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ARTICLE OPEN

Suppression of anthropogenic secondary organic aerosol
formation by isoprene
Kangwei Li 1,2,3✉, Xin Zhang2, Bin Zhao 4✉, William J. Bloss 5, Chao Lin2, Stephen White6, Hai Yu7, Linghong Chen2,
Chunmei Geng1, Wen Yang1, Merched Azzi6, Christian George 3 and Zhipeng Bai 1✉

Secondary organic aerosol (SOA) represents a major fraction of atmospheric fine particles. Both biogenic and anthropogenic volatile
organic compounds (VOCs) can contribute to SOA through (photo-) oxidation. However, the current understanding of their
combined, interactive effect on SOA formation and composition is still limited, challenging the accuracy in assessing global SOA
budget, sources, and climate effect. Here we combine laboratory experiments and modelling to show that isoprene can suppress
SOA formation from photo-oxidation of anthropogenic aromatics (toluene and p-xylene) with the presence of NOx, and similar SOA
suppression phenomena are observed when replacing isoprene with propene. We find that the decreased SOA in such mixed-VOC
conditions can be largely attributed to OH scavenging effect, resulting in reduced consumption of parent aromatics. However,
various changes in SOA oxidation state (i.e., O/C) and oxidation pathways (i.e., more carbonyls formation) are observed following
addition of isoprene, and the SOA chemical composition may not be similar to any single parent hydrocarbon, which implies the
existence of complex interactions between the degradation chemistry for alkenes and aromatics. Under the conditions of this work,
the OH scavenging effect is largely determined by gas-phase chemistry, which is expected to be widespread in binary or more
complex systems in ambient air. More broadly, we infer that the global budget of anthropogenic SOA and its corresponding
radiative forcing could be affected by biogenic emission of isoprene, particularly in urban environments with appreciable
vegetation coverage.

npj Climate and Atmospheric Science            (2022) 5:12 ; https://doi.org/10.1038/s41612-022-00233-x

INTRODUCTION
The atmospheric (photo-) oxidation of volatile organic compounds
(VOCs) emitted from natural and man-made sources leads to the
formation of secondary species, notably pollutants like ozone and
secondary organic aerosol (SOA)1–3. It has been recognised that
SOA contributes a significant fraction of ambient tropospheric
aerosol4,5, which can cause serious air pollution6, damage human
health7, and affect Earth’s climate8,9. The global SOA budget is
highly uncertain, and bottom-up estimates of biogenic and
anthropogenic SOA fluxes are 12−70 and 2−12 Tg year−1,
respectively10, suggesting that global SOA is dominated by
biogenic sources.
Under ambient conditions, a variety of hydrocarbons from

different sources are SOA precursors and it is expected that
photochemical interactions would occur among them during the
SOA formation process10,11. However, in current chemical trans-
port models, the parameterisations that describe SOA formation
are based on SOA yields from single VOC laboratory experiments,
and it is assumed that the yields are additive across VOC
mixtures12–16. Compared to single-hydrocarbon laboratory experi-
ments, there have been limited studies to understand how the
presence of multiple hydrocarbons from anthropogenic and
biogenic sources—each of which is being oxidised to form SOA
—alters SOA formation pathways and composition10,16–18. There-
fore, laboratory studies under mixed-VOC conditions are needed
to better understand the sources and formation of ambient SOA,

which could help assess the impact of anthropogenic emissions
on the environment and climate changes more accurately.
Previous studies19–22 have shown that biogenic SOA and new

particle formation could be suppressed by the presence of
isoprene, which may be explained by the competition for OH
radicals between isoprene and other compounds. Recently,
McFiggans et al.23 found that the suppression of monoterpene
SOA yield in the presence of isoprene was caused by the
scavenging of both OH and low-volatility products by isoprene
and its oxidation products. This finding could be extended more
broadly to the real atmosphere that contains a complex mixture of
compounds, implying that the global SOA budget from biogenic
emissions could be lower than previous estimates24,25. Apart from
the interaction between biogenic VOCs, biogenic SOA formation
can also be affected by the presence of inorganic anthropogenic
species like SO2 and NOx

