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Abstract: BTEX (benzene, toluene, ethylbenzene, and the different xylene isomers), known for
carcinogenic and neurotoxic effects, are common environmental contaminants. The first step for the
development of the bioremediation technologies is the detection of intense microbial degradation in
contaminated waters in the quest for the most active bacterial strains. This requires the multispecies
analysis for BTEX metabolites which are considered as markers of microbial degradation. A direct
(50 µL injection) HPLC–electrospray MS/MS analytical method was developed for the simultaneous
analysis of 11 BTEX metabolites (o-, m-, p-toluic, salicylic, benzoate, benzyl, and phenyl succinic acids,
2-(1-phenylethyl)-, 2-(2-methylbenzyl), and 2-(3-methylbenzyl)-, 2-(4-methyl benzyl)-succinic acids)
in bacterial cultures and ground waters down to 0.1 ng/mL. The optimization of the chromatographic
conditions allowed for the resolution of position isomers of toluic and methylbenzyl-succinic acids.
The stability of the analytes during sample storage tested in different conditions showed the instability
of some of them when stored at room temperature. The feasibility of the method was demonstrated
by the detection of all the investigated metabolites in a water sample of a deep aquifer hosting natural
gas storage. A model laboratory study emphasized the importance of 2-(2-methylbenzyl)-succinic
acid as a marker of anaerobic microbial degradation.

Keywords: LC MS/MS; BTEX; metabolites; anaerobic bacteria; groundwater

1. Introduction

Aromatic hydrocarbons, such as benzene, toluene, ethylbenzene, and xylenes (aka BTEX), are
recognized as environmental pollutants co-occurring at hazardous waste sites. Their chemical inertness,
relatively high solubility in water, and toxicity make them common targets of the environmental
monitoring [1,2]. Extensive data on the toxicology of BTEX, on their joint toxic actions (e.g.,
additive, less-than-additive, or greater-than-additive joint actions), as well as recommendations
for exposure-based assessments of the potential impact on public health can be found elsewhere [3].
Fighting the environmental consequences of the BTEX spills, local contamination, and diffuse pollution
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is an issue of wide interest. Green technologies, such as using bacteria metabolizing BTEXs, are
particularly promising.

Indeed, in the presence of bacteria, BTEX undergo natural degradation, which is accompanied by
the production of different metabolites. The detection and quantification of the metabolites that are
characteristic of in situ anaerobic (alkyl)benzene transformation is a definitive way to demonstrate the
occurrence of the self-bioremediation of a BTEX-impacted site; it is also of paramount importance—along
with the stable isotope fractionation analysis—for model laboratory studies aiming at elucidating the
metabolic pathways [4]. Also, the understanding of the natural attenuation processes is a key to the
development of efficient bioremediation and environmental engineering technologies [5].

In contrast to the aerobic degradation of BTEX known for a century [6,7], the capacity of certain
microbial consortia to degrade BTEX in anoxic conditions has only recently been demonstrated [8,9].
The terminal electron acceptor systems include sulfate-reduction [10], nitrate-reduction [11], iron
(III)-reduction [12], methanogenesis [13], or humic acids [14], but the metabolic pathways are still
poorly understood. For benzene, the three main types of putative mechanisms include hydroxylation
(producing phenol) [15–17], methylation (producing toluene) [18,19], or carboxylation (producing
benzoic acid) [20,21]. However, there is controversy regarding the role of hydroxylation [13]; the
synthesis of phenol was reported to be preferably due to benzene atmospheric oxidation during
sampling rather than due to a biological origin [22,23]. Additionally, benzoic acid is a central metabolite
of anaerobic degradation of many aromatic compounds and not exclusively characteristic of the BTEX
degradation [20,24].

Regarding the toluene biodegradation, direct hydroxylation of the methyl group [25] or
hydroxylation of one of the ring carbon atoms [26,27] were reported, but it is the hypothesis of
a fumarate addition leading to benzylsuccinic acid that has been studied mostly [28–30]. In the case of
ethylbenzene, a fumarate addition gives (1-phenylethyl)-succinic acid and this degradation pathway
is strictly analogous to the path of benzylsuccinate in the case of toluene [31]. Krieger et al. [32]
showed that m-xylene was transformed into 3-methylbenzyl-succinic acid via a mechanism that is
similar to the degradation of toluene. On the other hand, metabolite analyses of p-xylene and o-xylene
degradation revealed the presence of 4-methylbenzyl-succinic and 2-methylbenzyl-succinic acids,
respectively [28,33,34]. m-, o-, or p-Toluic acids were also detected as intermediates of the metabolic
degradation of xylenes [34,35].

