toluates andubjected to SPE to concentrate metabolites. These con-
deuterated benzoate. As part of this study, the SPE methodcentrated metabolites were used as biologically-generated
was examined alongside a direct injection method similar reference materials to confirm the presence of BgAxud
to that outlined by Bellef8] in order to compare MDLs  m-methylBSA-dg in groundwater samples analyzed by the
and to expand the methodology to include a greater suite LC-MS—MS method.
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2.2. Groundwater samples prior to reducing the volume te-1 mL with heat (85C)

under a steam of dry nitrogen using an N-Evap analytical
Groundwater samples were obtained from a BTEX- evaporator (Organomation Associates, Berlin, MA, USA).

contaminated aquifer beneath a bulk fuel terminal near During the concentration process, care was taken to ensure

Portland, OR, USA. Previous investigations at this site samples were not allowed to go dry, otherwise signifi-

had shown evidence for the in situ degradation of alkyl- cant analyte losses were observed (data not shown). The

benzenes under anaerobic conditi¢gh§,19]. Indeed, site sample vials were capped, cooled to room temperature,

groundwater was confirmed to be anoxic with measured then the contents were transferred to a 2mL autosampler

dissolved oxygen levels0.1 mg/L. In addition to back- vial.

ground groundwater samples, groundwater samples con-

tain'ing nondeuterated.and deutgrated hydrocarbons and, 4 opE spike and recovery

their putative anaerobic metabolites were obtained dur-

ing single well push—pull experiments conducted at this

Spike and recovery experiments were performed to de-

site in a manner similar to those described by Reusseriemine the accuracy and precision of the SPE method. For

and Field [18]. Briefly, 250L test solutions containing
toluene-d, m-xylene-do and ethylbenzenesdat concen-
trations ranging from 1210 to 192d/L were injected into
four hydrocarbon-contaminated wells, designated CR-12
CR-13, CR-14, and CR-2(16,24] In addition, the test

these experiments, groundwater obtained from well CR-4
was used as the sample matrix since it was devoid of the an-
alytes of interest. Five replicate 100 mL CR-4 groundwater

' samples were spiked to give a concentration @il of the

following six analytes;[1] benzoate-g [2] m-toluate,[3]

solutions contained 100 mg/L bromide, which was used to o-toluate-d, [4] BSA, [5] ethylBSA and[6] m-methylBSA

normalize for dilution (e.g., a conservative tracg,24]

Groundwater samples, collected from the wells over a 25-
day period, were obtained using a Masterflex peristaltic

pump (Barnant, Barrington, IL, USA) that was coupled
to 0.6 mm nylon-braided poly(vinyl chloride) (PVC) tub-

and 0.05.g of the 4-FBA surrogate standard. All SPE
extracts were spiked with [lg of the 2,4-DCBA internal
standard prior to LC-MS-MS analysis. The concentra-
tions of analytes spiked into CR-4 groundwater samples
and concentrated by SPE were determined from calibra-

ing (Kuriyama, Santa Fe Springs, CA, USA) after first (jon cyrves constructed from standards prepared in CR-4

purging 3 well-casing volumes. Samples were collected

in 1L glass bottles preserved with 1.5% (v/v) 6 M HCI
to achieve a pH of 2, and stored at@ until analysis.

An uncontaminated background well, CR-4, was also sim-
ilarly sampled and used in method development experi-

ments.

2.3. Solid-phase extraction (SPE)

Groundwater samples were brought to room tempera-

ture and vacuum filtered through a Whatman GDF 150,
1um glass microfibre filter (Whatman, Maidstone, UK).
The filtered samples were spiked with 00% of the 4-FBA

groundwater.

