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Abstract Compound-specific isotope analysis (CSIA) is
an important tool for the identification of contaminant
sources and transformation pathways, but it is rarely applied
to emerging aquatic micropollutants owing to a series of
instrumental challenges. Using four different benzotriazole
corrosion inhibitors and its derivatives as examples, we
obtained evidence that formation of organometallic com-
plexes of benzotriazoles with parts of the instrumentation
impedes isotope analysis. Therefore, we propose two strate-
gies for accurate 8'3C and 8N measurements of polar
organic micropollutants by gas chromatography isotope
ratio mass spectrometry (GC/IRMS). Our first approach
avoids metallic components and uses a Ni/Pt reactor for
benzotriazole combustion while the second is based on the
coupling of online methylation to the established GC/IRMS
setup. Method detection limits for on-column injection
of benzotriazole, as well as its 1-CH3-, 4-CH3-, and 5-
CHj3-substituted species were 0.1-0.3 mM and 0.1-1.0 mM
for 813C and 89N analysis respectively, corresponding to
injected masses of 0.7-1.8nmol C and 0.4-3.0nmol N,
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respectively. The Ni/Pt reactor showed good precision and
was very long-lived (>1000 successful measurements).
Coupling isotopic analysis to offline solid-phase extraction
enabled benzotriazole-CSIA in tap water, wastewater treat-
ment effluent, activated sludge, and in commercial dish-
washing products. A comparison of 8'3C and §'°N values
from different benzotriazoles and benzotriazole derivatives,
both from commercial standards and in dishwashing deter-
gents, reveals the potential application of the proposed
method for source apportionment.

Keywords CSIA - Gas chromatography isotope ratio mass
spectrometry - Benzotriazole - Corrosion inhibitors -
Micropollutants - Source identification

Introduction

The increasing contamination of water resources with
organic micropollutants is a major environmental problem
[1, 2]. Many of the synthetic chemicals that are currently
introduced into the aquatic environment through human
activity are relatively polar and therefore quite mobile [2].
Assessing the exposure of humans and the environment to
aquatic micropollutants is challenging, however, because
knowledge of degradation is often elusive and estimates
on the amount of degraded contaminant can barely be
obtained. Moreover, the widespread use of anthropogenic
chemicals also leads to multiple contamination sources
that are difficult to distinguish. It has therefore been pro-
posed to use compound-specific isotope analysis (CSIA) to
assess micropollutant degradation processes in individual
micropollutants [3, 4].

As has been shown for traditional organic contaminants
such as chlorinated solvents, fuel additives, and explosives,
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CSIA is ideally suited to contribute to the fate assess-
ment [3-7]. Conservative isotope signatures enable source
apportionment while changing isotope signatures provide
robust evidence for (bio)degradation and its pathways.
However, to carry out CSIA using the typical instrumenta-
tion (i.e., gas chromatography coupled to isotope ratio mass
spectrometry, GC/IRMS), a series of challenges have to be
addressed. (a) GC/IRMS systems exhibit rather poor sensi-
tivity requiring extensive sample enrichment, which can, in
principle, lead to isotope fractionation artifacts [35, 6, 8]. (b)
Many contaminants contain polar functional groups (alco-
hol, amino, or carboxyl groups, N-heteroatoms) that reduce
their volatility and thermal stability thus compromising their
analysis by GC/IRMS. (c) Some compounds are suspected
to be converted incompletely to analyte gases (i.e., CO, and
N») leading to high detection limits and inaccurate isotope
ratio measurements [9]. (d) Finally, several micropollutants
have the potential to form organometallic complexes that
may hinder isotopic analysis due to the presence of metals
(e.g., stainless steel, Cu, Ni, Pt) in commercial GC/IRMS
systems.

In this study, we present an approach for CSIA of ben-
zotriazoles, representing an important class of emerging
micropollutants. Because benzotriazoles are mobile and per-
sistent, they are widely found in rivers, lakes, and ground-
water in the nanograms per liter up to the low micrograms
per liter range [10-15]. 1H-benzotriazole (1H-BT) and its
methylated derivatives 4-methyl-benzotriazole (4-CH3-BT)
and 5-methyl-benzotriazole (5-CH3-BT, which is often used
in technical tolyltriazole mixtures including 4-CH3-BT) are
high production volume chemicals with a worldwide annual
production in the range of 9000 tons/year [16]. They are
widely used as corrosion inhibitors in aircraft deicing and
anti-icing fluids, cooling liquids, and brake fluids as well
as for silver protection in dishwashing detergents [17, 18].
Benzotriazole and its derivatives also play an important role
as synthetic auxiliaries in organic chemistry [19] and are
used for UV stabilization in plastics [20].

Knowledge of the processes governing benzotriazole
transport and transformation in aquatic environments is,
despite recent advances, scarce [21, 22]. CSIA can offer
additional insight into mechanisms of transformation pro-
cesses and could enable one to identify contaminant
sources. It was therefore the goal of this study to provide
methods for accurate, that is true and precise C and N iso-
tope analysis of benzotriazoles by CSIA and to apply one
of them for environmental analysis and supplier identifi-
cation of benzotriazoles in dishwashing detergents. How-
ever, isotopic analysis of benzotriazoles by conventional
GC/IRMS is challenging, because benzotriazoles are not
only very polar but also exhibit low vapor pressures [13]
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and tend to form complexes at metal surfaces (e.g., with Cu
alloys, [23, 24]), so that interactions of benzotriazoles with
metal-containing parts present in GC/IRMS systems can
compromise isotopic analysis. We therefore evaluated two
complementary approaches including (a) the replacement of
metal parts in a typical GC/IRMS system (modified standard
setup) and (b) the derivatization of benzotriazoles to less
polar and more volatile products which do not form strong
metal complexes (online derivatization). The modified stan-
dard setup was further investigated for CSIA of 1H-BT and
three methylated benzotriazole species (1-CH3z-/4-CH3-/5-
CH3-BT) in environmental matrices and in dishwashing
detergents. To this end, we tested the benzotriazole enrich-
ment by solid-phase extraction (SPE) and its coupling to
isotopic analysis in tap water, wastewater treatment plant
effluent, and in activated sludge as well as in commercial
dishwashing products.

