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a b s t r a c t 

Increasing attention has been paid to the air pollution more recently. Smog chamber has 

been proved as a necessary and effective tool to study atmospheric processes, including 

photochemical smog and haze formation. A novel smog chamber was designed to study 

the atmospheric photochemical reaction mechanism of typical volatile organic compounds 

(VOCs) as well as the aging of aerosols. The smog chamber system includes an enclosure 

equipped with black lights as the light source, two parallel reactors (2 m 

3 of each) with sepa- 

rate control of light source and temperature, with a series of coupled instruments for online 

monitoring of gas phase and particle phase reactants and products. Chamber characteri- 

zation, including air source stability, effective light intensity, temperature stability, as well 

as gas phase and particle phase wall losses, were carried out before further research. The 

results showed that our smog chamber systems developed by other domestic and interna- 

tional groups. It was also observed that the wall loss of aromatic VOCs varied with different 

functional groups as well as the isomerism. The results of preliminary simulation exper- 

iment from styrene-NO x demonstrated that the chamber can be well utilized to simulate 

gas-particle conversion progresses in the atmosphere. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

In recent years, the increasingly prominent problems of the air 
pollution attract more and more public attention during the 
fast economic development. In the atmosphere, the degrada- 
tion of volatile organic compounds (VOCs) may lead to ozone 
(O 3 ) and secondary organic aerosol (SOA) formations through 

the photochemical processes, which may further result in 
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some pollution problems ( Deng et al., 2019 ; Han et al., 2019 ; 
Wu et al., 2017 ). In general, pollution profiles can be inves- 
tigated through traditional field observation and the Master 
Chemical Mechanism, MCMv3.2 model ( http://mcm.leeds.ac. 
uk/MCM ) ( Saunders et al., 2003 ). This model was frequently 
applied to simulate the photochemical process of pollutants 
in the air. However, the obtained results are varied among the 
different research groups, since, in traditional field observa- 
tion, the environmental conditions such as emissions, me- 
teorology, mixing effects, are uncontrollable factors ( Cocker 
Ⅲ et al., 2001 ; Hamilton et al., 2011 ; Hildebrandt et al., 2009 ; 
Hynes et al., 2005 ; Jang and Kamens, 2001 ; Li et al., 2018 ; 
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Martín-Reviejo and Wirtz, 2005 ; Wang et al., 2011 ; White et al., 
2014 ). Comparatively, the smog chambers can overcome the 
above-mentioned problem effectively to be used for conduct- 
ing and assessing the atmospheric oxidation mechanisms 
of typical atmospheric pollutants and the formation of sec- 
ondary pollutants ( Akimoto et al., 1979 ; Carter et al., 1982 ; 
Jeffries et al., n.d.; Jeffries et al., 1985 ), due to the independently 
controlled variables in chamber system. In general, the size 
of the designed smog chamber varies from dozens of liters to 
dozens of cubic meters with single or dual-reactors for differ- 
ent purpose ( Cocker Ⅲ et al., 2001 ; Luo et al., 2019 ; Wang et al., 
2016 ). Nevertheless, the dual-reactor chamber is recognized as 
an advanced type of smog chamber because it is independent 
of initial experimental conditions to simulate diverse atmo- 
spheric processes at the same time. For example, the oxidation 

mechanisms of aromatic precursors could be affected with the 
addition of methyl group in monocyclic aromatic hydrocarbon 

( Li et al., 2016 ). Cater et al. built a dual-reactor smog cham- 
ber at University of California, Riverside (UCR) and compared 

their dual-reactor chamber for mechanism evaluation under 
low NO x concentration with the predictions of the SAPRC-99 
chemical mechanism ( Carter et al., 2005 ). Lee et al. also con- 
structed a dual-reactor smog chamber at the Korea Institute 
of Science and Technology (KIST) to investigate the correla- 
tion between light intensity and O 3 formation during pho- 
tochemical reactions of urban air in Seoul and proposed the 
correlation can be used to predict the daytime O 3 concentra- 
tion ( Lee et al., 2010 ). A single-reactor may restrict the applica- 
tion of the chambers. For instance, the experiments in single- 
reactor chamber would be unrepeatable if use the outdoor air 
as background gas for the changes over time. Meanwhile, a 
dual-reactor chamber can also be used to compare the exper- 
iments with only one key different parameter. Compared with 

the single-reactor smog chambers, dual-reactor chamber has 
proven to be more repeatable and practicable to simulate di- 
verse atmospheric processes at the same time. 

