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Abstract: Smog chambers provide a potent approach to explore the secondary organic 12 

aerosol formation under varied conditions. This study describes the construction and 13 

characterization of a new smog chamber facility for studying the formation mechanisms 14 

of gas-phase products and secondary organic aerosol from the photooxidation of 15 

volatile organic compounds. The chamber is a 5.4 m3 Fluorinated Ethylene Propylene 16 

(FEP) Teflon reactor with the potential to perform photooxidation experiments at 17 

controlled temperature and relative humidity. Detailed characterizations were 18 

conducted for evaluation of stability of environmental parameters, mixing time, 19 

background contamination, light intensity, and wall losses of gases and particles. The 20 

photolysis rate of NO2 (JNO2) ranged from (1.02−3.32) ×10-3 sec-1, comparable to the 21 

average JNO2 in ambient environment. The wall loss rates for NO, NO2, and O3 were 22 

0.47×10-4, 0.37×10-4, and 1.17×10-4 min-1, while wall loss of toluene was obsoletely 23 

found in a 6-hours test. The particle number wall loss rates are (0.01−2.46) ×10-3 min-1 24 

for 40−350 nm with an average lifetime of more than one day. A series of toluene 25 

photooxidation experiments were carried out in absence of NOx under dry conditions. 26 

The results of the simulation experiments demonstrated that the chamber is well 27 

designed to simulate photolysis progress in the atmosphere.  28 
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Introduction 38 

Atmospheric chemical processes of volatile organic compounds (VOCs) lead to a 39 

variety of secondary oxidized products in the gas phase and particle phase. Such 40 

pollutants are often harmful to human health and play important roles in climate change 41 

and global atmospheric chemistry (Hallquist et al., 2009; Harrison and Yin, 2000). In 42 

real atmosphere, the chemical processes are not easily studied since atmospheric 43 

pollutants would undergo not only chemical production and loss, but also emission, 44 

transportation, and deposition (Brasseur, 2017). To isolate the chemical processes from 45 

other atmospheric processes, smog chambers have been developed to better investigate 46 

the near-ground ozone (O3) formation, mechanisms of secondary organic aerosol (SOA) 47 

formation, kinetics and mechanisms of multiphase reactions, and ageing processes of 48 

primarily emitted pollutants (Babar et al., 2017; Carter et al., 2005; Cocker et al., 2001; 49 

Karl et al., 2004; Paulsen et al., 2005; Saathoff et al., 2003; Wang et al., 2011).  50 

With the aid of smog chamber experiments, the VOC oxidation mechanisms, the 51 

key factors affecting oxidation, and the SOA yield were revealed. In earlier stages, the 52 

chambers were aimed to simulate atmospheric processes under near-real atmospheric 53 

conditions to promote the development of air quality models. Based on the results from 54 

chamber studies on the oxidation of large quantalities of VOCs, several atmospheric 55 

chemical mechanisms were developed, including Statewide Air Pollution Research 56 



 3 / 25 

 

Center Mechanism (SAPRC), Regional Atmospheric Chemical Mechanism (RACM), 57 

and Master Chemical Mechanism (MCM) (Chu et al., 2021). Among those mechanisms, 58 

reactions of hydroperoxyl radical (OH) with VOCs were dominant removal processes, 59 

determining the atmospheric lifetime of VOCs. The formation of alkyl radicals, alkoxyl 60 

radicals, alkyl peroxy radicals (RO2) and Criegee intermediates were considered as the 61 

main transformation pathways of VOCs in the atmosphere (Hallquist et al., 2009). With 62 

the innovation of detection techniques, more generations of oxidation products with 63 

different volatility were identified in molecular levels, which facilitates the 64 

identification of new mechanisms and formation pathways (e.g., new particle formation 65 

and autooxidation) (Guo et al., 2020; Pye et al., 2019). Despite the extensive chamber 66 

studies on oxidation of VOCs, there are great divergences in the reaction pathways and 67 

SOA yields. Taking aromatic hydrocarbons as an example, many new oxidation 68 

mechanisms were proposed, e.g., formation of polyhydroxyl compounds from phenolic 69 

compounds, autoxidation of highly oxygenated compounds, and hydrogen transfer of 70 

aldehydes (Li et al., 2021b; Srivastava et al., 2022). These uncertainties of mechanisms 71 

causes the yield of intermediates (e.g., phenol, glyoxal, and methylglyoxal) differs up 72 

to 10 times in different studies, which leads to 25%~50% loss of organic carbon in 73 

aromatic SOA (Song, 2021). Furthermore, the oxidation durations in past chamber 74 

studies are less than the equivalent of 1 day at typical atmospheric oxidation 75 

concentrations, which may not fully characterize the production and ageing of 76 

secondary organic compounds associated with multiple generations of oxidation 77 

(Garmash et al., 2020). Thus, a better understanding of gaseous oxidation of VOCs and 78 

