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1. Data processing.

All the fitted signals by PTR-QiTOF were normalized using the sum of reagent ions

(Hs0" and H,O(H30)") at the level of 1x108 cps according to the following equation®
(Eq S1):

i(RHY)

. + i +
i(Hs[*20] )><500+Xr><Tir><250><z((H20)H3[180] )

normalized ion signal = x 10° (Eq S1)

Where i(RH") represents the signals of protonated VOC ions, i(Hs[*®0]") and
i((H20)Hs[*®0]") are the isotopic ion signals for reagent ions (HsO* and (H20)Hz0").
The relative abundance is 500 for i(Hs[*30]") to i(H3[O]"), and 250 for i((H20)Hs[*20]")
to i((H20)H30™). X, is the factor reflecting the difference in rate constant for R+HzO"
and R+(H20)H3O* reactions. T, is the relative transmission efficiency between

(H20)H3[*80]* and H3[*®O]".

The transmission efficiency for ions (T((RH")) is proportional to \/m/Q(RH*) in
TOF-MS system?. For species without authentic standard, their sensitivities were
estimated based on the relationship between the relative transmission efficiency versus
the square root of the ratios of m/Q. This method was very similar to that described by
Taipale et al. (2008)3. In this study, the relative transmission curve was determined by
calibration results from 40 VOC/IVOC gas standards, among which only those species
with few fragment was used for transmission correction. The theoretical calibration
factors were compared with measured values. It was found that the theoretical
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calibration factors generally agreed well with the values determined from authentic
standards (Figure S1). The measured sensitivities of acids and aldehydes were slightly
higher than the theoretically predicted values by less than 10%. The theoretical

sensitivities could be reliable within £14% for those compounds without standards.

2. Uncertainties for the gas phase oxidation product measurement.

2.1 Measurement precision and detection limit for PTR-QIiTOF

Based on the calibration results, the measurement precision and detection limit for
PTR-QiTOF were calculated. The precision of PTR-QiTOF measurement is determined
by the counting statistics of the protonated ions, which is assumed to obey the Poisson
distribution®. The mixing ratios for target compounds are calculated from the signals
when the VOC catalyst is off by deducting the background signal with the catalyst on®.
The measurement precision for toluene (m/z=93), naphthalene (m/z=129) and
dichlorobenzene (m/z=147) was 2.4%, 1.3% and 5.6%, respectively, when their mixing
ratios are around 1 ppb. For most oxidation products, their mixing ratios are normally
lower than 0.1 ppb in atmosphere. Here, the measurement precision was estimated to

be within 15%.

The detection limits for PTR-QIiTOF are defined as the mixing ratios that can be
detected with a signal-to-noise ratio of 3. The background signal during the whole

campaign was used to calculate detection limits, as listed in Table 1 and Table S1.
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2.2 Effect of the Teflon tubing length to the loss of organic compounds.

Teflon tubing is widely used as the inlet between ambient air and the instrument
because of it chemical inertness. The 8 meters long PFA Teflon tubing was necessary
because the sampling port was away from the instrument. Before the campaign, several
test experiments were conducted to examine the wall loss of VOCs/IVOCs upon the
length of Teflon tubing including aldehyde, acid, aromatics and phenols. The saturation
concentration (logC*) of the authentic standards ranged from 5.7 to 9.5 pg/m?3. The base
case of wall loss test was conducted with gas standards through 2 m of Teflon tubing.
The effect of tubing length was evaluated with the same 1/4 inch OD Teflon tubing by
increasing the Teflon tubing length from 2 m to 10 m. The relative deviation of the

concentration of the compounds could be calculated as:

Relative deviation = SL:;‘& x 100% (Eq S2)

L=2

Where x was the length of the Teflon tubing (x=2, 4, 6, 8, 10 m); S =x was the
measured mixing ratio of the gas standard after flowing through the x m-long Teflon

tubing.

In these experiments, the gas standards were generated with certificated permeation
tubes in the Dynacalibrator (VICI Metronics) or the cylinder gas. The constant gas

standards with the mixing ratio of each compound about 1 ppb were introduced to the
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Teflon tubing at a constant flowrate of 8 L/min. The flowrate during the tests was set

as the same as that operated during the campaign.

Also, the effect of relative humidity (RH) was examined under dry, RH=25% and
RH=50% conditions at room temperature (18 °C). It should be noticed that the actual
water content was 3.84 g/m?® (i.e. absolute humidity) under RH=25% at 18 °C, which
was quite close to the value (3.89 g/mq) in the haze episodes when RH was 70% at
ambient temperature of 2 °C. Thus, results from RH=25% conditions in laboratory

could represent the most situations during the haze events.

