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a b s t r a c t
Understanding the photochemical reaction process between VOCs and co-pollutants in the troposphere is crucial
for controlling the haze. The photochemical reactions of 1,3-butadiene (1,3-BD) with NO were carried out at
308 K for up to 96 h in clean air with various relative humidity (RH) values, and actual haze atmosphere. In
the haze, the representative pseudo-ﬁrst-order kinetic rate constants of the 1,3-BD–NO system was 1.53 time
higher than those in dry clean air. The effect of the RH (0%–80%) on the conversion behavior of the 1,3-BD–NO
system in clean air was studied, revealing that increasing RH promoted the photochemical reaction in the low
range of 0%–40% but retarded it in the high range of 40%–80%. Interestingly, •OH radicals were directly detected
under different RH values, and the strongest •OH signal was obtained at an RH of 40%. Multiple macromolecular
products with carbon numbers of 10–36 were identiﬁed. Unexpectedly, richer products and extended
unsaturation range were detected at an RH of 40% than 0%. The photochemical products were also analyzed
using ion chromatography. A reaction mechanism was proposed from the detected NO2, O3, •OH, HNO2, HNO3,
organic acids and macromolecular products.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
Although the extensive strict standards and legislations have been
established for controlling air pollution in China in the past few years,
the haze event mainly emerged from industrial production still continuously occurred (Bi et al., 2018; Wang et al., 2019). Volatile organic
compounds (VOCs) have been recognized to be a key contributing factor to severe haze pollution. Coexisted nitrogen oxides (NOx), especially
abundant nitrogen monoxide (NO) from anthropogenic emissions, has
a great potential, as the oxidant, to undergo a series of complex photochemical reactions with VOCs in the atmosphere. The reactions could
generate secondary organic aerosols (SOAs), an important component
of PM2.5, and ozone (O3) in the atmosphere (Hui et al., 2019; Liu et al.,
2019). Nevertheless, the photochemical reaction process of VOCs and
NOx has not been fully understood when affected by atmospheric conditions. In order to comprehensively understand the formation of haze
and further guide to controlling the air pollution, it is of great signiﬁcance to study the atmospheric photochemical reaction and related
mechanisms of VOCs and NOx considering the inﬂuence of physicochemical parameters.
Water can introduce many unusual features into the kinetics and energetics of the reactions (Vöhringer-Martinez et al., 2007). A series of
experimental studies have been carried out on the effect of relative humidity (RH) on atmospheric photochemical reactions. Healy et al.
(2009) studied the effect of RH (5%–75%) on photooxidation of pxylene in the presence of NOx. The results showed that an increase in
RH led to increases in the rate of decay of p-xylene, and aerosol mass
yield. Tajuelo et al. (2019) found that the particle number concentration, mass, and yield of the SOAs increased with increases in the RH during the styrene photochemical reaction. Jia and Xu (2018) showed that
the yield of SOAs increased from toluene but decreased from isoprene
when the RH was increased from 5% to 85%. Hu et al. (2011) found
that increasing the RH hindered progress of the photochemical reaction
in the CO–NOx system. The impact of RH on atmospheric photochemical
reactions is very diverse. More experiments need to be carried out to
evaluate the impact of RH on the photochemical reaction system, especially for the important VOCs–NOx system. It was reported that hydroxyl
radical (•OH) played an important role in photochemical reaction, such
as the disinfection of Pb-BiFeO3/rGO toward E. coli and the
photosensitiser of algal organic matter (Li et al., 2019; Niu and Croué,
2019). Sujit Maji reported that the different proportions of toluene
and methanol are related to the reactivity with •OH in the sunny atmosphere (Maji et al., 2020). The number of the investigations were carried
out based on the theoretically calculated concentration of •OH (Paulot
et al., 2012; Wu et al., 2014). A key scientiﬁc challenge in understanding
the RH effects is determining changes in •OH radicals during photochemical reactions.
Alkenes, widely emitted from anthropogenic and biogenic sources,
accounted for up to 20% of the total VOCs detected on the haze days
(Gu et al., 2019). As a key member, 1,3-BD, is widely used in synthetic
rubber, resins, and plastics (Berndt and Böge, 2007). It is classiﬁed as a
hazardous compound in the 1990 Clean Air Act Amendments (Jaoui
et al., 2014). Kramp and Paulson (2000) found that the main reaction
products of 1,3-BD with ozone were acrolein, formaldehyde, and carbonyl oxide. Ghosh et al. (2010) reported the reaction rate constant of
the •OH radical with 1,3-BD under high NOx conditions. Lewandowski
et al. (2015) and Li et al. (2010) also investigated photochemical reaction of 1,3-BD under RH or O3 condition. Despite these efforts, there is
in the lack of knowledge about the impact of RH on the kinetic behavior
and products of reaction systems. To evaluate the importance of 1,3-BD
to atmospheric SOA formation, product identiﬁcation has been carried
out but with a focus on low molecular weight compounds (Berndt and
Böge, 2007; Lewandowski et al., 2015; Sato et al., 2011). Larger molecular weight compounds are not only the oxidation products of VOCs but
also an important component of SOA, causing serious PM2.5 incidents
(Hui et al., 2019; Liu et al., 2019). However, investigations on the