Experimental section

A complete list of all used chemicals including abbre-
viations, purities, and suppliers, as well as a description
of the sampling procedure at the wastewater treatment
plant, is provided in the Electronic Supplementary Material
(Table S1).

Solid-phase extraction

The performance of three commercially available SPE car-
tridges containing the three following adsorbent materials
was compared with regard to purification and enrichment of
benzotriazoles: (1) Oasis HLB (6 cm? cartridges, 200 mg;
Waters, Milford, MA, USA), a reversed-phase sorbent, was
used to retain neutral benzotriazole species (sample pH
2.0); (2) ENVI-Carb (Supelclean ENVI-Carb SPE tubes
6cm?, 250 and 500 mg; Supelco; Bellefonte, PA, USA), a
graphitized carbon material, was tested as an alternative sor-
bent for neutral benzotriazole species (sample pH 2.0); and
(3) Oasis MAX (6 cm’ cartridges, 150 mg; Waters, MA,
USA), a mixed-mode anion exchange sorbent, was used to
retain anionic benzotriazole species (sample pH 10.6). All
SPE materials were evaluated with three different matrices,
namely, tap water, wastewater treatment plant effluent, and
activated sludge.

Depending on the used SPE sorbent, the pH of 100-
mL sample was adjusted to 2.0 £ 0.1 with 1 M HCI or to
10.6 £0.1 with 5 % NH4OH. Samples were then spiked
with benzotriazoles to obtain final concentrations of 0.5,
1.5, or 2.5uM 1-CH3-BT and 1, 3, or 5uM 1H-BT, 4-
CH3-BT, and 5-CH3-BT, respectively. A blank was run
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under identical conditions except for the addition of ben-
zotriazoles. All samples were filtered with 0.7 pm GF-F
filters (glass microfiber filters, Whatman, 47 mm) after
the addition of benzotriazoles and percolated through the
conditioned cartridges with a flow rate of approximately
1 mL/min. Subsequently, the cartridges were washed with
4-5mL water, dried for at least 1 h at room temperature
and benzotriazoles were eluted with 10 mL of different
organic solvents. Detailed SPE protocols are provided in
Table S2. For GC/MS analysis, extracts were evaporated
at 30 °C under a gentle stream of N> to 1mL and fur-
ther diluted with ethyl acetate to obtain benzotriazole con-
centrations within the calibrated range of the instrument
(840 uM). GC/IRMS analysis required further solvent
evaporation to achieve a final volume of 100 pL.

Domestic dishwashing detergents

Domestic dishwashing powders and tabs from 12 com-
mercial products were crushed with a pestle, and varying
amounts (10-100 mg) were dissolved in 100 mL nanopure
water. Dissolution was achieved after 15 min of sonica-
tion. Subsequently, the pH of each sample was adjusted to
2.0£0.1 with 1 M HCI, and samples were enriched by SPE
using Oasis HLB cartridges. For GC/MS and GC/IRMS
analysis, sample extracts were evaporated under a gentle
flow of N> to I mL and 100 pL, respectively.

GC/MS analysis

Modified standard setup Concentration analysis of benzo-
triazoles was conducted with a GC/MS system (TRACE GC
Ultra/TRACE DSQ EI 250, Thermo). Liquid samples (1 puL
in ethyl acetate) were injected with a Combi PAL autosam-
pler (CTC Analytics) in a split/splitless injector operated
for 1 min in splitless and then in split mode with a split
flow of 50 mL/min at a temperature of 200 °C. Helium
was used as carrier gas at constant pressure (100 kPa). The
GC was equipped with 1 m of an OV-1701-OH deactivated
fused-silica guard column (660 um OD, 530 um ID, BGB
Analytik), a 30 m x 0.32 mm RTX-5 Amine column (Cross-
bond 5 % diphenyl/95 % dimethyl polysiloxane, 1 um df,
Restek), and 0.4 m OV-1701-OH deactivated fused-silica
postcolumn (450 um OD, 180 um ID, BGB Analytik). Uni-
versal PressFit Connectors (0.3 to 0.75 mm OD, deactivated,
BGB Analytik) and a Universal PressFit 4-way X-splitter
(0.2 to 0.75mm OD, deactivated, BGB Analytik) were
used. The temperature program used to obtain baseline-
separated analyte peaks was I min at 80 °C, 15 °C/min
to 180 °C (10min), and 40 °C/min to 250 °C (5 min).
Benzotriazoles were quantified with external calibration

using seven standard mixtures containing the four benzotri-
azole species in concentrations ranging from 8 to 40 uM.
The mass spectrometer was operated in the full scan mode
(m/z 50-400).

Online derivatization of benzotriazoles Benzotriazole
online derivatization by trimethylsulfonium hydroxide
(TMSH) was carried out using the same GC/MS instrument,
setup, and injector (at 230 °C) described above. Each sin-
gle benzotriazole standard (1 mM in ethyl acetate) was
mixed with TMSH in 50-fold excess (25 mM ethyl acetate)
to obtain analyte concentrations of 40 uM. Benzotriazole
derivatives were identified based on GC/MS retention
times and mass spectra. Tentative derivatization efficiencies
were estimated from the lowest detectable concentration
of underivatized benzotriazole (cgiTn), and the theoreti-
cal concentration of benzotriazole injected with TMSH

BT .
(Ctheoretical,TMSH)’ as follows:

~ BT

Derivatization efficiency = (1
Ctheoretical,TMSH

BT
cm_m) .100 %

ey
GC/IRMS analysis

Modified standard setup Analysis of §'3C and §'°N val-
ues of pure chemicals was carried out using a TRACE GC
coupled to an isotope ratio mass spectrometer via a GC
Combustion III interface (GC/IRMS 1, Thermo). C and N
isotope analysis were almost identical, except for cryogenic
trapping of CO, in liquid N, during ' N measurements.
The GC setup and the temperature program were identi-
cal to GC/MS analysis described in Section “Modified stan-
dard setup” except for the larger postcolumn inner diam-
eter (320 um). The self-made oxidation reactor consisted
of a ceramic tube (1.5 mm OD, 0.55 mm ID, 32 cm length,
Thermo) containing two nickel wires (diameter 0.1 mm,
length 30 cm, purity 99.99 %, Alfa Aesar) and one plat-
inum wire (diameter 0.1 mm, length 30 cm, purity 99.99 %,
Goodfellow). The same Ni/Ni/Pt reactor (referred to as
Ni reactor in the succeeding text) operated at 1000 °C
was used for C and N isotope analysis. One Ni reac-
tor was used throughout the study covering approximately
1200 measurements. After every measurement, the reactor
was reoxidized for 20 min with a continuous O, stream at
1000 °C after optimum reoxidation times had been evalu-
ated between 1 and 30 min (data not shown). For reduction
of nitrogen oxides, a standard reduction reactor (Thermo)
containing three wires of copper was operated at 650 °C.
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C and N isotope ratios are expressed in the delta nota-
tion as §'3C and 8'°N, respectively, (Eq. 2), in which the
concentrations of heavy (" E) and light (' E) isotopologs of
C and N (designated as element E) are reported relative to
Vienna Pee Dee Belemnite and air, respectively.

(hE /ZE ) sample
(h E / 'E ) standard

To evaluate the trueness and precision of isotope mea-
surements, the C and N isotope composition of four ben-
zotriazole standards (1H-BT, 1-CH3s-, 4-CH3-, 5-CH3-BT)
was measured by an elemental analyzer (EA, Carlo Erba)
coupled to an IRMS (EA/IRMS, Fisons Optima, Table S4).
Trueness of isotope signatures, A8" E, is reported as devi-
ation of the isotope ratio measurements by GC/IRMS
(8"Egc /IRMs) from the reference isotope signatures of four
in-house working standards (8" Ef, Eq.3). If not speci-
fied otherwise, isotope signatures are reported as arithmetic
mean of triplicate measurements with 1 standard deviation
(£0) as measure for instrumental precision.

§"E [%0] = -1 ()

AS"E = §"Egc/irms — 8" Exer €)

Online derivatization approach For the online derivatiza-
tion approach, a different GC/IRMS instrumentation (GC/
IRMS 2) was used that is described in detail in Reinnicke
et al. [25]. Online derivatization of benzotriazole with
TMSH was carried out using a programmable temperature
vaporizer (PTV) injector (Optic 3-SC High Power Injec-
tion System, ATAS GL International B.V.) equipped with
a large-volume glassbead liner (PAS Technology). Between
1 and 100 pL of a premixed solution with 0.8 mM 1H-
BT (Fluka) and TMSH (250-fold excess) in methanol was
injected via a GC Pal autosampler into the glassbead liner
at 40 °C. Depending on the injected sample volume, a vent
time between 30s (for 1 uL) and 630s (for 100 uL) was
used with a split flow of 50 mL/min to remove the sol-
vent (methanol). Subsequently, the split flow was set to
0 mL/min for 60 s (column flow 1.4 mL/min) and the injec-
tor was heated with a rate of 7 °C/s to 300 °C. The GC
setup and the temperature program were identical to the
GC/MS analysis described in Section “Modified standard
setup.” A commercially available Ni tube/NiO-CuO com-
bustion reactor with a silcosteel capillary (Thermo) operated
at 1000 °C was used for §'3C and 89N analysis and was
reoxidized after approximately 40 injections. For reduction
of nitrogen oxides, a standard reduction reactor (Thermo)
was operated for N isotope measurements at 640 °C. Iso-
tope signatures for IH-BT were calculated as follows using
the isotope values of the derivatives (1-CH3-BT and 2-CH3z-
BT) and the corresponding peak areas of mass 28 or 44
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(A% and A*), respectively. The calculation of §'3C val-
ues for 1H-BT further required correction for the introduced
carbon atom through methylation (§ 13CEA,TMSH).

8N 1upT [%o]

15 28 15 28
B 8 °NicH;BT - Ajcm,pr T8 "NocH;BT - Ajcp,pr @)
= 28

28
A 1CH3BT + A2CH3BT

813C1upr [Y%0]
7 <313C1CH3BT - Altu,pr 8" Cacuypr - AgéH3BT)

ra 44 44
6 AlCH3BT + A2CH3BT

13
% -8 7CgA, TMSH (5)

Online derivatization approach vs. modified standard setup
For method comparison, the online derivatization approach
and the modified standard setup were implemented con-
secutively on the same GC/IRMS instrument. Therefore,
GC/IRMS 2 that was used for the online derivatization
approach was equipped with the same guard, chromato-
graphic, and postcolumn as well as with the same self-made
oxidation reactor than used in the modified standard setup.
Between 1 and 100 uL benzotriazole standard compound in
ethyl acetate (without TMSH) was then injected onto the
GC column via the PTV injector which was heated with a
rate of 5 °C/s to 230 °C.

Method detection limits Instrument linearity and method
detection limits (MDLs) were determined from isotope ratio
measurements of four benzotriazole working standards at
different concentrations following the moving mean proce-
dure proposed by Jochmann et al. [26]. Injected concentra-
tion ranges were 0.025—1 mM and 0.125-5 mM for §'3C and
8N analysis, respectively. MDLs were determined using
two different uncertainty intervals: (a) constant § 13C and
83N intervals of 0.5 and =1 %o, respectively (referred to
as MDL), and (b) variable intervals covering +2¢ of all
data points used for the calculation of the moving mean
(MDLj, ).