10,11,16,26–28. A recent field study in south-
eastern USA showed that isoprene-derived SOA production is
directly mediated by the abundance of sulphate, while NOx can
enhance night-time monoterpene SOA via NO3 oxidation29. All the
above studies indicate considerable advances achieved in recent
years on understanding of how isoprene and other inorganic
anthropogenic pollutants (e.g., SO2, NOx) affect biogenic SOA
formation, through laboratory experiments, field measurements
and model simulations.
On the other hand, the effect of VOC mixtures on SOA

formation is not conclusive and may enhance or suppress SOA in
different studies23,30–33. For example, Li et al.31 found enhanced
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SOA formation by mixing two anthropogenic VOCs (n-dodecane
and 1,3,5-trimethylbenzene) in the presence of NOx and sunlight,
and their experiments were conducted in a large-scale outdoor
chamber, which is close to the real atmospheric conditions. By
contrast, Voliotis et al.32 found that the volatility of SOA from
anthropogenic and biogenic VOC mixtures (o-cresol and α-pinene)
was in between those measured in single-VOC systems, and their
experimental conditions were representative of typical ambient
daytime photochemistry with moderate relative humidity (50 ±
5%) and temperature (24 ± 2 °C). Kari et al.33 further conducted
chamber experiments by injecting both α-pinene and real-world
exhaust from gasoline direct-injection (GDI) engine, and they
found that the presence of vehicle emissions may change the
oxidation pathways of α-pinene and result in suppression (by
more than 50%) of biogenic SOA mass yield. These recent
laboratory studies suggested that SOA formation from mixed-VOC
condition was governed by the molecular interactions of the
oxidation products from different hydrocarbons, which was
different and more complex than the SOA derived from single-
VOC experiments. However, there are still rather limited laboratory
studies on the interactive effect of VOC mixtures from different
sources—particularly the effects of biogenic VOC on anthropo-
genic SOA formation and composition—implying a significant
knowledge gap regarding SOA formation chemistry. Given the fact
that the real atmosphere is a complex mixture of thousands of
organic and inorganic species from various sources1,24,34, an
improved understanding of such interaction effects on SOA

formation is much needed18,31,35, which consequently motivated
the current work.
Aromatics such as toluene and p-xylene are well known as an

important class of VOCs with a high SOA yield from anthropogenic
emissions such as vehicles and industry36,37, while isoprene is the
most abundant biogenic hydrocarbon with global emission of
~500 Tg year−1 38. In this study, we combine chamber experi-
ments and photochemical modelling to investigate the effect of
isoprene on anthropogenic SOA formation from toluene and p-
xylene. We find a significant suppression of aromatic SOA by
isoprene, and further elucidate the underlying chemical mechan-
isms through additional investigation on analogous reactants, gas-
phase and SOA modelling, and SOA composition analysis. Finally,
the potential implications on global SOA budget, sources and
climate effect from photochemical interaction between anthro-
pogenic and biogenic VOC are discussed.

RESULTS AND DISCUSSION
Experimental evidence of anthropogenic SOA suppression by
isoprene
A series of chamber experiments on SOA formation from toluene/
NOx and p-xylene/NOx photo-oxidation in the absence and
presence of isoprene or propene were performed (see “Methods”),
and the initial conditions of each experiment are given in Table 1.
The time-dependent SOA mass concentrations and total particle
number concentrations are shown in Fig. 1, which is divided into

Table 1. Summary of experimental initial conditions carried out at CAPS-ZJU chamber as well as the chemical parameters of SOA derived from HR-
ToF-AMS.