A successful delineation of BTEX microbial degradation metabolic pathways in the environment
critically depends on the availability of suitable analytical methods, which should ideally be direct,
sensitive, and quantify simultaneous several species. The existing methods are relatively scarce,
often tedious to operate, and do not allow the complexity of the pathways to be addressed. The
concentrations of BTEX encountered in ground waters may sometimes reach several hundreds of ng/mL
(for individual species), whereas the concentrations of their secondary metabolites that result from
bacterial activity are an order of magnitude lower. Benzyl-succinic and methylbenzyl-succinic were
directly determined by LC- electrospray MS/MS down to 0.3 ng/mL [36] or by GC-MS after solid-phase
extraction (SPE) and in-vial derivatization down to 0.1 ng/mL [37]. The combination of SPE with LC -
MS/MS allowed the detection limits for o-, m-, p-toluate, and benzyl- and ethylbenzyl-succinate, down
to 0.01 ng/mL (for a 100-mL sample) [38].

The objective of this work was to develop a direct HPLC–MS/MS method for the simultaneous
analysis of 11 BTEX metabolites in environmental water samples, including all three methylbenzyl
derivatives of succinic acid, which are of particular interest as degradation products of xylenes but—so
far—have not been included in the published protocols. The method has been tested for the analysis of
ground water containing traces amount of BTEX, as well as the analysis of anaerobic bacterial cultures
degrading BTEX. A study of the stability of the analytes stored in different conditions in a ground
water matrix was carried out to elucidate possible degradation phenomena.



Water 2020, 12, 1869 3 of 16

2. Materials and Methods

2.1. Standards and Procedures

Reagents and standards. LC-MS grade acetonitrile and acetic acid were purchased from
Sigma–Aldrich (Saint-Quentin-Fallavier, France). Ultrapure water (18 MΩ.cm) was obtained from a
direct Q 3 UV Milli-Q system (Millipore, Bedford, MA). The standards of benzoic acid, o-toluic acid,
m-toluic acid, p-toluic acid, salicylic acid, phenyl-succinic acid, and benzyl-succinic acid were supplied
by Sigma–Aldrich. The 2-(1-phenylethyl)-succinic acid and 2-(2-methylbenzyl)-succinic acid standards
were obtained from TOSLab (Ekaterinburg, Russia) and those of 2-(3-methylbenzyl)-succinic acid and
2-(4-methylbenzyl)-succinic acid from Asinex (ASINEX-REAG, Moscow, Russia).

2.2. Samples

Water samples. The formation water sample was collected from a monitoring well of a 853 m
deep gas storage aquifer (93 bars, 36 ◦C), a layer from the lower Cretaceous, located in the Paris Basin,
as described by [39]. Two aliquots of ground water from this site hosting natural gas (mainly methane
and traces of BTEX) were sampled into glass vials containing 0.1% of formic acid with no head-space
left. The aliquots were stored at −20 ◦C prior to analysis.

Bacterial cultures. Microcosms experiments issued from bacterial matter collected with formation
waters of the same deep aquifer were carried out, as described previously [40]. For the analytical study,
microcosms were prepared with anoxic synthetic water mimicking the aquifer water composition
(3.48 g/L NaCl, 0.06 g/L CaCl2, 0.14 g/L MgCl2.6H2O, 1 g/L Na2SO4, 0.5 g/L NH4Cl, 0.3 g/L KH2PO4,
and 0.3 g/L K2HPO4). Culture medium and solutions were sterilized by autoclaving at 110 ◦C for
30 min. and flushed under CO2/N2 atmosphere (20/80) prior to the addition of carbonate solution
(1.1254 g/L NaHCO3, 0.0384 g/L KHCO3, 0.0343 g/L Na2CO3), filtered vitamins [41], FeCl2.4H2O
solution (0.168 g/L), and cysteine solution (1 g/L). pH was adjusted to 7.0. The synthetic water was
distributed among several penicillin flasks that were sealed with butyl rubber stoppers to maintain
anoxic conditions. 10% inoculum and BTEX (final concentration 10 mg/L each) were finally added
in each flask, as previously described [40]. The incubations were carried out under static conditions
at 37 ◦C in the dark. BTEX concentrations were monitored in liquid samples (0.3 mL) collected with
syringes through the stoppers by solid-phase microextraction flame ionization detection SPME-GC-FID,
as described previously [40].