Results and discussion

Analytical strategies for CSIA of benzotriazoles
by GC/IRMS

Isotopic analyses of 1H-, 4-CH3z-, and 5-CH3-
benzotriazoles by standard GC/IRMS systems via
on-column injection did not lead to detectable peaks even
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at high analyte concentrations (up to 15 mmol/L) while that
of 1-CHjz-benzotriazole was feasible (Fig. la). Because
the ability of benzotriazoles to form organometallic com-
plexes requires nitrogen lone pair electrons [23, 24], our
observation suggests that interactions of 1H-, 4-CH3-, and
5-CHj3-benzotriazoles with metal parts of the GC/IRMS
system, in particular with Cu in the Cu/Ni/Pt-containing
oxidation reactor, impede isotopic analysis. As shown
in Fig. 1b, replacing stainless steel-containing parts by
silicate-based ones (PressFit Connectors, PressFit X-
Splitter, Section “Modified standard setup”) and removing
Cu wires from the oxidation reactor enabled us to carry out

GC/IRMS

a) | Cu/Ni/Pt Reactor |
injected:
1-CH,-BT, 1H-BT, 4-CH_-BT, 5-CH_-BT

5 -
> 4
3 /
M| Nee
3 24 N e
S — 45
< 414 — 46

0 AN | | | |
b) Ni/Ni/Pt Reactor

injected:
1-CH,-BT, 1H-BT, 4-CH_-BT, 5-CH_-BT

5 -
s Wes
Z 4 N\ N
5 Svihe

- N

N {
sl b, || ol
< 1

0 AY T T | |

0 200 700 800 900 1000

Time [s]

Fig. 1 GC/IRMS chromatograms (left): a 1-CH3-BT was the only
compound detected from a mixture of 1H-BT, 1-CH3-, 4-CH3-, and
5-CH3-BT by conventional isotope analysis with GC/IRMS systems
containing a Cu/Ni/Pt oxidation reactor; b all four benzotriazoles
were detected when the same mixture was analyzed using the modi-
fied standard setup containing a Ni/Ni/Pt oxidation reactor (GC/IRMS
1). GC/MS chromatograms (right) of ¢ four underivatized benzotri-
azole species, d derivatization products of 1H-BT methylation with

g) 1.0x1 04 I \©i:;n— \G[N/N

CSIA of all four benzotriazole species. This approach is
henceforth referred to as the modified standard setup which
was, unless otherwise specified, implemented on GC/IRMS
1. Alternatively, as implied by the isotopic analyses of
1-CH3-benzotriazole, N-methylation on the triazole ring
reduces interactions of the molecule with metal surfaces
[24] and thus allows one to use Cu-containing, standard
GC/IRMS systems for benzotriazole-CSIA. An example of
such a derivatization using TMSH is shown in Fig. lc-g
and the isotope analysis of derivatized benzotriazoles is
discussed in Section “Benzotriazole-CSIA using online
derivatization”.

GC/MS
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I
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d)  guc ©iNIN—

/
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4 . 1H-BT
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0 T 1 1 1
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©)_ g0 @:N‘N
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z 4 1-CH,-BT
% 24 +TMSH
kS 0 T T T 1
f) 15x1079
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1.04 4-CH_-BT
0.5 +TMSH
A
T T T 1

0.0

1.5x10% v injected:
1.04 5-CH,-BT
0.5 +TMSH
OO T T T 1
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trimethylsulfonium hydroxide (TMSH) identified as 1-CH3-BT and
2-CH3-BT with standard compounds, e 1-CH3-BT, which was not
further methylated upon derivatization, f derivatization products of
4-CH3-BT methylation, and g derivatization products of 5-CH3-BT.
Molecular structures of derivatization products for 4-CH3- and 5-CH3z-
BT methylation are suggested based on mass spectrometric analyses
without confirmation by standard compounds. Derivatization of 4-
CH3-BT led to a third unidentified peak of low intensity

@ Springer



2848

S. Spahr et al.

C and N isotope analysis of benzotriazoles
using the modified standard setup

Reproducibility More than 1000 C and N isotope measure-
ments of the four benzotriazole working standards were car-
ried out with the modified standard setup. C and N isotope
signatures were highly reproducible over the whole period
of analysis (Table 1, Fig. S2). Even if long-term instru-
mental variabilities are included, good precisions (expressed
as £o0) of £0.6-1.0%0 (n = 79) for C and £0.1-0.3 %o
(n = 16 — 77) for N isotope analysis were achieved. Fur-
thermore, 813C and 89N values were consistent with refer-
ence isotope values determined by EA/IRMS. The trueness
was within < +0.5 %o for C and < —0.6 %o for N isotope
measurements and was thus within typical uncertainties of
+0.5 %o and %1 %o reported for GC/IRMS analysis of C and
N isotope ratios, respectively [27-29]. 8!3C signatures of
1-CH3-BT showed lower precision and a reproducible off-
set by —2.3 + 1.8 %0 (n = 15) possibly due to not fully
optimized instrumental procedures at the beginning of the
study. Notice the limited number of analyses owing to the
depletion of our calibrated in-house standard for 1-CH3-BT.
Further analysis of 1-CH3-BT with non-calibrated material
nevertheless confirms the observed trends. C and N isotope

signatures of 1-CH3-BT did not deviate by more than £1.5
and 0.3 %o from the mean of all measurements, and preci-
sions were 0.5 %o (n = 63) and 0.1 % (n = 58) for C
and N isotope measurements, respectively.

Method detection limits for accurate isotope analysis The
performance of C and N isotope ratio measurements using
the modified standard setup was determined as a function
of injected benzotriazole concentration (Figs. 2 and S3).
MDLs were then derived according to the moving mean
procedure as the smallest analyte concentration level, for
which isotope values were within predefined intervals cov-
ering the total analytical uncertainty [26]. Measures for the
total analytical uncertainty of CSIA are typically =£0.5 %o
for 8'3C analysis of commonly measured compounds such
as (chloro)hydrocarbons, but they are poorly constrained
for micropollutants and especially for their §'>N measure-
ments (£1 %o) [6, 28, 30]. Therefore, we also calculated
MDLs using an uncertainty interval of +20 representing
our measurement’s precision.