The effect of inlet length and RH on the losses were presented in Figure S2.
Generally, the relative deviations of concentrations for standards were found to be
negative, less than 5% of compounds were lost on the Teflon wall and the losses were
slightly increased with the length of tubing. RH didn’t have a significant influence on
the wall loss. In the case of RH=25% at 18 °C, the losses of standards were within 3—
4%, which were in the range of the instrument precision. It indicates that the 8 m-long

tubing used in the field campaign would be reasonable

For the I/SVOCs without authentic standards, the wall loss tests were conducted with
the ambient air, assuming the mixing ratios of the target compounds were relatively
stable in a short time. To minimize the possible interference, the tests were repeated

eight times and the duration time of each test were shorten to within 15 min. Ambient
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air samples were measured alternately through two sampling lines with the lengths of
8 m and 2 m, each measurement kept for ~7 min with the time resolution of 2 s.
Variations of the average mixing ratios of the Nap oxidation products in the tests were
presented in Figure S3. It was found that the average mixing ratios when the Teflon
tubing was 2 m long was generally higher than that with 8 m-long Teflon tubing. The
relative deviation was then calculated with Equation S2, and results were summarized
in Table S2. The high volatility of phthalic anhydride (logC*=4.3 ug/m?®) lead to the
less wall loss (-4.9+£3.5%), which was consistent with the results for authentic standards
with logC* ranging from 5.7 to 9.5 pg/m®. For the di-carbonyl compounds (i.e., 2-
formylcinnamaldehyde (logC*=2.2 pg/m®) and phthaldialdehyde (logC*=3.7 pg/m%)),
the wall losses were similar with the average value of -14.8+13.8% and -13.7+£7.9%
respectively. Phthalic acid, with the lowest volatility (logC*=-1.1 pg/m3), was observed
to suffer the largest wall loss among the oxidation products (21.8£16.2%). As the
relative deviations for 1,2-PhA fluctuated in a larger range (-1.7 to -41.5%) in the
ambient tests, it would generate an additional error of £28% (wall loss uncertainty) in

the quantification of 1,2-PhA.

2.3 Effect of the Teflon filter to the loss of organic compounds.

The PTFE filter with 2.0 um pore size (Whatman Inc) used here is a popular sampling
media for PM2s measurements, because it is very stable and inert to absorb gaseous

compounds. During the campaign, the PTFE filter was usually replaced every day or
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every 12 hours during haze episodes. Besides, a previous study showed that such
PTFE filter is able to remove 99.7% of particles in ambient air®. The measurement
accuracy of I/SVOCs would be affected by potential artifacts, includes: 1) positive
artifact due to the penetration of tiny particles through the filter; 2) positive artifact
caused by the re-evaporation from particle-phase SVOCs collected on the filter; 3)
negative artifact attributed to the absorption of gas-phase SVOCs onto the filter or to

the existing particles collected on the filter.

To determine the possible artifacts, test experiments on filter were performed before
the campaign. Ambient air was sampled into the instrument without filter, with clean
filter, and with dirty filter at a flowrate of 8 L/min, respectively. In the case of without
filter, both gases and particles were sampled. It is mentioned the PM concentration was
quite low during this test experiment. Thus, this scenario could be regarded as the total
gaseous concentrations of target compounds. In the case of clean filter, the possible
absorption of target compounds by the filter itself was examined. Later, the clean filter
was replaced by a dirty filter, which has sampled particles for 24 hours beforehand. The
dirty filter represented the condition that the filter had a high particle loading during
haze events. As shown in Figure S4, it is found that the clean filter would not
significantly absorb the gas-phase I/SVOCs. Also, there is no obvious difference in
signals of Nap products in the case of the dirty filter, suggesting those artifacts could

be negligible.
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2.4 ldentification of gas phase 1,2-PhA from m/Q 167

It was mentioned that three isomers of phthalic acid (1,2-PhA, 1,3-PhA and 1,4-PhA)
in the gas phase were presented as the CsH7O4" signal in the instrument. We were not
able to distinguish the three isomers individually. We assumed that the ratios of the
isomers in gas phase were the same as that in particle phase. As shown in Table S3, the
1,2-PhA ratio in the particle phase (72%+23%) was similar to that in Beijing during
summer (67%z=x15%), but was much higher than that in the PRD region (33%x3%).
This may be explained by the differences in source structure of phthalic acids in the
two regions. For example, the higher abundance of 1,4-PhA in particle phase was
observed in PRD, which was possibly associated with its widely usage in plastic

manufacturing in this region.