Expt ID Toluene p-xylene Isoprene Propene NOx JNO2 f43 f44 H/C O/C OM/OC

ppbv ppbv ppbv ppbv ppbv min–1 % %

Toluene/NOx

ZJU095 144 – – – 33 0.40 – – – – –

ZJU098 144 – – – 30 0.40 – – – – –

ZJU104 144 – – – 28 0.39 9.4 14.3 1.56 0.64 1.99

ZJU130 144 – – – 39 0.38 8.7 12.8 1.56 0.60 1.93

Isoprene/NOx

ZJU178 – – 165 – 32 0.36 – – – – –

ZJU189 – – 165 – 31 0.36 9.8 7.1 1.78 0.36 1.64

Propene/NOx

ZJU191 – – – 152 34 0.36 – – – – –

ZJU193 – – – 152 33 0.36 – – – – –

Toluene/isoprene/NOx

ZJU164 144 – 165 – 33 0.37 9.3 9.9 1.66 0.48 1.78

ZJU183 144 – 38 – 33 0.36 9.3 7.0 1.71 0.34 1.60

Toluene/propene/NOx

ZJU176 144 – – 152 32 0.36 8.6 8.1 1.69 0.37 1.63

p-xylene/NOx

ZJU220 – 110 – – 53 0.38 10.7 9.8 1.63 0.45 1.74

ZJU232 – 110 – – 50 0.37 10.9 10.8 1.61 0.49 1.79

p-xylene/isoprene/NOx

ZJU224 – 110 120 – 51 0.38 11.4 11.3 1.63 0.55 1.88

p-xylene/propene/NOx

ZJU230 – 110 – 110 52 0.37 10.8 11.1 1.61 0.49 1.79

All experiments were carried out at ~35 °C, in dry conditions (RH < 10%) and in the absence of seed particles; the initial VOC concentrations were estimated
from the injection amount following our previous protocol54; the initial NOx concentrations were measured and comprised over 95% NO; AMS measurements
were not available for ZJU095/098/178; the elemental ratios of H/C (hydrogen to carbon), O/C (oxygen to carbon) and OM/OC (organic matter to organic
carbon) were calculated using the Improved-Ambient (I-A) method59; all AMS-derived parameters including f43 and f44 (fraction of m/z= 43 or 44) were
calculated using averaged data of 420−480min.
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toluene and p-xylene systems. The four toluene/NOx (ZJU095/098/
104/130) experiments were regarded as the base conditions, with
SOA mass concentrations in the range of 37.5−43.0 μgm−3 and
maximum particle numbers of 6.4−9.3 × 104 cm−3 (Fig. 1a, c).
Compared with the base conditions, adding similar mixing ratios
of isoprene (165 ppbv; ZJU164) or propene (152 ppbv; ZJU176)
significantly lowered the particle number, and reduced the aerosol
mass loading by up to 80%. The comparison between ZJU164 (165
ppbv isoprene added) and ZJU183 (38 ppbv isoprene added)
revealed a lower SOA mass loading and particle number
concentration in the former experiment with higher addition of
isoprene, indicating that the magnitude of aromatic SOA
suppression may depend on isoprene concentrations.
Additionally, it was found that the addition of isoprene

significantly delayed the onset time of aerosol nucleation,
particularly at higher isoprene concentration (e.g., ZJU164) which
is in between the two single-hydrocarbon conditions (toluene/NOx

and isoprene/NOx). In contrast, the shift of aerosol nucleation
onset time was not that obvious for the toluene/propene/NOx

experiment (ZJU176). The addition of isoprene resulted in a much
lower particle number concentration than when propene was
added (ZJU164 vs. ZJU176); since both experiments added similar
levels of isoprene (165 ppbv) and propene (152 ppbv), it is
suggested that isoprene has a stronger inhibitory effect on new
particle formation under such conditions in line with their relative
OH reactivity.
As shown in Fig. 1b, compared to the p-xylene/NOx base

condition (ZJU220/232), the addition of isoprene (ZJU224) or
propene (ZJU230) significantly lowered the aerosol mass concen-
tration by ~50%, consistent with the results of the toluene
experiments. As shown in Fig. 1d, the aerosol nucleation onset
time was also significantly delayed due to isoprene, whereas the
addition of propene resulted in only a very slight delay in aerosol
nucleation, which was a similar overall phenomenon to that

observed in the toluene experiments. However, both ZJU224 and
ZJU230 showed slightly higher maximum particle number
concentrations than the base condition, which was not the case
for the toluene experiments. This could be related to the weaker
aerosol nucleation of p-xylene/NOx than toluene/NOx in these
experiments, but the detailed explanation remains unclear.
The SOA mass yields at the end period (7−8 h) of each

experiment were calculated according to the wall-loss corrected
SOA mass concentrations and reacted hydrocarbons, with the
detailed results summarised in Supplementary Table 1. Note that
the reacted amount of VOC (ΔVOC) from most of the experiments
was obtained from direct VOC measurements (further scaled by
initial concentrations), except for four single-hydrocarbon experi-
ments without VOC measurements where simulated VOC decay
from SAPRC-18 was used (see more details of gas-phase modelling
in the next section). As for mixed-VOC experiments, two yield
values (Ymix and Yonly) were calculated based on alternative
assumptions to quantify the aerosol mass yield. Ymix was
calculated following the assumption that both reacted aromatics
and alkenes contributed to SOA mass, while Yonly was calculated
by conservatively assuming that only aromatics contributed to
SOA mass. For single-hydrocarbon experiments, Yonly alone was
calculated because only one parent VOC was in the system.
In the single-hydrocarbon experiments, the average mass yield

of toluene SOA was ~22%, while the isoprene SOA yield was
0.78–1.18%; these were both within typical ranges in previous
studies12,13,39,40. We found that the addition of isoprene or
propene into toluene/NOx could significantly lower the Ymix (by
at least ~50% depending on conditions), particularly under high
isoprene conditions (ZJU164). This was consistent with the fact
that propene is usually not considered to be an SOA precursor and
the isoprene SOA yield was also relatively small (0.78–1.18% in this
work). Even if it was assumed that toluene was the only
contributor to SOA mass in these mixed-VOC experiments, the
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Fig. 1 The time-dependent SOA formation for all chamber experiments. The SOA raw mass concentrations (a, b) and total particle number
concentrations (c, d) were derived from SMPS measurements without wall-loss correction. The measured effective densities were applied for
converting volume concentration to mass concentration.
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calculated Yonly was still found to be lower (at least ~15%) than
that from toluene-only experiments. Similar results were also
found in the p-xylene experiments, where the addition of isoprene
or propene clearly lowered the SOA mass yield regardless of
whether Ymix or Yonly was calculated.