formation of larger molecular weight compounds from the photochemical reaction of 1,3-BD are rare. The effect of RH on the photochemical
reaction mechanism of 1,3-BD is also unclear.
In this study, the photochemical reaction behavior of the 1,3-BD–NO
system was studied in dry clean air and actual haze at 308 K for up to
96 h. To explore the role of water vapor in the actual atmosphere, the
photochemical reaction was further investigated in clean air with RH
values of 0%, 5%, 20%, 40%, 60%, and 80% after reaction for up to 24 h.
The RH effects on the kinetic behavior of the 1,3-BD–NO system, including generation of nitrogen dioxide (NO2) and O3, were studied. The distributions of •OH radicals under different humidity values were
experimentally measured by electron spin resonance (ESR) spectroscopy. The macromolecular products were analyzed using positive ion
atmospheric pressure photoionization (+APPI) coupled with Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS).
The products which can be ionized were also analyzed using ion chromatography. According to the experimental results, a photochemical reaction mechanism was proposed for the 1,3-BD–NO system.
2. Materials and methods
2.1. Reagents and sorbent tubes
Methanol (HPLC grade, ≥99.0%) was supplied by J.T. Baker (Avantor
Performance Materials, Inc., Center Valley, PA, USA). 1,3-BD standard
gas (2000 ppm, 1,3-BD mixed with 99.999% high purity nitrogen) was
supplied by the Beijing Huatong Jingke Gas Chemical Co., Ltd. Nitric
oxide standard gas (1000 ppm, nitric oxide mixed with 99.999% high
purity nitrogen) was supplied by Beijing Haike Yuanchang Practical
Utility Gas Company. Air and nitrogen gas with a purity of 99.999%
were also supplied by the Beijing Haike Yuanchang Practical Utility
Gas Company. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was supplied
by Sigma Chemical Co. (St. Louis, MO).
The sorbent tubes tested in this study were provided by Markes International Limited (Llantrisant, UK) with the Part Number of C2AAXX-5270. The analyte range of adsorbent tubes is C2-C14. The size
of sorbent tubes was 89 mm long, with 6.4 mm o.d. and 5 mm i.d. According to supplier's guidelines, the sorbent tubes were conditioned before use with pure nitrogen gas (99.999%) at a ﬂow rate of 50 mL min−1,
and then at 100 °C, 200 °C, 300 °C for 1 h and 400 °C for 4 h. To avoid any
ambient contamination, the clean tubes were capped with 1/4 combined PTFE ferrules and kept in hermetically sealed container containing discolored silica gel. Before use, the tubes were reconditioned at
100 °C, 200 °C, 300 °C, and 380 °C for 15 min.
2.2. Photochemical reaction
The photochemical reactions of the 1,3-BD–NO system in different
matrices including clean air with various RH values and actual haze,
were conducted in an indoor smog chamber at a precisely controlled
temperature (308 ± 1 K). The actual haze gas was collected in a haze
day of Beijing on April 2, 2018, which contained PM2.5, PM10, NO and
NO2, etc. Speciﬁcally, the ofﬁcially reported Air Quality Index (AQI) on
that day was 283. And the average value of PM2.5 and PM10 of that day
were 229 and 211 μg/m3 respectively. The relative humidity was 42%.
The main reactor was an air bag with a maximum volume of 10 L. The
material of the reactor was Teﬂon FEP ﬁlm (0.07 mm), which featured
transparent and nonreactive characteristics (Carter, 1994; Cocker Iii
et al., 2001). Natural light was simulated by a xenon lamp. The light
band generated by the xenon lamp ranged from 200 to 900 nm with a
focus on 300–900 nm (Gong et al., 2020; Zhang et al., 2019). During
the irradiation of the xenon lamp, the temperature in the smog chamber
was controlled by a temperature control system including heating and
cooling devices to ensure that the temperature deviation was within
1 K. Before the experiment, the air bags were cleaned with high purity
air to eliminate interferences from impurities in the bag. A gas sampling
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pump was used to inject 8 L of clean air or haze air into the air bags. Then
a gas injection needle was used to add 1,3-BD standard gas (2 mL,
2000 ppm) and NO standard gas (2 mL, 1000 ppm) to the reaction
bag. The concentrations of 1,3-BD and NO in the air bag were theoretically calculated to be 500 ppb and 250 ppb, respectively. However, the
ﬁnal accurate concentrations of 1,3-BD and NO in the air bags prepared
in each experiment were determined by thermal desorption gas
chromatography–mass spectrometry (TD-GC/MS) and NOx analyzers,
respectively. The photochemical reactions of the 1,3-BD–NO system in
clean air were evaluated under different RH conditions by adding different volumes of deionized water to obtain RH values of 0%, 5%, 20%, 40%,
60%, and 80%.
The concentrations of O3, NO, and NO2 in the reaction system were
measured using the ozone analyzer (Thermo 49i, Waltham, MA, USA)
and nitrogen oxide analyzer (Thermo 42i, Waltham, MA, USA).