The overall uncertainty for gas phase 1,2-PhA was from the uncertainty of
measurement precision (x15%), uncertainty of the calibration factor (£14%),
uncertainty of wall loss (£28%), and uncertainty of isomer distribution of phthalic acid
(£30%). The overall uncertainty for gas phase 1,2-PhA quantification was determined

to be 43% through error propagation (Eq S3).

UNCPhAg = \/O-gre + Uczali+012()ss + Uizsomer (Eq 83)

3. Uncertainties for particle phase 1,2-PhA measurement.
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Quartz filters (Whatman Inc) were used to collect the particle samples. The quartz
filters were pre-baked at 550°C beforehand. After collection, the samples were stored
under -25°C until analysis was performed. Before the extraction, the quartz filters were
spiked with a mixture of deuterated internal recovery standards including 1,2-phthalic
acid-d4. The samples were then extracted assisted by ultrasonic three times with
dichloromethane/methanol (3:1, Sigma-Aldrich Inc). The extracts were filtered and
then reduced to about 5 mL using a rotary vacuum evaporator, and further blown to
dryness with a mild stream of nitrogen. The concentrated extracts were then spilt into
two fractions. One was derivatized with BSTFA (BSTFA/TMCS, 99:1, Supelco Inc)
under 80°C for two hours before GC-MS analysis. An Agilent GC-MS (6890/5973N)
equipped with a DB-5MS column (30 m x 0.25 mm [.D.) was used for organic
compounds analysis. The oven temperature program was operated as follows: hold 65

°C for 5 min, followed by hearting to 300 °C at 10 °C/min, and hold 300 °C for 30 min.

The recovery of 1,2-PhA in filter samples (1,2-PhAp)) was 49+5%, lower than the
value 73.1% reported by Zhang et al.” and 80.5+7.6% reported by He et al.® Several
reasons might account for the lower recovery: (1) loss of the target analyte when the
extracts were filtered; (2) loss of the target analyte when the near dry extracts were
transferred to the derivatizing reaction vial; (3) decomposition of the derivatization

products of 1,2-PhA when waiting for the GC-MS injection.
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The uncertainty for 1,2-PhA(,) determination was attributed to the sampling and
measurement uncertainty (Eq S4). The sampling flowrate was calibrated and the
uncertainty was within 10%. The measurements of 1,2-PhA () was interfered by the gas
phase phthalic anhydride. In this study, the concentration of phthalic anhydride) was
3-7 times higher than that of 1,2-PhA ). It was expected phthalic anhydride) should
contribute up to 10% artifact on 1,2-PhAp measurement®. The pre-processed
procedures also influenced the determination of 1,2-PhA(,). The relative error for 1,2-
PhA () determination was estimated to be 40% when considering the sampling and

measurement errors.

UN CPhAp = \/ O-szampling + Jrzrleasurement (Eq 84)

4. Photolysis of the dicarbonyl products.

The chemical removal processes for 2-FC and phthaldialdehyde in the atmosphere
include their further reactions with OH radicals (Reaction R1 and R3) and photolysis
(Reaction R2 and R4). Where, k1 and k3 are the reaction coefficients for the reaction of
OH with 2-FC (5.3x10* cm® molec™ s1)!° and phthaldialdehyde (2.3x107* cm® molec”
LshI respectively. ko and ks are the photolysis frequencies of 2-FC (equivalent to
j(NO2), s1) and phthaldialdehyde (0.04xj(NO2), s s?), obtained from previous

laboratory results!® 1. The reaction coefficients for 2-FC and OH radical reaction was
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twice as that of phthaldialdehyde, while the photolysis frequency for 2-FC was 25 times

as that of phthaldialdehyde.

2 — formylcinnamaldehyde + OH — products (R1, ki=5.3x10"! cm® molec™ s?)
2 — formylcinnamaldehyde + hv = products  (R2, k2=j(NO,) s?)
phthaldialdehyde + OH — products (R3, ks=2.3x10! cm® molec™ s?)
phthaldialdehyde + hv — products (R4, ks=0.04xj(NO2) s

As shown in Figure 3a, the first generation products 2-FC presented a significant
peak at noon. Notably phthaldialdehyde also presented a peak at noon, and increased
prior to 2-FC. This was contrary to the results from Wang et al.!?> who observed
secondary generation of phthaldialdehyde from 2-FC. The fast removal of 2-FC by
photolysis could account for this discrepancy, as the loss rate of 2-FC, defined as the
product of photolysis frequency and concentration, was 37 times as that of
phthaldialdehyde. Upon 2-FC photolysis, phthaldialdehyde started to accumulated so

that it increased “first” in atmosphere.