SOA chemical properties is required to improve simulation of missing SOA in 79 

atmospheric models through laboratory studies.  80 

The construction of smog chambers varied widely in terms of the operating 81 

environments, chamber sizes, light sources, and reactor materials to reach different 82 

research purposes. Regarding the light sources used and chamber size needed, the smog 83 

chambers were usually constructed in indoor and outdoor environment. Taking 84 
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advantage of the natural solar radiation and with no size limitation from indoor 85 

environment, outdoor chambers can be as large as 270 m3 (Rohrer et al., 2005), while 86 

indoor chambers are built with a size range of 1–90 m3 (Wagner et al., 2011; Wu et al., 87 

2007). Comparing with that of outdoor chambers, the operating conditions e.g. 88 

(temperature, relative humidity (RH), pressure and light intensity) of indoor chambers 89 

can be rapidly, precisely, and stably controlled. This would lead to more atmospheric 90 

relevant conditions for simulation experiments and less uncertainty of experiment 91 

results (Li et al., 2021a; Wagner et al., 2011). Meanwhile, the larger surface to volume 92 

ratios of small chambers enhance the wall effects to some extent. Light sources used in 93 

indoor chambers are normally solar, arc and black lights (White et al., 2018). Solar and 94 

arc lights are preferred due to their similarity to sunlight, while blacklights are often 95 

used for their price advantage. Recent-built chambers combine different types of black 96 

lamps with varied wavelength range (280−400 nm) as light sources (Chu et al., 2021). 97 

Although these ultraviolet (UV) lights have different spectra with solar radiation, their 98 

photolysis rates can be characterized to well simulate the relevant atmospheric 99 

conditions. It is worth noting that in some cases the reaction rates would be affected by 100 

light sources with different wavelength ranges with solar light (Carter et al., 2005). 101 

Common chamber walls or reactors are made of stainless steel, aluminum, Pyrex, quartz, 102 

PFA (perfluoroalkoxy alkanes) Teflon, and FEP (fluorinated ethylene propylene) Teflon. 103 

Due to the good chemical resistance, high light transmission rate, and adjustability of 104 

volume, FEP Teflon film is most used both as reactor material and as coating material 105 

inside metallic reactors (Bloss et al., 2005a; Chu et al., 2021; Shao et al., 2022; Wang 106 

et al., 2014).  107 

In this study, a new indoor photochemical chamber was built in the air laboratory 108 

at the Hong Kong Polytechnic University (PolyU chamber) to study the formation 109 

mechanisms of gas-phase products and SOA from photooxidation of aromatic VOCs. 110 

Characterization experiments on stability of environmental conditions, mixing time, 111 

purity of zero air, photolysis rates of nitrogen dioxide (NO2), and wall loss of gases and 112 
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particles were conducted. In addition, photooxidation experiments on a typical aromatic 113 

hydrocarbon, toluene, in the absence of nitrogen oxides (NOx) were conducted to 114 

examine the performance of the chamber.  115 

 116 

1 Description of the PolyU chamber 117 

The PolyU chamber is operated in batch mode, in which the composition of the gaseous 118 

precursors, aerosol seed, UV lights, temperature, and RH are controlled throughout the 119 

duration of several hours. It is composed of three parts: the inner Teflon reactor with 120 

frame, the in-between light sources on stainless steel mirrors, and the outer temperature-121 

controlled enclosure. It is equipped with a set of air purification system, gas/aerosol 122 

generators, analytical instruments for gases and VOCs, and particle analysis 123 

instruments. The schematic of the chamber along with the instruments is shown in Fig. 124 

1. 125 

 126 

1.1 Enclosure and environmental condition control 127 

There are two nested enclosures outside the Teflon reactor. A 3.2 m × 3.2 m × 2.5 m 128 

rectangular enclosure comprises a stainless-steel framework with air conditioning ducts 129 

is the outermost shell of the chamber. Between the reactor and the walls of the chamber, 130 

six polished stainless-steel mirrors surrounding the reactor enable a maximum and 131 

homogeneous light intensity. The air conditioning system on the enclosure controls the 132 

temperature in a range of 10–40℃, with an accuracy of ±1℃ (Tan et al., 2021). A 133 

humidity control system with zero air generator and purified water in a water tank is 134 

connected into the reactor with Teflon tubing, providing a wide humidity range of 5%–135 

80%. Three sensors from Beijing Convenient Environmental Tech Co. Ltd are inserted 136 

into the Teflon reactor to monitor the temperature, RH, and air pressure. 137 

 138 
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1.2 Teflon reactor 139 

The reactor in this study was made of 75 μm FEP Teflon material which is chemically 140 

inert, resistant to most chemicals, and with high transmittance (> 95%) of UV light. It 141 

has a volume of 5.4 m3 (Ø 1.7 m × 2.4 m) and a surface to volume ratio of 1.59 m-1. 142 

