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Text S1

Changzhi is located in the southeast of Shanxi Province, with geographical
coordinates of 113.123405 E and 36.160912 N. As a typical industrial city of
China, the industrial structure of Changzhi City is dominated by coal mining,
washing, power and thermal power production (Czmg, 2022). The coal
industry accounts for more than 70% of the industrial economy, and nearly
90% of the energy structure is coal (Czmg, 2022). The proportion of coal
consumption in high energy consuming industries reached 87.62% in the first

three quarters of 2023 (Czmbs, 2023). Meanwhile, the main heavy industries
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in Changzhi are coking and steel, as is typical for an industrial city (Niu et al.,
2024a). 6.2 million tons of steel and 16.4 million tons of coke have been
produced by Changzhi in 2023, that outpacing the majority of cities in Shanxi
Province (Czmbs, 2023). Therefore, this study selected Changzhi as a

representative of typical industrial city.

The sampling site was located on a rooftop of Residential buildings at the
QingHuaZhan of Changzhi, representing an urban environment without nearby
large industrial pollution sources, adjacent to the main traffic lanes and
surrounded by residential areas. Sampling period from June 2 to June 30,
2021. The sampling rate is 2 hours, and a total of 12 consecutive samples are

collected in one day.

Text S2

Briefly, the samples were pumped in to the liquid-nitrogen cryogenic trap (at
-160 °C ), Tenax-TA trap (at -40 °C ) and cryofocus trap (at -170 C) in
sequence, to concentrate volatile organic compounds (VOCs) and remove
H2O and CO.. Then, the cryofocus trap was rapidly heated and VOCs were
transferred to the gas chromatography-mass selective detector (GC-MSD)
system. A DB-1 capillary column (60 m x 0.32 mm x 1.0 mm, Agilent
Technologies, USA) was used with helium as carrier gas. The gas
chromatography (GC) oven temperature was programmed to be initially at
-50 °C, holding for 3 min. Then the temperature increased to 10 C at 15 C
/min, and to 120 'C at 5 ‘C/min, then to 250 'C at 10 °C/min, and finally
holding for 10 min. The mass selective detector (MSD) was used in selected
ion monitoring (SIM) mode and the ionization method was electron impacting

(El, 70 eV) with the source temperature was 220 C.

Text S3

For alkanes, the recommended temperature-dependent expression is a



three-parameter expression is used EQq.(S1) (Atkinson, 2003). For alkenes,
alkynes, and aromatics is used Eq. (S2) (Atkinson, 2003).

Koy = ATNe 8T (S1)

Koy = Ae BT (S2)

where A is the Arrhenius constant (cm?- molecule™ - s™'); B is the ratio of the

apparent activation energy (Ea) to the molar gas constant (R) (K); and n is a

coefficient, generally n=2. T is the temperature (K).

The photochemical age or time that VOCi's reaction with OH radicals At was

calculated by Eq. (S3) to (S5) (Niu et al., 2024c).

At = min (tg(or ty), t,) (S3)

tr=oxp (S4)

p= VXVDZ" x 100% (S5)

Where is monthly daytime duration, and is identified as 13 hour in this
study, which is applicable to the calculation of species except isoprene; is

the photochemical age of isoprene reacts completely, which is applicable to
the calculation of isoprene; is the residence time of species in the transport
from source to receptor; is the average distance between pollution source
and observation site (m); p is a weighting function based on wind speed, wind
direction; is the measured monthly averaged dominant wind direction;

is averaged monthly wind direction. The detail of this method refer to the

study (Wang et al., 2022).

Text S4
The calculation theory of PMF is shown in Eq. (S6). The uncertainty of the

sample data was calculated using Eq. (S7).
Cik = jp:1 A”Bjk + sik(i =12,.., n) (86)

where Cik represents the concentration of species i in sample k; j and p



represent the pollution source j and the number of pollution sources; Aj and B
represent the source profile and source contribution, respectively; and €

represents the residue factor.

E-c)2+ M2 (c>M
_ V(¢ g)M(cslf/l) ) &7
where ¢ was the concentration of species. E was the error ratio (0.2). M was
the detection limit of the species. In this model, the objective function Q is
solved with an iterative minimization algorithm, and the Q value must be as

small as possible. The objective function was defined in Eq. (S8).

Q= " LY (s8)
where oi represents the uncertainty bias of the sample. m and n represent the

number of species and the number of samples, respectively.

Text S5
The concentration of Isoprene, anthropogenic alkene, oxygenated VOCs,
aromatics, alkane, alkynes and haloalkane from InVOCs were higher than

MVOCs 34.8%, 29.9%, 29.7%, 2.5%, 1.4% and 1.2%, respectively.
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Text S6

The net Os; formation rate (Net (Os)) during the observation period was
simulated by the FOAM model. These simulations were utilized to characterize
O3 formation processes, quantify formation potential of Os, and conduct
sensitivity analyses with precursors (InVOCs and NOy). The calculations for
Net (O3) were shown in Egs. (S9) - (S11), respectively.

