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Abstract. We describe here characterization of a new state-of Geochemistry, Chinese Academy Sciences (GIG-CAS),
of-the-art smog chamber facility for studying atmospheric smog chamber facility can be used to provide valuable data
gas-phase and aerosol chemistry. The chamber consists offar gas-phase chemistry and secondary aerosol formation.
30 n?® fluorinated ethylene propylene (FEP) Teflon film reac-

tor housed in a temperature-controlled enclosure equipped

with black lamps as the light source. Temperature can be

set in the range from-10 to 40°C at accuracy ofc1°C 1 Introduction

as measured by eight temperature sensors inside the enclo-

sure and one just inside the reactor. Matrix air can be pu-Smog chambers provide a controlled environment to study
rified with non-methane hydrocarbons (NMHCs) <0.5 ppb,the formation and the evolution of specific compounds of
NOy/Os/carbonyls < 1 ppb and particles <1 ch The pho- interest by isolating the influence of emissions, meteorol-
tolysis rate of NQ is adjustable between 0 and 0.49min 09y and mixing effects. Smog chambers were initially con-
At 298 K under dry conditions, the average wall loss rates ofStructed for developing and evaluating atmospheric gas-
NO, NO, and G were measured to bedtl x 10~4min—2, phase chemical mechanisms or models for predicting sec-
1.39x 10~4min—t and 131 x 104 min—1, respectively, and ondary pollutants (Akimoto et al., 1979; Carter et al., 1982;
the particle number wall loss rate was measured to beleffries et al., 1982, 1985). In the mid-1980s, Seinfeld
0.17 L. Auxiliary mechanisms of this chamber are de- and colleagues at the California Institute of Technology in
termined and included in the Master Chemical MechanismPasadena developed a 63 outdoor chamber made of flu-

to evaluate and model propene—pN@ir irradiation experi-  Orinated ethylene propylene (FEP) Teflon film to study the
ments. The results indicate that this new smog chamber ca@€rosol formation from gas-phase precursors such as aro-
provide high-quality data for mechanism evaluation. ResultsMatic and biogenic hydrocarbons (Leone et al., 1985; Stern
of a-pinene dark ozonolysis experiments revealed secondarft @, 1987). In the subsequent three decades, outdoor and
organic aerosol (SOA) yields comparable to those from othefndoor chambers have been widely used to study forma-
chamber studies, and the two-product model gives a g00(§|ion of secondary pollutants such as ozone (Hess et al.,
fit for the yield data obtained in this work. Characteriza- 1992; Simonaitis et al., 1997; Carter, 2000; Dodge, 2000)

tion experiments demonstrate that our Guangzhou Instituténd secondary organic aerosols (SOA) (Odum et al., 1996,
1997; Griffin et al., 1999; Martin-Reviejo and Wirtz, 2005;
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302 X. Wang et al.: Design and characterization of a smog chamber