Modelling gas-phase chemistry and SOA formation
Detailed photochemical modelling was performed to further
investigate the reasons behind the observed SOA suppression.
Considering that gas-phase chemistry initiates SOA formation,
simulations were conducted using five well-established gas-phase
chemical mechanisms i.e., SAPRC-07/11/18, CB6 and MCMv3.3.1.
As for single-hydrocarbon experiments, Supplementary Figs. 1 and
2 show that almost all the mechanisms were able to explain the
measured data to some extent, though some differences among
the five mechanisms were observed. This provided a good
baseline for mechanistic modelling of more complex conditions.
More details about the mechanism performance for the single-
hydrocarbon experiments are provided in the Supplementary
Discussion.
Here, we focus on the gas-phase results from mixed-VOC

experiments (Fig. 2). For toluene/isoprene/NOx experiments, both
SAPRC-11 and SAPRC-18 provided reasonable predictions for O3

formation, NO oxidation and hydrocarbon decay, while the other
three mechanisms slightly underestimated the O3 formation rate
and NO oxidation, particularly under lower isoprene condition

(ZJU183). All the mechanisms provided reasonable predictions for
the toluene/propene/NOx experiment (ZJU176), though CB6 slightly
underestimated the O3 formation. As for the two p-xylene
experiments with the addition of isoprene (ZJU224) or propene
(ZJU230), the general trends and levels of gas-phase species were
correctly captured by SAPRC-11, SAPRC-18 and MCMv3.3.1, though
all the mechanisms showed small discrepancies.
Overall, all the chemical mechanisms were able to predict the

gas-phase processing under single or mixed-VOC conditions,
particularly the decay process of hydrocarbons under mixed-VOC
conditions. Among the five chemical mechanisms, SAPRC-18
modelling results seem to show better agreement with experi-
mental data probably because it considers latest advancement of
chemical mechanism development. The simulation results showed
that a lower amount of toluene or p-xylene reacted after the
addition of isoprene or propene, consistent with the experimental
data (Fig. 2 and Supplementary Fig. 2). This is attributed to OH
competition by the highly reactive alkene species, consequently
resulting in lower OH levels (Supplementary Fig. 3). The lower
consumption of toluene or p-xylene due to the addition of
isoprene or propene provides a qualitative explanation for the
suppression of SOA mass concentration. As indicated by Song
et al.41 that the SOA from m-xylene/NOx photo-oxidation is
strongly dependent on OH levels in the system, where the
addition of propene can decrease OH and slow down the reaction
rate of m-xylene. Jaoui et al.42 also found that the addition of
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isoprene to complex mixture conditions (α-pinene/toluene/NOx)
can decrease the amount of reacted toluene and consequently
lower the SOA formed.
It has been recognised that the gas-phase autooxidation of

peroxy radicals (RO2) can produce highly oxygenated organic
molecules (HOMs), which can further contribute to new particle
formation and SOA formation43,44. More recently, Heinritzi et al.25

found that the addition of isoprene to the α-pinene oxidation
system suppresses nucleation and growth, because the RO2

radicals derived from isoprene and α-pinene are competitive and
result in reduced C19–20 dimers and increased C14–15 dimers. Thus,
such RO2 termination processes observed in the isoprene and α-
pinene mixtures are considered as a critical step that determines
the HOMs distribution and subsequent nucleation and growth of
SOA. Similar RO2 termination processes are expected to exist in
our complex interactions between the degradation chemistry for
alkenes and aromatics. Here we further explore the possible
connection between SOA formation and RO2 fate under our
mixed-VOC conditions. The RO2 removal rates (RO2+ NO and
RO2+ HO2 pathways) and concentrations predicted by the
MCMv3.3.1 were summarised in Supplementary Fig. 4. For all
the experiments in general, the removal pathway of RO2 was
overwhelmingly dominated by RO2+ NO in the early period, and
gradually shifted to RO2+ HO2 once the NO levels approached ~0.
Compared to the base conditions (toluene/NOx or p-xylene/NOx