2.5. SPE detection and quantitation limits

To determine the MDL for the SPE method, eight repli-
cate 100 mL CR-4 groundwater samples were spiked to give
0.05p.g/L of each analyte and Ofgy/L of 4-FBA surro-
gate standard. An analyte concentration of Q@i was
selected because that concentration was estimated to be less
than five times the predicted MDL. The MDLs for the SPE
method were calculated as described by Glaser §24].
Quantitation limits were defined as the concentrations that

surrogate standard. An Empore SDB-XC 47 mm SPE disk 92ve signal-to-noise valuesl0.

(3M, Minneapolis, MN, USA) was placed in an MFS PP47,
47 mm polypropylene filter holder (Advantec/MFS, Dublin,

CA, USA) that was fitted to a Supelco vacuum manifold
(Sigma-—Aldrich, Milwaukee, WI, USA). The disk was pre-

conditioned by first wetting with 10 mL of acetone and al-
lowing the disk to dry. The disk was further conditioned by
passing 10 mL of isopropanol, 10 mL methanol and 5 mL of
pH 2 reagent water sequentially without allowing the disk
to go dry. A sample volume of 100 mL was then applied
and the disk was allowed to dry for a minimum of 2 h under
vacuum.

Compounds adhering to the SDB-XC disks were eluted
by passing three 3mL aliquots of methanol through the
disk and collected in 15 mL vials (Supelco, Bellefonte, PA,
USA). A 1 mL aliquot of reagent water was added to each
vial along with 1ug of 2,4-DCBA as an internal standard

2.6. Direct injection

A set of spike and recover experiments was performed to
determine the accuracy and precision of the direct injection
LC-MS—-MS method. To this end, seven replicate, 1 mL sam-
ples of CR-4 groundwater were spiked to contain Q0L
of each analyte andidg of the 2,4-DCBA internal standard.
Concentrations were quantified from calibration curves con-
structed from standards prepared in CR-4 groundwater. For
purposes of comparison, the accuracy and precision of direct
injection (25uL injection volume) were determined. The
MDL for direct injection was determined by spiking a set of
eight replicate 1 mL samples of blank CR-4 groundwater to
contain 5.g/L of each analyte andig of 2,4-DCBA inter-
nal standard and analyzing the samples by direct injection.
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2.7. Liquid chromatography—tandem mass spectrometry minus an ionizable hydrogen atom. The product idiis{
H-COOQOTJ", corresponded to the loss of the g@arboxyl

All compounds were separated by a Waters 2690 Separa-moiety (1z 44) and were used for quantitatipho].
tions Module (Waters, Milford, MA, USA) liquid chromato-
graph fitted with a 150 mmx 2 mm Betasil Gg column 2.8. Quantitation
(Thermo Electron Corp., Bellefonte, PA, USA). A mobile
phase consisting of methanol-1mM ammonium acetate Quantitation was performed by conventional internal stan-
buffer (pH 4) prepared in reagent water (43:57, v/v) was dard calibration using calibration standards prepared both in
used in the isocratic mode with a 0.2 mL/min flow rate. A reagent water and, where noted, in CR-4 groundwater. Cali-
sample injection volume of 2BbL was used for all samples. bration standards ranged from 5 to 50§YL for each analyte
The LC system was interfaced to a Quattro Micro triple and contained 0.05g of the 4-FBA surrogate standard and
guadrupole mass spectrometer (Micromass, Manchesterl g of the 2,4-DCBA internal standard. Absolute recover-
UK). The mass spectrometer was operated in the negativeies of analytes following SPE were determined from cali-
electrospray ionization (ESI) mode with a desolvation tem- bration curves constructed from analytes and the 2,4-DCBA
perature of 300C and a source block temperature of&0 internal standard while relative recoveries where determined
The desolvation and cone gas flows were set at 575L/hfrom curves developed from analytes and the 4-FBA sur-
and 92 L/h, respectively. For all compounds, the capillary rogate standard. Weighted linear regressiow) (ias used
voltage was set to 2.75kV, the cone voltage was set to 24 V,to generate calibration curvg®6,27] from five calibration
and the multiplier voltage was set to 650V. Argon (purity standards. Calibration curves were not forced through zero
99.998%) was used as the collision gas and the collision andR? values typically were 0.999.
energy was set at a value between 12eV and 14eV, with
the values optimized for each analyte. Collision cell pres-
sure was set to be between 2 10-3mbar and 2.2x 3. Results and discussion
10~3mbar. A maximum of six transitions were monitored
to achieve maximum sensitivity. For this reason, separate3.1. Liquid chromatography—mass spectrometry
LC-MS-MS analyses were conducted to determine the
deuterated and non-deuterated analyte concentrations. Initial experiments were aimed at establishing the crite-