Paulsen et al., 2005; Rollins et al., 2009) and evolution ofmulti-phase processes, it is imperatively necessary to set up
SOA (Donahue et al., 2012). Although the aims of thesefurther quality smog chambers in China for the deep un-
smog chambers are similar, their designs and capacities vargerstanding of complex air pollution, particularly in China’s
widely, displaying larger differences in factors such as sizesmegacities.
reactor wall materials and light sources. This paper describes a new state-of-the-art indoor smog
Outdoor chambers are unique in the availability of naturalchamber facility established at the Guangzhou Institute of
sunlight. Many simulation experiments on SOA formation Geochemistry, Chinese Academy Sciences (GIG-CAS). This
have been carried out in large outdoor chambers (Leone et alGIG-CAS chamber facility is designed to study formation
1985; Stern et al., 1987; Pandis et al., 1991; Johnson et almechanisms of ozone and SOA as well as the evolution of
2004; Martin-Reviejo and Wirtz, 2005; Rollins et al., 2009). SOA, to evaluate the mechanisms, particularly under low-
However, diurnal variations of the actinic flux and tempera- NOy and VOC conditions; and to serve as a platform for
ture make it difficult to model experimental data and to re- evaluating the performance of newly developed gas or parti-
produce the experiments. Indoor chambers instead can prale monitors. A series of initial characterization experiments
vide precise control of temperature and humidity, but mayhave been carried out and are discussed in this paper.
suffer from the difference between the artificial light spec-
trum and solar spectrum, resulting in different rates of some
photolysis reactions between the artificial and natural sys- -
tems (Takekawa et al., 2003; Carter et al., 2005; Paulsen et Facility
al., 2005). Nonetheless, artificial light allows the experiments
to be repeatable under the same irradiation conditions. Smoghe 8.5mx 4.0mx 3.5m thermally insulated enclosure is
chambers are, however, not without any limitations or uncer-housed in a 14.0m 6.0mx 8.5m laboratory in the first
tainties in chamber wall effects when evaluating the mech-floor and has been equipped with an array of continuous
anisms or models (Carter et al., 1982; Carter and Lurmanngas-phase and aerosol-phase monitors. Situated directly over
1991; Dodge, 2000). For example, off-gassing of \Nadd  the enclosure on the second floor are offline VOCs/semi-
other species from chamber walls may introduce contami-VOCs/ions/anions samplers and analyzers. The list of equip-
nations into the background gas and affect the utility of thement is shown in Table 1. Inside the enclosure are a30m
data. Similarly, chamber wall effects may lead to large uncer-reactor made of FEP Teflon fim (FEP 100, Type 200A;
tainties when evaluating experiments at low concentrationsPuPont, USA) with dimensions of 5.0m3.0mx 2.0m
Large volume reactors with small surface-to-volume ratiosand two banks of 60 W 1.22m black lamps. A schematic of
can minimize the wall effects and the wall loss of particles the GIG-CAS smog chamber is shown in Fig. 1a.
and gas-phase species. Moreover, larger volume allows ex-
periments of longer durations to be conducted and more in2.1 Enclosure
struments to be used. Considering these concerns, Tobias and
Ziemann (1999) used a 7000 L Teflon environmental cham-The inner walls of the enclosure are covered with reflective
ber to generate organic aerosols through gas-phase reactioaad polished stainless steel sheets to obtain a maximum and
of 1-tetradecene and ozone. Cocker et al. (2001a) developeadomogenous light intensity. The floor is covered with less
dual 28n? indoor chambers to study the mechanisms ofreflective but more durable stainless steel sheets. For indoor
aerosol formation. Recently, to minimize reactor effects in Teflon chambers, air conditioning systems are widely used
the studies of volatile organic compounds (VOCS) reactivity to control the temperature within the tropospheric tempera-
and SOA formation, Carter et al. (2005) constructed a stateture range, which is roughly from60 to 40°C (Takekawa
of-the-art indoor chamber facility with two collapsible 98 m et al., 2003; Carter et al., 2005; Paulsen et al., 2005; Wu
FEP Teflon film reactors. et al., 2007). The enclosure temperature of our chamber
In China, some small-volume smog chambers have beeis controlled by three cooling units (total power 40 kW),
developed to study gas-phase kinetic mechanisms sincehich are located outside the laboratory next to the enclo-
1980s (Wang et al., 1995; Ren et al., 2005; Xu et al., 2006)sure. The cooling air is distributed uniformly and constantly
Wu et al. (2007) constructed a Zrrprecisely temperature- in three different ducts through the enclosure false ceiling
controlled indoor smog chamber made of FEP Teflon filmmade of perforated reflective aluminum sheets, and is re-
to study the SOA formation. However, the small volumes of turned to the cooling units through a porous, highly efficient
these smog chambers impart the disadvantage of relativel3.0 mx 0.2 mx 0.6 m filter that contains activated charcoal
large wall effects and also make it difficult to do experi- inside to clean the enclosure air. A heater is also installed
ments of long durations. At present, ozone and fine parti-inside each duct. Eight thermocouples (Fig. 1a) are placed
cles (PM5) have become serious air quality problems in approximately 1 m above the housing floor between the en-
China (Chan and Yao, 2008; Q. Zhang et al., 2012). As ozonelosure and the reactor walls. The enclosure temperature is
and a large portion of P components are secondary controlled by an electronic control system through adjust-
from gaseous precursors under atmospheric gas-phase andiog the power of cooling units and heaters according to the
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Table 1.0Overview of instruments.