5. Contribution of NOs pathway to the products formation.

Besides the formation from OH-initiated Nap oxidation, the products also formed
from the NOgs-initiated reactions with Nap during the nighttime®. We evaluated the
relative importance of Nap oxidation through OH and NO3z pathway, by comparing the
loss rates of Nap by reactions with OH and NOs (described in Eqg. S5). Where the rate

coefficients for Nap reactions with OH (Knap+on) and NO3 (Knap+nos) are 2.2x107 cm?
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molec? st and 1.2x10™® cm® molec? s?, respectively. The campaign-average OH
concentration in the daytime was (1.4+0.4)x10° molec cm™, derived from the empirical
function of OH and j(O'D) 4. The concentrations of NOs during the night were
estimated to be (4.2+0.4)x10” molec cm™, when assuming steady state® (described in
Eqg. S6). Note that NOs may be overestimated by Eq. S5 due to the heterogeneous losses
of NOs and N20Os onto aerosols, which are more significant (69.1-98.8%) for polluted
conditions®®. Thus, the NO3 concentrations at night were corrected to be (1.3+0.2)x10’

molec cm3, using the reported losses (~70%) of N2Os on aerosols.

Lyap = knap+on[Napl[OH] + kyap+no, [Nap][NOs] (Eq. S5)

[N03]ss — kN02+03[N02][03] (Eq 86)

kno3+no[NOI+X(knog+vocX[VOCD+INog

As shown in Table S4, OH radical reaction is the main pathway for naphthalene
during the daytime. The NOs pathway plays a minor role (about 8%) for Nap oxidation

in the polluted environments.

6. OH exposure calculation.

The photochemical-age-based parameterization method was used to calculate the OH
exposure (Eq. S7)Y. In this study, the measured ratio of xylene to toluene was selected
to calculate OH exposure ([OH]At, molec cm™ s). Here, 75% of (CsHio)H* signal
measured by PTR-QiTOF was attributed to xylene according to the results from online
GC-MS during the campaign.
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__ 1 Lot g ot
[OH)A = = x (In 27 |to = In 2 10) (Eq. S7)

In Eq S7, [OH] is the OH radical concentration (molec cm?®), and At is the
photochemical age (s). kxyi and kro are the OH rate constants for xylene (averaged at
1.63x10 cm® molec? st) and toluene (5.63x107*2 cm® molec™ s1). It is worth to notice
that [Xyl] is the sum of m,p-xylene and o-xylene, and kxy is calculated as the average
value of Kmpxy (1.89x10cm?® molec? st) and koxyi (1.36x10em® molec? s?).
% |t and % |t, are the mixing ratios of xylene and toluene at t time and in the

fresh emissions, respectively.

The determined initial emission ratio of xylene to toluene was 1.1+0.4 ppb/ppb,
which was obtained from the data from 2:00 to 4:00 a.m. during the all the haze periods
when oxidation processes was weak'®. Here, the upper limit (1.5 ppb/ppb) of
xylene/toluene was used in the OH exposure calculation. The uncertainty for OH
exposure calculation mostly arose from selecting the initial emission ratio of

xylene/toluene, which would cause an uncertainty about 40%.
7. Gas-particle partitioning of 1,2-PhA

7.1 Uncertainties for measured Fp.
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Upper and lower limits of Fp were calculated with the mentioned uncertainties in gas
phase (43%) and particle phase (40%) 1,2-PhA measurement (Eg. S8 and S9). The

upper and lower limit of F, were presented in Figure 5.

S 1.4XPhA(p)

Upper limit = 1.4xPhA(p)+0.57XPhA(g) (Eq. S8)
s 0.6xPhA(p)

Lower limit = 0.6XPhA(p)+1.43xPhA(g) (Eq. S9)

7.2 Theoretical Fp calculation

The theoretical F, of 1,2-PhA was predicted by the absorption partitioning model
(Eq. S10). The effective saturation mass concentration C* (ug/m?®) has been considered
as a key factor to influence the modelled Fp. C” is proportional to the saturated vapor
pressure (Pv, Pa) as shown in Eq. S11, where M is the molecular weight (g mol™), ¢ is
the activity coefficient in aerosol phase, R is the gas constant (8.314 Jmol* K and T
is the temperature (K). In this work, Py at the campaign-average temperature of 275 K
was derived from the multiphase system online property prediction tool developed by

University of Manchester (UManSysProp, http://umansysprop.seaes.manchester.ac.uk),

which provides several empirical Py estimation approaches such as Nannoolal (2008),
Myrdal and Yalkowsky (1997) and Compernolle (2011), abbreviated to NN, MY and

CP.