For §13C analysis of benzotriazoles, MDLs of 0.1—
0.3 mM (corresponding to 0.7-1.8 nmol C) were determined
using an uncertainty interval of 0.5 %o. Except for anal-
ysis of 1-CHj3-BT, identical results were obtained if the

Table 1 Trueness and precision (+0) of C and N isotope measurements of four benzotriazole working standards as well as §'>C and §'°N values
of eight additional aromatic, N-heterocyclic compounds determined with the modified standard setup (GC/IRMS 1). Unless specified otherwise,
isotope signatures are reported as arithmetic mean (+o) of triplicate measurements

GC/IRMS
Compound 813C [%o] ASBC [Yoo]* 8PN [Yoo] ASBN [Yoo]*
1H-BT -26.0 £ 1.0° 0.5+ 1.0° —274 1+ 0.1° —03 +0.1¢
1-CH3-BT —334+1.8¢ —-23+1.8¢ —33.5+0.1° —02+0.1°
4-CH3-BT —28.8 +0.6° 0.0+ 0.6" —424+0.3¢ —0.6 £0.3¢
5-CH3-BT -27.6 £0.6° 0.0+ 0.6" —159 4+ 0.3¢ —0.1 £0.3¢
1-CH3OCH,-BT —-32.6 0.1 -f 0.9+ 0.0 -
Benzothiazole —28.9+0.1 - —2.1£0.1 -
1-CH,CI-BT —28.5+0.0 - —574+0.1 -
Skatole —-2524+0.0 - 1.7 £ 0.1 -
Quinoline —21.8+£0.1 - 33400 -
Indole —19.5+0.1 - 63+02 -
5,6-(CH3),-BT - - —235+03 -
1-CH,OH-BT - - —6.3+0.1 -

*Trueness is expressed as mean deviation of isotope signatures measured with GC/IRMS from the reference isotope signatures determined by

EA/IRMS
bn =79
‘n="177
n=15
‘n=16

"Hyphen (-) = not determined

@ Springer
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Fig. 2 Accuracies of a C and b N isotope signatures of 1H-BT deter-
mined with the modified standard setup (GC/IRMS 1) for a concen-
tration range of 0.05—-1 mM and 0.25-5 mM, respectively. Amplitudes
increased linearly with higher injected concentrations. Gray bars indi-
cate MDLs determined according to the moving mean procedure [26]

MDL definition was based on the +2¢ interval (Figs. 2a
and S3, Table 2). MDLs for SN analysis of benzotriazoles
were derived for uncertainty intervals of +1 %o and 420
(Fig. 2b). Due to very accurate N isotope measurements
of benzotriazoles, MDLs of 0.125-0.25 mM (0.4—0.8 nmol
N) coincided with the lowest measured concentrations and
peak amplitudes and were, again, independent of the uncer-
tainty definition. Only for §">N measurements of 5-CHj3-
BT, a higher MDL,, of 1 mM (3.0 nmol N) was determined
(Table 2).

[A] 82 Z/w spnyjdwy @

-4 L L L L L L
0 1 2 3 4 5
1H-BT concentration [mM]

1 1

0 5 10 15
Injected mass [nmol N]

with intervals of +0.5 %o and %1 %o for C and N isotope analysis (blue
lines), as well as with intervals of +2¢ (red lines). Moving means are
indicated by dashed lines

Conversion efficiency The accurate and highly reproducible
C and N isotope signatures as well as low MDLs suggest an
efficient conversion of benzotriazoles to analyte gases (CO;
and Ny). To verify this hypothesis, we analyzed seven C-
and N-containing in-house standards (n-alkanes, substituted
aromatic amines, nitrobenzene, atrazine) with the modified
standard setup. Conversion efficiencies were operationally
defined as the slope of the linear regression between signal
area of mass 44 and 28, respectively, per theoretical injected
mass of C and N.%o Conversion efficiencies were derived

Table 2 Method detection limits (MDL) for C and N isotope analysis of benzotriazoles with the modified standard setup (GC/IRMS 1) deter-
mined according to the moving mean procedure [26] with intervals of £0.5 %o and 1 %o, respectively, and +20. MDLs are expressed as injected
benzotriazole concentration (mM) and as corresponding mass of injected C and N (nmol). Corresponding peak amplitudes are reported in mV

(313C 8 lSN

MDL? Amp 44° MDL"® Amp 28°

[mM] [nmol C] [mV] [mM] [nmol N] [mV]
1H-BT 0.3 1.8 1060 £+ 130 0.25 0.8 210£2
1-CH3-BT 0.2¢/0.1° 1.4/0.7 1470 £ 70%/750 & 25° 0.125 0.4 150+ 1
4-CH3-BT 0.1 0.7 420+ 10 0.25 0.8 22042
5-CH3-BT 0.2 1.4 625+ 50 1.0 3.0 790+ 115

“Determined with an interval of £0.5 %o or &= 20 = 0.8, 1.2, 1.4, and 1.1 %o for 1H-BT, 1-CH3-, 4-CH3-, and 5-CH3-BT, respectively
*Determined with an interval of £1 %o or & 20 = 0.5, 0.6, 0.6, and 1.5 %o for 1H-BT, 1-CH3-, 4-CH3-, and 5-CHj3-BT, respectively

¢Amplitude +o
“Interval £0.5 %o
°Interval +20 (=1.2 %)
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from analysis of 1.8 to 7.2nmol C and 1.5 to 15nmol N
per substance, resulting in signal areas between 1 and 50 Vs
and amplitudes ranging from 1.2 to 10V (§'3C) and 0.09
to 3.4V (8"ON), respectively. Figure 3 depicts the conver-
sion efficiencies of the tested compounds to CO, and Nj,
respectively, grouped by substance class.

n-Alkanes are reported to be the most readily com-
busted and most completely converted to CO; [31]. Indeed
dodecane showed the highest operational CO;-conversion
efficiency (5.9 Vs/nmol C). Decane conversion efficiency,
in contrast, only attained 82 % of the dodecane value.
The comparison of combustion efficiency ranges suggests
that benzotriazole conversion to CO, was also high. The
four benzotriazole species showed operational conversion
efficiencies between 3.7 and 5.0 Vs/nmol C, which corre-
sponded to 62-85 % of the dodecane conversion efficiency
(Fig. 3a). All benzotriazole species were converted to a sim-
ilar extent suggesting that the presence and position of a
methyl substituent did not affect oxidation. Indeed, evidence
for similar combustion properties of aliphatic and aromatic
compounds has also been reported for n-hexane and toluene
[32]. Moreover, the conversion of N-heterocycles seems
favored over that of two aromatic amines (4-chloroaniline,
diphenylamine), which only reached 35 % conversion to
CO,. Given that §'3C values of all the N-containing com-
pounds analyzed here can be determined accurately [30,
33-36], our data illustrate that a better conversion con-
tributes to lower MDLs but is not prerequisite for accurate
isotope analysis.