303

Instrument Measured parameters  DL/Range Accuracy Flow rate (Cnin
Siemens QFM2160 temperature 0-28Dor —35-35°C £0.8°C NA2
relative humidity 0-100% +3% NA
Siemens QBM66.201 differential pressure 0-100Pa +3Pa NA
EPP2000CXR-50 concave grating spectrometer  light spectrum 280-900 nm NA NA
Thermo Scientific Model 48i CO 0.04 ppm +0.1ppm 0.5
Thermo Scientific Model 43i SO 0.05ppb 0.2 ppb ot-1 %P 0.5
Ecotech 9810 o) 0.5ppb 0.5ppb 0t=0.5% 0.5
Ecotech 9841T NO/N@NOy 50 ppt 100 ppt oe:0.5 W 064
Ecotech 9842 NQNH3 0.5ppb +0.5% 0.355
GC-MSD/FID/ECD VOCs <10ppt +5% NA
PTR-TOF-MS VOCs 0.1-5000 ppb +(5-30) % 0.5
DNPH-LC-MS carbonyls 0.05-0.15 ugTa +3% NA
SMPS (TSI 3081DMA and 3775 CPC) particle number 1 am—3 +109%° 0.3
particle size 10-1000 nm +(3-3.5) %
HR-TOF-AMS particle composition 22 ngmi-d NA 0.1
Metrohm, 883 Basic IC plus anions and cations 0.01-0.05Tm +3% NA

2NA=not .’;1pp|icab|e.b Whichever is greatef. For total number concentratiof For organics.

difference between the average temperature of the eight therolume decreases to 1/3 of its maximum value, the experi-
mocouples and the set temperature. ment (typically about 10 h, depending on the numbers of in-
struments taking samples from the chamber) is terminated.
When lowering the top frame of the reactor during wall loss
evaluation experiments, the total particle number concentra-
1Iion (Nt) changed smoothly from an initial number concen-
tration Ng and the slope of InXo/N;) versus remained con-
stant, suggesting that the movement of the chamber will not

2.2 Teflon reactor

Chamber reactor walls can be made of Teflon film (Cocker e
al., 2001a; Carter et al., 2005), Pyrex (Doussin et al., 1997)
quartz (Barnes et al., 1987), aluminum (Akimoto et al., 1979)
or stainless steel (Wang et al., 2011). Except for the AIDA affect the aerosol wall IO_SS rates._ .

chamber (Sathof el 2003, mostarger smog chambery Z2% o7 P e sl e e ey e po
on the order of tens of cubic meters were made of Teflon film L . . L

for technical and economical reasons (Cocker et al., 2001a .635cm in diameter. This port is used for injection of pu-

Carter et al., 2005; Pandis et al., 1991; Johnson et al., Zoozfjﬁed air, sample and seed aerosols. A second port next to

Martin-Reviejo and Wirtz, 2005; Rollins et al., 2009). The the instrumentg, With 13 holes (.)f 0.635_cm in d_ia_me_ter, s
reactor wall material of this chamber is 2 mil (54 um) FEP used for sampling. Since the residence time of air inside the