Benzylsuccinic acid was spiked into ammonium salt ria for the detection and quantitation of deuterated analytes
buffers ranging from pH 3 to pH 7 and directly infused to when authentic standards of deuterated analytes were not
compare signal strength for determination of the optimal available. During the initial infusion experiments, precur-
buffer pH to be used in the mobile phase. A buffer pH of 4 sor ions of M — H]~ with transition to product ionsM
gave the largest signal and was thus selected for all subse— H—COQ]~ were obtained for all the carboxylated ana-
guent infusion experiments. To optimize tune settings and lytes of interest and used for quantitatiorable ). The
determine the appropriate transitions for quantitation, eachtransitions obtained for BSA ans-methylBSA were con-
analyte was prepared at a concentration ranging between 2G&istent with those reported by Bell§t6]. Transitions of
and 50ug/L in a solution of methanol-10 mM ammonium precursor ions to product ions were obtained for the non-
acetate buffer in reagent water (pH 4) (50:50). The standarddeuterated analytes and their deuterated counterparts includ-
solutions were directly infused into the mass spectrometering benzoate/ benzoate;do-toluateb-toluate-¢, and for
at a rate of 1@uL/min via the syringe pump. Precursor mmethylBSA-methylBSA-do. The consistent (e.g., pre-
ions of M — H]~ corresponded to the molecular ion dictable) difference in masses between the deuterated and

Table 1

lon transitions used for identification and quantification for deuterated and non-deuterated analytes by LC-MS-MS
Analyte Molecular mass Precursor ioN [— H]~ (m/2) Product ion M — H-COOQJ (m/2)
Benzoate 122 121 77
Benzoate-g 127 126 82

o-, m, p-Toluate 136 135 91
o-Toluate-g 143 142 98
Benzylsuccinate 208 207 163
Benzylsuccinate«f 213 212 168
Ethylbenzylsuccinate 222 221 177
m-Methylbenzylsuccinate 222 221 177
m-Methylbenzylsuccinate1g? 232 231 187
2,4-Dichlorobenzoate (DCBA) (internal standard) 191 189 145
4-Fluorobenzoate (4-FBA) (surrogate standard) 140 139 95

2 Biologically-generated (se8ection 2.
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nondeuterated analytes indicates that transitions can be reli- 109, ds-Benzoate (a)
ably predicted for deuterated analytes from their nondeuter- [f SNifes 3

ated counterparts when authentic standards are not available, ¢ == ‘
Under the chromatographic conditions used for this study, & 100 /(Imema, Standard)
the deuterated analogs gave shorter (0.2—0.8 min) retention2 ]
times than their non-deuterated counterparts (for example, —
100 4 ds-BSA
M mis207 > 163
] S/N:PtP=8
and is due to the lower vibrational energy of the?8-bond 100, O nTolate
compared to the C—H bond. The shorter, strongeftHC— mziss > ot k
bonds are less polarizable than C—H bonds and exhibit less 0 It — e : :
m-Methyl|BSA

comparentoluate Fig. 1a and pandm-toluate-g (Fig. 19.
affinity for a non-polar stationary pha§28—31}] 100 1 m,zgm 377 ~ P
Response factors and/or retention times for equimolar MMW

Earlier elution of deuterated analytes is well documented

Relative Intensit:
o

concentrations of selectgd deuterated analytes were de- 0 i 5 1o L 14 15 18
termined relative to their non-deuterated analytes. The ] ]
deuterated/non-deuterated analyte pairs evaluated included Time (min)

benzoic/benzoicgl and o-toluic/o-toluic acid-¢. The
BSA/ BSA-d5s and m-methylBSA/ m-methylBSA-d g pairs

were not used to determine response factors because the
biologically-generated BSAsdandm-methylBSA-dg con-
centrations in the microcosm were not known precisely.