2.3. Analysis of gas pollutants by TD-GC/MS
The concentration of 1,3-BD was determined by TD-GC/MS (Agilent
7890a-7000a, Marker International, Santa Clara, CA, USA) with an
Agilent DB-624 capillary column (60 m × 0.32 mm × 1.80 μm; Santa
Clara, CA, USA). After the reaction, samples were collected quantitatively using 50-mL three-way pump connected to a small stainless
steel pipe. Analysis for 1,3-BD was carried out by putting the sorbent
tube directly in the thermal desorption device. The thermal desorption
device was purged with high-purity nitrogen gas (99.999%), and desorption (a two-step process) proceeded as follows. In the ﬁrst step,
the system was pre-purged for 1 min at room temperature with nitrogen gas at 20 mL min−1. Then, the sorbent tube was heated to 280 °C
for 10 min. Nitrogen gas at 20 mL min−1 was passed through the tube
to desorb the analytes and focus them into a general-purpose graphitized carbon cold trap, which was kept at −15 °C. In the second step,
the cold trap was heated to 300 °C for 3 min. The 1,3-BD was quickly
desorbed from the trap in a narrow band and injected into the chromatographic column through a ﬂow path heated at 180 °C. The injector was set at 230 °C. The column oven temperature was initially set
at 50 °C for 6 min, and then increased to 150 °C at 10 °C min −1 .
Helium (99.999%) was used as the carrier gas with a ﬂow rate of approximately 1.5 mL min−1. An electron ionization system with ionization energy of 70 eV was used. The source temperature was set at
230 °C.

2.4. Analysis of •OH radicals by electron spin resonance spectroscopy
The •OH radicals present during the photochemical reaction of the
1,3-BD–NO system in clean air with different RH values were monitored
by electron spin resonance (ESR) spectroscopy (ESP 300E, Bruker,
Germany). After the reaction, the •OH radicals generated in the reaction
system were immediately captured with an aqueous solution containing DMPO as a spin-trapping agent. The brief experimental details
about DMPO capture of •OH were as below. The pure DMPO was diluted
10 times with deionized water and then puriﬁed by activated carbon to
remove free radical signal interference. Finally, after the activated carbon was removed, the ﬁltrate was diluted 10 times with deionized
water to obtain the capture agent. When the photochemical reaction
was completed, 1 mL of capture agent was immediately injected into
the air bag by a syringe, and then the air bag was shaken under light
for 10 min. Then the capture solution was extracted by the capillary
glass tube and detected the •OH radicals using electron paramagnetic
resonance. The operating parameters used for the instrument were as
follows: center ﬁeld, 3510 G; sweep width, 100.0 G; microwave frequency, 9.84 GHz; microwave power, 20.0 mW; modulation frequency,
100.0 kHz; modulation amplitude, 1.0 G; time constant, 327.68 ms; conversion time, 58.00 ms; and sweep time, 59.39 s.
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2.5. Product analysis by +APPI FT-ICR MS
The macromolecular products were analyzed using +APPI FT-ICR
MS. After photochemical reaction of 1,3-BD–NO in clean air with
different RH values, the samples were extracted using HPLC–grade
methanol and ﬁltered through a 0.22-μm mesh membrane. The above
samples were continuously infused into the APPI unit by syringe infusion at a ﬂow rate of 200 μL h−1. The drying temperature was 150 °C
and the atomizing gas ﬂow rate was 1.0 L min−1. The mass range was
set to m/z 50–950, and the scanning frequency was two hundred
times. The spectra were externally calibrated with a sodium formate
solution. Peaks were identiﬁed with Bruker Data Analysis software (version 4.2).
2.6. Product analysis by ion chromatography
The products were also analyzed using ion chromatography. The
samples obtained from the photochemical reaction system were extracted with deionized water. The ion chromatography was conducted
on a DIONEX AS 5000 equipped with an AS-AP automated sampler. A
Dionex AS11-HC guard column (50 mm (length) × 4 mm (i.d.)) and a
Dionex AS11-HC analytical column (250 mm (length) × 4 mm (i.d.))
were used.
3. Results and discussion
3.1. Photochemical reaction kinetics of the 1,3-BD–NO system in dry clean
air and haze matrices
The photochemical reactions of the 1,3-BD–NO system in dry clean
air (N2/O2 = 79:21) and actual haze (collected on April 2, 2018) were
studied for up to 96 h at 308 K. The initial concentrations of 1,3-BD
and NO in the reaction system were around 500 ppb and 250 ppb, respectively. The conversion efﬁciency of 1,3-BD was calculated as follows
(Liu et al., 2019):
Conversion efficiency ð%Þ ¼



C
1−
 100%
C0

ð1Þ

where C0 is the initial concentration of 1,3-BD and C is the residual concentration of 1,3-BD after the reaction.
Fig. 1(a) showed the change of the 1,3-BD conversion efﬁciency as a
function of the reaction time (0–96 h) at 308 K in dry clean air and
actual haze matrices. In both matrices, the conversion efﬁciency of
1,3-BD increased with increases in the reaction time. Whether in the
haze days or in the clean air, the conversion rate of 1,3-BD is lower
within 10 h of the initial reaction, and the conversion rate is lower
than 1% at 8 h. At 48 h, the conversion efﬁciency of 1,3-BD in the actual
haze matrix reached 100%. By contrast, the conversion efﬁciency of 1,3BD in the dry clean air matrix was only 77.6% at 48 h, and reached 97.7%
up to 96 h.
The kinetic rate constant is an important physical quantity in chemical reaction kinetics, and its value directly reﬂects the rate in environmental chemistry. The time-dependent depletion behavior of
compounds can be used to obtain kinetic rate constants for quantitatively understanding the reaction reactivity at a given temperature. To
date, many researchers have studied the photochemical reactions of
VOCs and explored the kinetics of these reactions (Liu et al., 2019;
Schütze et al., 2010; Shi et al., 2019; Zhu et al., 2018).
The rate constants in the reaction systems in dry clean air and actual
haze matrices were ﬁrstly calculated using the pseudo-ﬁrst-order rate
equation:

ln

C
C0


¼ −kobs1 t

ð2Þ

4
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Fig. 1. (a) Time-dependent change of 1,3-BD conversion efﬁciency in 1,3-BD–NO system in dry clean air and haze matrices. (b) and (c) First-order reaction kinetic ﬁtting, and (d) and
(e) second-order reaction kinetic ﬁtting in 1,3-BD–NO system in dry clean air and haze matrices, respectively.
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where C0 is the initial concentration of 1,3-BD; C is the residual concentration of 1,3-BD following the reaction; kobs1 (h−1) is the pseudo-ﬁrstorder rate constant, which was calculated from the experimental data;
and t (h) is the reaction time. The pseudo-ﬁrst-order kinetic ﬁtting results in dry clean air and actual haze matrices are shown in Fig. 1
(b) and Fig. 1 (c). The pseudo-ﬁrst-order rate constants of 1,3-BD conversion in actual haze was 0.061 h−1, which was 1.53 times higher
than that in dry clean air at 0.040 h−1.
A pseudo-second-order kinetic equation was further used for the
1,3-BD–NO reaction system as follows:
1
CD0 −C
ln
−CD ¼ kobs2 t
C0 −CDO
C0

ð3Þ

where CD is the residual concentration of NO, CD0 is the initial concentration of NO, C0 is the initial concentration of 1,3-BD, C is the residual concentration of 1,3-BD following reaction, and kobs2 is the second-order
rate constant (cm3 molecule−1 h−1). The pseudo-second-order kinetic
ﬁtting results in the dry clean air and actual haze matrices at 308 K
are shown in Fig. 1(d) and Fig. 1(e). The obtained kinetic reaction rate
constants in two matrices were 0.15 × 10−13 cm3 molecule−1 h−1
(0.42 × 10 −17 cm 3 molecule −1 s −1 ) and 0.19 × 10 −13 cm 3
molecule−1 h−1 (0.53 × 10−17 cm3 molecule−1 s−1), respectively. By
comparison, the value in the actual haze matrix was 1.27 times higher
than that in the dry clean air matrix. The ﬁtted rate constants following
the pseudo-ﬁrst/second-order kinetic models are summarized into
Table 1.
As described above, the conversion efﬁciency and pseudo-ﬁrst/
second-order kinetic rate constants all showed that the active photochemical reaction of 1,3-BD-NO system occurred faster in the actual
haze matrix than that in the dry clean air matrix. These results indicate
that there are factors in haze that promote 1,3-BD conversion and degradation, and 1,3-BD more easily participates in atmospheric photochemical reactions on haze days.
Many researchers (Carter and Lurmann, 1991; Hynes et al., 2005; Jia
et al., 2009; Liu et al., 2019; Pinho et al., 2005) have studied the photochemical reaction kinetics of VOCs. Ming-Shean et al. (2005) reported
the decomposition of 1,3-BD by an ultraviolet/ozone process, and explored the kinetics during the reaction. The second-order kinetic reaction rate constant of 1,3-BD and ozone was 1.97 × 10−4 ppm−1 s−1
(0.8 × 10−17 cm3 molecule−1 s−1) at 299 K. Silva (2013) studied the formation of nitrosamines and alkyldiazohydroxides in the gas phase. The
pseudo-second-order rate constants of CH3NH reacted with NO form
CH3NHNO, CH3NNOH and CH2NN were 7.3 × 10−11 cm3 molecule−1 s−1,
2.0 × 10−11 cm3 molecule−1 s−1, and 3.0 × 10−11 cm3 molecule−1 s−1,
respectively. By comparison, these rate constants are higher than those
in 1,3-BD-NO system. In the former study, Liu et al. (2019) studied the
photochemical reaction kinetics of toluene with NO at 308 K in dry
clean air under similar experimental conditions. The pseudo-ﬁrstorder rate constant of toluene was 0.19 day−1 (0.00792 h−1) and the
second-order kinetic reaction rate constant of toluene with NO was
0.9 × 10−13 cm3 molecule−1 day−1 (0.1 × 10−17 cm3 molecule−1 s−1).
Both of values were lower than those in the 1,3-BD-NO system in the
present study. It indicated that 1,3-BD will react more easily than toluene with NOx in the troposphere.

Table 1
The ﬁtted rate constants following the pseudo-ﬁrst/second-order kinetic models in 1,3BD–NO system in dry clean air and haze matrices.
Reaction system

1,3-BD pseudo-ﬁrst-order Second-order rate constants
rate constants (h−1)
(×10−17 cm3 molecule−1 s−1)