Compared with stainless steel and quartz, the weakness of FEP film is the accumulation 143 

of electrostatic charge which can increase the wall loss rates for particles with a 144 

diameter smaller than 500 nm (McMurry and Grosjean, 1985). To reduce the effect of 145 

electrostatic charge on particle wall loss, two ionizing air blowers are installed outside 146 

the reactor at diagonal positions to keep the air flow evenly across the surface of the 147 

reactor. The effects of ionizing air blowers were discussed in Section 3.4. The reactor 148 

is compression-sealed and suspended in the enclosure and mounted within the rectangle 149 

frame. It is flexible to be moved horizontally to maintain a differential positive pressure, 150 

minimizing contamination and dilution from air outside. A pressure sensor is used to 151 

measure the pressure inside the reactor with an accuracy of ± 3 Pa. The experiments 152 

lasted for 4 to 6 hours before the reactor volume decreases to 2/5 of its maximum value. 153 

There are seven Teflon ports for injection of purified air, VOCs, oxidants (H2O2 and 154 

O3), other gases (e.g., NOx), sampling of gases for online instruments, and vacuuming 155 

the chamber for cleaning. Two additional stainless-steel ports connected with 156 

conductive silicone tube are for injection and sampling of particles. One stainless steel 157 

fan coated with Teflon is installed at the bottom to accelerate the mixing of reactants. 158 

No detectable VOCs are emitted from the fans. 159 

 160 

1.3 Light sources 161 

To simulate photochemical processes, a total of 42 UV lights are arranged on two 162 

opposite sides of the stainless-steel mirrors as the light source to approximate the 163 

atmospheric actinic spectrum. Forty of the black lights (36 W, Philips and 36 W, 164 

Huaqiang) provide UV-A type light with wavelength ranges of 320−400 nm (center at 165 

340 nm) and 340−400 nm (center at 350 nm). Two UV-C type lamps (40 W, Philips) 166 
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provide lights with a center wavelength of 254 nm. The forty UV-A lamps are controlled 167 

in 20 groups, and the two UV-C lamps can be controlled independently. Therefore, the 168 

light intensity can be regulated into several levels. Due to the space limit of the outer 169 

enclosure, the distance between the lights and the reactor is ~ 50 cm. The unwanted 170 

heat generated from the irradiation source is removed by the air conditioning system on 171 

the enclosure.  172 

  173 

1.4 Chamber air purification, conditioning, and injection system 174 

A zero-air generator (T701H, Teledyne API) provides clean and dry air at a flow of 20 175 

L/min by passing compressed ambient air at ~ 30 psi. The zero-air generator contains a 176 

dryer, an activated charcoal filter, and a chemical scrubber to provide air with free of 177 

NOx, O3, CO, SO2, VOCs and particles. The clean air can be conditioned by passing 178 

through the humidifier, ozone generator, VOC liquid injection unit and aerosol mixing 179 

tank before entering the chamber.  180 

Gaseous reactants (e.g., NOx and VOCs) are injected from commercially prepared 181 

gas cylinders with target gases in nitrogen via a FEP Teflon line into the reactor, and 182 

then flushed by purified dry air or nitrogen. For the injection of liquid reactants, certain 183 

amount of the liquids with known concentrations are introduced into a U-type three-184 

way injection tube with microliter syringes, and then the liquids are heated and blew 185 

into the chamber by pure nitrogen. Ozone is generated by a commercial ozone generator 186 

(Model 2001; Jelight Company, USA) with purified air from the zero-air generator. 187 

Seed particles are generated by an atomizer (Model 3079; TSI Incorporated, USA) with 188 

(NH4)2SO4 solution through conductive silicon tubing into the reactor. The flow rate 189 

and gas volume of injection are controlled with mass flow controllers. 190 

 191 

1.5 Instrumentation 192 

The chamber is equipped with advanced instrumentations to measure the gaseous and 193 

particulate chemical composition, including trace gases (O3, NOx and NOy), VOCs, 194 
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oxygenated VOCs (OVOCs), particle number and size distribution, and particulate 195 

oxygenated products. The species/ parameters to be measured and details on the 196 

instrumentation are summarized in Table 1. Briefly, NOx and O3 are measured by 197 

Teledyne T series with the accuracy of 0.5%. A large variety of VOCs and OVOCs are 198 

quantified in real-time by a PTR-TOF-MS (QiTOF, IONICON, Austria) with a high 199 

sensitivity (< 10 pptv) and fast response time (1 sec). With the selective reagent 200 

ionization function, reagent ions in PTR-TOF-MS can be switched among H3O
+, O2

+ 201 

and NO+, thus enhancing the analyzable compound classes and increasing selectivity. 202 

OVOCs with more functional groups can be measured by a high-resolution time-of 203 

flight chemical ionization mass spectrometer (HR-ToF-CIMS, Aerodyne) with nitrate 204 

or iodide as reagent ions. In addition to the OVOCs, oxygenated products in SOA are 205 

measured with online and offline approaches. A filter-inlet for gases and aerosols 206 

(FIGAERO) is optionally coupled to the HR-ToF-CIMS to measure the semi- and low- 207 

volatile organic compounds in particulate matters. Offline samples are collected with a 208 

custom-built sampler with 47 mm filters at 20 L/min, and then analyzed with an 209 

Orbitrap Fusion Lumos mass spectrometer coupled with a liquid chromatography (LC-210 