2.3. Instrumentation

For the chromatographic method optimization, an Acquity UPLC system (Waters), including
a binary solvent pump, a cooled autosampler, and a column oven, was used. The detector was
a XevoTQ (quadrupole-T-wave-quadrupole) MS with an orthogonal Z-spray-electrospray interface
(Waters). Separations (optimized conditions) were carried out using an Acquity UPLC BEH C18 column,
150 mm × 2.1 mm × 1.7 µm, Waters, Milford, MA, USA) with a matching Vanguard BEH C181.7 µm
precolumn. For the stability study, the same column was used, but the chromatographic system used
was an ultimate 3000 RSLC system (ThermoFisher Scientific, Dreieich, Germany), and the detection
was ensured by a Q Exactive Plus (ThermoFisher Scientific, Dreieich, Germany) high resolution mass
spectrometer that was fitted with an IonMax source and an HESI II probe. An acetonitrile-water 1:1
(v/v) solution was used for rinsing the syringe and external cleaning of the autosampler needle.

2.4. Procedures

Initial sample preparation procedure. The samples were filtered through 0.2 µm (13 mm) syringe
filter, GHP Acrodisc (Interchim, France). 4-fluorobenzoic acid (α-13C-2,3,5,6-d4) was added at 20 ng/mL
as an internal standard.

Study of the stability of BTEX metabolites over sample storage in different conditions. Waters
from two deep gas storage aquifers were acidified by the addition of formic acid up to 0.1% (v/v)
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and pooled together in equal amount directly after sampling. The mixture was then spiked with
standard stock solutions of 10 BTEX metabolites in order to reach concentrations of 2 µg/L for benzyl,
2-(1-phenylethyl)-, 2-(2-methylbenzyl), and 2-(3-methylbenzyl)-, 2-(4-methyl benzyl)-succinic acids,
4 µg/L for phenyl succinic acid, 50 µg/L for o-toluic acid and salicylic acid, 60 µg/L for m-toluic acid, and
80 µg/L for p-toluic acid (benzoate was excluded from the stability study). Afterwards, the obtained
solution was divided into 90 HPLC vials each containing 1 mL of solution, 30 of them were then placed
at room temperature in the dark, 30 were placed at 4 ◦C in a fridge, and 30 were placed in a freezer
at −20 ◦C. Over a period of 24 weeks, two vials were analysed from each storing condition at the
following points: week 0 (the day the solution was prepared), week 1, week 2, week 3, week 4, week 8,
week 12, week 16, and week 24.

Measurement conditions. A 50 µL aliquot was analyzed by HPLC–MS/MS. The mobile phase
was composed by mixing 0.2% CH3COOH (A) and 0.2% CH3COOH in acetonitrile (B). The elution
gradient was: 0 min. (13% B), 1.3 min. (13% B), 9 min. (28% B), and 13 min. (80% B). The column was
equilibrated for 5 min. The flow rate was 0.45 mL/min, the column temperature was 45 ◦C and the
autosampler temperature was 5 ◦C. MS/MS data acquisition was performed in the negative ionization
mode (ESIneg) under the MRM conditions that are listed in Table 1. For the stability study, the mass
spectrometer was operated in PRM mode. The source conditions were, as follows: ion transfer tube
temperature—350 ◦C, auxiliary gas heater—350 ◦C, sheath gas, auxiliary gas, and sweep gas flow
rates—50, 20, and 1, respectively (arbitrary units), spray voltage—3 kV. The resolution for MS/MS
scans was set to 35,000 and the isolation window for precursor isolation was 0.4 m/z. An AGC target
of 105 was used and a maximum injection time of 100 ms was set. The higher energy collisional
dissociation (HCD) collision energy was set to 50 for toluic acids, 10 for benzoate, 20 for salicylic acid,
40 for methylbenzyl, phenylethyl and benzyl succinic acid derivatives, and 20 for phenyl succinic acid.
Independent scanning segments were created for each peak or group of peaks in order to maximize
the scan rates.