Dry clean air matrices 0.040 ± 0.0034
Actual haze matrices 0.061 ± 0.013

0.42 ± 0.00468
0.53 ± 0.0169
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3.2. The effect of RH on the conversion behavior of the 1,3-BD–NO system
As described in Section 3.1, the conversion efﬁciency, pseudo-ﬁrst/
second-order kinetic rate constants all showed that the photochemical
reaction of the 1,3-BD–NO system in the actual haze matrix was faster
than that in the dry clean air matrix. This suggested that there were factors promoting 1,3-BD conversion and degradation in haze. It has been
reported that the RH may affect photochemical reactions (Healy et al.,
2009; Hu et al., 2011; Jia and Xu, 2018; Tajuelo et al., 2019; VöhringerMartinez et al., 2007). Therefore, the effect of RH on photochemical reaction of the 1,3-BD–NO system was studied.
Fig. 2(a) showed the conversion efﬁciency of 1,3-BD under the presence of NO after 24 h in clean air with RH values of 0, 5%, 20%, 40%, 60%,
and 80%. As the RH increased, the conversion efﬁciency of 1,3-BD ﬁrst
increased and then decreased. A maximum of 57.4% was reached at an
RH of 40%. These results show that when the RH is in a low range of
0%–40%, increasing the RH promotes the photochemical conversion of
1,3-BD. By contrast, when the RH is in a high range of 40%–80%, increasing the RH retards the photochemical conversion of 1,3-BD.
The effect of RH on the consumption of NO in the reaction system was
also studied, as shown in Fig. 2(b). The highest consumption of NO was
obtained with an RH of 40%. The consumption of NO increased with increases in the RH in the range of 0%–40% but decreased in the range of
40%–80%. This rule is consistent with the effect of RH on the conversion
efﬁciency of 1,3-BD. Dimitriades (1967) studied the effect of water vapor
on the photochemical reaction of VOCs and NOx. It was found that oxidation of NO was accelerated with increases in the water vapor content
when the RH was between 1.5% and 35.4%. Spicer (1983) studied the
conversion of NOx in the VOC–NOx reaction system in a smog chamber.
They found that the conversion of NOx decreased slightly at a relative humidity of 55% compared to a relative humidity of 15%.
It was reported that NO2 and O3 could be produced during the photochemical reaction between VOCs and NO (Ghude et al., 2008; Huang
et al., 2017; Murphy et al., 2010). In the 1,3-BD–NO system, the generated NO2 and O3 were also detected. Fig. 3 shows the time-dependent
kinetic behavior of NO, NO2, and O3 in clean air with RH values of 0%,
40%, and 80%, and in actual haze. As can be seen from the Fig. 3(a),
(c) and (e), in the initial stage, the NO decreases while the NO2 and O3
increase with reaction time. Within 10 h of the initial reaction, the consumption of NO and the production of NO2 and O3 are low, similar to
that of Fig. 1 (a) above. After the NO2 and O3 peaks reached their maxima, the steady state concentrations of NO2 and O3 began to decrease.
These results show that the generated NO2 and O3 participate in the reaction and are consumed. The volume concentration of NO2 reached a
maximum value of 136 ppb at 36 h when the RH was 0%. When the
RH was 40%, the volume concentration of NO2 reached a maximum
value of 149.2 ppb at 24 h. Therefore, increasing the RH in the low
range of 0%–40% accelerates the conversion of NO to NO2, which promotes the photochemical reaction. However, the volume concentration
of NO2 reached a maximum value of 116.3 ppb at 36 h when the RH was
80%. This demonstrates that increasing the RH in the high range of 40%–
80% retards the conversion of NO to NO2. The pseudo-ﬁrst-order rate
equation diagram of NO in different reaction systems also supports
the above results. The pseudo-ﬁrst-order rate constants of NO in clean
air with RH values of 0%, 40%, and 80% were 0.034 h−1, 0.042 h−1, and
0.035 h−1, respectively (Fig. 3(b), (d), and (f)). Therefore, the conversion of NO in the reaction system is faster at an RH of 40% than 0% or
80%. These results are consistent with the effect of RH on the conversion
efﬁciency of 1,3-BD.
The RH on the day the actual haze samples collected was about 42%.
The relationship between NO and NO2 in the actual haze was similar to
that for 1,3-BD – NO in clean air with an RH of 40% (Fig. 3 (g)). The increment of NO2 concentration caused by conversion from NO also
reached a maximum of 155 ppb at 24 h (the maximum detected NO2
value of 205 ppb at 24 h minus the initial value of 50 ppb in the haze matrix at 0 h). The pseudo-ﬁrst-order rate constant of NO (0.066 h−1) in
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Fig. 2. (a) Conversion efﬁciency of 1,3-BD and (b) consumed NO concentration in 1,3-BD–NO system in clean air under different RHs after the reaction of 24 h.

Fig. 3. Time-dependent changes of the concentrations of NO, NO2 and O3 in clean air with RH values of (a) 0%, (c) 40%, and (e) 80%, and (g) in haze. Pseudo-ﬁrst-order reaction kinetic
ﬁtting of NO in 1,3-BD–NO system in clean air with RH values of (b) 0%, (d) 40%, and (f) 80%, and (h) in haze.
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Fig. 3 (continued).