system), the RO2 removal was delayed due to the addition of
isoprene, while the addition of propene resulted in an earlier RO2

removal. Such variation of RO2 fate was consistent with the
normalised NO decay signal, and may explain the delayed SOA
formation due to the addition of isoprene as observed in Fig. 1.
To further simulate SOA formation under mixed-VOC condi-

tions, time-dependent SOA mass yields were calculated for
toluene/NOx, isoprene/NOx and p-xylene/NOx experiments. Sup-
plementary Fig. 5 shows the SOA yield growth curves for these
three single-hydrocarbon systems, which were specific-fitted
using two-product functions12,45. By applying the three specific-
fitted yield curves for toluene, isoprene and p-xylene SOA, as well
as the reacted VOC amounts (shown in Supplementary Table 1),
the predicted SOA mass concentrations for each experiment,
including the mixed-VOC experiment, were derived. Figure 3
shows the predicted versus measured SOA mass for the toluene
and p-xylene systems. It was found that the SOA mass
concentrations predicted by specific-fitted yield curves agreed
reasonably well with the measured SOA for almost all single-VOC
and mixed-VOC experiments, except for one (p-xylene/isoprene/

NOx, ZJU224) that showed some bias outside of the 1:1 line. This
suggested that the suppression of SOA mass concentrations
observed in the mixed-VOC experiments could be attributed to
the decreased consumption of the parent hydrocarbons alone.
As discussed earlier, established gas-phase chemistry can

account for the ‘OH scavenging effect’ upon SOA yields induced
by isoprene or propene in our mixed-VOC experiments, associated
with lower consumption of the parent aromatic hydrocarbons.
Gas-phase chemistry and yield-based approaches can provide an
overall explanation of SOA formation suppression under the
conditions of these experiments, although the chemical systems
in our chamber experiments were simplified compared to the
complexity of real atmospheric conditions.

SOA chemical composition from AMS measurements
The evolution trends of SOA chemical composition are further
investigated in mass spectra (see Supplementary Discussion), Van
Krevelen diagram (O/C vs. H/C space) and triangle plots (f43 vs. f44
space; f43 and f44 are AMS organic signal fraction at m/z= 43 and
44, respectively) from AMS measurements. Figure 4a shows the
changes in H/C and O/C ratios as a function of OH exposure for
each experiment in Van Krevelen diagram. This space has been
widely used to interpret the possible involved reactions and
addition of functional groups during SOA formation46–48, accord-
ing to the slopes of the straight lines (the slopes of k= 0, −0.5, −1,
and −2 are shown in dash lines in Fig. 4a). Specifically, the
replacement of an aliphatic carbon (CH2) with a carbonyl group (C
(=O)) would result in a slope of −2 in the Van Krevelen diagram,
suggesting the ketones or aldehydes formation in the SOA. By
contrast, the replacement of a hydrogen with an alcohol group
(OH) would only lead to O/C increase, as shown by a slope of 0 in
the O/C vs. H/C space. Similarly, the addition of functional group
like carboxylic acid (C(=O)OH) during SOA formation would result
in a slope of −1, while carboxylic acid formed in the SOA by
fragmentation would result in a slope of −0.5 in the evolution of
H/C and O/C ratios48. The triangle plots (f43 vs. f44 space) in Fig. 4b
can also indicate similar information of SOA evolution processes
with less noisy data than those of elemental ratios49,50. Note that
the AMS ion signals of m/z 43 and 44 primarily originate from
carbonyls and carboxylic acids respectively, with dominant
oxygenated fragment ions of C2H3O+ (at m/z= 43) and CO2

+ (at
m/z= 44)49,51,52.
As shown in Fig. 4, most of the experiments showed clear

evolving trends in both Van Krevelen space and triangle plots as
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the OH exposure increased. As for toluene/NOx base experiments
(ZJU104/130), the H/C and O/C ratios of SOA fall along the slope
around −0.5, while f43 remained mostly unchanged as f44
increased in the triangle plots. This suggests that the chemical
evolution of toluene SOA (ZJU104/130) is probably dominated by
the formation of carboxylic acid, particularly through the
fragmentation process. By contrast, the addition of isoprene or
propene into toluene/NOx base condition leads to some changes
of SOA evolving trends. For example, adding low isoprene of ~38
ppbv (ZJU183) showed both increase of f43 and f44 in the SOA
evolution process, suggesting the simultaneous formation of
carbonyl compounds and carboxylic acids in this case. ZJU183
further showed a trajectory along the slope of −0.81 in Van
Krevelen space, consistent with the above deduction that carbonyl
compounds are formed in addition to carboxylic acids. On the
other hand, adding high isoprene of ~165 ppbv (ZJU164) did not
show a clear evolving trajectory, with the H/C and O/C ratios
distributing in a narrow range. This case is similar to the pattern of
isoprene/NOx (ZJU189), as both experiments have similar level of
initial isoprene and relatively low SOA loadings. The addition of
~152 ppbv propene (ZJU176) showed a trajectory of H/C and O/C
ratios along the slope around −1, while f43 remained mostly
unchanged as f44 increased in the triangle plots. This suggests that
the formation route of carboxylic acid in ZJU176 may shift to some
extent from fragmentation to functionalization due to the addition
of propene. Besides, both f44 and O/C represent the oxidation
state of SOA. The addition of isoprene or propene both reduced
the magnitude of the increase in f44 and O/C during an
experiment. Table 1 further summarises the typical chemical