Nj-conversion efficiencies additionally support the con-
clusion that benzotriazoles were efficiently converted to

)

Slope [Area m/z 44 / nmol C]

Fig. 3 Conversion of n-alkanes (striped bars), benzotriazoles (solid
bars), substituted aromatic amines (dotted bars), nitrobenzene
(squared bar), and atrazine to a CO, and b Ny by the self-made
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analyte gases by the Ni/Pt reactor used in the modified
standard setup. All benzotriazoles were most efficiently
transformed to N, compared to amino and nitro groups in
aromatic amines and nitrobenzene (Fig. 3b). It is interesting
to note that atrazine, which was successfully analyzed with
a similar self-made Ni/NiO reactor operated at 1150 °C in
previous studies [34], could not be measured using the mod-
ified standard setup. We speculate that this result might be
due to the lower reactor temperature used here (1000 °C).

Our comparison of conversion efficiency further under-
scores the need of standard materials and procedural guide-
lines for developing CSIA methods for organic micropol-
lutants [6]. As illustrated here and shown previously [31,
37], conversion efficiencies strongly depend on the type and
temperature of the oxidation reactor. In addition, standard
materials are required that can be used under very differ-
ent chromatographic conditions on a wide variety of IRMS
instruments.

Benzotriazole-CSIA using online derivatization

We explored the C- and N-CSIA of benzotriazoles using an
online derivatization approach with a conventional Cu/Ni/Pt
reactor as the alternative to the modified standard setup.
As shown in Fig. 1, derivatization with TMSH generates
methylated benzotriazoles that do not show the same affin-
ity to Cu and other metal-containing parts and thus can be
analyzed in a conventional GC/IRMS system. As outlined
in the methods section, derivatization requires one to rec-
oncile isotope signatures measured for multiple methylation
products (see tentative product identification in Fig. 1d, f, g)

b) 2.5
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c ==
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Ni/Ni/Pt reactor in the modified standard setup (GC/IRMS 1). Conver-
sion efficiency is expressed as slope of the linear regression between
theoretical injected amount of C or N and corresponding peak area
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except for 1-CH3-BT, which remained unchanged (Fig. le).
Unfortunately, GC/MS analysis revealed that benzotria-
zole methylation products have similar retention times than
the other benzotriazoles investigated and co-elution would
likely have compromised their isotopic analyses (Fig. 1d-g).
Therefore, the following comparison of the derivatization-
based approach with the modified standard setup focuses
exclusively on 1H-BT. To enable a direct comparison of
the modified standard setup and the derivatization approach,
both methods were implemented on an identical instrument
(GC/IRMS 2).

Comparison of the derivatization approach with the mod-
ified standard setup Accurate and reproducible §'3C and
8N values were obtained with both approaches for 1H-
BT (Fig. S4). Comparisons were made for the concentration
range of 0.8—8 mM (derivatization approach) and 1-10 mM
(modified standard setup), respectively (Fig. S5). 813C val-
ues measured with the derivatization approach were of sim-
ilar trueness (£0.5 %o of reference value) than data acquired
with the modified standard setup except for concentrations
below 2 mM, which, on that instrument (GC/IRMS 2), only
yielded satisfactory results with the derivatization approach.
Both approaches performed equally well for N isotope anal-
ysis for IH-BT concentrations between 3.5 and 10 mM but
8N values were slightly offset by —1 %o. Notice that in
contrast to typical sample injection techniques (e.g., on col-
umn, split/splitless), the derivatization approach using the
PTV injector enables one to inject variable sample sizes (1—
10 uL) with constant excess of TMSH. This feature might
be beneficial for benzotriazole analysis in environmental
samples but was not explored further in this study. Data
presented in the following sections were acquired with the
modified standard setup implemented on GC/IRMS 1.

Solid-phase extraction of benzotriazoles coupled to
GC/IRMS (modified standard setup)

We tested three different SPE sorbents and protocols to
carry out C- and N-CSIA of benzotriazoles in different
aqueous matrices, that is tap water, sewage treatment plant
effluent, and activated sludge as well as in consumer prod-
ucts. The performance of different SPE sorbents was eval-
uated based on isotope fractionation, analyte recovery, and
interferences from the sample matrix. Regardless of the
materials and protocols chosen, no influence of the sam-
ple matrix on the analyte recovery was observed as reported
earlier [38].

(1) Bestresults were obtained using Oasis HLB cartridges
that were preconditioned with hexane, ethyl acetate,
methanol and water, and with sample pH values
adjusted to pH 2. Using this optimized protocol (see

Table S2), benzotriazole recoveries varied between
80+4 % and 93+ 5 % (Table S3) and no co-eluting
substances interfered with the analytes. Notice that the
latter was not the case if Oasis HLB cartridges had
not been preconditioned with hexane so that interfer-
ences from the cartridge material compromised CSIA
of 1-CH3-BT and 5-CHj3-BT. Method-induced iso-
tope fractionation, denoted as deviation AS13C and
AS'ON, was negligible regardless of the sample matri-
ces used and was within the uncertainty of analysis
(Table 3). Generally, AS'3C and ASN values were
slightly more negative than the reference value sug-
gesting a preferential adsorption of heavy isotopologs.
AS13C and ASN values of 1H-BT, 4-CH3-BT, and
5-CH3-BT were within —0.3 0.8 and —1.5 £ 0.5 %e.
The deviation of the §'3C value of 1-CH3-BT (up to
—2.6 +1.7 %0) was almost identical to the offset from
the reference value measured without SPE (Table 1)
suggesting that this deviation did not originate from
the enrichment procedure.