the haze was also higher than those in clean air with RH values of 0% and
80%. This indicates that an appropriate RH can accelerate the conversion
of NO to NO2. Furthermore, the pseudo-ﬁrst-order rate constant in the
haze was also higher than that in clean air with an RH of 40%. These results show that the RH is not the only factor that affects photochemistry
in the atmosphere.
Fig. 4 (a) shows the time-dependent changes of the 1,3-BD conversion efﬁciency in the 1,3-BD–NO system in clean air with 40% RH. The
conversion efﬁciency of 1,3-BD increased with the reaction time. The
second-order kinetic ﬁtting results of the 1,3-BD–NO system in clean
air with an RH of 40% are shown in Fig. 4(b). The second-order kinetic
reaction rate constant was obtained to be 0.17 × 10−13 cm3 molecule−1h−1 (0.47 × 10−17 cm3 molecule−1 s−1). This value was higher than the
rate constant in dry clean air at 0.15 × 10−13 cm3 molecule−1 h−1 but
lower than that in the actual haze at 0.19 × 10−13 cm3 molecule−1 h−1
(with an RH of 42%). These results further show that appropriate RH can
promote the photochemical reactions, but RH is not the only factor affecting the photochemical reactions.
3.3. Distribution of •OH radicals under different RH conditions
The •OH radical is the most important strong oxidant in the atmosphere. It can affect the photochemical reactions of most trace

components. For many important compounds, reaction with •OH radicals is the decisive step in their photochemical reaction process. In cities
with serious photochemical pollution, carbonyl compounds react with
free radicals very quickly (Ghosh et al., 2010). At the same time, the
photolysis process is an important source of free radicals in the atmosphere (Amedro et al., 2013). Some experiments have shown that photolysis of oleﬁn among VOCs in the atmosphere can produce •OH free
radicals (Atkinson, 1986; Kwan et al., 2012; Malkin et al., 2009). Therefore, to understand the photochemical reaction process of 1,3-BD–NO,
ESR was used in experiment to study the generation of the •OH radicals
and the effect of RH on their distribution.
Fig. 5 presented ESR spectra for the 1,3-BD – NO system in clean air
with RH values of 0%, 40%, and 80% in the presence of DMPO as a spintrapping agent.
Four peaks were observed in the ESR spectra of the reaction systems
with different RHs, and the ratio of the four peaks was 1:2:2:1, which is
characteristic of the DMPO-OH spectrum. The hyperﬁne constants of the
four peaks, αN = 14.8, αH = 14.8, g = 2.0057, were consistent with
those previously reported for DMPO-OH (Duan et al., 2015). It indicated
that •OH radicals could be produced in the 1,3-BD – NO systems with
three different RHs. Among the reaction systems, the highest ESR peak
intensity was observed with an RH of 40%, indicating the highest concentration of •OH radicals. In other words, increasing the RH promoted
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Fig. 4. (a) Time-dependent changes of 1,3-butadiene conversion efﬁciency and (b) second-order reaction kinetic ﬁtting in 1,3-BD–NO system in clean air with an RH of 40%.

generation of •OH radicals in the low range of 0%–40% but reduced the
formation of •OH radicals in the high range of 40%–80%. Similar experimental results were reported by Hu et al. (2011). They found that when
the RH was low, increases in the RH increased nitrous acid (HNO2) in
the reaction system which is the main source of •OH free radicals. However, when the RH reaches a certain value, increasing the RH will lead to
the release of less HNO2 into the gas phase due to its reaction with nitric
acid (HNO3), and therefore the concentration of •OH radicals and the reaction rate will decrease. The effect of RH on the distribution of •OH radicals is similar to that on the conversion efﬁciency and ﬁrst/secondorder kinetic rate constants in the reaction system. This indicates that
the change in the •OH radicals affected by RH, may be one of the reasons
for the RH affecting the photochemical reaction of 1,3-BD – NO system.
3.4. +APPI FT-ICR-MS analysis of the macromolecular products under different RHs
To explore the chemical composition of SOA, much research has focused on identifying products formed during the atmospheric photochemical reaction of 1,3-BD. Identiﬁed products include acrolein,
formaldehyde, organic nitrates, 1,2-epoxy-3-butene (1,3-butadiene
monoxide), 1,2,3,4-diepoxybutane (1,3-butadiene diepoxide), PAN,

Fig. 5. ESR spectra obtained after the reaction of 24 h for 1,3-BD–NO system in clean air
with RH values of 0%, 40%, and 80%.

furan, 2,5-dihydrofuran, glycolaldehydes, glycialdehyde, 3-hydroxypropanaldehyde, and malonaldehyde (Baker et al., 2005; Kroll and
Seinfeld, 2008; Sprengnether et al., 2002; Vallecillos et al., 2019). However, most previous studies have focused on the identiﬁcation of small
molecule products and not macromolecular products. There is also a
lack of research on the effects of humidity on the product distribution.
These knowledges are crucial to improve our understanding of SOA formation. Among the methods used to date, FT-ICR MS provides the
highest mass resolution and mass accuracy, and can be used to analyze
complex mixtures at the molecular level. In addition, +APPI is suitable
for ionization of both non-polar compounds and polar compounds, especially for the determination of macromolecules (Jiang et al., 2014;
Liu et al., 2019). Therefore, to further understand the formation of
SOAs, +APPI FT-ICR-MS was used to analyze the production and distribution of macromolecular products in clean air with RHs of 40% and 0%.
Fig. 6(a) and (b) showed the broad-band +APPI FT-ICR MS spectra
of possible products in the 1,3-BD – NO system after photochemical reaction at RH values of 40% and 0% for 24 h. Obvious peaks occurred in
the m/z range of 100–700, which indicated the formation of high molecular weight products. The elemental compositions of these products
could be determined by accurate analysis. However, it is difﬁcult to determine the structures and compositions of compounds with the same
molecular formula. The speciﬁc structural formulas and molecular
weights are listed into Table 2. For the 1,3-BD – NO system in clean air
at an RH of 40%, 20 compounds were identiﬁed with carbon numbers
in the range of 10–33. Six of these compounds contained nitrogen and
the rest were nitrogen-free. The compounds were C18H38O2,
C19H41NO, C19H40O3, C21H45NO, C10H15N9O7, C23H44O4, C27H56O,
C31H56O3, C33H64O4, C10H10O, C17H37NO, C18H34O2, C17H34O3,
C18H34O3, C19H38O2, C21H32O, C18H35N3O3, C23H48O2, C23H46O3, and
C24H46N4O4. By contrast, for the 1,3-BD – NO system in clean air at an
RH of 0%, only 13 compounds were identiﬁed with carbon numbers in
the range of 17–36. Two of these compounds contained nitrogen and
the rest were nitrogen-free. The compounds were C17H36O2, C19H38O2,
C19H40O3, C21H45NO, C21H40O3, C24H50O2, C23H44O4, C33H64O4,
C36H72O2, C19H41NO, C18H36O3, C20H40O3, and C21H44O3. These results
indicate that active photochemical reaction facilitated the production
of secondary complex macromolecular compounds via polymerization,
contributing to the composition of SOA. In addition, there was a wider
range of product compositions at an RH of 40% than at an RH of 0%,
which indicates that certain RH values can increase the product
diversity.
Double-bond equivalent (DBE) values indicate the number of rings
plus the number of double bonds to carbon in a given molecular
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Table 2
The information of the products generated in the 1,3-BD–NO system with RHs of 40% and
0%.
1,3-BD/NO at RH of 40%