parameters of SOA at the end of each experiment. A decrease in
f44 and O/C, as well as an increase in H/C were observed due to
the addition of isoprene or propene, which agreed with the results
shown in Van Krevelen space in Fig. 4a. Such phenomena
indicated that the oxidation state of SOA composition was
reduced under mixed-VOC conditions, probably because of (1)
reduced OH exposure due to the OH scavenging effect and (2) the
aforementioned changes in the oxidation pathways and chemical
composition of SOA.
Compared to the p-xylene/NOx base condition (ZJU220/232),

the addition of isoprene (ZJU224) or propene (ZJU230) leads to a
more discrete pattern in the evolving trend in the H/C vs. O/C
space in Fig. 4a. This phenomenon is similar to the narrow
distributing of H/C and O/C ratios in the toluene/isoprene/NOx

(ZJU164) and toluene/propene/NOx (ZJU176) experiments. Unlike
the toluene/NOx base experiments, p-xylene/NOx base experi-
ments (ZJU220/232) showed increase of both f43 and f44 in the
SOA evolution process, suggesting the simultaneous formation of
carbonyl compounds and carboxylic acids in p-xylene case. As
observed in the f43 vs. f44 space in Fig. 4b, the addition of isoprene
(ZJU224) resulted in less increase of f44 as f43 increased, indicating
relatively more carbonyl compounds formation due to the
addition of isoprene. This is consistent with the results from
toluene/isoprene/NOx experiment of low isoprene concentration
(ZJU183) in the earlier discussion, where more carbonyl formation
was evidenced by the changed slope in Van Krevelen space and
increased f43 trends in triangle plots. The addition of propene
(ZJU230) showed a changed trajectory in the low OH exposure in
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triangle plots, and reason for this phenomenon is still not clear
and requires further investigation.
Overall, we find that the addition of isoprene or propene could

not only suppress the aromatic SOA mass and yield, but also
change the oxidation state and chemical composition of SOA. The
addition of isoprene into aromatic/NOx photo-oxidation may
reduce the magnitude of oxidation state increase during the
experiment and result in SOA formation with more carbonyl
compounds, though these are qualitative and the extent of such
changes could depend on the addition amount of isoprene. The
current AMS analysis also indicates the complexity of SOA
composition under such mixed-VOC conditions, which implies
that a detailed molecular characterisation of SOA composition is
required in future studies.

Atmospheric implications
Aromatics are well known as an important class of anthropogenic
VOCs from vehicle and industrial emissions, and many previous
chamber studies12,13 have confirmed their high SOA yields in the
presence of NOx and sunlight. Therefore, it is expected that
aromatic hydrocarbons can contribute to urban fine particles
through photochemical processes. The present study shows that
the aromatic SOA mass yields were suppressed by the addition of
isoprene or propene, which could be attributed to the OH
scavenging effect that lowers consumption of the parent
aromatics. Considering the reasonably good performance of the
five different chemical mechanisms (SAPRC-07/11/18, CB6, and
MCMv3.3.1) in simulating our experiments, we further demon-
strated that the suppression of aromatic SOA could be quantita-
tively explained by the current gas-phase chemistry and yield-
based SOA predictions. Such OH scavenging effect proposed by
McFiggans et al.23 could be widespread in binary or more complex
mixture conditions. Our current experiments are performed under
high-NOx conditions that are representative of the daytime
photochemistry, and the OH production in such reaction system
is limited due to the radical recycles (e.g., HO2+ NO→OH+ NO2).
However, it still requires more investigations to examine whether
the OH scavenging effect holds in reaction systems with surplus
OH (e.g., low-NOx conditions), where adding isoprene may have
limited influences on the OH consumption. Note that the product
scavenging effect (removal of oxidation products with high SOA-
formation potential) further proposed by McFiggans et al.23 might
also exist in our mixed-VOC conditions; this could further prevent
the multi-generation oxidation process, as evidenced by the
decreased O/C of SOA due to the addition of isoprene in our
toluene experiments. Unfortunately, due to limitations over
measurements of oxidised products, this cannot be examined in
greater depth in the present study.
The findings of this study imply that the global budget of