Orbitrap MS, Thermo Scientific). Aerosol size and number distribution are monitored 211 

by a scanning mobility particle sizer (SMPS) which consists of a differential mobility 212 

analyzer (3082 DMA, TSI, USA) and a condensation particle counter (3776 CPC, TSI, 213 

USA). Environmental parameters, i.e., temperature,RH, and pressure, are monitored 214 

with sensors from Beijing Convenient Environmental Tech Co.Ltd. 215 

 216 

2 Characterization of the chamber 217 

2.1 Stability of RH, temperature, and control of mixing 218 

Temperature and humidity are two important environmental parameters during 219 

chemical processes. The temperature inside the reactor is controlled by the air 220 

conditioning system of the chamber enclosure by presetting a targeted value to keep a 221 

stable experimental condition and avoid overheating by UV lights. Water vapor is 222 
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flushed into the chamber by bubbling deionized water with a certain flow of purified 223 

air until RH reaches set point. A temperature of 25℃ and a RH of 50% were set to 224 

examine the stability of the system with and without UV light irradiation. Fig. 2(a) 225 

shows the evolution of temperature and RH during the test. The temperature and 226 

humidity reached the set point during the first 20 minutes and then remained stable 227 

under dark conditions. Once all the 42 lights were turned on, temperature increased 228 

from 25℃ to ~27℃ in 10 minutes and then stayed at 26.0 ± 0.4℃. The increase of 229 

temperature caused the slight drop (1%) of RH. The results showed that although there 230 

is unwanted heating when lights are turned on, temperature and RH can be well 231 

controlled for stable and repeatable experiments. 232 

Mixing time of gases were tested with NO2 and toluene as tracers. Before the 233 

injection of gases, the mixing fan was turned on with full speed. Considering the 234 

volume of the chamber and the mixing ratios of gases, 177 ppm NO2 and 32 ppm 235 

toluene were injected into the chamber at 1.22 L/min and 5.6 L/min for 3 minutes to 236 

reach ~120 ppb and ~100 ppb, respectively. Fig. 2(b) shows that the mixing of gases is 237 

within 5 minutes from the beginning of the injection, comparable to that of few minutes 238 

in other smog chambers (Shao et al., 2022; Wang et al., 2014). 239 

 240 

2.2 Background contamination of the chamber 241 

After cleaning procedure of the chamber, the background level of contaminants in the 242 

chamber should be examined and kept as low as possible, especially for the tests carried 243 

out with atmospherically relevant concentrations. Hydrocarbons and OVOCs in the 244 

chamber were below detection limit of PTR-TOF-MS. Results of air purity test in 245 

chamber are shown in Fig. 3. NOx and O3 are detected to be lower than 1 ppb after 246 

cleaning. And particle number concentration inside the chamber is less than 10 cm-3 in 247 

number and ~ 0 μg/m3. After seven hours photooxidation of zero air, minimal particle 248 

formation of number concentration at < 103 cm-3 and mass concentration < 0.6 μg/m3 249 

was observed, respectively. Approximately 4 ppb of O3 was generated after seven hours 250 
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irradiation, with a formation rate of 0.63 ppb/hr. The formation rates of SOA and O3 251 

were comparable to previous studies on characterization of chambers (Babar et al., 2017; 252 

Hu et al., 2014; Ma et al., 2022; Wu et al., 2007). The formation of particle 253 

concentration and O3 from photolysis of zero air is minimal compared with SOA formed 254 

in normal experimental conditions (> 20 μg/m3), proving that pollutants levels in zero 255 

air would cause negligible effects on experimental results in our study. 256 

 257 

2.3 Light intensity 258 

The artificial radiation has a broad radiation distribution owing to the chosen 259 

combination of illumination sources, producing irradiation over the wavelength range 260 

200-400 nm. Light intensity is represented by the photolysis rate of NO2, which is 261 

estimated through injecting NO2 standard gas into the reactor, then irradiating the NO2 262 

in chamber with varied light intensities, and measuring the concentrations of NO, NO2 263 

and O3. The photolysis rate of NO2 (JNO2) is estimated with the following equation 264 

𝐽𝑁𝑂2 = 𝑘𝑁𝑂+𝑂3[𝑁𝑂][𝑂3]/[𝑁𝑂2] (1) 265 

where [NO], [O3] and [NO2] represent concentrations (molecule/cm3) of the gases, and 266 

kNO+O3 = 1.95 × 10-14 cm3/(mol·sec) (Atkinson et al., 2004) is the rate constant of O3 267 

and NO reaction. A series of NO2 actinometry experiments were carried out with 268 

different number of UV lights turned on. With the setting ranging from 25% (6 of 340 269 

nm and 4 of 350 nm wavelength lamps) to 100% (all lamps) of the lights turned on, the 270 

J values ranged from 1.02 × 10-3 sec-1 to 3.32 × 10-3 sec-1 (Fig. 4). The maximum NO2 271 

photolysis rate (3.32 × 10-3 sec-1) in our chamber is comparable to those reported in 272 

other chambers provided in Table 2, e.g., (2.32−2.55) × 10-3 sec-1 in the 5 m3 chamber 273 

at the Institute of Chemistry, Chinese Academy of Sciences dual reactor chamber 274 