Net(O3) = P(03) — L(03)

(S9)

P(03) = Kyo,+n0[HO2][NO] + Kro,+n0[RO2][NO] (S10)

L(O3) = Ko,+0n[03][OH] + Ko +1o0,[03][HO2] + Kos+aikenes[O3][alkenes] +

Knog+oHINOZIIOH] + Koipyar,0 [OCDY][H,O] (S11)

Where P(O3) and L(Oz3) are the production and loss rates of Oz, respectively.
[HO2], [RO2], [NO], [O3], [OH], [HO:], [alkenes], [NO2], [O1D] and [H20] are the

concentration of the compounds and free radicals, respectively. Kyo,+no »
kR02+NO’ kO3+OH’ kO3+H02’ kO3+aIkeneSa kN02+OH: and kO(lD)+HzO are the reaCtion

rates.

We applied FOAM model to analyzed the production and loss pathways of O3,
to study the atmospheric photochemical reaction mechanism during different
periods (Fig. S2.). The maximum net (O3) was 28.2 ppbv-h-' in pollution period,
which higher than clean period 90.5%. Research shows that INVOCs can react
with OH- and produce peroxyl radicals (HO2--and RO2- ), consuming NO and
finally causing net O3 formation (Wei et al., 2023; Yang et al., 2024; Okazaki et
al., 2021). HO2: + NO was the dominated reaction of O3z production, which the
highest rate in pollution and clean period were 18.6 ppbv-h-'and 10.0 ppbv-h-',
respectively. NO + RO2- was another dominated reaction of O3z production, the

reaction of CH302 and BUT20LO2 with NO were important, which was



productid from the reaction of CH4 and TBUT2ENE (name from MCM) with
OH-, respectively. Oz + alkene was the dominated reaction of O3 loss, which
accounting for 41.8% of the Os loss during the study period (Fig. S3.).
Compared with other cities, the maximum net (Oz) of Changzhi during the
study period (21.5 ppbv-h"') was higher than Beijing (approx. 13 ppbv-h") (Jia
et al., 2023), Lanzhou (approx. 17 ppbv-h') (Liu et al.,, 2021), and the
background site of China (4.1 ppbv-h-') (Li et al., 2021). The higher maximum
net (O3) may be due to higher reactions between NO and free radicals (HO--,
RO-, etc.), including precursor of VOCs species which generate RO;-.
According with the atmospheric photochemical mechanism to reduce the

precursor concentration of emission sources is important, which to relieve O3
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Fig.S3 Diurnal patterns of O3 production and loss rates simulated

Text S7

Further analysis was conducted to investigate the correlations between AOC
and both con-VOCs and key free radicals, particularly OH- radicals, which
were identified as significant contributors to AOC through observed linear
relationships. The linear relationships between AOC and OH- radicals was the
strongest, with a fitting degree of R?=0.77, which is higher than con-VOCs
(R?=0.59) and HO.* (R2=0.40). These findings of correlation verification further
corroborated the significantly greater contribution of OH- to AOC (Fig. S4.).
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Text S8

Factor 1 was characterized by high percentages of ethane (43.0%), propane

(59.5%), isopentane (59.2%), n-pentane (33.2%), 2,3-dimethyl-butane (44.3%),



ethylene (33.6%), propylene (34.1%), 1-pentene (32.3%), toluene (26.2%),
acrolein (37.0%) and propanal (34.8%). C4-C6 alkanes and alkenes are both
the main components of gasoline, some aromatics are the main species of
gasoline vehicle emission (Huang et al., 2011; Gentner et al., 2013; Zhang et
al., 2018). Therefore, Factor 1 was considered as gasoline vehicle emission.
Factor 2 was characterized by high percentages of 1-butene (39.3%),
trans-2-butene (36.3%), 1,3-Butadiene (35.8%), ethyl-benzene (37.4%),
m/p-Xylene (25.2%). These were the important species of steel and coking
industries (Xu et al., 2021). (Jiun-Horng et al., 2008) found that some aromatic
compounds (e.g., m/p-xylene and ethyl-benzene) were the predominant VOCs
species of the iron and steel industry, constituting 45%~70% of the total VOCs
concentrations. Moreover, the 1,2-dichloroethane (59.4%), 1,2-dichloropane
(46.3%) and other chlorinated compounds come from the chemical industry
(Bartkowiak et al., 2006). Therefore, Factor 2 was identified as industrial
process. Factor 3 was identified by high percentages of styrene (32.6%),
isopropyl benzene (47.3%), n-propyl benzene (48.1%), 1,2,4-trimethyl
benzene (31.4%), 1,2,3-trimethyl benzene (53.9%), chloromethane (30.4%)
and methylene-chloride (49.3%). These species were related to the use of
solvents in painting, coating, synthetic fragrances and cleaning agents (Hui et
al., 2018; Wu and Xie, 2017). Therefore, Factor 3 was considered as solvent
utilization. Factor 4 had high percentages of ethane (26.4%), ethylene (19.2%),
acetylene (45.7%), benzene (56.4%). These species are the tracers of coal
combustion (Niu et al., 2021). Therefore, Factor 4 was considered to represent
a source of combustion source. Factor 5 had higher proportion of isopentane
(25.4%), 2-methyl-heptane (35.4%), 3-methyl-heptane (39.5%), n-hexane
(39.8%), 3-methyl-hexane (46.1%), n-undecane (45.8%), m/p-xylene (38.4%)
and NOy (42.8%). These species were the main pollutants of diesel vehicle
emission (Wu and Xie, 2017). Therefore, Factor 5 was attributed to diesel
vehicle emission. Factors 6 was dominated by higher contribution of isoprene,