F=(1+ C*)_1 (Eq. S10)
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c* (Eq. S11)

7.3 Comparison of the observed and theorecital C*

The observed C* was estimated by using the measured OA from Q-ACSM and the
mass concentrations of 1,2-PhA in gas- and particle-phase (Eq. S12). The observed and
theorecital C” for 1,2-PhA were performed in Figure S13. The observed C” of 1,2-PhA
was estimated to be 27 + 21 ug/m® and gradually grew over the pollution episode. In
contrast, the values of the theoretical C* by UManSysProp using the NN, MY and CP
method were 0.07, 4.18 and 0.02 pg/m?, respectively, when the activity coefficient was
set to 1. The activity coefficient was also chosen to be 0.3 and 3 to represent the lower
and upper limits of the theoretical C™°. Barley et al. (2010) proposed that the NN
method was more accurate for Py prediction as a larger size of training set with
thousands of compounds was used?® 2L, In this study, the observed C” of 1,2-PhA was
found to be 1-3 orders of magnitude larger than theoretical calculations. Conservatively,
the observed C* was still 3-5 times higher than the MY approach when the uncertainties
of C” estimation were considered. The measured ratios of 1,2-PhA¢) to 1,2-PhA,
fluctuated between 0.2 and 0.9, generally agreed with the range in early field campaigns
(1.0-5.0)?2, while the campaign-average OA mass was as high as 70 pg/m?, about 20—
30 times higher than previous field results (2.3-3.7 pug/m®)?> 2. It indicates that the
pronounced incease of OA during the haze events would play a key role in affecting

the volatility and phase partitioning of 1,2-PhA.
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C* = 0A x —985 (Eq. S12)

Cparticle

8. Formation of 1,2-PhA(p) through dissolution

In addtion to partitioning to organic aerosol, Henry’s law was used to predict the
concentration of 1,2-PhA dissolved in the aqueous phase (Caq in Eq. S13), where Hcp, i
is the Henry solubility (mol m= Pa*) which can be obtained from literatures?. pi is the
partial pressure of phthalic anhydride or 1,2-PhA in the gas phase. The aerosol water
concent (AWC) was calculated using the ISORROPIA-I11 thermodhynamic equilibrium
model with the measured RH and aerosol inorganic composition (Na*, NH4*, Ca®*, K*,
Mg?*, SO+*, NOs™ and CI")? 2, It was assumed that phthalic anhydride dissolved in
aerosol water would convert to 1,2-PhA completely. The ionization equilibrium of
aqueous phase 1,2-PhA was not consider in this study. The predicted 1,2-PhA dissolved
in aerosol water ranged 0.001 to 0.008 pg/m?3, and increased with AWC. The dissolution

pathway contributed less than 10% to the total 1,2-PhA) formation (Figure S14).

Cag = Z? Hcp,i X pi (Eq 813)

9. Aerosol pH estimation

In this study, the aerosol pH was calculated by using the ISORROPIA-II model
and the online measurements of RH and PM2.s composition (Na*, NH4*, Ca®", K*, Mg?*,
S04%, NO3 and CI")?. And the concentrations of gaseous NHs were taken from the

observation results from the same campaign?’. Briefly, ammonium, nitrate and sulfate
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were the major ions in PM2s. The equivalent ratio was calculated to 0.99 for the
measured cation and anion ions. The forward mode was used for pH prediction, and the
aerosol was assumed as metastable under high RH conditions (56%+11%). The average
pH in aerosol water was 4.0+0.2 and 4.3+£0.3 for Hazel and Haze2 (Figure S14),

respectively. This result was in good agreement with recent study by Liu et al?’.

10. Estimated SOA formation from mono-aromatics and PAHSs

10.1 Tracer product-based method

1,2-PhA was a tracer product for the SOA from Nap and MN oxidation based on
chamber experiments. The SOA produced from 2-ring PAHs (SOAnap+mn) could be
derived from 1,2-PhAp) (PhAmea, Hg/m®) measured in ambient samples and the mass
fractions of 1,2-PhA) founded in PAH SOA in chamber studies, as proposed by
Kleindienst et al (Eq. S14)°. However, the experimental high-NOx conditions (e.g.,
precursor and NOy concentrations) in previous chamber studies differed with the haze
conditions in this field campaign (Table S5). The Nap concentrations in chamber
experiments were usually 1-3 orders of magnitude higher than real atmosphere.
Although the NOx concentrations in chamber were comparable to the observed NOx in
haze episodes, the ratios of Nap/NOx in laboratories were much higher, which indicates
that more abundant NOx encountered during the haze episodes in Beijing. However, the