The smog chamber application researches were also car- 
ried out in domestic ( Luo et al., 2019 ; Wang et al., 2015 ; Wang 
et al., 2014 ; Wang et al., 2016 ; Wu et al., 2007 ; Xu et al., 2006 ) 
and international groups ( Carter et al., 2005 ; Lee et al., 2010 ) in 

recent decades. A 350 L fluorinated ethylene propylene (FEP) 
chamber was constructed ( Xu et al., 2006 ) and much bigger 
chamber was used to investigate the O 3 and SOA formation 

( Jia and Xu, 2013 , 2017 ; Jia et al., 2012 ; Wang et al., 2016 ). 
However, small volume ( < 1 m 

3 ) smog chamber is more flex- 
ible to operate, but its wall losses may be relatively larger. 
Wu et al. studied SOA formation in a 2 m 

3 FEP smog cham- 
ber in the Tsinghua University (TSC) and further evaluated 

the reproducibility of their chamber with others by compar- 
ing the SOA yield from toluene/NO x photolysis ( Wu et al., 
2007 ). A few cubic meters of smog chamber is now widely ac- 
cepted as an effective way to simulate atmospheric chemi- 
cal reactions. In addition, a much bigger chamber (30 m 

3 ) was 
also constructed at Guangzhou Institute of Geochemistry, Chi- 
nese Academy Sciences (GIG-CAS), with good reproducibility 
of α-pinene ozonolysis ( Wang et al., 2014 ). The condition in 

larger volume is closer to the real atmosphere, but it also has 
the disadvantage of making the experiment take longer. Re- 
cently, a dual-reactor chamber at Institute of Chemistry, Chi- 
nese Academy of Sciences (ICCAS) was also built and charac- 
terized, considering the light source and wall loss ( Wang et al., 

2015 ). However, the dual-reactor chamber facilities in China 
are still limited, although dual-reactor chamber is one of the 
ideal tools to efficiently compare the runs of experiments with 

single variable key parameter. 
In this study, a new indoor dual-reactor smog chamber was 

built at the Guangdong University of Technology, China, and 

this dual-reactor chamber (GDUT-DRC) was designed to aim 

to investigate the gas-phase oxidation mechanism as well as 
secondary particle formation and aerosol aging. The facility, 
the instruments and the characterization are described first, 
and a series of characterization was conducted for new cham- 
ber, including temperature stability, irradiation light stability, 
and the wall loss of gas species as well as particles. Further- 
more, the primary application experiments were also carried 

out to study the typical VOCs to particle conversion during the 
photooxidation of styrene in the presence of NO x . 

1. Experiments and methods 

1.1. Facility and instruments 

The GDUT-DRC facility illustrated in Fig. 1 is housed in 

a 10 m × 8 m × 3.5 m laboratory at the fifth floor. 
The facility consists of three major functional compo- 
nents: the reaction chamber, the pre-processing system, 
and the detection system. The reaction chamber involves 
an enclosure, two pillow shaped reactors, the light source 
system, and the control cabinet. The pre-processing sys- 
tem consists of air purification and injection systems. The 
detection system includes instruments to detect both gas 
phase and particle phase reactants and products. 

1.1.1. Enclosure 
The dimension of the enclosure is 6 m × 2.5 m × 2.8 m. The in- 
ner enclosure walls are covered with reflective thin aluminum 

alloy sheets to obtain a maximum and uniform light intensity. 
High efficiency ionizing blower (varied from 0 to a maximum 

of 2000 r/min) can eliminate static of the dual-reactors and 

mix the air inside the reactors evenly. Two air conditioners in 

the laboratory keep uniform temperature needed in the reac- 
tors. There are regular cooling holes at the top of the enclo- 
sure. Two temperature probes are installed at the top of the 
enclosure. After turning on the lights and the ionizing blower, 
the temperature reaches a stable state, and does not change 
with the distance from the light. In this study, all experiments 
were carried out at a preset temperature of 301.15 ± 1.0 K. 