anthropogenic SOA might be significantly affected by biogenic
emissions such as isoprene, particularly in some urban environ-
ments with large coverings of land vegetation where both
anthropogenic and biogenic emissions are mixed. More broadly,
this study further revealed the critical importance of the
interaction between aromatics and short-chained alkenes on
SOA formation: combining aromatics (higher SOA yield and lower
OH rate constant (kOH)) and alkenes (lower SOA yield and higher
kOH) in the presence of NOx and sunlight could result in a lower
SOA mass. Accounting for such interactive effects can provide new
insights for improving the SOA module of chemical transport
models, which will allow us to achieve an improved under-
standing of SOA sources under real-world conditions. Additionally,
anthropogenic SOA is well-recognised as an important compo-
nent for evaluating the impact of human activities on climate
change. If the suppression by isoprene on the global budget of
anthropogenic SOA is considered and parameterised in current
climate models, the corresponding magnitude of the impact of

human activities on radiative forcing might also change. Given
that both anthropogenic and biogenic VOC emissions will
continue to change over time, it is also expected that the
aerosol-climate interaction will present a highly dynamic system in
the future; this highlights the importance of better understanding
SOA formation derived from VOC mixtures of different sources.
The current AMS analysis also showed some interesting and

highly variable phenomena related to the chemical characteristics
of SOA, particularly the changed oxidation state (i.e., O/C) and
oxidation pathways (i.e., more carbonyls formation) under mixed-
VOC conditions, which are still not fully understood at present.
This implies that SOA formation under mixed-VOC conditions
likely undergoes highly complex chemical processes between the
degradation chemistry for the alkenes and aromatics. However,
parameterisation of such interactive effect in models requires
additional work, and it relies on the ability of modelling the
transformation from gas-phase species to SOA with fundamental
understanding and representation rather than adjustments to fit
chamber data. In addition to the daytime photochemistry,
nighttime NO3 oxidation can also be a dominant pathway of
SOA under certain circumstances, and SOA formation from VOC
mixtures through NO3 oxidation is relevant to the real atmosphere
but not yet understood. We suggest that more comprehensive
mixed-VOC experiments with high quality data and molecular
characterisation of SOA composition should be conducted to
further explore the interaction between anthropogenic and
biogenic VOC mixtures and their combined effect on SOA
formation, which should cover a wide range of experimental
conditions that are more representative of real-world conditions.

METHODS
Experiment summary
The CAPS-ZJU (Complex Air Pollution Study-Zhejiang University) smog
chamber is a 3 m3 Teflon-FEP chamber housed in a well-controlled
enclosure, with 60 controlled ultraviolet (UV) lamps providing the light
source53,54. A total of 15 smog chamber experiments across a broad range
of scenarios were performed to support the objectives of this study, with
the initial concentrations of VOCs and NOx in each experiment given in
Table 1. Specifically, toluene/NOx and p-xylene/NOx experiments were used
as two base conditions, as toluene and p-xylene are well recognised as
typical precursors of anthropogenic SOA. Isoprene was the major focus of
this study, and three experiments (ZJU164/183/224) were conducted with
different levels of isoprene added into the above base conditions; this
aimed to address the main issue of how isoprene affects anthropogenic
SOA formation. In addition, since propene is a typical reactive hydrocarbon
and usually not regarded as an SOA precursor, two experiments (ZJU176/
230) were performed by adding propene into the base conditions instead
of isoprene, assisting explain the isoprene addition case considering some
chemical similarities between the two short-chained reactive alkenes. The
abbreviations ‘tol’, ‘pxyl’, ‘isop’, and ‘prop’ for toluene, p-xylene, isoprene,
and propene, respectively, are used elsewhere. Note that some parallel
single-hydrocarbon experiments were conducted under similar conditions
to confirm the reproducibility of the results.
Each experiment was performed in a 7−8 h photochemical window at