(ICCAS-DRC) (Wang et al., 2015), and 2.83 × 10-3 sec-1 in the 7 m3 chamber at the 275 

Kyungpook National University (Babar et al., 2017). The maximum JNO2 value of our 276 

chamber is comparable to the average ambient values during the late summer and 277 

autumn, i.e., (2.28 ± 2.80) × 10-3 sec-1 and (2.12 ± 2.78) × 10-3 sec-1, and the lower JNO2 278 
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values with half lights turned on is comparable to the ambient values in winter ((1.56 ± 279 

2.35) × 10-3 sec-1) in Hong Kong (Li et al., 2018), which shows that the light system is 280 

capable of simulating the ambient photochemistry in different seasons.   281 

The heat generated by the UV lights in indoor chambers and trapped in Teflon 282 

reactors may affect the reaction rates of VOCs and the gases. With all the lamps on, we 283 

carefully monitored the variation of temperature and used the control system to slightly 284 

adjust it. The typical change of temperature in the reactor is less than 2℃ after 6 hours 285 

of use. 286 

 287 

2.4 Wall loss of gases and particles 288 

Adsorption of gases had been shown to be a substantial source of gas losses inside 289 

Teflon bags which influences the gas-phase reactivity and SOA formation (Grosjean, 290 

1985). In the PolyU chamber, the wall loss rates of NO, NO2, O3 and toluene were 291 

investigated by injecting known concentrations of gases into the chamber and 292 

measuring their concentration decay for an extended period under dark conditions (Fig. 293 

5). Approximately 450 ppb NO, 120 ppb NO2 and 500 ppb O3, and 100 ppb toluene 294 

were separately injected into the chamber and monitored for 6 hours allowing sufficient 295 

time for a measurable decay. All the wall loss experiments of gaseous species were 296 

conducted under the temperature and RH of ~25°C and < 10% respectively. The wall 297 

loss rates of NO, NO2, O3 in our chamber are 0.47 × 10-4, 0.37 × 10-4, and 1.17 × 10-4 298 

min-1, respectively. The concentration of toluene remained 96.491 ± 0.291 ppb during 299 

the wall loss test. It suggested that negligible wall loss for toluene was observed in 300 

PolyU chamber, which is similar to that reported by Wang et al. (2011), Hu et al. (2014), 301 

and Babar et al. (2017). The wall loss rates of these gases in our chamber are 2–10 times 302 

lower than those of other chambers (Table 2). 303 

Particle deposition onto the surface of the reactor is recognized to be influenced by 304 

diffusion, coagulation of the particles as a function of particle size, and the charged wall 305 
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materials (Grosjean, 1985). The particle number wall loss rate is described by first-306 

order kinetics as 307 

𝑑𝑁(𝑑𝑝, 𝑡)/𝑑𝑡 = −𝐾𝑁(𝑑𝑝)𝑁(𝑑𝑝, 𝑡) (2) 308 

where N(dp,t) is the particle number concentration, dp is the diameter of the particle and 309 

KN(dp) is the particle number loss coefficient (Cocker et al., 2001). The KN(dp) values 310 

can be estimated from the decrease of particle number concentration versus time when 311 

no new particles are formed or injected into the chamber. In this study, 0.5 mol/L 312 

ammonium sulfate ((NH4)2SO4, AS) solution was atomized to generate seed particles. 313 

The AS particles were introduced into the reactor with a flow rate of 1.5 L/min for 10 314 

minutes and diluted to ~8000 cm-3 to reduce the coagulation of smaller particles. The 315 

changing of particle distribution is shown in Fig. 6. In general, the particle wall loss 316 

rates of the PolyU chamber were (0.01−2.46) × 10-3 min-1 within 40–350 nm, 317 

corresponding to an average lifetime of ~25 hr. For particle diameters of 100 nm, the 318 

wall loss rate is 0.2 × 10-3 min-1 (Table 2), comparable to that of the CESAM chamber 319 

in France (Wang et al., 2011), but smaller than the value of (1.33−4.3) × 10-3 min-1 320 

reported in other chambers with similar volumes (Babar et al., 2017; Bae et al., 2003; 321 

Ma et al., 2022; Smith et al., 2019; Wang et al., 2015; Wu et al., 2007). The lower wall 322 

losses of gases and particles in this study is probably due to smaller surface-to-volume 323 

area (1.59 m-1) and the removal of static electricity from ionizing air blowers.  324 

 325 

2.5 Experiment of toluene photooxidation 326 

A sequence of experiments on OVOC and SOA formation from toluene photooxidation 327 

has been performed to validate the utility of PolyU chamber for studying SOA 328 

formation and atmospheric chemistry. This reaction system has been widely studied for 329 

the yields of gas-phase products and SOA, and the impact of some factors SOA 330 

formation (Chen et al., 2019; Hildebrandt Ruiz et al., 2015; Hinks et al., 2018; Ng et 331 

al., 2007; Qi et al., 2020; Sato et al., 2007). The initial conditions and yield for each 332 

experiment are presented in Table 3. All the experiments were conducted without 333 
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aerosol seed at a temperature of 25 ± 0.5℃ and dry conditions (RH＜10%). In general, 334 