Table 1. MS/MS Measurement Conditions.

Name Formula Mass Ion Transition Cone (V) Collision (V)

o-toluic acid
136.15 135.0→ 91.0

24 10
m-toluic acid C8H8O2 22 12
p-toluic acid 26 10

benzoate C7H6O2 122.12 120.9→ 77.0 22 10

salicylic acid C7H6O3 138.12 135.9→ 93 25 16

2-(2-methylbenzyl)-succinic acid
221.1→ 177.1

24 14
2-(3-methylbenzyl)-succinic acid C12H14O4 222.23 25 14
2-(4-methylbenzyl)-succinic acid 22 14

2-(1-phenylethyl)-succinic acid C12H14O4 222.23 221.1→ 177.1 28 15

Phenyl-succinic acid C10H10O4 194.18 193.0→149.0 14 10

Benzyl-succinic acid C11H12O4 208.21 207.0→ 163.1 24 14

iso-4FBA (IS) C6D4
13CO2HF 145.13 144.0→ 99.1 20 14

Calibration. The calibration curves were constructed by plotting peak area for five concentrations:
0.5, 1, 10, 50, and 100 ng/mL.

Data processing. The Masslynx software (Waters, Milford, MA) was used to process data for the
chromatographic method optimization. TraceFinder 4.1 (ThermoFisher Scientific, Waltham, MA, USA)
was used for the stability study. A dedicated compound database containing retention times as well as
precursor and fragments masses for all analytes was created in the software. Mass tolerance was set to
5 ppm and the peak detection algorithm was ICIS with the following parameters: area and peak noise
factor were set to 5 and 10, respectively, baseline window was set to 60, minimum peak height was 3
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(S/N), and minimum peak width was set to 3 (minor adjustments were applied to some analytes to
favor a good integration). For calibration, a threshold value of 0.99 for R2 was set.

3. Results and Discussion

Although many metabolites are formed during BTEX biodegradation, only some can be
considered as indicative molecules of complete hydrocarbon mineralization and should be chosen
for the monitoring [42]. On this basis benzoate, o-, m-, and p-toluic acids, 2-(2-methylbenzyl)-,
2-(3-methylbenzyl)-, 2-(4-methylbenzyl)-, and 2-(1-phenylethyl)-succinic acids and phenyl- and
benzyl-succinic acids were selected. Salicylic acid is a compound that is commonly used as a
biomarker for the aerobic degradation of polycyclic aromatic hydrocarbons [43–46]. Morash and
collaborators were also able to detect salicylic acid during the anaerobic degradation of toluene and
benzoate in a sulfate-reducing bacterial culture [33]. However, we found the interest in this compound
limited because of ubiquitous occurrence, which does not allow for discrimination between samples
contaminated with BTEX, or not. This is probably due to the fact that the sampled deep aquifer
water could contain microorganisms from surface environments (soil, water, tubing) in the absence
of an adapted cleaning of the well. Many soil bacteria are able to produce salicylic acid [47]. This
has been especially highlighted in iron-limiting environments. Therefore, we consider salicylic acid
as a biomarker for the anaerobic degradation of toluene, which is non-relevant in the context of
our environments.

3.1. Chromatographic Optimization

The separation of complex mixtures is problematic, especially when dealing with compounds
that are position isomers (differing by the position of methyl group in the structure), such as
toluic acids (peaks 1–3, upper panels in Figure 1a–c) or methylbenzyl-succinic acids along with
2-(1-phenylethyl)-succinic acid (peaks 4–7, bottom panels in Figure 1a–c). These separations are critical,
as all of the position isomers fragment by losing carboxyl group producing non-specific transition in
the MRM mode and relatively high background noise. The separation depends on the type (stationary
phase and length) of the column used, and on the concentration of the acid modifier (acetic acid).