1,3-BD/NO at RH% of 0

Formula

m/z

DBE

Formula

m/z

DBE

C18H38O2
C19H41NO
C19H40O3
C21H45NO
C10H15N9O7
C23H44O4
C27H56O
C31H56O3
C33H64O4
C10H10O
C17H37NO
C18H34O2
C17H34O3
C18H34O3
C19H38O2
C21H32O
C18H35N3O3
C23H48O2
C23H46O3
C24H46N4O4

286.286632
299.318266
316.297197
327.349566
373.108895
384.323411
396.432568
476.422397
524.479912
146.072616
271.286966
282.255332
286.250246
298.250246
298.286632
300.244767
341.267293
356.364882
370.344147
454.351357

0
0
0
0
8
2
0
4
2
6
0
2
1
2
1
6
3
0
1
4

C17H36O2
C19H38O2
C19H40O3
C21H45NO
C21H40O3
C24H50O2
C23H44O4
C33H64O4
C36H72O2
C19H41NO
C18H36O3
C20H40O3
C21H44O3

272.270982
298.286632
316.297197
327.349566
340.297197
370.380532
384.323411
524.479912
536.552683
299.318266
300.265896
328.297197
344.328497

0
1
0
0
2
0
2
2
1
0
1
1
0

unsaturation of the macromolecular products when the RH is within a
certain range, thus altering the composition of SOA. Zhang et al.
(2011) reported that enhanced SOA formation was observed under
15–40% RH conditions compared to the 40–90% RH conditions from isoprene/NO photooxidation. Particle-phase organic esteriﬁcation was
proposed to explain the observed enhancements of isoprene SOA
mass under lower RH conditions. Both 2-methylglyceric acid and its corresponding oligoesters were enhanced in the 15–40% RH experiments.
The formation of oligoesters will reduce the monomer concentration
in the aerosol phase, and further drive gas-particle partitioning, and increase SOA formation.
3.5. Analysis of the products which can be ionized by ion chromatography

Fig. 6. (a) and (b) FT-ICR MS spectra for 1,3-BD–NO system after the reaction of 24 h in
clean air with RHs of 40% and 0%, respectively. (c) DBE distribution of macromolecular
products produced in the 1,3-BD–NO system in clean air at RHs of 40% and 0%.

formula. DBE is mainly used to determine the degree of unsaturation
and can be calculated using the following equation (Cho et al., 2017):
h n
DBE ¼ c− þ þ 1
2 2

ð4Þ

where c is the number of carbon atoms, h is the number of hydrogen
atoms, and n is the number of nitrogen atoms. The changes in DBE patterns are indicative of the accretion reactions via the non-condensation
(hemiacetal, hydroperoxide and Criegee) and condensation (aldol and
esteriﬁcation reactions) reactions (Bateman et al., 2009). The DBE corresponding to different compounds are listed in Table 2. The DBE distributions of the products in clean air with RH values of 40% and 0% are
shown in Fig. 6(c). When the RH was 40%, the DBE of the macromolecular products had a wide range of 1–8 and a DBE of 6 was the most
abundant. However, the DBE had a smaller range of 1–2 at an RH of
0%. This may be because more N and O atoms from NO, NO2, O3, •OH,
etc. were inserted into the carbon chain under the inﬂuence of certain
humidity. This shows that an increase in RH increases the degree of