equivalent light intensity (JNO2) of 0.36−0.40min−1. All the experiments
were conducted under dry conditions (relative humidity (RH) < 10%) and in
the absence of seed aerosol. We choose low RH ( < 10%) in our chamber
experiments to avoid and exclude the complex influence (e.g., multiphase
chemistry) under high humidity condition. Upon turning on the UV lights,
the temperature inside the chamber increased from ~20 to ~35 °C within
2 h due to the heat released from the lights, and then stabilised at ~35 °C
until the end of the experiment. All experiments had similar temperature
profiles, which ensured that the experiments were comparable and
repeatable54. The background air was supplied by a Zero Air generator
(Aadco 737-15, USA). After each experiment, the chamber was continually
flushed with clean air for at least 12 h to ensure the particle number
concentration below 10 cm−3 and the reactive gas concentration below 1
ppbv. More details of the chamber characterisation and experimental
methods can be found in our recent publication54.
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Instrumentation and analysis
The CAPS-ZJU chamber facility was equipped with a suite of state-of-the-
art instruments to characterise the chemical composition, mass concentra-
tion, size distribution, effective density, gas concentration, and other
physicochemical properties of particles. Specifically, the NOx and O3

concentrations were measured using commercial gas analysers (Thermo
Scientific 42i and 49i, USA). The gaseous hydrocarbons were measured by
a gas chromatography-mass spectrometer (GC–MS; Agilent 7890B–5977 A,
USA) coupled with an automated pre-concentrator (Entech 7100A, USA).
The particle size distribution (14–700 nm) was determined by a scanning
mobility particle sizer (SMPS, TSI 3936) with a long differential mobility
analyser (DMA, TSI 3081) in combination with a butanol condensation
particle counter (CPC, TSI 3776). An aerosol particle mass analyser (APM,
Kanomax 3601) was used to measure particle effective density by coupling
the DMA, APM, and CPC. As summarised in Supplementary Table 2, the
effective density of SOA measured by DMA-APM-CPC ranged from 1.27 to
1.36 g cm−3 depending on the reaction system, which was also close to the
density range of typical SOA reported in previous literature55,56. Then, the
aerosol mass concentration was derived from the particle number size
distribution. Size-dependent aerosol wall-loss correction was performed to
account for the particles deposited onto the walls, following the method
applied in our previous work54.
The composition of SOA was determined by a high-resolution time of

flight aerosol mass spectrometry (HR-ToF-AMS, hereafter AMS; Aerodyne
Research Inc., USA), with method described in detail in our previous
studies57,58. In brief, the AMS was operated in the high sensitivity V-mode
and the high resolution W-mode every 2min, alternately. The AMS data
was analysed by SQUIRREL v1.57l and PIKA v1.16l software written into Igor
Pro 6.3.7.2 (WaveMetrics Inc., USA). The elemental ratios (i.e., H/C and O/C)
of SOA were determined using the Improved-Ambient (IA) method
developed by Canagaratna et al.59. More details of AMS operation and
analysis were described in the Supplementary Method.

Gas-phase chemistry and SOA modelling
The gas-phase chemistry box models used for this study are outlined in
Supplementary Table 3. SAPRC and CB (carbon bond) mechanisms are
widely used as core components for chemical transport models. The
specific versions used in this study were SAPRC-07, SAPRC-11, SAPRC-18
and CB6, and have been applied in our recent work60. SAPRC-18 is the
latest version of SAPRC mechanism (release in May 2020, see https://intra.
cert.ucr.edu/~carter/SAPRC/18/), which has a significant update with
alkene chemistry and considers the H-shift isomerizations of peroxy
radicals. Note that all the SAPRC series mechanisms (SAPRC-07/11/18) used
in this study were detailed versions with explicit representation of
individual VOC degradation chemistry61–63. There are simplified versions
of SAPRC by lumping the VOC species for chemical transport modelling,
while the detailed versions of SAPRC are widely used for mechanism
evaluation utilising environmental chamber data; more details are
available at http://www.cert.ucr.edu/~carter/SAPRC/. CB6 was developed
as a lumped mechanism for simplicity64, with the least chemical details
among the five mechanisms. The Master Chemical Mechanism
(MCMv3.3.1) is a near-explicit mechanism with more detailed reactions
(http://mcm.leeds.ac.uk/MCM/)65,66. The smog chamber experiments were
simulated using the above five mechanisms with the additional CAPS-ZJU
chamber-specific auxiliary wall-mechanism, which has been characterised
in detail in our recent publication54.
The SOA mass yield is defined as the mass of SOA produced per unit of

hydrocarbon reacted, which has been widely used to predict SOA
formation12,45. In this study, yield curves were obtained from the single-
hydrocarbon experiments by fitting the time-dependent SOA mass yield to
aerosol mass concentration, which could be used to predict SOA formed
by toluene, isoprene, and p-xylene, respectively. Combined with the
measured VOC decay, these specific-fitted yield curves were further used
to predict SOA formation under mixed-VOC conditions.
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