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Abstract Industrial emissions of volatile organic compounds (VOCs) are a significant environmental concern. Once released,
VOCs undergo photochemical and oxidative reactions, generating secondary degradation products with structural and
toxicological characteristics that differ from those of the parent compounds. However, understanding of the formation
mechanisms and environmental behavior of these degradation products remain limited and current regulations primarily focus
on VOC emission reduction rather than on the management of their transformation products. This study proposes an integrated

analytical framework to predict and evaluate the potential hazards associated with VOC degradation products emitted from an

industrial area. This framework was applied using VOC measurement data collected near an industrial complex in Incheon, South

Korea. Two predictive models were applied to simulate atmospheric degradation processes: Zeneth, a rule-based system that
identifies major reaction pathways under defined environmental conditions (pH, temperature, radicals, light, and humidity), and
Reaction Mechanism Generator (RMG), a mechanistic model that automatically constructs reaction networks based on
temperature, pressure, and concentration parameters. Applying both models enabled simultaneous structural prediction and
kinetic interpretation, allowing realistic simulation of atmospheric VOC degradation processes. For toxicity assessment, in silico
predictive tools such as VEGA QSAR, DEREK NEXUS, and the OECD QSAR Toolbox were used to analyze multiple toxicological
endpoints. Some degradation products exhibited potential toxicity, and the prediction results were compared with GHS
classifications to verify the reliability of the models. Overall, this integrated approach provides a scientific basis for understanding
the degradation and toxicity characteristics of VOCs and can be utilized to identify and prioritize hazardous substances in

environmental risk management.
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7t = A d 4= 91, o] oA st
A et 297 Yot W2 EafjiitEe] &
2of| TR &1 QITh(Zahn et al., 2024).
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Fig. 1. A) Location of Namdong National Industrial Complex, B) VOCs monitoring site (operated by the Incheon Institute of

Health and Environment) at (37.404236°N, 126.726131°E).
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Table 1. Top 20 VOCs with the highest seasonal average concentrations (unit: ppb).

VOC species Spring Summer Fall Winter Avg
Ethane 297 1.75 244 4.12 2.82
Propane 2.66 1.19 2.79 3.53 2.55
Toluene 236 1.93 2.21 1.73 2.06
n-Butane 0.59 0.45 1.15 1.49 0.92
Ethylene 0.6 0.48 0.7 1.01 0.7
Ethylbenzene 0.71 0.55 0.63 0.43 0.58
iso-Butane 0.38 0.41 0.64 0.77 0.55
m/p-Xylene 0.67 0.38 0.52 0.45 0.5
n-Hexane 0.24 0.24 0.4 0.62 0.37
Benzene 0.4 0.22 0.28 0.49 0.35
o-Xylene 0.37 0.33 0.39 0.29 0.34
Acethylene 0.04 0.68 0.39 0.22 033
Cyclopentane 0.35 0.54 0.12 0.16 0.29
Styrene 0.15 0.42 0.33 0.2 0.27
1,2,4-Trimethylbenzene 0.23 0.27 0.31 0.22 0.26
Propylene 0.21 0 0.25 0.49 0.24
1,2,3-Trimethylbenzene 0.21 0.28 0.26 0.2 0.24
n-Pentane 0.07 0.14 0.31 0.39 0.23
n-Heptane 0.2 0.28 0.22 0.12 0.21
iso-Pentane 0.02 0 0.52 0.26 0.2
27t 249 244 (19 1BE £8% 22Tl FHA 8% 27 o] g0 AFHolets
A2 k. 24 A= Agilent 8890 GC-FID 7171 AFA-S 12{5}o] (Pye et al., 2020), TH7|8H4 <] At
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Z8H ek AL AlFshe T F718kE th(Likens et al., 1996). A EUER) A AlFol= 107
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et ApAIRt = A R A €%
ARFNA AR A 1% 4= QITHITHE, 2025).
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Table 2. Comparison of characteristics of degradation prediction models: Zeneth and RMG.
Decomposition Zeneth RMG

prediction model

* Prediction of degradation products and
pathways based on structure and conditions

Features
(in silico simulation)