Previous studies have conﬁrmed that there are many small molecule
compounds in the degradation products of photochemical reactions
(Kroll and Seinfeld, 2008; Vallecillos et al., 2019). The most common
techniques used for identiﬁcation of these compounds require derivatization before thermal desorption and gas chromatography with ﬂame
ionization detection or MS detection. Importantly, the products identiﬁed by different methods are not identical. Few studies have used ion
chromatography to analyze photochemical reaction products which
can be ionized. In the present study, ion chromatography was further
used to detect the products of the 1,3-BD – NO system after 24 h in
clean air at an RH of 40%. Formate, acetate, propionate, nitrate, and nitrite were detected in the reaction system, as shown in Fig. 7. The detected formate, acetate and propionate indicated the generation of
small organic acid products, formic acid, acetic acid and propionic
acid, conﬁrming the deep oxidation reaction of 1,3-BD. The detected nitrate and nitrite indicated that HNO3 and HNO2 formed during the reaction, which may support the change in •OH radicals with RH in the
reaction system as described in Section 3.3.
3.6. A proposed reaction mechanism for the 1,3-BD – NO system
Knowledge of the photochemical reaction mechanism of VOCs is important for understanding the formation of haze and guide to control
the air pollution. Ghosh et al. (2010) studied the •OH radical-initiated
addition oxidation of 1,3-BD under high NOx conditions using the laser
photolysis-laser-induced ﬂuorescence. The outer and inner OH-1,3-BD
adduct isomers could be formed and their branching ratio were determined to predict the end product distribution. Kwan et al. (2012)
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Fig. 7. Ion chromatogram obtained after the reaction of 24 h for the 1,3-BD–NO system in
clean air with RH of 40%.

studied the NO3 radical-induced isoprene reaction by gas chromatography and chemical ionization mass spectrometry. They found that •OH
radicals could be formed during the isoprene reaction.
In the present study, based on the photochemical reaction kinetics of
1,3-BD-NO system in different matrices, RH effect, detected NO2, O3,
•OH, HNO2, HNO3, organic acids and macromolecular products, the reaction mechanism was proposed, as shown in in Fig. 8. In the reaction system, 1,3-BD, a conjugated diene, could react with NO. The initiating
reaction is very slowly as long as 10 h. However, as the reaction proceeds, 1,3-BD could also react with the newly generated various

oxidants such as NO2, O3 and •OH, thereby accelerating its conversion.
And the mutual conversion reaction could process among the various
oxidants.
During the reaction, NO could react with O2 to form NO2. The NO2
then undergoes a photochemical reaction with O2 or water in the system to produce O3 or •OH radicals. The generated O3 can also photochemically react with NO and water in the system to produce NO2 and
•OH radicals. The deep oxidation of 1,3-BD could produce small molecule acids, such as formic acid, acetic acid and propionic acid. Interestingly, macromolecular products, such as C17H36O2, C23H44O4,
C33H64O4, C21H32O, C23H48O2 and C24H46N4O4, could be produced via
the initiation by the various oxidants such as NO, NO2, O3 and •OH.
These compounds difﬁcult to volatilize are an important part of SOAs
and possibly attached to the reactor wall, which affects the conversion
of various oxidants. When the RH of the reaction system is low, the reactor wall promotes the heterogeneous reaction of NO2 with water to
produce HNO2, which is very unstable and photolyzes to produce •OH
radicals on exposure to light (Hu et al., 2011). Therefore, increasing
the humidity within a certain range will promote formation of HNO2,
which will increase the concentration of •OH radicals in the reaction system and accelerate the photochemical reaction rate. However, when the
humidity is increased to a certain level, the reactor wall will accelerate
the reaction of NO2 with water to form HNO3, which will react with
HNO2 produced in the reaction system. The HNO2 in the system is reduced, and so the concentration of •OH radicals is also lowered, decreasing the photochemical reaction rate. The RH could also affect the
distribution of the products. There was a wider range of macromolecular products at an RH of 40% than at an RH of 0%, with the increased
unsaturation for the former.
4. Conclusions
The photochemical reaction of 1,3-BD with NO was carried out at
308 K for up to 96 h in different matrices including clean air with

Fig. 8. Proposed photochemical reaction mechanism for the 1,3-BD–NO system.
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various RH values, and actual haze. The pseudo-ﬁrst-order and pseudosecond-order kinetic rate constants in the 1,3-BD – NO system were
0.061 h−1 and 0.19 × 10−13 cm3 molecule−1 h−1 (0.53 × 10−17 cm3
molecule−1 s−1) in actual haze. These values were 1.53 times and
1.27 times higher than those in dry clean air, which are 0.040 h−1 and
0.15 × 10−13 cm3 molecule−1 h−1(0.42 × 10−17 cm3 molecule−1 s−1),
respectively. Especially, to explore the role of water vapor in actual
haze atmosphere, the effects of relative humidity to the kinetic conversion behavior, •OH radicals, and products were studied. The conversion
efﬁciency of 1,3-BD, and pseudo-ﬁrst-order rate constant of NO showed
that the photochemical reaction was promoted with increases in the RH
in the low range of 0%–40% but restrained in the high range of 40%–80%.
During the photochemical reaction, generated NO2 and O3 were detected in the 1,3-BD – NO system. The maximum NO2 formation was accelerated at RH of 40%. The •OH radical was determined in experiments
by ESR. The strongest intensity for the •OH radical was observed at an
RH of 40%, which might contribute to the rapid progress of the photochemical reaction of 1,3-BD – NO system at this humidity. The macromolecular products with carbon numbers between 10 and 36 have
been characterized by +APPI FT-ICR-MS with the highest mass resolution and mass accuracy. There was a wider range of macromolecular
products in the reaction system at an RH of 40% than 0%, which indicates
that certain RH values can increase the product diversity. Furthermore,
the product which can be ionized was also analyzed by ion chromatography. Finally, a photochemical reaction mechanism for the 1,3-BD–NO
system was proposed from the detected NO2, O3, •OH, HNO2, HNO3, organic acids and macromolecular products.
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