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Abstract: Benzene homologues, including compounds such as benzene, toluene, and xylene, have
become key pollutants of concern in food, drug, and environmental safety cases due to their
significant carcinogenicity and ecotoxicity. Accurately tracing the source of these pollutants is of
great significance for case handling and environmental pollution control. However, traditional
component analysis methods, such as GC-MS and HPLC-MS, have limitations in traceability
capabilities, and there is an urgent need to develop more discriminative technical approaches. Stable
isotope ratio analysis technique exhibits unique advantages in forensic science and environmental
traceability due to its ability to reflect the source and transformation processes of substances. In this
study, an analytical method based on gas chromatography-combustion-isotope ratio mass
spectrometry (GC-C-IRMS) was established for determining the stable carbon isotope ratios (6"°C) of

benzene homologues, and its applicability in the source differentiation of benzene homologues was
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evaluated. This study systematically optimized the key experimental parameters in GC-C-IRMS
analysis. In terms of chromatographic conditions, by comparing different initial temperatures (35 °C
and 40 C) and backflush times, the optimal temperature program was determined as follows:
maintain the initial temperature at 35 °C for 2 min, then increase to 80 °C at a rate of 5 °C/min and
maintain for 2 min, and finally increase to 150 °C at a rate of 10 °C/min and maintain for 2 min. In
terms of the injection mode, a 10:1 split ratio was shown to ensure good peak shape and stable isotope
ratios while avoiding solvent interference. The optimal injection concentration range was further
determined to be 300-600 mg/L. Within this range, the standard deviation of 6"°C values is less than
0.20%o0, meeting the requirements of high-precision determination. Method validation indicated that
the intra-day and inter-day precision (SD) for the determination of 6”C values of benzene
homologues are all less than 0.3%., meeting the analytical standards for stable carbon isotope
determination. This study also investigated the matrix effect and selected soil and cloth pieces as
typical environmental matrices for spiked recovery experiments. The results showed that the matrix
has a relatively small influence on the 6"°C values of benzene homologues (the differences are all less
than 0.3%o), indicating that this method is reliable for the analysis of actual complex samples. This
method was applied to measure the carbon isotope ratios of benzene, toluene, m-xylene, 1,2,4-
trimethylbenzene, and 1,2,3,5-tetramethylbenzene from three different sources for tracing their
origins. The 6"”C values of the five benzene homologues are —31.81%0-—30.66%0, —27.57%o-
—23.88%0, —28.13%0-—27.04%o0, —29.11%0-—28.74%o0, and —31.00%0-—30.08%o, respectively. Based on
the carbon isotope characteristics and one-way ANOVA results, effective differentiation of these
benzene homologues from different sources was achieved. This study systematically establishes a
GC-C-IRMS method suitable for the simultaneous determination of ¢"°C values of multiple benzene
homologues and verifies its application potential in source identification. It offers a scientific
reference for identifying the sources of benzene homologue pollution.

Key words: gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS);

benzene homologues; stable carbon isotopes; source analysis
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Fig. 1 Isotope spectra of BTEX under splitless (a), split ratio of 5:1 (b) and split ratio of 10:1 (c)
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0 7°C/%o SD/%o 0°C/%  SD/%o
FoR —24.14 0.10 —24.13 0.05
[ —FH -27.70 0.09 -27.58  0.09
124-=H% =912 0.07 -29.00  0.08
1,2,3,5-PUF K -30.77 0.13 -30.74 0.16
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Fig.2 6"C values of carbon isotope standards of benzene (a) and toluene (b) with different concentrations
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Table 4 Intra-day and inter-day standard deviations of 6"°C values of BTEX

%€ H 1 Date of determination
a7

Compound BIK FEEN B3R Ak 5K 8" C/%o
Day 1 Day 2 Day 3 Day 4 Day 5
S -30.750.05 —30.890.02 -30.78+0.07 -30.710.05 —30.76+0.04 —30.78+0.08
HI2R —24.24+0.12 ~24.10+0.06 -24.21+0.10 -23.97+0.07 —24.05+0.11 -24.11£0.13
] 2% —27.57+0.02 —27.78+0.08 -27.7240.11 —27.69+0.07 ~27.46:0.05 —27.64+0.13
1,2,4- =% —29.09+0.02 —28.85+0.06 —29.04+0.03 —28.98+0.05 —28.94+0.08 —28.98+0.10
1,2,3,5-PU F -30.62+0.07 —30.78+0.12 -30.63+0.13 -30.92+0.11 -30.50+0.18 ~30.69+0.18
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Table 5 Isotope standard reference materials and standard curves

. TES % ; .
waRpg SR Wil BHIBAHEE i
Stable isotope material Measured value/%o Reference value and uncertainty/%o Standard curve
o"C % (Benzene #1) —-27.31+0.06 —27.68+0.01 y=1.0116x-0.0521
FF 2 (Toluene #1) —24.68+0.07 —25.02+0.02

22 EFREFMm

TEE ZAR Z b, BE ] g 23 X R i AR (AL
F A A TR, SRR YISk IR AT K £
L 5T, PR R BTS2 75 23 5 e 4 R ) Y A Bk )
BL R PUAE, S HE HEWT PREE TS G vh 28 R YR IR Y
K, AHFSR BEREUE A F AT AR b Al BRI T4
ST 5, G5 RY T 3R 6. B PE TS5

)37 28 43 Wr 205 L i B B, 7R [ 57 2 L (BT 5%
, 6°C AR HER 22 (SD) 38 H B/NTF 0.3%0, T
A B I R R R W) 6 C (E AR Tl
Bz AR e B R R Y [ 07 3R A E Horp,
B EIE 2E 05 53 510 0.17%0 11 0.13%0, HI 2 228
4358 0.13%0F1 0.19%o, 18] — F1 24 2% {8 43 51 4
0.08%o 11 0.18%o, 1,2,4-= H % 2= {5 43 51 4 0.18%o0
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Table 6 6“C values of BTEX in soil and fabric matrixes
6"C/%o
%Eﬁ: i b Pl — b — his b
Matrix * LEES If] P2 1,2,4-=H% 1,2,3,5-PUHE
Benzene Toluene m-Xylene 1,2,4-TMB 1,2,3,5-TMB
ali i —30.78+0.08 —24.11+0.13 —27.64+0.13 —28.98+0.10 —30.69+0.18
et -30.61+£0.19 —23.98+0.01 —27.56+0.04 —28.80+0.03 -30.51+0.09
iilan —30.65+0.03 —23.92+0.04 —27.46+0.02 —28.74+0.02 —30.58+0.26

F10.24%o, 1,2,3,5-P4 H 2% 22 {H 43 51 24 0.18%0 Fl1
0.11%o0. &l fih 5 FE BT RE i ) 25 (B4 TE 0.3%04E B
0 B, 2 B T 5 | R A ik ()AL 3% 4 TR A 25
SN, Hg ] 28 . AT Ve I A
SE PR B MR R 2R A I I T SRR
23 ARXRBFERVHX S

ARk [F) 52 21 LB 0 A 6] ok P84 R W)
[ X4 BE 1, K F GC-C-IRMS 32 I 5 AN [a] 23 7]
AT R R, o [ A R AR 4 A 1 R T
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il Bz-2(0”C=(-30.810.10) %0 ) E. 47 ¥ A1 11 1
fe [F) 37 & LU AE 43 A, HL 33 {H 22 {86 {0 H 0.03%,
TG X 43 P 35 11 5 R 22 55 Bz-3(57C=(-31.76%
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