1.1.2. Dual Teflon reactor 
Referring to the materials used to make smog chamber in pre- 
vious studies ( Carter et al., 2005 ; Cocker Ⅲ et al., 2001 ; Wang et 
al., 2015 ; Wang et al., 2014 ), FEP was selected as the materials 
for GDUT-DRC reactors, pipelines and connection parts, so as 
to minimize the wall loss of typical VOCs and avoid releasing 
needless VOCs. The GDUT-DRC has two 2 m 

3 pillow shaped 

reactors (2.5 m × 2.0 m) hanging separately on a movable alu- 
minum alloy frame (2.0 m × 1.5 m × 2.5 m). The dual-reactors 
are made of 4 mil FEP Teflon film (FEP 100, DuPont, USA), which 

is chemically inert, optical transmissive and flexible enough 

to keep it under atmospheric pressure inside the reactor dur- 
ing inflating and pumping. Three Teflon ports of 6 mm in di- 
ameter are stretched to the middle of each reactor. The left 
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Fig. 1 – Schematic diagram of the GDUT-DRC system. 

port is used for injection of purified air and seed aerosols. The 
middle port is used for sampling gas species. The right port is 
used for sampling particles and exhaust air. The reactors are 
cleaned between the two sample injections by brushing with 

flowing purified compressed air continuously under UV light 
irradiation for 12 hr. After purification, no remaining gas (hy- 
drocarbons, NO, NO 2 , O 3 ) or particles could be detected by our 
instruments in the reactors. 

1.1.3. Light source 
Generally, the UV lamps are used in chamber experiments for 
the high cost-effectiveness ( Carter et al., 2005 ; Cocker Ⅲ et al., 
2001 ; Luo et al., 2019 ; Wang et al., 2016 ; Wu et al., 2007 ). Simi- 
lar to the classical smog chambers ( Jia and Xu, 2018 ; Luo et al., 
2019 ; Zhang et al., 2019 ), GDUT-DRC are equipped with a total 
of 120 narrow-band black lamps (40W, F40BL, GE, USA) with 

a center wavelength of 365 nm. Total of 60 black lamps are 
evenly arranged in three banks as the light source in each re- 
actor. The 60 black lamps in each reactor are divided into 6 in- 
dependently controlled groups so that the light intensity can 

be conducted at different levels. A window shade mounted be- 
tween the dual-reactors to cut off the UV light. The light spec- 
tra of UV lamps in the GDUT-DRC were measured using an ir- 
radiation spectrometer (Jaz spectral sensing suite, Ocean Op- 
tics Inc., USA). The light intensity in the smog chamber could 

also be represented by the NO 2 photolysis rate ( Cocker Ⅲ et 
al., 2001 ), due to the photolysis of NO 2 under the sunlight ir- 
radiation is the chain-initiating reaction for the formation of 
photochemical smog. NO 2 is injected into a clean reactor and 

then irradiated with UV light irradiation after standing for an 

hour to diffuse the NO 2 uniformly. According to a previous 
work, NO and O 3 could be produced during the NO 2 photolysis 
( Harvey et al., 2012 ). Therefore, the concentrations of NO, NO 2 

and O 3 were measured immediately and continuously during 

photolysis using NO x analyzer (Model 42i, Thermo Scientific, 
USA) and O 3 analyzer (Model 49i, Thermo Scientific, USA). The 
photolysis rate, J NO2 (min 

-1 ), of NO 2 is estimated by a steady- 
state actinometry according as following Eq. (1) ( Harvey et al., 
2012 ): 

J NO 2 = k NO +O3 [ O 3 ] [ NO ] / [ NO 2 ] (1) 

where [O 3 ], [NO], and [NO 2 ] are their corresponding con- 
centrations (ppb) and k NO + O3 represents the rate constant 
(cm 

3 /molecule/min) of NO and O 3 reaction ( Atkinson et al., 
2004 ; Cocker Ⅲ et al., 2001 ). 

1.1.4. Air purification system and injection system 

Zero air generated by Model 111 and Model 1150 (Thermo Sci- 
entific, USA, relative humidity (RH) ≤5%) which are supplied as 
the matrix gas and carrier gas, respectively. The purified dry 
air has a maximum flow rate of 50 L/min, with no detectable 
particles, < 0.5 ppb non-methane hydrocarbon (NMHC), and 

< 1 ppb NO x , O 3 and carbonyl compounds. The RH of pure air 
is approximately 5%. To obtain a specific higher RH, the puri- 
fied dry air is bubbling passed through a bottle with ultrapure 
water (18.2 M � cm) before introducing into the reactor, which 

can be varied RH from 5% to 90%. In this paper, all experiments 
were carried out at the RH lower than 10%. 