200 μL of H2O2 solution was injected into a U-type glass tube and blew into the chamber 335 

by pure nitrogen, afterwards 73–155 ppb of toluene was injected into the chamber. After 336 

turning the UV lights on, H2O2 was rapidly converted into OH radical, leading to the 337 

decay of toluene and formation of OVOCs and SOA. Mass concentrations of SOA were 338 

calculated from the corrected volume concentrations by setting the particle density as 339 

1.4 g/cm3 based on literature data (Nakao et al., 2011; Ng et al., 2007; Sato et al., 2007).  340 

The concentrations of toluene and gas-phase oxidation products were tracked with 341 

PTR-TOF-MS. Fig. 7 shows a comparison of mass spectra from one typical test before 342 

UV lights on and after at least 5 hours of irradiation. The mass peaks at m/z 31.017, 343 

47.012, 61.028, 73.028, 77.022, 85.028, 99.007, 107.049, 109.065, and 123.044 were 344 

assigned to CH2O (formaldehyde), CH2O2 (formic acid), C2H4O2 (acetic acid), C3H4O2 345 

(methylglyoxal), C2H4O3 (peracetic acid), C4H4O2 (butenedial/furanone), C4H2O3 346 

(maleic anhydride), C7H6O (benzaldehyde), C7H8O (cresol), and C7H6O2 (p-methyl 347 

benzoquinone). The simplified formation pathways of the products from toluene 348 

photooxidation implemented in Master Chemical Mechanism (MCM) v3.3.1 are listed 349 

in Fig. 8. Benzaldehyde was formed as a first-generation product from OH-initiated H-350 

abstraction from the methyl group of toluene, while the formation of products from 351 

phenol, peroxide-bicyclic ring-opening, and the epoxy-oxy channels are initiated by 352 

OH adduction on the aromatic ring. Cresols are formed by elimination of hydroperoxyl 353 

radical from phenol route, and the OH addition of it further produces p-methyl-354 

benzoquinone as a second-generation product. Peroxide-bicyclic routes generates 355 

methyl substituted peroxide radicals, resulting in the direct formation of ring-opening 356 

products, i.e., butenedial, furanone, and methylglyoxal, following the formation of 357 

maleic anhydride as the second-generation products. Intermediate of epoxy route, 2,3-358 

Epoxy-6-oxo-4-heptenal (not detected), further reacts and for methylglyoxal and 359 

formaldehyde as the second-generation products. Multi-generation oxidation of the 360 

first- and second-generation of products sequentially forms small molecule carbonyls, 361 
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i.e., formaldehyde, formic acid, acetic acid, methylglyoxal, and peracetic acid. 362 

The proposed yields of products from the four routes as implemented in MCM are 363 

higher than that in this study. For instance, the yields of benzaldehyde and cresol are 364 

0.5%−2% and 1%−6% in this study versus 7% and 18% in MCM, respectively. It should 365 

be noted that MCM provides yields of stable, volatile early-generation products, which 366 

means the yields of these OVOCs would be different in ageing processes (Bloss et al., 367 

2005b). To be specific, reactions of reactive OVOCs can be further oxidized into other 368 

products, leading to lower gas-phase product yield. High yields of later generation 369 

products, formic acid (17%−27%), acetic acid (12%−17%) and peracetic acid (2%−5%) 370 

were observed in this study (Fig. 9). It agrees well with the fact that excess H2O2 371 

injection results in the ageing processes in our tests and prompted the production of 372 

multi-generation products. On the other hand, yield of intermediate products varied 373 

under different NOx conditions (Arey et al., 2009; Chen et al., 2019; Gómez Alvarez et 374 

al., 2007). In this study, we performed the toluene photooxidation experiments in 375 

absence of NOx. It’s shown by Song et al. (2021) that yield of methylglyoxal and 376 

benzaldehyde could be 10−20 times lower under no NOx conditions than that under 377 

high NOx conditions, which is in good agreement with the current study. Furthermore, 378 

a near-explicit mechanism of toluene from MCM version 3.3.1 using the Frame-work 379 

for 0-D Atmospheric Modeling (F0AM) was applied to simulate the toluene 380 

photooxidation. The description of F0AM in detail can be seen in the supporting 381 

information. The time series of the selected compounds from model and experimental 382 

results were compared in Appendix A Fig. S1 and Fig. S2. Toluene was consumed faster 383 

in experimental measurements than in model results. As first-generation products, 384 

benzaldehyde and cresols are predicted to be 4 times higher than in experimental results, 385 

whilst the further generation products are much higher in experimental results than that in 386 

model results. These trends indicate that the oxidation was accelerated and aged in our 387 

experiment. It should be noted that the JNO2 input in F0AM was acquired from experiments 388 

on photolysis rate of NO2 in chamber. Different from other reactions, NO2 cannot be 389 
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photolyzed by UV light under 300 nm. The two 254 nm wavelength UV lights would be an 390 

important cause of the discrepancy between model and experimental results. 391 

As shown in Fig. 9, slope of the growth curve of OVOC yields as a function of 392 