(2) Using ENVI-Carb cartridges, benzotriazole recover-
ies were high (80£1 % to 121 £ 11 %) (Table S3).
However, co-eluting peaks impeded C isotope anal-
ysis of 1-CH3-BT and 1H-BT after enrichment from
the sludge matrix (Fig. S1). ENVI-Carb cartridges are
thus only suited for N-CSIA and C-CSIA of 4-CH3z-
BT and 5-CH3-BT. A8'3C values of 4-CH3-BT and
5-CH3-BT and AS8N values of all four benzotria-
zoles, determined after enrichment of benzotriazoles
from activated sludge, showed that isotope fraction-
ation was again negligible and within the analytical
uncertainty (Table 3).

(3) SPE with Oasis MAX cartridges, which was based on
anion exchange at pH 10.6, led to only low benzo-
triazole recoveries between 47 +10% and 90+ 1 %
in particular for 1-CH3-BT due to the lack of ionic
interactions with the sorbent material. This option
was therefore not considered as a viable strategy for
benzotriazole enrichment.

Oasis HLB cartridges were chosen for benzotriazole
enrichment prior to C- and N-CSIA, because analyte
recoveries were high and neither isotope fractionation
nor co-eluting substances were observed after solid-phase
extraction.

Source apportionment of benzotriazoles

Isotope signatures of benzotriazoles from different suppli-
ers We analyzed the 8'3C and 8N values of various
commercially available benzotriazoles from six different
suppliers with the modified standard setup. The correspond-
ing values for six 1H-BTs, one 4-CH3-BT, one 5-CH3-BT,
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Table 3 §'3C and §'3N values of four benzotriazole working standards determined with the modified standard setup (GC/IRMS 1) after solid-
phase extraction from three different aqueous matrices using Oasis HLB or ENVI-Carb cartridges

Oasis HLB® ENVI-Carb*
Tap water Effluent Sludge Sludge
AS13C [Yoo]*
1H-BT —-03+0.8 —-0.3£0.6 —-0.7£0.9 -
1-CH3-BT —2.6+1.7 —-1.9+£09 —22+17 -
4-CH3-BT —-0.8+0.5 —-0.8£0.1 —-0.6+12 1.3£0.5
5-CH3-BT —1.4+05 —-13£03 —-1.5£05 09+0.7
AN [oo*
1H-BT —-0.5+0.1 —-0.5+£02 —-0.3£0.2 0.4+0.8
1-CH3-BT —-1.1+£0.6 —-0.4+£02 —-0.4+£0.1 —-0.6+04
4-CH3-BT —-05+04 —05+04 —1.2+£05 0.0+£0.2
5-CH3-BT —-04+03 —-03+04 —-0.7£0.8 —05+12

*All uncertainties correspond to o (n = 3)

®Qasis HLB pH 2 hexane (ethyl acetate elution)

€250 mg, MeOH elution

dCo-eluting peaks from the sludge matrix impeded §'3C analysis

and one tolyltriazole (mixture of 4-CH3- and 5-CH3-BT)
are reported in Fig. 4a, b and Table S5. While 8'3C of
all compounds were confined to the range of —24.8 %o
to —30.6 %o, 8' N values varied considerably more from
—4.2 %o to —27.5 %o. This observation is consistent with the
reported synthetic routes of benzotriazoles, which involve
multistep reactions at N-functional groups of various N-
containing precursor materials whereas the carbon skeleton
of benzene remains unchanged (see detailed discussion
below). In fact, the observed 813C values of 1H-, 4-CHj-,
and 5-CH3-BT correspond to the typical carbon signatures
for benzene from petrochemical sources [39]. In contrast,
815N values of 1H-BT clustered around —10%, (Ciba
and Bayer), —15 %o (Ehrenstorfer), —20 %o (Aldrich), and
—27 %o (Fluka) (Fig. 4a). Notice that uncertainties of § N
measurements were due to not fully optimized analytical
procedures at the very beginning of this study and addi-
tional measurements would result in typical variations by
=+2 %o. The observed variability of S9N values can arise, in
principle, from different precursor materials and/or isotope
fractionation during benzotriazole production [40].

Figure 5 depicts reported benzotriazole production path-
ways. 2-Chloronitrobenzene (compound 1) is reacted with
ammonia to 2-nitroaniline (2), which is then reduced to
the benzotriazole precursor o-phenylenediamine (3) [41]. A
ring closing diazotization reaction of o-phenylenediamine
with nitrous acid in dilute sulfuric acid or with sodium
nitrite and acetic acid leads to the formation of 1H-BT
[41, 42]. The N content of all N-containing precur-
sor substances, especially of the direct reactants (o-
phenylenediamine and NO, ) contributes to the measurable
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N isotope signature of 1H-BT. Besides, the §'N value
of benzotriazole might be significantly affected by poten-
tial N isotope fractionation associated with bond breaking
reactions during the production process or incomplete reac-
tant conversion. No specific enrichment factors are reported
for the amination reaction, o-phenylenediamine synthesis,
and subsequent diazotization. Bulk >N enrichment factors
between —30 %o and —46 %o reported for the reduction of
nitrobenzene to aniline [43—45], however, indicate single-
reaction steps during 1H-BT production to be strongly
fractionating. The same reason is valid for 4-CH3-BT and
5-CH3-BT that are produced via the same pathway as
1H-BT (Fig. 5). Indeed C isotope signatures were in the
typical range of —24.8 %o to —30.6 %o, whereas N isotope
signatures showed higher variations (Fig. 4b).

The variations of 8N values imply that an identi-
fication of benzotriazole suppliers might be possible by
N-CSIA, while §13C data are less indicative. A comparison
of two 1H-benzotriazoles from Aldrich also suggests that
there may be variabilities between different production lots
through the use of different raw materials or modifications
in the production process (Fig. 4a). Consequently, analy-
sis of additional specimen from the same supplier will be
necessary to confirm our interpretation.

Isotope signatures of benzotriazoles in domestic dishwash-
ing detergents The §'3C and 89N values of benzotriazoles
were determined in 12 domestic dishwashing tabs and pow-
ders by SPE-GC/IRMS, and their concentrations were quan-
tified by GC/MS. Seven of the 12 dishwashing detergents
analyzed contained between 0.3 £ 0.1 and 1.5 £+ 0.2 mg/g of
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Fig. 4 §'3C and §'°N values of a 1H-benzotriazole and b 4-CHj-
BT and 5-CH3-BT from different suppliers. Clusters with similar
C and N isotope ratios are indicated by dashed circles. §'3C and
815N values of ¢ 1H-BT, 4-CH3-BT, and 5-CH3-BT in domestic
dishwashing detergents from different retailers (A-F) and d further

1H-BT, while 4-CH3-BT and 5-CH3-BT were detected in
only one dishwashing tab (0.8 0.2 mg/g, see Table S6).
Four specimens did not contain measurable concentrations
of benzotriazoles (<0.01 mg/g from 100 mg of detergent).