0
100 BSA
Response factors for deuterated analytes were within 10% m/z207 > 163
of those obtained for non-deuterated analytes. In addition, \ ‘
0

100 /(Internal Standard) (b)
m/z1

$

S

>
the linear regressions of response factor versus analyte con = 9 _ reasugae)
centration for the deuterated analytes werB0% of those S e
for the nondeuterated analytes (data not shown). For thesec o

reasons, deuterated analytes for which authentic standardsg 100 m-Toluate

m/2135>91
were not available (e.gm-toluate-g) were quantified from 3 Mlum/ .15 pg/L /\,E o Toluate
calibration curves constructed from the corresponding au- 2
thentic standards of non-deuterated analytes (etgluate). 100 EthylBSA m-MethylBSA
Attention was paid to the determination of benzoae-d "GN Vakio ek
because it is a metabolite in common to ring-deuterated 0

o
N
IN
o

8 10 12 14 16 18
toluene and ethylbenzene. Although benzoatevduld be

. . Time (min
expected from the transformation of ring-deuterated xylenes, (min)
sensitivity was maintained by keeping the number of mul-
tiple reaction monitored (MRM) ions to a minimum. For 100 _UsBenzoateB (©
this reason, we chose to eliminatglgenzoate from our list ow Detect
of analytes. In addition, (nondeuterated) benzoate also was 100% W%e?nglcsl%:ndard)
eliminated from further consideration because we were un- - e m/z189 > 145/
able to obtain water samples that were blank with respect to & 100% W
benzoate for method development purposes. = A i
2 108 4 FBA§Surrogate)
S } /\‘ m/z
3.2. lon suppression £ o -
s 100% wm
= .28 {g
Signal suppression due to matrix effects have been re-% 108 drTdae
ported for ESI mass spectromef{82-35] Signal suppres- & } Ve g |
sion can occur because of competition between analyte and 108 dum Methy[BSA
. . . >
matrix-component ions for access to the droplet surface in } A MWW
the spray for emission as the gas-phase[88]. Since the % "2 4 6 8 10 12 14 16 18

goal of this research was to develop methods to detect and

gquantitate metabolites in groundwater samples, it was neces-

sary to confirm that quantifiable analyses could be conductedFig. 1. Chromatograms for (a) a calibration standard with analytesi(5)

with such matrices. Initially, 2,4-DFBA was selected for spiked into CR-20 groundwater, (b) non-deuterated metabolites in CR-20

use as an internal standard for quantltatlon purposes for ItSgroundwater processed by solid-phase extraction, and (c) deuterated
| similari h | der i ) . d metabolites in CR-20 groundwater processed by solid-phase extraction.

structural simi _a_rlty to t_ € ana ytes Un er mvestlgatlon an SIN: PtP= signal-to-noise measured peak-to-peak.

the low probability that it would occur in groundwater from

Time (min)
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100 system and the signal recorded over 20 min. Signal suppres-
sion, detected as a drop in the baseline beginning around
2 min, was greatest for the groundwater sampig.(29. It
is likely that polar matrix components are responsible for
the observed ion suppression because neither filtration nor
solid-phase extraction lessened the level of ion suppression
for 2,4-DFBA, which eluted at-4.2 min. Alternatively, 2,4-

a) reagent water DCBA, which eluted at~6.5 min, was selected as the in-

ternal standard because its retention time was beyond the

period of greatest ion suppression. Therefore, unless other-

wise noted, 2,4-DCBA was used as the internal standard for

MWWMWWWWWWW all subsequent analyses.