The gas reactants (NO x , SO 2 , CO, HCs) are injected into 

the reactor using airtight syringes (Shanghai Anting, China) 
through a T-junction connected to a FEP line and spread with 

the flow of purified dry air. For the introduction of liquid re- 
actants, known volumes of the reactants were injected by mi- 
croliter syringes (Shanghai Anting, China) and introduced into 

the chamber with an injection port similar to that of used in 

gas reactants. O 3 is produced by combining Model 146i with 

Model 111 and Model 1150 (Thermo Scientific, USA). Aerosol 
seed particles are generated by a constant output atomizer 
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(Model 3076, TSI Inc., USA), and then passed through a dif- 
fusion dryer filled with allochroic silica gels and an aerosol 
neutralizer (Model 3082, TSI Inc., USA) before introducing into 

the reactors. 

1.1.5. Detection system 

The gas-phase and particle-phase monitors are listed and 

briefly described in Table S1. The concentrations of O 3 , SO 2 

and CO are monitored in real time using O 3 analyzer (Model 
49i, Thermo Scientific, USA), SO 2 analyzer (Model 43i, Thermo 
Scientific, USA) and CO analyzer (Model 48i, Thermo Scien- 
tific, USA), respectively. The mixing ratio of NO x (NO, NO 2 , NO x ) 
is measured using a NO x analyzer (Model 42i, Thermo Scien- 
tific, USA). All these instruments are calibrated weekly using 
a Thermo Scientific Model 146i multi-gas calibrator. 

The concentrations of VOCs were monitored through 

proton transfer reaction time-of-flying mass spectrometry 
(PTR-ToF-MS, Ionicon Analytik, Austria). PTR-ToF-MS allows 
for real-time detection and quantification with high sen- 
sitivity, high time resolution (at the level of millisecond) 
and limits of detection down to parts-per-trillion (pptv). 
Some trace concentrations of inorganic gas (NH 3 ) and sev- 
eral kinds of VOCs (certain alkanes, alkene, aromatics, alde- 
hydes, ketones, alcohols, and carboxylic acids) were de- 
tected with different primary ions (H 3 O 

+ , O 2 
+ , and NO 

+ ). 
Part of gas-phase intermediates can also be measured using 
PTR-ToF-MS. 

Submicron number size distributions of formed aerosols 
are determined using a scanning mobility particle sizer 
(SMPS) equipped with an electrostatic classifier (EC, Model 
3082, TSI Inc., USA), a long differential mobility analyzer (DMA, 
Model 3081, TSI Inc., USA) or an alternative short DMA (Model 
3085, TSI Inc., USA) and a condensation particle counter (CPC, 
Model 3776, TSI Inc., USA). Flow rates of sheath and aerosol 
flow setting value are 3.0 and 0.3 L/min, respectively, allowing 
for a size distribution scan ranging from 13.8 to 723.4 nm 

within 180 s. 

1.2. Wall loss 

In a finite volume reactor, the particle wall loss are inevitable 
and cannot be neglected, since there is particle deposition 

onto the wall of the reactor influenced by diffusion and the 
charged wall ( Wang et al., 2014 ). The particle phase wall 
loss can be described by a first-order kinetics as follows as 
Eq. (2) ( Bowman et al., 1997 ; Cocker Ⅲ et al., 2001 ): 

d N ( D p , t ) 
d t 

= −K N ( D p ) N ( D p , t ) (2) 

where D p is the diameter of the particle (nm), N ( D p, t ) is the 
particle number concentration (number/cm 

3 ), and KN ( D p) is 
the particle number loss coefficient (min 

−1 ) ( Bowman et al., 
1997 ; Cocker Ⅲ et al., 2001 ). The KN ( D p) values are obtained 

on the basis of the particle number concentration versus time 
data for each experiment. 

Usually, ammonium sulfate seed particles have been used 

widely as reference aerosols for evaluating the particle phase 
wall losses ( Keywood et al., 2004 ; Wang et al., 2015 ; Wang et 
al., 2014 ). Therefore, ammonium sulfate was also used as ref- 
erence aerosols in our study. Approximately 0.5 mol/L ammo- 

nium sulfate solution was atomized by a constant output at- 
omizer (Model 3076, TSI Inc., USA) and injected into the reac- 
tors at a flow rate of 0.5 L/min for 10 min. 