« Automatic generation of oxidation and
pyrolysis mechanisms

Environmental * Intuitive selection of conditions

* Requirement of initial settings (e.g., T, P, species);

condition (e.g., temperature, pH, oxygen, radicals) Focused on process conditions
* Structure-based pathway analysis without * Generation of diverse reaction pathways
pre-defined mechanisms (potential pathway exploration)
Advantages * Integrated prediction of structure, pathways, * Suitable for combustion mechanisms
and toxicity (linked with DEREK NEXUS) at high T/P
* Specialized for chemical process conditions
» Compliant with ICH standards; applicable « Effective for screening and simulating
Applicability for regulatory use experimental results; Serves as

a supplementary tool for requlatory support

Fohe U A9 20249 A Bt W7 FE=H (05,
CO, NO,, SO,)= ¥rgdstlrt. 2alish-e2 F=st]
QI OH 2tz 5k o] A9 2 Atollde dd &
FR7HIATA] 2192 o2 shgl o, s 214
o] A7) oH #HZ Fk =7t FAfste], KORUS-

AQ QI 717t T A& di7]olA ®SH B+ OH
2]z % (1.5 % 10° molecules cm™) S &gt o =2
Z-45} o (Nault ef al., 2018). 7 222 B3Ys}o] AF

83t 019, Zeneth= 72 7|4 2o whe} ZA) 4]
w28 FEA AR Aol
33 AT frIeketE

2.3 24 ol =4 Z2H

Zeneth®} RMGE ©|-85}o] SR EsjitE
ATE 7|Rte 2 54 A5 okt
k8= REle VEGA QSAR, DEREK NEXUS, OECD
QSAR Toolbox Al 7}A] =15 &-835l9c} VEGA
QSAR-Z THFeE QSAR B &S WAstal glo] 3 =

2] (Applicability
9] 2 Aol A4
& Qo= 7\1'7]‘-_‘.]0] 21Tt (Benfenati, 2023;
Danieli et al., 2023). DEREK NEXUSE HE7} 2] 4] 7]
HFO] #2] (rule-based) L A& ARESHe] slst 2

2o} £4) 7ko] AATHAS BAS 2 glon] Es] ut

Domain Index) H7} 7152
7—] Z o]—

A, BAMelY 5 A FA FEH) B oI5
7eg AT o] HEHQ ANE AFehe &
/do] 91t (Lhasa Limited, 2025; KOSHA, 2019). OECD
QSAR Toolbox= 7% 9AMS 7Hto g2 S(HES
T153}S6kAL read-across 7] = o Al Bt Tl o=
W} 2A A2E Y] AT A A

o] =t}= o] Qlth(Chembrain, 2023; KOSHA,
2019). & Aol A= AERt Al 7] RES o]-8-5to]
7P t2A Q] Al S W (Carcinogenic-
ity)Zt =9 0]4 (mutagenicity)S 24 FEHo=2
ARste] 54 d5S sfstalon, 7t Bdd o

Aie JEHAH R BEoto] BY nd JFoz
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Table 3. Characteristics and evaluation criteria of toxicity prediction models.

Toxicity prediction

VEGA QSAR DEREK NEXUS OECD QSAR Toolbox
model
« Toxicity prediction via * Toxicity prediction based on * Grouping-based prediction
Features multiple QSAR models proprietary algorithms (Read-across) via
(Rule-based) structural similarity
* Built-in diverse models and * Specialized in regulatory * High explainability of results
reliability assessment tools endpoints (Direct verification of
Advantages * High-throughput processing * High reliability due to analogues and mechanisms)
and fast prediction conservative prediction + Data grouping based on
structural similarity
* Suitable for quantitative * High reliability due to + Advantageous for
Applicability prediction of diverse conservative review; regulatory compliance

regulatory endpoints and
model comparison

Suitable for regulatory
submission

prediction and securing
evidence

Evaluation criteria

(in this study) ADI>0.85

At least plausible Positive result>1

o} EolihE oS @A A= Zeneth ] 739
way et al. (2024)°]14] AJAISt Pathway score T{FEE
Farste] A= =5 HESHIOH (& 4), s A7l
)= Pathway Score”} 600 ©]/F<] EafitETHS £4
o= Agstelch
RMG+= T AAHE 7|E 975 7oz A=
7H58H2 &elstitt. Barber et al. (2021)°] w2,
RMGE RO0IA 448740] o502 gt o4
sj9} o] A2 FR40] AFH HAFA AU
5 4EAon Eagezn Hedol JEH
(Barber et al., 2021). =3t RMGE ©]-&3] 1500~4500
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Table 4. Zeneth pathway score (adapted from Hemingway
etal., 2024).