Choice of the column. For the method development, different columns (all supplied by Waters)
were used: UPLC HSS T3 (high strength silica, 50 × 2.1 mm 1.7 µm) and two UPLC BEH (ethylene
bridge hybrid C18, 50 × 2.1 mm 1.7 µm and 150 × 2.1 mm 1.7 µm). In the preliminary studies the
50-mm columns were discarded due to the fact that no conditions could be found to resolve the
methylbenzyl-succinic and the toluic acids. 2-(3-methylbenzyl)- and 2-(4-methylbenzyl)-succinic acid
were eluted, as one peak and m-toluic acid and p-toluic acid were coeluted at 80% of their height in the
best of the conditions tested. Therefore, a 15-cm column, BEH C18 150 × 2.1 mm 1.7 µm, was chosen.

Choice of the elution conditions. The separation of position isomers required the gradient elution
to be slow and partially isocratic in order to increase the degree of resolution of methylbenzyl-succinic
acids. However, an increase in the amount of aqueous phase at the beginning of the gradient did not
result in better separations, but in wider and less intense peaks. The optimal parameters were obtained
for the initial organic concentration in the range from 10–18%. A mixture of methanol and acetonitrile
was tested (8:2 ACN:MeOH and 5:5 ACN:MeOH) as well, but the separation was worse in comparison
to those that were obtained with acetonitrile only.
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-succinic acid, 5—2-(2-methylbenzyl)succinic acid, 6—2-(3-methylbenzyl)succinic acid, and 
7—2-(2-methylbenzyl)succinic acid). Acetic acid concentration in the mobile phase: (a) 0.05 %, (b) 0.1 %, 
and (c) 0.2 %. Column BEH C18 (50 × 2.1 mm × 1.7 µm). 

Aqueous and organic components of the mobile phase were acidified with formic acid and 
acetic acid. The addition of formic acid, even in small amounts (0.01 %), resulted in the signal 
suppression. Therefore, the use of acetic acid was privileged. Figure 1 shows the effect of the acetic 
acid concentration on the separation of the two groups (toluic and succinic acids, upper and bottom 
panels in Figure 1, respectively) of position isomers. At concentrations of 0.01 %, 0.05 %, and 0.1 %, 
the peaks were split due to the fact that pH of the mobile phase was above and/or close to the pKa of 
analytes. The increase of acetic acid up to 0.2 % in organic and aqueous (A and B) eluent components 
resulted in narrower peaks that did not split (pH was under the pKa); however, it extended the 
retention times of all the analytes (Figure 1c). This eluent concentration was used for further work. 

The temperature of the column compartment was increased to 45 °C to shorten the total 
chromatographic run time. Despite this, the first peak only appeared after 8 min. Higher 
temperatures: 50, 55, and 60 °C had no significant influence on the retention times. The manufacturer 

Figure 1. Optimization of the HPLC separation of metabolite position isomers of the
toluic and methylbenzylsuccinic acids. 1—o-toluic acid, 2—m-toluic acid, 3—p-toluic acid,
4—2-(1-phenylethyl)-succinic acid, 5—2-(2-methylbenzyl)succinic acid, 6—2-(3-methylbenzyl)succinic
acid, and 7—2-(2-methylbenzyl)succinic acid). Acetic acid concentration in the mobile phase: (a) 0.05%,
(b) 0.1%, and (c) 0.2%. Column BEH C18 (50 × 2.1 mm × 1.7 µm).

Aqueous and organic components of the mobile phase were acidified with formic acid and acetic
acid. The addition of formic acid, even in small amounts (0.01%), resulted in the signal suppression.
Therefore, the use of acetic acid was privileged. Figure 1 shows the effect of the acetic acid concentration
on the separation of the two groups (toluic and succinic acids, upper and bottom panels in Figure 1,
respectively) of position isomers. At concentrations of 0.01%, 0.05%, and 0.1%, the peaks were split
due to the fact that pH of the mobile phase was above and/or close to the pKa of analytes. The increase
of acetic acid up to 0.2% in organic and aqueous (A and B) eluent components resulted in narrower
peaks that did not split (pH was under the pKa); however, it extended the retention times of all the
analytes (Figure 1c). This eluent concentration was used for further work.