OVOC mass concentration (M0) showed dependence on initial toluene concentration. 393 

With higher initial toluene concentration, the first-generation products (benzaldehyde 394 

and cresols) showed higher yields with a much faster rate of growth. After some 395 

irradiated time, the yield of benzaldehyde and cresols decreased with the increment of 396 

M0, which refers to the consumption of these OVOCs and potential production of 397 

further generation products and SOA (Chen et al., 2019). As later-generation products, 398 

acids (formic, acetic and peracetic acids) grow with higher slopes when initial 399 

concentration of toluene is lower. Meanwhile, the peak of SOA number concentration 400 

appeared earlier and stronger along with lower initial concentration of toluene (Fig. 10). 401 

These phenomena are in line with the findings that the first-generation products 402 

compete with toluene on consumption of OH radical, leading to a faster formation of 403 

intermediate VOCs, and promoting the formation of further generation products in gas- 404 

and particle-phase(Atkinson and Arey, 2003; Chen et al., 2019; Ng et al., 2007).  405 

In the photooxidation of toluene under dry conditions with no seed and NOx, the 406 

SOA yield varied from 24.7%−34.3%, comparable to those of Hinks et al. (2018), 407 

Hildebrandt Ruiz et al. (2015), and Ng et al. (2007) (Table 4). The high SOA yield 408 

under no NOx conditions is likely due to no competition between NOx and HO2 to 409 

reaction with RO2, which is indicated by other studies under low NOx conditions with 410 

much lower yield with a range of 1.9%−17% (Chen et al., 2019; Qi et al., 2020; Sato et 411 

al., 2007). To be noted, the excess OH would cause ageing of SOA, leading to a higher 412 

SOA yield (Hildebrandt Ruiz et al., 2015). With higher precursor concentrations, 413 

intermediates are quickly oxidized into SOA, following the size increasing in ageing 414 

processes (Fig. 10). 415 

  416 
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3 Conclusions 417 

We built an indoor smog chamber system to study VOC photooxidation and SOA 418 

formation progress close to the real atmospheric environment. State-of-the-art on-line 419 

instruments for monitoring gas-phase and particle-phase oxidation products have been 420 

equipped in our system. A series of characterization experiments have been conducted, 421 

showing that our system is with good temperature and humidity stability, high mixing 422 

efficiency, low contamination of background air, small wall loss of gases and particles, 423 

and moderate light intensity compared with other chambers and ambient environment. 424 

The yields of photooxidation of toluene under dry conditions in absence of NOx showed 425 

good agreement with previous studies under similar experimental conditions. OVOCs 426 

and SOA formation depends on the initial concentrations of toluene and OH radical. 427 

With higher concentrations of toluene, faster consumption of intermediates and 428 

formation of later generation products and SOA were observed. The overdose H2O2 429 

results in excess OH, which aggravated the ageing processes of toluene oxidation 430 

products. These results illustrate that our chamber can be used for investigation of 431 

transformation of gas-phase pollutants and SOA formation and ageing processes. 432 

  433 
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Figure 1. The schematics of the PolyU smog chamber facility. 
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Figure 2. Evolution of (a) temperature and relative humidity inside the chamber with lights off 

and 42 lights on, (b) toluene and NO2 before, during and after the injection. 
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Figure 3. Concentrations of NOx, Ozone and Particle number as a function of time during the 

photolysis of zero air. 
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Figure 4. Variations of j(NO2) against concentrations of NO, NO2 and O3. The filled purple area 

means when a certain number of lights are turned on. 
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Figure 5. Experimental results for (a) NO, (b) NO2, (c) O3, (d) toluene wall loss. 

 

 

 
Figure 6. (a) Size distribution of (NH4)2SO4 during a six-hours particle wall-loss experiment, (b) 

corrected particle number concentrations compared to measured particle number concentrations. 
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Figure 7. Mass spectra of VOCs detected by PTR-TOF-MS at the start (a) and the end (b) of 

toluene photooxidation experiment. 

 

 

 

 

Figure 8. Major gas-phase products detected by PTR-TOF-MS in the toluene photooxidation 

system as implemented in the MCM v3.3.1. 
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Figure 9. Yield of OVOCs in toluene-OH test. 

 

 

 

 

 

 

 

 

 

 

Figure 10. Variation of SOA size and number concentration for toluene photooxidation under 

different initial precursor concentration conditions.  
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Table 1. Overview of instruments. 