1.3. SOA formation yield 

The yield of SOA is calculated by the formula as follows 
( Odum et al., 1996 ): 

γ( SOA ) = � ( particle mass concentration ) / � ( styrene ) (4) 

where, γ (SOA) is the yield of SOA; � (particle mass concentration) 

means the corrected mass concentration of particles after 
peak O 3 time ( μg/m 

3 ); � (styrene) represents the reacted amount 
of styrene after peak O 3 time ( μg/m 

3 ). 
Previously, Odum et al. found that the two product semi- 

empirical method could fit the yield data well under appro- 
priate values for α1 , K om,1 , α2 , K om,2 ( Odum et al., 1996 ). In 

this model, two products represent a class of low vapor pres- 
sure compounds and a class of the higher ones, respectively. 
The γ (SOA) data are analyzed using the method outlined by 
( Odum et al., 1996 ). Concisely, the SOA yield is defined as the 
ratio of aerosol generated to hydrocarbon reacted: 

γ( SOA ) = �i γi ( SOA ) = M 0 �i 
(
αi K om ,i / 

(
1 + K om ,i M 0 

))
(5) 

where, γ (SOA) is the yield of SOA, M 0 is the total mass concen- 
tration of organic material ( μg/m 

3 ), αi and K om,i are the mass- 
based stoichiometric coefficient and the partitioning coeffi- 
cient of species i. 

2. Results and discussions 

2.1. Characterization of the smog chamber 

In order to obtain the fundamental parameters, such as tem- 
perature stability, irradiation light stability, and the wall loss 
of gas species and particles, the characterization of the GDUT- 
DRC was performed firstly. 

2.1.1. Temperature stability 
Fig. 2 shows the evolutions of the temperatures measured in 

the two reactors under the UV light irradiation (light spec- 
trum: range from 335 to 415 nm and the same peak intensity at 
367 nm; light intensity: left: 0.163 min 

−1 , right: 0.168 min 

−1 ). 
The ideal preset temperature is 301.15 K under UV lamp ir- 
radiation. Before the light irradiation, the temperatures were 
recorded as 295.55 and 295.35 K in the left and right reactors, 
respectively. Once the UV lights were on, the temperatures in- 
creased sharply up to 300.15 K within initial 50 min, and then 

rose slowly to the preset temperature (301.15 K) as the irra- 
diation time increasing from 50 to 120 min. After initial swift 
increasing, the measured temperatures of the left and right re- 
actors tended to reach steady state at 301.15 ± 0.2 and 301.25 
± 0.3 K within approximately 90 min and thereafter, indicating 
that the chamber can maintain the preset temperature stably. 
In conclusion, it indicated that the temperature in our cham- 
ber can be preset steadily to perform the subsequent experi- 
ments effectively. 
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Fig. 2 – Evolutions of temperature in the two reactors of 
GDUT-DRC under the UV light irradiation (light spectrum: 
range from 335 to 415 nm and the peak intensity at 367 
nm; light intensity: left: 0.163 min 

−1 ; right: 0.168 min 

−1 ). 
The setting temperature is 28.0 °C. 

Fig. 3 – Measured spectrum of sunlight and black lamps in 

two reactors of GDUT-DRC system. 

2.1.2. Light spectrum and intensity stability 
As shown in Fig. 3 , the light spectrum of UV lights and sunlight 
at GDUT (113 °24 ′ 18.31 ′ ′ N, 23 °2 ′ 34.41 ′ ′ E) at afternoon of August 
5, 2017 were measured. The baseline indicated that there is 
no light source in the dual-reactors when the UV-lights were 
turned off. In contrast, when the UV-lights were turned on, 
the dual-reactors have the similar irradiation range from 335 
to 415 nm with the peak intensity at 367 nm. After a wave- 
length of over 400 nm, only a few negligible peaks were ob- 
served. It is noticed that the spectrum of UV light is similar 
to the sunlight in the range of 360-380 nm. As shown in Fig. 
S1, the initial NO 2 concentration in both left and right reac- 
tors is set as 150 ppb. After turning on the UV lamps, with a 
sharp decrease of the NO 2 concentration, the concentrations 
of NO and O 3 concurrently increased sharply within the first 5 
min and then reached equilibrium. Meanwhile, similar results 
were observed in the parallel experiments, indicating that the 
light source in GDUT-DRC is stable enough for performing the 
follow-up photooxidation experiments. As demonstrated in 