1H-BT '@ 1-CH;OCH,-BT
Supplier A Others 2A  Benzothiazole
: n g S @ 1-CH,CI-BT
<4 A3 0 D :V Skgtol_e

< E 6l><1 Quinoline

Indol

4-CH; BT B F ¢_Indole
5-CH,-BT @ F

aromatic, N-heterocyclic compounds (numbers 1-6 indicate structural
formulas). All measurements were conducted with the modified stan-
dard setup (GC/IRMS 1). Standard deviations of triplicate C isotope
measurements are usually <0.5 %o and smaller than marker size

813C of the detected benzotriazole species was confined
to values between —25.6 and —27.5 %o (Fig. 4c), that is
in the typical range for §'C values reported for different
benzotriazole suppliers (Fig. 4a, b). Six out of seven 1H-BT-

Cl
Amlnatlon He Reductlon + H* N\
+ NHg O —>» \N
NO, -2H,0 N/
H
1 1H-BT
oC NH, ) + 2 H*
+ 2NO,

NH, -4H O

4 5

Fig. 5 Synthetic routes to benzotriazole by reaction of o-
phenylenediamine (3) with nitrous acid in dilute sulfuric acid or
acetic acid [41, 42]. Synthesis of o-phenylenediamine is reported from
reduction of 2-nitroaniline (2), which is produced by amination of

4-CH3-BT 5-CH3-BT
2-chloronitrobenzene (1) [41]. Lower panel: Synthesis of tolyltriazole
(4-CH3- and 5-CH3-BT) by reaction of o-toluylenediamine (a mixture
of 2,3-diaminotoluene (4) and 3,4-diaminotoluene (5)) with nitrite in
acidic solution [46]
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containing dishwashing detergents exhibited similar §'°N
values between —3.0 %o and —7.1 %o. Only one tab (A3) had
a distinctly different N isotope signature of —24.6 %o.

Even though this sampling campaign was not based on
a representative selection of dishwashing detergent man-
ufacturers and retailers, a tentative source apportionment
of benzotriazole supplies can be made from CSIA data.
The 89N data obtained for different dishwashing deter-
gents cluster around —5 =+ 2 %o suggesting a common origin.
Based on the §"°N of 1H-BT in dishwashing detergents,
their 1H-BT seems closely related to that produced by Ciba
(—9.9 %) and Bayer (—8.8 %), while the §'°N of one dish-
washing tab (A3) agrees with data for IH-BT from Aldrich
and Fluka (Fig. 4a, ¢). The 8'3C and §">N values of tolyl-
triazole in dishwashing detergent F can also be tentatively
related to 4-CH3-BT and 5-CH3-BT from Ciba (Fig. 4b, c).
We detected slightly more positive 8'9N of benzotriazoles
in dishwashing detergents compared to the pure chemicals.
Based on our limited data set, it is currently unclear whether
these differences arise from isotope fractionation during
dishwashing detergent production or are an indication of
benzotriazoles produced by other suppliers.

Isotope analysis of further aromatic, heterocyclic com-
pounds The applicability of our instrumental approach for
the CSIA of benzotriazoles was tested with the analysis of
additional, substituted aromatic N-heterocycles of similar
molecular structures. Isotope signatures of chloromethyl-
and methoxymethyl-benzotriazole as well as benzothia-
zole, indole, skatole, and quinoline are shown in Fig. 4d
and corresponding isotope values are listed in Table 1. 2-
Aminobenzimidazole could not be analyzed while measure-
ments of 1-hydroxymethyl- and 5,6-dimethyl-benzotriazole
were successful for N isotopes only. In contrast to benzotri-
azoles, 8'3C values of six aromatic N-heterocycles spanned
over a larger range (—19.5 £ 0.1 to —32.6 0.1 %o) suggest-
ing that in addition to benzene, alternative C-based precur-
sor materials may have been used in synthesis. §'3N values
partly matched the values of benzotriazoles from dishwash-
ing detergents (+6.3+0.2 and —5.7 £0.1 %o, Fig. 4d) but
were generally more enriched in N than the pure benzotri-
azoles (Fig. 4a). Note, however, that the range of chemicals
investigated was rather limited and a more comprehensive
study is needed to establish isotopic fingerprinting of these
chemicals.

Environmental significance

Our study shows that the applicability of CSIA can
be expanded towards more polar organic micropollutants
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through modifications of standard approaches to GC/IRMS.
Because of the excellent long-term performance and good
precision of Ni-based combustion reactors, this approach
is likely to work equally well with other polar organic
compounds such as nitro- and aminoaromatic compounds,
whose isotopic composition is presently analyzed by con-
ventional means [30, 47].

The coupling of solid-phase extraction to the modified
standard setup used here for the source apportionment of
benzotriazoles in dishwashing detergents is an important
first step towards analyzing this emerging class of microp-
ollutants in aquatic systems. Given the limited knowledge
of benzotriazole (bio)degradation pathways, our work pro-
vides the foundations for accurate measurements of isotope
fractionation trends in laboratory experiments, which will
enable the identification of transformation mechanisms [4,
7]. In addition, this study offers new avenues for further
method development for benzotriazole-CSIA in environ-
mental samples. Typical 1H-benzotriazole concentrations in
groundwater, rivers, and sewage treatment plant effluents
(0.2-2 ug/L [14, 48-50]), however, illustrate that substan-
tial preconcentration of up to 10-fold will be necessary
to reach MDLs proposed here. Optimizing SPE procedures
for a selective benzotriazole enrichment from environmental
samples is one of the major challenges of CSIA.
Acknowledgements We acknowledge the financial support from the
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