effect of NOy levels on the mass fraction of 1,2-PhA) (fsoa) in Nap-SOA is still under
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discussion. The chamber experiments by Kleindienst et al.® indicate that the fsoa of 1,2-
PhA(p) seemed to be almost stable at 2.0% for both in the presence and absence of NOx.
But, Kautzman et al.8 found higher fsoa of 1,2-PhA ) under low- NOx (4.9£0.2%) than

high- NOx conditions (2.7£0.9%).

Given the possible NOx effect on fsoa, we chose the lower limit of fsoa (2%) in Nap-
SOA for subsequent calculations. In addition, 1,2-PhA, is also a tracer product of MN
under high-NOx, with its fsoa of 1.6£0.9%. So, in this study, a weighted-average fsoa
of 1,2-PhA) was determined to be 1.9%, scaled by the fractions of Nap (80%) and MN
(20%) during the campaign. Due to the different conditions between laboratories and

field study, we estimated an overall uncertainty of 50% on fsoa.

PhAmea—PhApy

SOANap+mMn = Feon (Eg. S14)

PhA,,; = ¥I' PM, 5 X source contribution; X EF; (Eq. S15)

Primary 1,2-PhAg) (PhApri, pg/m?) could positively bias SOAnap+mn calculation.
Primary sources of 1,2-PhA,) include vehicle exhaust, coal combustion, and biomass
burning. PhAyi can be roughly estimated by Eqg. S15, using emission factors of 1,2-
PhA() for major combustion sources (EFi, ug PhA pg? PMzs ), measured PMzs
(ug/m?) and source contributions for ambient PMzs. The 1,2-PhA ) emission factor was
4.0x10* pg/pg PMzs for vehicle exhaust, 2.4x10™* pg/ug PM2s for coal combustion,
and 2.1x10* pg/ug PMzs for biomass burning” 2%, Source apportionment result of
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ambient PM_s was taken during the heating season in Beijing (Table S6)2. Based on
Eq. S15, vehicle exhaust, coal combustion and biomass burning could emit 5.1x107,
6.0x10° and 2.3x10° ug 1,2-PhA, per ug PM2sin ambient air, which accounted for
44%, 39% and 17% of the primary 1,2-PhAp) respectively. The calculated primary 1,2-
PhA) ranged from 0.022 to 0.044 pg/m?®, and occupied a larger fraction of total 1,2-
PhA) during the period of Haze2 than Hazel (Table S7). Estimated SOA formation
from Nap and MN by tracer product-based method in Hazel and Haze2 was

summarized in Table S8.

In this method, determination of primary 1,2-PhA) and the mass fraction of 1,2-
PhAp) is one of the key factors influencing SOA estimation. The uncertainty in primary
1,2-PhAp) was relatively large, depending on the error in source apportionment of
ambient PM2s. The error for the primary 1,2-PhA ) estimation was assumed to be 50%.
Mass fraction of 1,2-PhA(p) was obtained from laboratory studies. The uncertainty of
the laboratory obtained mass fraction of 1,2-PhA,) was estimated to be 50%. Therefore,
the uncertainty of the estimated SOA formation by the tracer product-based method
was calculated as 81% through error propagation (Eg. S16), when considering the
uncertainty from total 1,2-PhAp) measurement (40%), mass fraction in SOA (50%),

and the primary 1,2-PhAp) estimation (50%).

UnCSOA,tracer = \/Grglea + O-fzraction + O-;ri (Eq 816)
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10.2 Precursor consumption-based method

The contributions of Nap, MN, and mono-aromatics oxidation to SOA formation

were also calculated by the product of the consumed concentrations of precursors

relative to CO (<> ) and their SOA yield (Eq S17 and Eq S18)** %,
l
2| = ERx(1-exp(-k;[OH]AL) (Eq. S17)
L
ASOA _ nAVOC x Yleldl (Eq 818)

ACO cqp < aco |;

Where ER; is the emission ratio of VOCs and IVVOCs relative to CO in the unit of pg
m= ppm* CO, which was obtained from the linear-regression slope of VOCs/IVOCs
versus CO from 2:00-4:00 a.m. ki is the rate constant of VOCs/IVOCs with OH radical
(cm*molec?s?). %ml is the calculated SOA formation from VOCs/IVOCs per unit
CO in the unit of pg m=ppm™ CO. Yield; is SOA production yield for each precursor
determined from previous chamber studies. The emission ratios, SOA yield of mono-

aromatics, Nap and MN are summarized in Table S9, and the calculated SOA formation

during the haze period is shown in Figure S16.