Fig. S2, the photolysis rates of NO 2 in the right reactor are all 
slightly higher than that in the left reactor. After correction for 
the dark NO and O 3 reaction in the sampling tube, the average 
J NO2 values of GDUT-DRC are obtained to be 0.161 min 

−1 for 
the left reactor and 0.169 min 

−1 for the right reactor, respec- 
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Fig. 4 – Comparison of the rate constant of particle wall loss 
in the GDUT-DRC and other chambers (ICCAS-DRC ( Wang et 
al., 2015 ) and GIG-CAS chamber ( Wang et al., 2014 )). 

tively. Therefore, in general, the light source intensity of the 
two reactors in GDUT-DRC is very close, which can effectively 
realize the control variables in parallel experiments. Compar- 
atively, the photolysis rates of NO 2 in other chamber were also 
shown as follows: left: 0.153 min 

−1 ; right: 0.139 min 

−1 ( Wang 
et al., 2015 ). Thus, we can observe that our GDUT-DRC system 

has a more stable light source. In conclusion, the light source 
conditions in the left and right reactors of GDUT-DRC are very 
similar and stable, which can be applied in subsequent exper- 
iments. 

2.1.3. Wall loss of gas phase compounds and particle 
The wall loss in chamber is one of the key issues in experi- 
mental characterization, which has an impact on gas-phase 
reactivity and secondary organic aerosol formation ( Hu et al., 
2014 ; Wang et al., 2015 ; Wang et al., 2014 ). Therefore, the wall 
loss of the gaseous compounds (NO 2 , NO, O 3 ) in the GDUT- 
DRC were also evaluated by monitoring the concentration at- 
tenuation of these compounds under dark condition. The av- 
erage wall loss rate constants of NO 2 , NO, O 3 in GDUT-DRC 

and other chambers are all listed and compared in Table 1 . 
In our GDUT-DRC system, the wall loss rate constants of NO 2 , 
NO, O 3 are as follows: left: 0.5 × 10 −4 min 

−1 , 0.3 × 10 −4 min 

−1 , 
3.3 × 10 −4 min 

−1 ; right: 0.3 × 10 −4 min 

−1 , 0.3 × 10 −4 min 

−1 , 
2.7 × 10 −4 min 

−1 . Obviously, the wall loss rate constants of 
the dual-reactors in our chamber are very close and are all 
of the same order of magnitudes as other smog chambers 
( Bloss et al., 2005 ; Grosjean, 1985 ; Metzger et al., 2008 ; Wang 
et al., 2015 ; Wang et al., 2014 ; Wu et al., 2007 ). Thus, it indi- 
cating that the wall loss rate constants of the dual-reactors 
in our chamber are reliable and within acceptable range, and 

can be used to correct measured concentrations in the sub- 
sequent experiments. As shown in Fig. 4 , the wall loss rate 
constants of 100-400 nm particle were also determined to be 
in the range of 2.1 × 10 −3 - 3.7 × 10 −3 min 

−1 , while the total 
number loss rate constant was obtained as 2.4 × 10 −3 min 

−1 

for the right reactor, and 2.9 × 10 −3 min 

−1 for the left reactor, 
respectively. These results are also close to the previous stud- 
ies ( McMurry and Grosjean, 1985 ; Wang et al., 2015 ; Wang et al., 
2014 ), which indicating that the particle phase wall loss in our 
chamber system is also within the acceptable range. There- 
fore, in conclusion, the wall losses of both gas and particle in 
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Table 1 – Comparison of wall loss rate constants of gas species in GDUT-DRC with other chambers. 