accounting for 91.2% of the total InVOCs concentrations. As isoprene is an
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Fig.S4 Source contribution from the PMF model.
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Text S9

The typical secondary pollutants include not only Oz, but also Secondary
Organic Aerosols (SOA), which is an important secondary component of PMa s,
with complex formation processes and significant governance challenges (Dou
et al., 2024). The self-reaction rate between peroxy radicals (Self-Rxns) is
typically used to characterize the formation potential of SOA, which include
three types of reactions between peroxy radicals, i.e., RO2:+R0O2-, RO2:-+HO2-,
and HO2-+HO2- (Lyu et al., 2022). In this study, we used FOAM-MCMv3.3.1 to
investigate the nonlinear relationships between precursors (VOCs and NOy)
and self-rxns. HO2-+HO>- represents the reaction of HO,- with itself that leads
to the formation of hydrogen peroxide. RO2-+HO>- is the set of reactions
between HO2- and all individual RO2:-. RO2:+RO2- represents the set of
reactions between specific RO2- and all individual ROz, which are summed up
as a single reaction with RO2- “pool”. The sum of all these reactions is the
overall reaction rate of self-rxns (as shown in Eqs.S12 (Niu et al., 2024b)).

self — rxns = kg, +ro,[RO2][RO5] + Ko, +Ho,[HO2][HO2] + Kyo,+r0,[HO2][RO,] (S12)
Where [HO;] and [RO2] are the concentrations of the free radicals. kro,+ro,.

Kro,+ro, @nd Kgo,+ro, are the reaction rates.



Text S10

The daytime (8 -18 o’clock) RIR values of Oz and AOC precursors during the
sampling period were analyzed in this study (Fig. S6). Overall, throughout the
sampling period, decreased O3 consistently yielded positive RIR values for
precursors. NOy exhibited the highest sensitivity to O3 (RIR, 0.64), followed by
InVOCs (RIR, 0.42), with alkene being the most sensitive INVOCs component.
For AOC, the NOy also exhibited the highest sensitivity (RIR, 0.55), followed by
alkene (RIR, 0.29), which have higher sensitive than InVOCs (RIR, 0.27).
These findings indicate that targeted control of alkenes and NOx is critical to

effectively mitigate AOC and O3 pollution.

Meanwhile, taking Oz pollution as an example, NOx exhibited the highest
sensitivity both during the pollution and clean period (RIR, 0.59 and 0.45,
respectively), consistently surpassing InVOCs (RIR, 0.45 and 0.38,
respectively). Notably, INnVOCs sensitivity was higher during pollution period
than in clean periods, while NOy sensitivity showed the opposite trend. Alkene

dominated sensitivity among InVOCs in both pollution (0.28) and clean (0.31)

periods.
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Fig.S6 Daytime (8 -18 o’clock) relative incremental reactivity (RIR) of O3 (a) and AOC



(b) precursors during the sampling period

Fig. S7. shows the diurnal patterns of Os precursors sensitivities across
sampling episodes. During pollution periods, Oz formation exhibited the
highest sensitivity to InVOCs, particularly alkene, between 8 - 100’clock, while
NOy sensitivity remained negative due to O3-NOy titration effects (Liu et al.,
1987). This aligns with higher AOC contributions from O3+NO2 in morning of
pollution period (Fig. 2.). From 10 - 180’clock of pollution period, Oz was
controlled by VOCs and NOy, with NOx sensitivity (peaking at 1.13 during 14 -
160’clock) surpassing InVOCs. In clean period, peak alkene sensitivity
occurred earlier (6 - 8o’clock), followed by InVOCs-NOx co-dominance from
(10 - 180’clock). RIR analysis highlights the necessity of phased control
strategies for O3 precursors, emphasizing NOy’s critical role in industrial cities
(Xu et al., 2022). Excepted the vehicular and combustion source emissions,
heavy industries (e.g., coking, steel, cement) significantly contribute to NOy (Li
et al., 2023). Thus, coordinated InVOCs and NOyx mitigation is imperative in
industrial urban transition zones, where Oz formation exhibits dual sensitivity
(Dunker, 2015). However, given the complex nature of InVOCs sources, it is
most critical to achieve emission reductions of key species and sources

influencing atmospheric oxidation.
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Fig. S7. Diurnal patterns of RIR simulated in pollution and clean period
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