3.3. Solid-phase extraction method

o

Relative Intensity (%)
S
o

Empore extraction disks were selected for the solid-phase
extraction procedure because of their ease of use and fast
flow rates. The 47 mm SDB-XC disks were selected for

b) well CR-4 water this study because strong anion-exchange disks anpd C
disks gave poor performance in earlier studj&8]. Ini-

0 tial breakthrough experiments indicated that up to 150 mL

o 2z 4 6 BT. 10 12 14 16 18 of sample could be passed through the 47 mL SDB-XC

ime (min) disk without analyte breakthrough including benzoaje-d
Fig. 2. Infusion chromatogram (20 min infusion of a mixture that was O-toluate-@, benzylsuccinate, ethylbenzylsuccinate, amd
100p.g/L of each analyte) of (a) a 3B injection of reagent water and  methylbenzylsuccinate (data not shown). A conservative vol-
(b) a 25pLL_ injecFion of 'blank CR-4 groundwater. Loss of signal betwgen ume of 100 mL was selected for subsequent use in method
2 and 8 min indicates ion suppression due to the groundwater matrix.
development.

The accuracy and precision of SPE was determined
aromatic hydrocarbon-contaminated sites. However, furtherfrom spike and recovery experiments performed with an-
investigations revealed a significant loss of 2,4-DFBA signal alytes at high (jrg/L) and low (0.08.9/L) concentration
when this standard was added to CR-4 groundwater. To testin CR-4 groundwater. The absolute recoveries of analytes,
for ion suppression, the effluent line from the HPLC column determined relative to the internal standard, at a con-
was fit with a polyether ether ketone (PEEKijtting and centration of Jug/L ranged from 80 to 106%Téble 2.
connected to a syringe pump that was used to continuouslyThe precision of the method, as indicated by the relative
infuse (post-column) a 1Q0g/L standard mixture of ana- standard error (RSE), ranged from 2 to 4% for the five
lytes into the mass spectrometer over a 20 min period in anreplicate samples analyzed. The relative recovery of ana-
approach described by Bonfliglio et #82]. Blank reagent  lytes, determined relative to the 4-FBA surrogate standard,
water Fig. 29 and groundwater from well CR-4{g. 2b ranged from 93 to 124% with RSE ranging from 1 to 4%
were then injected (2hL each) separately into the HPLC (Table 3. From these data, 4-FBA was determined to be

Table 2
Precision and accuracy of the solid-phase extraction and direct injection methods for analytes spiked into blank CR-4 groundwater

Standard Solid-phase extractionyd/L)? Direct injection (10Qug/L)°

Absolute recovery (%) R.S.EY (%) Relative recovey/ (%) R.S.EY (%) Absolute recovefy (%) R.S.E9 (%)

Benzoate-g 80+ 7 3 93+ 5 2 101+ 3 1
m-Toluate 96+ 5 2 116+ 6 2 99+ 2 1
o-Toluate-¢ 84+ 7 3 98+ 5 2 103+ 3 1
Benzylsuccinate 9% 9 4 106+ 10 4 104+ 11 4
Ethylbenzylsuccinate 106 6 2 124+ 2 1 101+ 5 2
m-Methylbenzylsuccinate 102 7 2 117+ 4 1 102+ 6 2
4-FBA (surrogate standard) 865 2 NA NA 103+ 2 1

NA: not applicable.
@ Five replicate samples of blank CR-4 groundwater spiked to contaipgllOof each analyte; injection volume 24..
b Seven replicate samples of blank CR-4 groundwater were spiked to contajrgl0@f each analyte; (direct) injection volume @5.
¢ Absolute recovery relative to the internal standard; reported at the 95% confidence interval.
d R.S.E.: relative standard errer ((S.D../n)/average recoveryx 100.
€ Recovery relative to the surrogate standard; reported at the 95% confidence interval.
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Table 3
Method detection limit (MDL) and quantitation limit (QL) for analytes by solid-phase extraction and direct injection into blank CR-4 groundwater
Analyte Solid-phase extractidn Direct injectior?