The temperature of the column compartment was increased to 45 ◦C to shorten the total
chromatographic run time. Despite this, the first peak only appeared after 8 min. Higher temperatures:
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50, 55, and 60 ◦C had no significant influence on the retention times. The manufacturer allows for
temperatures up to 80 ◦C, but values higher than 60 ◦C were not checked because of (i) the risk of
degradation of analytes and (ii) the risk of the stationary phase deterioration in the presence of acetic
acid. Therefore, the optimum temperature was set to 45 ◦C.

3.2. Validation of the Method

The calibration curves for each of 11 metabolites were established and used to evaluate the
analytes concentrations in real samples. They were linear in the whole concentration range tested (up
to 100 ng/mL) with the linearity coefficients exceeding 0.99 and limits of detection at the 0.1 ng/mL
level. Figure 2 shows a chromatogram at the 1 ng/mL level for a mixture of standards. It shows a good
separation efficiency and sensitivity of the method developed.
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Figure 2. Chromatogram of metabolite standards (1 ng/mL, except for IS at 10 ng/mL). 1—salicylic
acid, 2—phenylsuccinic acid, 3—benzoic acid, 4—4-fluorobenroic acid C13-D' (IS), 5—benzylsuccinic
acid, 6—o-toluic acid, 7—m-toluic acid, 8—p-toluic acid, 9—2-(1-phenylethyl)-succinic acid,
10—2-(2-methylbenzyl)-succinic acid, 11—2-(3-methylbenzyl)-succinic acid, and 12—2-(4-methylbenzyl)
-succinic acid.
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The method has been validated by analysing a blank water sample spiked with the metabolites at
three different levels (2, 5, and 25 ng/mL). Recoveries higher than 90% have been obtained for all of the
compounds studied, as shown in Table 2.

Table 2. Method validation.

Compound Added, (ng/mL) Found ± SD, (ng/mL) % of the Expected Value

benzoic acid
2 2.18 ± 0.07 109
5 5.25 ± 0.28 105
25 23.50 ± 0.55 94

o-toluic acid
2 2.18 ± 0.14 109
5 4.97 ± 0.11 99
25 23.14 ± 1.06 93

m-toluic acid
2 1.86 ± 0.09 93
5 4.90 ± 0.63 98
25 23.97 ± 0.89 96

p-toluic acid
2 2.16 ± 0.08 108
5 4.80 ± 0.20 96
25 26.02 ± 0.95 104

Salicylic acid
2 1.99 ± 0.07 99
5 5.21 ± 0.09 104
25 26.18 ± 0.70 105

phenylsuccinic acid
2 1.80 ± 0.02 90
5 4.69 ± 0.16 94
25 23.59 ± 1.03 94

benzylsuccinic acid
2 1.91 ± 0.09 96
5 5.51 ± 0.19 110
25 24.28 ± 0.97 97

2-(1-phenylethyl) succinic acid
2 2.10 ± 0.03 105
5 5.02 ± 0.08 100
25 25.61 ± 1.42 102

2-(2-methylbenzyl) succinic acid
2 1.72 ± 0.24 86
5 4.84 ± 0.06 97
25 25.04 ± 1.65 100

2-(3-methylbenzyl) succinic acid
2 1.81 ± 0.19 90
5 4.69 ± 0.23 94
25 23.60 ± 1.13 94

2-(4-methylbenzyl) succinic acid
2 1.82 ± 0.11 91
5 4.35 ± 0.25 87
25 23.66 ± 1.15 95

3.3. Stability Study of BTEX Metabolites during Sample Storage

Figure 3 shows the evolution of the concentration for each of the metabolites during sample
storage over a period of 24 weeks in different conditions. These data indicate that there is no substantial
difference in metabolites stability between a storage at 4 or −20 ◦C, except in the case of salicylic
acid, which is only stable for a short term at 20 ◦C, whereas it is totally degraded within a week at
room temperature or 4 ◦C. Other metabolites studied exhibit a rather good stability when stored at
4 or −20 ◦C; however, storage at room temperature shows an important degradation of toluic acids
after four weeks, while degradation occurs to a lesser extent in this condition for benzyl, phenyl,
2-(1-phenylethyl), 2-(3-methylbenzyl), and 2-(4-methylbenzyl) succinic acids from week 12. All in all,
these data show that storing sample at −20 ◦C is a suitable condition if the samples are analyzed within
a month after sampling.
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Figure 3. Evolution of the concentration of benzene, toluene, ethylbenzene, and andxylenes (BTEX)
metabolites during sample storage at room temperature (blue curve), 4 ◦C (red curve) and −20 ◦C
(green curve) over 24 weeks (deep gas storage aquifer water spiked with known initial concentration
for the purpose of a stability study).