Pathway score Likelihood categories
1000 Certain
800~999 Very likely
600~799 Likely
400~599 Equivocal
200~399 Unlikely
1~199 Very unlikely
0 Impossible

of| A AdH EolitEe] et A= AdS A s
H3llA Atkinson and Arey (2003)°]A] 7\1]/\]@' 7] &
Y 7158 2R 71 2 Bol AL E A
£ #arstelnh sfd 2dolA= A, &7, 3
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Table 5. Classification of VOCs and their representative degradation products (adapted from Atkinson and Arey, 2003).

VOC class

Product category

Major degradation products

Alkyl Nitrates
Alkanes & Cycloalkanes

Alcohols

Carbonyl Compounds
Multifunctional Compounds

Alkyl Nitrates (RONO,)
Aldehydes, Ketones
1,4-Hydroxycarbonyls
Alcohols

Carbonyl Compounds
Oxygen-containing Rings

Aldehydes, Ketones
Epoxides

Alkenes Multifunctional Nitrates 1,2-Hydroxyalkyl Nitrates
Multifunctional Carbonyls Dihydroxycarbonyls
Dicarbonyl Compounds Glyoxal, Methylglyoxal
Phenolic Compounds Phenol, Cresols
Aromatics Dicarbonyl Compounds Glyoxal, Methylglyoxal

Secondary Phenolic Products

Catechols, Nitro-phenols, Quinones

o] =507 ey 7]E9] ADI 0.85 oS &
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Zeneth
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Fig. 2. Predicted degradation products and toxicity assessment. (A, B) Metabolic pathways predicted by Zeneth for (A)
1,3-Diethynylbenzene and (B) o-Xylene. The right panel displays reaction mechanisms predicted by RMG. Toxicity codes are
labeled on the endpoints or listed in the right column (C: Carcinogenicity, M: Mutagenicity). Subscript numbers indicate the

predictive models: 1 (DEREK NEXUS), 2
dictions by models 1 and 2).

(VEGA), 3 (OECD QSAR Toolbox), and 4 (GHS Classification) (e.g., C; 5, My ; indicates pre-

Table 6. Comparison of existing Zeneth results with RMG-predicted degradation products in high concentration scenarios.

Predicted degradation

Predicted degradation

products by Zeneth products by RMG
Product category e —
Zeneth Winter Summer High concentration
(Jan. 2024) (Jul. 2024) VOC only

Carbonyl Compounds 22 0 0 2
Multifunctional Carbonyls 74 0 0 6
Dicarbonyl Compounds 18 0 0 0
Alcohols 52 0 0 1
Oxygen-containing Rings 5 0 0 21
Radical 0 0 0 50
Non-Oxygenated Reactants 0 0 0 2
Inorganic Compounds 0 6 6 0
Nitro Compounds 0 2 1 0

Total 171 8 7 82
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Table 7. Toxicity prediction results of degradation products categorized by prediction models: Zeneth and RMG under sea-

sonal conditions.

Predicted degradation

Predicted degradation

Toxicity prediction products by Zeneth products by RMG
model Zeneth Winter Summer
(Jan. 2024) (Jul. 2024)
Endpoints Carc Muta Sum Carc Muta Sum Carc Muta Sum

DEREK NEXUS 33 28 38 2 2 2 1 1 1
VEGA QSAR 146 146 162 1 2 2 1 1 1
OECD QSAR Toolbox 17 57 57 0 0 0 0 0 0
GHS (Reference standard) 3 2 3 0 1 1 0 1 1
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Fig. 3. Comparative analysis of toxicity assessments by in silico models and GHS classification categorized by chemical func-
tional groups. The stacked bar charts display the count of positive predictions for carcinogenicity and mutagenicity by three
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