MDL (pg/L)C Quantitation limif (wg/L) MDL (pg/L)® Quantitation limif (ug/L)
Benzoate-¢ 0.007 0.05 0.79 5
m-Toluate 0.020 0.05 15 9
o-Toluate-g 0.016 0.05 0.73 4
Benzylsuccinate 0.022 0.15 15 4
Ethylbenzylsuccinate 0.020 0.15 14 10
m-Methylbenzylsuccinate 0.019 0.15 11 4

a Eight replicate samples of blank CR-4 groundwater were spiked to containu@/D50f each analyte. Concentrations were determined from
calibration curves constructed from standards prepared in blank CR-4 groundwater.

b Eight replicate samples of blank CR-4 groundwater were spiked to confagiL5of each analyte Concentrations were determined from calibration
curves constructed from standards prepared in blank CR-4 groundwater.

¢ MDL: t(n,]_’l_oczqgg) x S.D. [25].

d Quantitation limit: concentration required to produce SANLO.

a suitable surrogate standard for these analytes in the SPB.5. SPE method demonstration on groundwater
method. samples

The SPE method detection limit (MDL) was deter-
mined for blank CR-4 groundwater that was spiked with  Selected samples taken from single-well push—pull tests
each analyte to a final concentration of OWFL. The conducted at the Northwest Terminal site in which toluene-
calculated MDL determined from these samples ranged ds, ethylbenzene«] and m-xylene-do were injected into
from 0.007 to 0.022g/L (Table 3 and are a factor four wells. Samples from wells CR-12, CR-13, and CR-14
of 10 lower than that reported by othef$6,18] At a did not contain any of the target analytes above method de-
concentration of 0.0pg/L, the chromatographic peaks tection limits (data not shown). This was surprising, since
for the analytes gave signal-to-noise ratios (S/N) that methylBSA was detected in these wells in previous exam-
ranged from 3 to 4 for BSA, ethylBSA, and methyIBSA inations[16,18] However, both non-deuterate&ig. 1b
and from 13 to 19 for benzoate;d mtoluate, ando- and deuterated{g. 19 analytes were detected in samples
toluate-g (data not shown). The quantitation limits, collected from well CR-20 at various time points after injec-
defined as the concentration needed to produce a S/Ntion. Of the non-deuterated benzylsuccinatesnethylBSA
> 10, was defined as 0.Q&/L for benzoate-¢f m- was detected at the highest levels (0.20-1.4A.) followed
toluate, ando-toluate-g (Table 3. The estimated quan- by ethylBSA (0.16-0.64.9/L), while BSA was below the
titation limit, determined as three times the OWFL detection limit of 0.02.g/L (Table 4 Fig. 1b. In well

concentration that gave the observed S/N of 3, CR-20, mtoluate was detected (0.14-0464/L) as were
was 0.15.g/L for BSA, ethylBSA, andmmethylBSA o-toluate andp-toluate, although the latter were not quanti-
(Table 3. fied. The most abundant deuterated metabolite detected was

m-toluate-g (0.64-1.2.9/L), followed by m-methylBSA-
3.4. Direct injection method