3.4. Analysis of Ground Water

Figure 4 shows a chromatogram of a ground water sample from a BTEX impacted site. The
blanks were zoomed to demonstrate the absence of the contamination or false positives (Figure 5) All
eleven metabolites investigated were detected, which proves that the method developed can be used
to follow the anaerobic biodegradation of BTEX. Indeed, no other metabolism than anaerobic toluene
biodegradation can produce benzylsuccinic acid [48]. The addition of fumarate to the toluene is due to
a particular fumarate-adding enzyme: benzylsuccinate synthase [2,49–51]. It is reasonable to assume
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that other enzymes close to benzylsuccinate synthase may catalyse the degradation of other BTEX
of which the metabolites were found: (2-(1-phenylethyl)-succinic acid (ethylbenzene degradation),
2-(2-methylbenzyl-succinic acid (o-xylene degradation), 2-(3 -methylbenzyl)-succinic acid (p-xylene
degradation), and 2-(4-methylbenzyl)-succinic acid (m-xylene degradation). m-, o-, and p-Toluic acids,
which appear later in the metabolic pathways [28,33,34], have also been detected. Table 3 provides
the concentrations found. This is the first report of a comprehensive detection BTEX metabolites
in a water sample of a deep aquifer hosting natural gas storage, which indicates a strong microbial
activity. Six of the detected species are below the 1 ng/mL level, which would have escaped most of the
literature protocols.
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Figure 4. Chromatograms of a deep gas storage aquifer water sample. 1—salicylic
acid, 2—phenyl-succinic acid, 3—benzoic acid, 4—4-fluorobenzoic acid C13-D' (IS),
5—benzyl-succinic acid, 6—o-toluic acid, 7—m-toluic acid, 8—p-toluic acid, 9—2-(1-phenylethyl)-
succinic acid, 10—2-(2-methylbenzyl)-succinic acid, 11—2-(3-methylbenzyl)-succinic acid,
12—2-(4-methylbenzyl)succinic acid. Note the difference in the y-axis scales which were chosen
for the maximum zoom of the chromatogram.
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Figure 5. Chromatograms of a blank corresponding to the deep gas storage aquifer water sample
(cf. Figure 4. measured for m/z (a) 135.9→ 93.0, (b) 193.0→ 149.0, (c) 120.9→ 77.0, (d) 144.0→ 99.1,
(e) 207.0→ 163.1, (f) 135.0→ 91.0, (g) 221.1→ 177.1.
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Table 3. Concentrations of BTEX Metabolites Found in the Ground Water Sample from Deep Gas
Storage Aquifer.

Compound ng/mL

benzoate 85.3 ± 3.8
o-toluic acid 0.8 ± 0.1
m-toluic acid 0.3 ± 0.1
p-toluic acid 0.8 ± 0.1
salicylic acid 3.9 ± 0.3

phenyl succinic acid 3.8 ± 0.4
benzyl succinic acid 1.7 ± 0.3

2-(1-phenyl-ethyl) succinic acid 0.5 ± 0.1
2-(2-methyl-benzyl) succinic acid 0.5 ± 0.1
2-(3- methyl-benzyl) succinic acid 0.2 + 0.04
2-(4- methyl-benzyl) succinic acid 1.0 ± 0.2