SOA vyields of VOCs under high-NOx can be expressed as an empirical function of
OA mass loadings based on the two-product model®*. Here, SOA vyields for VOCs and
IVOCs were extroplated to high OA conditions (70 pg/m®). The yields are also
influenced by ambient temperature, then such an effect is corrected with the Clausius-
Clapeyron equation at the temperature of 275K®. In addition, the effect of wall loss on
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SOA vyields in chamber experiments are also considered according to Zhang et al.

(2014)%,

The uncertainty for this method is determined by chemical consumption and SOA
yields of the precursors. The uncertainies in chemical consumption of precursors are
related to ER; and OH exposure calculation, and the corresponding RSD was 5% and
40%, respectively. The uncertainties of SOA yields were estimated to be 10-25%.
Considering the RSD of ERi (5%), OH exposure calculation (40%), and SOA yields
(10-25%), a total uncertainty was estimated to be 47% by the precursor consumption-

based method (Eq. S19).

Uncsoaprecursor = \/ Ofr + O3at + Oiea (Eq. S19)

10.3 Estimated SOA fraction in organic aerosol

The calculated SOA from Nap, MN, and mono-aromatics oxidation by the tracer
product-based method and the precursor consumption-based method were then
compared with the measured OA mass concentration in PMzs by ACSM. The SOA
fraction was reported to be about 30%-50% of the measured OA (in PM1) in winter
Beijing determined from Aerosol Mass Spectrometer (AMS) or ACSM measurements
(Table S10)*-*°, and showed an increasing trend in recent years. Assuming that SOA

primarily existed in PM; and the PM1/PM. s ratio was 0.9%, then SOA fraction in the
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OA of PM25 was nearly 40%. Thus, we estimated 40% of OA mass concentration was

contributed from SOA at noon.
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Table S1. Information of MN and its gas-phase oxidation products observed by PTR-

QiTOF
Phase ~ PTR Sensitivity, petection  Proposed
Compound Formula [M+H]"
Distribution ncps/ppb Limit, ppt  Structure
Methylnaphthalene CiHio 143.0855 g 3383¢ 7 H&@
|
Methyl-formylcinnamaldehyde C11H1002 175.0753 g,p 48627 5 Ny Cﬁjo
s
]
Methyl-phthaldialdehyde ~ CoHsO» 149.0597 g 43130 3 HSC@
|
(o]
Methyl-phthalic anhydride = CoHeOs 163.039 g 4614* 4 H:-;C(\;\(r(O
O
o
1,2-Methyl-phthalic acid ~ CoHgOs 181.0495 g, p 3488 3 H30®g:
(0]

Sensitivity was estimated from compounds with similar structure or molecular weight.
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Table S2. Determination of the wall losses for the oxidation products with ambient air.

Relative deviation, %

Number of test

2-FC phthaldialdehyde = Anhydride PhA
1 -17.7 -10.0 3.1 -8.4
2 -42.2 -10.0 -4.6 -
3 -9.2 -29.1 -9.6 -41.5
4 -12.8 -12.6 -1.5 -35.5
5 -0.6 -3.8 -2.3 -5.6
6 - -12.7 -9.5 -32.4
7 -3.3 -17.4 -1.6 -28.0
8 -17.7 - -5.0 -1.7
Average -14.8 -13.7 -3.9 -21.9
S.D. 13.7 7.9 4.3 16.2
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Table S3. Average concentration of the particle phase phthalic acid isomers (1,2-PhA,

1,3-PhA and 1,4-PhA) during the Haze period from Dec 17 to Dec 21.

1,2-PhA, 1,3-PhA, 1,4-PhA, F12-pha,

I_'lg/rn3 Hg/m3 Hg/m3 % Reference
0.103+0.043 - 0.040+0.018 72+23 This study
0.078+£0.018 0.005£0.001 0.032+0.011 67£15 Beijing, summer, 2006?
0.013£0.007  0.001£0.001 0.023+0.009 333 PRD, annual, 2012°