Instrument Target species and parameters 
Detection limit/ 

Range 
Accuracy Flow rate (L/min) 

Teledyne Model T200U NO/NO2/NOx < 50 ppt 0.50% 1   

Teledyne Model T400 O3 0.4 ppb 0.5 ppb or 

0.5% 

0.8 
  

Ionicon PTR-QiToF-MS VOCs < 10 ppt ± 5% 0.05–0.8   

Aerodyne HR-ToF-CIMS Oxygenated VOCs < 0.01 ppt  1.2–10  

Aerodyne Filter Inlet for Gases and AEROsols, 

FIGAERO 

Particle composition >10 ng  10 
 

SMPS (TSI 3082 DMA and 3776 CPC) Particle number 1–107 cm-3 ± 3% 0.3   

  Particle size 10–1000 nm ± 3%   

Custom built filter collector Particle collection for offline analysis   20  

Thermo Scientific LC- Orbitrap MS Oxidation products in offline particulate samples  <1 ppm NA  

Beijing Convenient Environmental Tech Co.Ltd 

sensors 

Temperature 10–40℃ ± 1℃ NA   

Relative humidity 5%–85% ± 3% NA   

Pressure 0-1000 Pa ± 3 Pa NA   
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Table 2. Summary of wall loss rate of gas species and particle in PolyU chamber and comparison with other chamber facilities.  

Chamber 
Volume 

(m3) 

Surface to 

Volume 

Ratio (m-1) 

NO (× 

10-4 min-

1) 

NO2 (× 

10-4 min-

1) 

O3 (× 10-4 

min-1) 
VOC (× 10-4 min-1) 

kdep at 100 

nm (× 10-3 

min-1) 

JNO2  

(× 10-3 sec-

1) 

Reference 

PolyU 5.4 1.59 0.47 0.37 1.17 negligible (toluene) 0.2 3.32 This study 

Tsinghua University 2 5 3.38 4.17 6.07 0.06  2.6 3.83 Wu et al. (2007)  

KIST 2.5  7-20 4-20 12–24   2  Bae et al. (2003) 

Zhejiang University 3 4.32  1.64 8.99  3.52 2  Li et al. (2020)  

CESAM, CNRS 4.2 4.29   20 
< 0.6 (propene & 

isoprene) 
0.02–0.1 4.5 

Wang et al. 

(2011)  

ICCAS-DRC 5 3.59 3.0–3.1 3.8–4.5 2.5–3.1 0.31 (propene) 2.0–4.3 2.32–2.55 
Wang et al. 

(2015)  

Kyungpook National 

University 
7 3.09 3.78 4.48 6.47 < 1.71 3.96 2.83 

Babar et al. 

(2017)  

NCAT 9 2.9 
7.40 ± 

0.01 

3.47 ± 

0.01 
5.91 ± 0.08  2.46 ± 0.11 2.75 ± 0.08 

Smith et al. 

(2019)  

BUCT 10 2.6 4.50−4.58 2.16−3.54 6.76−8.90 0.11-0.46 (toluene) 1.33 6.67 ± 0.17 Ma et al. (2022) 
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Table 3. Summary of initial conditions and results for toluene photooxidation experiments. 

  

Toluene 

injection 

 (ppb) 

ΔHC 

(μg/m3) 

M0 of SOA 

 (μg/m3) 

Yield of 

SOA  

M0 of 

OVOCs  

(μg/m3) 

Yield of 

OVOCs 

Test 01 73 198.79  29.0 24.7 103.49 0.52 

Test 02 119 336.11  71.0 26.4 197.92 0.59 

Test 03 155 465.14  165.3 34.3 287.12 0.62 

  



 25 / 25 

 

Table 4. Summary of SOA yields in previous studies on toluene photooxidation at low or no NOx 

conditions. 

[Toluene]0 

(ppb) 

Δ[Toluene] 

(ppb) 

PM 

(μg /m3) 
SOA yield  Reference 

73 32 29.0 24.7% This study 

119 72 71.0 26.4% This study 

155 128 165.3 34.3% This study 

1000 − 210 ± 20 15% ± 2% 

Hinks et al. (2018) 

1000 − 87 ± 6 6.2% ± 0.5% 

1000 − 84 5.9% 

1000 − 28 ± 7 2.0% ± 0.5% 

1000 − 26 ± 9 1.9% ± 0.6% 

300 − 27 5.5% 

300 −  9 2.2% 

3980 − 127 7.58% 

Sato et al. (2007) 

 

4004 − 97 5.61% 

3998 − 92 5.87% 

4074 − 109 4.55% 

4005 − 104 6.31% 

380 − 20 41% 

Hildebrandt Ruiz et al. 

(2015) 

 

270 − 20 40% 

180 − 20 66% 

200 − 20 31% 

570 − 20 26% 

570 − 20 26% 

690 306 93.9 8.15% 

Chen et al. (2019) 

 

603 270 62.2 6.12% 

425 245 42.6 4.61% 

275 172 34.2 5.26% 

66 39 12.6 8.44% 

59 44 13.8 8.23% 

37 25 7.2 7.76% 

960 318 0 0% 

Qi et al. (2020) 

 

990 511 87.1 4.3% 

1010 553.7 168.9 8.4% 

1010 596.2 291.5 12.1% 

− 32.1 37.4 30.8% ± 1.7% 

Ng et al. (2007) 

 

− 63.9 
73.1 ± 

5.6 
30.2% ± 0.7% 

− 10 
11.5 ± 

1.6 
30.4% ± 4.1% 

−  23.8 
26.7 ± 

2.5 
29.8% ± 1.6% 
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