3.5. Analysis of Bacterial Cultures

The analysed sample was a bacterial culture spiked with a mixture of benzene, toluene, and o-, p-,
and m-xylenes at t = 0, after one year and two years. The analysis was carried out after three years (one
year after the last BTEX addition). Only benzene was not degraded. Figure 6 shows that two metabolites:
benzoate and 2-(2-methylbenzyl)-succinic acid, were detected. Benzoate is ubiquitous in biological
processes of the degradation of aromatic compounds (PAH, lignin, flavonoids, quinone, aromatic amino
acids) [52]. 2-(2-methyl-benzyl) succinic acid is a metabolite in the pathway of o-xylene degradation:
o-xylene ≥ 2-(2-methylbenzyl) succinic acid ≥ 2-methylphenylitaconic acid ≥ 2-methylbenzoylsuccinic
acid ≥ 3-o-toluyl propionic acid ≥ o-toluic acid. In this bacterial culture, o-xylene was completely
degraded 263 days after the complete degradation of toluene and p-xylene. Therefore, it is likely that
their metabolites benzylsuccinic and 2-(4-methylbenzyl)-succinic acids were consumed by the bacterial
community. This experiment proved the usefulness of 2-(2-methyl-benzyl)-succinic acid as a marker of
BTEX degradation, especially that o-toluic acid could not be detected.



Water 2020, 12, 1869 13 of 16
  

Water 2020, 12, 1869; doi:10.3390/w12071869 www.mdpi.com/journal/water 

 
Figure 6. Chromatogram of biological culture sample: (a) benzoic acid (1) (b) 
2-(2-methylbenzyl)-succinic acid (2); sample and blank chromatograms are shown on upper and 
lower panels, respectively. Note the difference in the y-axis scales which were chosen for the 
maximum zoom of the chromatogram. 

4. Conclusions 

In summary, the developed method offers unmatched performance being direct (avoiding 
sample preparation), sensitive (DL < 0.1 ng/ml which is by far less than most of the methods 
reported elsewhere) and allowing the simultaneous analysis for the highest number of BTEX 
metabolites ever reported. For the first time, all of the expected metabolites were detected in a deep 
aquifer hosting natural gas storage -the study is, to our best knowledge, the first to provide data on 
the stability of BTEX which can be critical when the time between the sampling and analysis is long; 
2-(2-methylbenzyl)-succinic acid was found to be a marker of anaerobic microbial degradation. 

The HPLC-MS/MS method developed allows for the simultaneous determination of 11 BTEX 
metabolites at concentration levels compatible with those present in real-field samples. The analysis 
is direct and straightforward: no preconcentration and/or tedious sample preparations is necessary. 
The detection of BTEX metabolites in ground waters sampled in a deep aquifer hosting a natural gas 
storage is proof of the occurrence of microbial degradation, which is essential for the natural 

Figure 6. Chromatogram of biological culture sample: (a) benzoic acid (1)
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maximum zoom of the chromatogram.

4. Conclusions

In summary, the developed method offers unmatched performance being direct (avoiding sample
preparation), sensitive (DL < 0.1 ng/mL which is by far less than most of the methods reported
elsewhere) and allowing the simultaneous analysis for the highest number of BTEX metabolites
ever reported. For the first time, all of the expected metabolites were detected in a deep aquifer
hosting natural gas storage -the study is, to our best knowledge, the first to provide data on the
stability of BTEX which can be critical when the time between the sampling and analysis is long;
2-(2-methylbenzyl)-succinic acid was found to be a marker of anaerobic microbial degradation.

The HPLC-MS/MS method developed allows for the simultaneous determination of 11 BTEX
metabolites at concentration levels compatible with those present in real-field samples. The analysis is
direct and straightforward: no preconcentration and/or tedious sample preparations is necessary. The
detection of BTEX metabolites in ground waters sampled in a deep aquifer hosting a natural gas storage
is proof of the occurrence of microbial degradation, which is essential for the natural attenuation
of the BTEX compounds. Being multi-species, the method facilitates handling the complexity of
the biodegradation pathways. It allows not only the monitoring of environments impacted by
BTEX and chances for their natural attenuation, but it also offers an analytical support tool for
microbiological studies aimed at selecting and/or engineering bacterial cultures that are capable of
BTEX decontamination. The study is the first report of a comprehensive detection BTEX metabolites in
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a water sample of a deep aquifer hosting natural gas storage. Its figures of merit can be improved by
using the latest generation of instrumentation (triple quad or Orbitrap operating in the PRM mode)
and faster separation HPLC columns. An online preconcentration step also seems possible if necessary
to lower the limits of detection.
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