0.003+0.001  0.001+0.001 0.006+0.001  35+20 Towa, winter, 2015°

Data sources: (a) Ho et al., 2010%, (b) He el al., 20188, (c) Ibrahim et al., 2016%2
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Table S4. Rate coefficients, oxidant concentrations and loss rates of Nap during

daytime and nighttime in the haze episodes

Rate Concentration of oxidant, Loss rate of Nap, ppt/h
Oxidant  coefficients, molec cm™ ’
cm?® molec? st Daytime Nighttime Daytime  Nighttime
OH 2.2x101! (1.4+0.4)x10° - 21.948.9 -
NOs 1.2x1013 (2.241.2) x10*  (1.3+0.2) x10’ - 1.940.3
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Table S5. The high-NOx conditions and fsoa of 1,2-PhAp) from photooxidation of Nap

and MN in chamber studies, compared with haze conditions in the winter campaign

Precursor, NOx, VOC/NOy,  fsoa,
(Ppb) (ppb)  (ppb/ppb) (%)

Naphthalene: high-NOx
Laboratory 20-240 111-281 0.1-2.2  2.0+0.8 Kleindienst et al.’
Laboratory 30-48 166-289  0.1-0.3  2.740.9 Kautzman etal.?®
Haze events  0.21-0.72 74-243 <0.006 - this study
Methyl-naphthalene: high-NOx
Laboratory 74-86 180-299 0.3-0.5 1.6+0.9 Kleindienstetal.
Haze events  0.03-0.24 74-236 <0.002 - this study

Reference
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Table S6. Emission factors of 1,2-PhA in PM2s from primary anthropogenic sources

Sources Contributions to PM2.5?, % ug EE;hAugxll g:ﬂz.s
Coal combustion 21.7 2.4
Traffic related 14.9 4.0
Biomass burning 11.2 2.1

4The contributions of primary anthropogenic sources to ambient PM3 s were from Yang
et al.®2, and were assumed to be constant for Hazel and Haze2 even though sources

might change from Hazel to Haze2.
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Table S7 Estimation of primary and secondary 1,2-PhA in ambient PM2s samples

during haze periods.

Period Date PhAmea, HG/M®  PhApi, ug/m®  PhAsec, pug/m?
Hazel Dec 17 0.15 0.02 0.13

Dec 18 0.13 0.03 0.10

Dec 19 0.12 0.03 0.09
Haze2 Dec 20 0.07 0.04 0.03

Dec 21 0.05 0.04 0.00
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Table S8. SOA formation from Nap and MN by tracer product-based method in Hazel

and Haze2.
Period Date SOANap+mN, Hg/m®  Explained SOA, %
Hazel Dec 17 6.8 32.3
Dec 18 5.2 21.9
Dec 19 4.6 15.2
Haze?2 Dec 20 1.6 4.6
Dec 21 0.1 0.3
Hazel&2 averagets.d. 3.7£2.7 14.9+13.0
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Table S9. Emission ratio (ER), SOA vyield (at OA=70ug/m®) and SOA formation

relative to CO from mono-aromatics, Nap and MN estimated by the precursor

consumption-based method.

PreCUTSOrS ER, SOAvyield”, %  Calculated SOA, Explained SOA,
ppb/ppm CO  (OA=70ug/m®  pg/m®ppmCO %

Benzene 0.66+0.02 82.5 0.13+0.03 1.98+0.37
Toluene 0.60+0.02 18.1 0.12+0.03 1.91+0.32

C8 aromatics 1.19+0.05 21.3 0.64+0.10 9.81+1.35
C9 aromatics 0.22+0.01 215 0.18+0.02 2.77+0.36
Naphthalene 0.14+0.01 82.3 0.49+0.06 7.64+0.99
Methylnaphthalene  0.04+0.00 63.8 0.16+0.01 2.56+0.36

“SOA yields for benzene and toluene were obtained from Ng et al. (2007)*?, C8 and C9

aromatics were from Li et al. (2016)*, and Nap and MN were from Chan et al. (2009)*.
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Table S10. Reported SOA fraction in organic aerosol in winter Beijing

Sar;p; ng Instrument Data 5523 pg?r,ﬁ Fraction, % Reference
PEK HR-AMS?  Nov, 2010 11 35 30 Hu et al., 2016%
IAP ACSM?  Nov, 2012 11 34 32 Sun et al., 20124
IAP HR-AMS?  Jan, 2013 27 51 52 Zhang et al., 2014%°
IAP HR-AMS?* Dec, 2013 17 38 43 Sun et al., 2016%°
IAP HR-AMS?  Jan, 2014 14 27 52 Zhang et al., 2015%'
PEK HR-AMS?  Jan, 2016 12 27 46 Zheng et al., 2016

Sampling sites: Peking University (PEK); Institute of Atmospheric Physics (IAP).

4PM; was measured by the instrument.
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