The recovery of analytes, when spiked into blank CR-4 Table 4 _
groundwater at 10ﬂg/L, ranged from 99 to 104% with Concentrations g/L) of non-deuterated aqd deuterated metabqlltes of
lative standard errors of 1-4%aple 3. When analytes toluene, ethylbenzene, and xylenes and their deuterated analogs in ground-
re ) . ’ Yy water obtained from well CR-20
were spiked into blank CR-4 groundwater at a concentra-

tion of 5ug/L, recovery ranged from 100 to 116% with Analyte CR20

relative standard errors of 1-4% (data not shown). The Sample 6  Sample 16 ~ Sample 17
MDL for direct injection, determined from the replicate pgenzoate-g 0.64 QL QL
samples containing jog/L of each analyte in blank CR- mToluate 0.61 0.15 0.14

4 groundwater, ranged from 0.73 to L.§/L (Table 3. m-Toluate-¢ 12 0.82 0.64
These MDLs are 2-5 times higher than those obtained 22:?’:2322::;&1 <'\(‘£ OTSD oNzli

in a previous direct injection study (Om3/L) [15]. Thus, Ethylgenzylsuccmate 016 053 067
given that the SPE method described was found to be moregyinenzylisuccinatesd QL 0.28 0.29
sensitive than the direct injection method in our studies, m-Methylbenzylsuccinate 0.20 1.02 1.14

we selected SPE coupled with LC-MS—MS to detect and m-Methylbenzylsuccinated ~ <QL 0.40 0.40

quantify metabolites in hydrocarbon-contaminated ground- _qL: detected but at less than guantitation limit givenTable 3 ND:
water. not detected above MDL of BSA (0.022)/L).
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Fig. 3. Typical chromatograms for a single sample of CR-20 before and after spiking with deuterated and non-deuterated analytes includintg(eh,benzoa
(b) mtoluate, (c) BSA-¢, and d)m-methylBSA-d.

d1o (<QL-0.40ug/L), ethylBSA-& (<QL-0.29ug/L), and in the same well§9,36]. However, we did detect and quan-
BSA-d5 (<QL-0.21ug/L) (Table 4. tify m-methylBSA at concentrations lower than those pos-
The identification of metabolites in CR-20 groundwater sible using different methods followed in earlier studies
samples was verified by spiking the samples with standards.[16,18]
Authentic standards of benzoatg-{fFig. 39 andm-toluate In addition to our detection of benzylsuccinates as unique
(Fig. 3b added to a CR-20 extract increased the appropriateindicators of anaerobic alkylbenzene metabolism, we also
peak area relative to that of the pre-spiked sample. The ap-detected toluates and benzoates. Although not considered
parent recovery of benzoatg-aihdm-toluate, spiked intoex-  unique to the anaerobic degradation of xylef#4&3] since
tracts, ranged from 81 to 90% and from 90 to 113%, respec-they may also be produced aerobicd®], these putative
tively (data not shown). The additions of BSA-(Fig. 39 hydrocarbon metabolites were detected at higher concen-
and m-methylIBSA-do (Fig. 3d increased the correspond- trations than the signature benzylsuccinates at anoxic field
ing peak areas of these compounds in the CR-20 groundwa-sites[9]. The fact that we detected deuterated benzoate and
ter extracts relative to the pre-spiked sample, with recoveriesm-toluate in addition to deuterated BSA amemethylBSA
ranging from 83 to 92% and from 110 to 156%, respectively in a push—pull test at an anoxic site does suggest that they
(data not shown). were produced anaerobically and indicates further trans-
While Reusser and co-workef$8,19] were able to de-  formation of the benzylsuccinates thereby suggesting BSA
tect and quantify BSA in groundwater samples from the and m-methylBSA are not dead-end products in this sys-
Northwest Terminal site, we were not able to detect its pres- tem. Detection of the unambiguous deuterium-labeled suc-
ence using SPE coupled with LC-MS—MS in our push—pull cinate metabolites coupled with the detection of similarly
tests. Such a result may not be too uncommon, since othedabeled biodegradation products of those succinate metabo-
studies have mentioned that putative hydrocarbon metabo-lites should be useful for obtaining unequivocal evidence for
lites are not always detected at every sampling event, evenin situ alkylbenzene mineralization.
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