Wall loss rate(10 −4 min −1 ) 

Species GDUT-DRC ICCAS-DRC 

a 
GIG- 
CAS b TSC 

c ERT d PSI e EUPHORE f 

Left Right Left Right 

O 3 3.3 2.7 3.1 2.5 1.31 6.10 0.5-3.0 2.40 1.8 
NO 0.3 0.3 3.1 3.0 1.41 0.38 0.0-5.4 NA 

g NA 

NO 2 0.5 0.3 4.5 3.8 1.39 0.42 0.0-2.0 0.13-2.52 NA 

VOC 0.24 0.19 0.31 0.3 ND 

h 0.07 NA NA NA 

a (Wang et al., 2015); b (Wang et al., 2014); c (Wu et al., 2007); d (Grosjean, 1985); e (Metzger et al., 2008); f (Bloss et al., 2005); g NA = not applicable; 
ND 

h = not detetable 

Fig. 5 – Contrast of the wall loss rate constant of different 
aromatic VOCs with different groups in the GDUT-DRC. 
Xylene: (m, o, p)-Xylene; TMB: (123, 124, 
135)-trimethylbenzene. 

our chamber are in the reasonable range, and it is credible to 
study photochemical gas-particle transformation. 

2.1.4. Wall loss of VOCs 
The wall loss of VOCs is also an important factor in the char- 
acterization of smog chamber. In this study, a series of aro- 
matic VOCs were employed as references for the investigation 

of VOCs wall loss. The wall loss rate constants of aromatic 
VOCs in GDUT-DRC are conducted and illustrated in Fig. S3, 
which ranged from 0.18 × 10 −4 to 0.34 × 10 −4 min 

−1 in the left 
reactor and from 0.16 × 10 −4 to 0.26 × 10 −4 min 

−1 in the right 
reactor, respectively. Compared with the wall loss of NO 2 and 

O 3 , there is a similar characteristic that the wall loss of the 
left reactor is a little higher than that of the right reactor. This 
demonstrates that the wall losses of left and right reactors are 
close. However, the wall losses of isomers in the measured aro- 
matic VOCs varied in values. For example, the order of the wall 
losses of trimethylbenzene (TMB) is as follows: 124-TMB > 

123-TMB > 135-TMB; the order of wall loss of xylene: m-xylene 
> o-xylene > p-xylene. As shown in Fig. 5 , the wall losses 
varied in aromatic VOCs with different groups. The order of 
wall loss of aromatics VOCs with different groups is shown 

as follows: benzene (styrene) > toluene > xylene > ethylben- 
zene > trimethylbenzene. This phenomenon indicated that 

the wall loss rate of aromatic VOCs may be related to the sub- 
stituent group on the benzene ring. So far, we have found no 
other studies to report the same results. As shown in Table 1 , 
the average VOCs wall losses were obtained as 0.24 × 10 −4 

and 0.19 × 10 −4 min 

−1 in the left and right reactor respec- 
tively. In the previous studies of smog chambers, due to the 
different selected species or measurement methods, the wall 
losses of measured VOCs varied greatly ( Grosjean, 1985 ; Wang 
et al., 2015 ; Wang et al., 2014 ; Wu et al., 2007 ). When propylene 
is used commonly as the representative VOC species for wall 
loss measurement, the rate constant is basically one order of 
magnitude smaller than that of conventional gas species (NO 2 , 
NO, and O 3 ) ( Wang et al., 2015 ). However, the VOCs wall losses 
in our GDUT-DRC system are slightly lower than that of the 
other smog chamber, demonstrating that the VOC wall loss in 

our chamber is reliable. In conclusion, the wall loss rate con- 
stants of aromatic VOCs in GDUT-DRC are within acceptable 
range and can be used to balance VOC concentrations in the 
subsequent experiments. 

2.2. Primary application in photooxidation of 
styrene-NO x under different VOC/NO x 

The photooxidation experiments of styrene-NO x were prelim- 
inarily carried out to simulate the gas-particle conversion pro- 
cesses in this GDUT-DRC system without aerosol seed, and 

the initial condition is shown in Table 2 . After 12 hr clean- 
ing with UV-light, 2 m 

3 reactor was filled with zero air (RH < 

10%), then NO 2 and styrene were successively introduced with 

zero air flow into the reactor. The VOC/NO x ratio was adjusted, 
and a series of photooxidation experiments of styrene-NO x 

were carried out. As the reaction progressed, the concentra- 
tions of NO 2 decreased rapidly in the first 30 min and then 

began to decline slowly. In contrast, the concentrations of O 3 

and NO rose and then gradually stabilized at the same time 
scale. These indicate that NO x (NO 2 and NO) and O 3 can reach 

an equilibrium state within 30 min during the photooxidation 

of styrene-NO x (The initial conditions were demonstrated as 
follows: left reactor: styrene: 562 ppb; NO: 5.3 ppb; NO 2 : 155.2 
ppb; right reactor: styrene: 534 ppb; NO: 5.7 ppb; NO 2 : 158.7 
ppb). As shown in Fig. 6 , obviously, the experiment results in 

both reactors are in good agreements with the model values 
of Master Chemical Mechanism, MCMv3.2 model, via website: 
http://mcm.leeds.ac.uk/MCM . This proves that our GDUT-DRC 

system can effectively simulate VOC photochemical experi- 

http://mcm.leeds.ac.uk/MCM
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Table 2 – Experimental conditions of styrene-NO x photooxidation. 

Styrene (ppb) NO x (ppb) VOC/NO x � SOA ( μg/m 

3 ) Yeild T (K) 

221 156.6 1.41 1.27 0.004884 303.15 
410 165.9 2.47 1.33 0.003167 304.15 
562 160.0 3.51 5.91 0.008166 303.65 
629 170.7 3.68 5.69 0.010969 303.15 
750 163.1 4.60 3.66 0.008479 304.15 
866 163.0 5.31 4.42 0.016497 303.15 
955 165.7 5.76 8.57 0.026602 303.15 
948 167.7 5.65 10.43 0.023503 303.15 
1020 164.9 6.19 13.48 0.042943 304.15 
1040 169.0 6.15 26.94 0.049895 303.65 

Fig. 6 – Comparison of O 3 and NO x from the photooxidation 

of styrene-NO x between the MCM model and our observed 

results (Initial condition: (a) left reactor: styrene: 562 ppb; 
NO: 5.3 ppb; NO 2 : 155.2 ppb; (b) right reactor: styrene: 534 
ppb; NO: 5.7 ppb; NO 2 : 158.7 ppb) 

ments. However, there are some minor deviations in these 
two reactors, which the deviations of left reactor are relatively 
smaller. The little deviations of NO, NO 2 and O 3 may attribute 
to the measurement uncertainties between these two reac- 
tors. In conclusion, GDUT-DRC can be used to accurately sim- 
ulate VOCs photooxidation experiment. 

In the photooxidation of styrene-NO x , the SOA yield varies 
from 0.5% to 5.0%. This demonstrates that the gas-particle 
transformation in the photochemical reaction of styrene can 

be successfully simulated in our GDUT-DRC system. The com- 
parison of SOA yields for styrene-NO x photo-oxidation ex- 
periments of this work compared with other previous stud- 

Fig. 7 – Secondary organic aerosol (SOA) yields for 
styrene-NO x experiments and comparison with previous 
studies ( Ma et al., 2018 ; Na et al., 2006 ). 

ies ( Ma et al., 2018 ; Na et al., 2006 ) is all illustrated in Fig. 7 . 
The optimal parameters in the present study are α1 = 0.12794, 
K om,1 = 0.02357, α2 = 0.00743, K om,2 = 0.02354, respectively. The 
yield curve fits well with our experiment data at temperature 
of 301 K, which is also comparable with the yield data at tem- 
perature of 293 K ( Na et al., 2006 ), but higher than the yield at 
temperature of 298 K ( Ma et al., 2018 ). However, this is most 
probably because our assumed aerosol density of 1.4 g/cm 

3 

is slightly higher than the previous studies when calculating 
aerosol mass concentrations ( Ma et al., 2018 ; Na et al., 2006 ). 
In conclusion, the agreement between our SOA yield data and 

many previous studies demonstrated that the chamber sys- 
tem fabricated in the present study is able to accurately sim- 
ulate secondary organic aerosol formation. 

3. Conclusions 

A new dual-reactor chamber facility was designed and built 
to study atmospheric VOCs photooxidation progresses in this 
study. Effective on-line monitoring technology of gas phase 
and particle phase has been equipped in our GDUT-DRC sys- 
tem. A series of initial characterization experiments have been 

carried out to demonstrate that the wall losses of gas phase 
and particle phase in our GDUT-DRC system are small, which 

show good agreement with other’s early reported chambers. 
The results of the preliminary experiments of VOCs photoox- 
idation as well as SOA formation illustrate that GDUT-DRC is 
able to be used for simulating gas-particle partitioning pro- 
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cesses. Furthermore, the experimental and simulation results 
show good reproducibility and demonstrate its ability to pro- 
vide valuable data for the study of gas-particle conversion pro- 
cesses. 
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