Teflon film that is transparent, chemically inert and UV per- sampling lines is within se_conds., the inf_Iuence of .Sa”.‘p"”g
meable. The Teflon film is flexible enough to avoid alter- process on the homogeneity of air reaching the online instru-

ing the pressure inside the reactor during air extraction. Thénents is negligible. The other two ports, each with four holes

Teflon reactor is self-made by a heat sealing laminator. AOf 0-635¢m m_dlg\lmeterz are also udsed fhor samplmg:]. Fur;]
seams on the reactor are reinforced by a polyester film tapéhermore, an ar blower Is connected to the reactor t roug
with a silicone adhesive (polyester tape 8403; 3M, USA).a 10 cm solenoid valve controlled by computer, providing a

. P
The reactor wall is more than 1 m away from the lights to pumping flow rgte of 1 rimin”! to evacuate the reactor.
avoid the heating on the surface of the Teflon film. The re- Two three-wing stainless steel fans coated with Teflon are

actor is mounted inside the enclosure with a fixed bottommstalled at the bottom inside the reactor to provide sufficient

stainless steel frame and a movable top stainless steel fram@8!X!N9 of the gas species and particles. I.\IO detectable non-
methane hydrocarbons (NMHCs) are emitted from the fans.

The top frame is lifted and lowered by a mechanical step mo- . . .
tor that has power-off protection. During experiments, as theROtatmg speedlof Fhe fan§ can be varied to a maximum of
volume decreases due to sampling, leaks and permeation, tﬁle400 rpm by adjusting the input power.

top frame is lowered slowly to maintain a differential pos-

itive pressure between the inside of the reactor and the er2.3  Light source

closure, thereby reducing the contamination of the enclosure

air. Siemens QBM 66.201 (Siemens AG, Germany) is usedA total of 135 black lamps (1.2m long, 60W
to measure the differential pressure between the reactor anéhilips/10R BL; Royal Dutch Philips Electronics Ltd,

the enclosure with an accuracy #f3 Pa. When the reactor the Netherlands) are arranged in two banks as the light
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supply (Model 1160; Thermo Scientific, USA). The maxi-

Gas phase montors Aerosol phase monitorsp,n @ mum flow rate of purified air is 45 L mint. The purified dry
PTR-TOF-MS | | palen, | |GC-MsDIFID| |HR-TOF-AMS| | PiLs-IC SMPS ?a;’s:eélmg air includes <0.5 ppb NMHCs, <1ppb NOO3 and car-
i ZT i f 0 i bonyl compounds, and no detectable particles. A separate
st <[ | source of purif_ied air with <5pp_b NMHCs (ma_inly ethane
n_ | 7 3 and propane) is also used for high-concentration precursor

Iniecti . . .
niection system Teflon Reactor (hundreds of parts per billion) experiments. Compressed in-

6 door air is forced through a combustion chamber filled with
A TR Hopcalite and a series of bed scrubbers containing activated
charcoal, Purafil, Hopcalite and allochroic silica gel, fol-
FTe T4 lowed by a PTFE filter to provide this source of purified air
with a maximum flow rate of 200 L mint. The schematic of
these two air purification systems is shown in Fig. 1b.

sdwe) yoe|q

Temperature-controlled enclosure

labair | Compressor || Airtank || Freezering (b) 'Beforg 'each exp'eriment thq reaf:tor is evacuated and fil!ed
dryer with purified dry air at least five times, then the reactor is
Thermo flushed with purified dry air at a flow rate of 100 L mihfor
purifiedair < | Activatedcharcoal k| purafil k| zeroair Aol at least 48 h until no residual hydrocarbons, RO or par-
supply ticles are detected in the reactor to avoid carry-over problems

from day-to-day experiments. When the reactor is not in use,

Allochroic - Activated N i 2 o . . . .
™ silicagel charcoal Combustion | @) it is continuously flushed with purified dry air.

chamber

[ Filter | purified air 2.5 Injection system

Fig. 1. (a) Schematic of the GIG-CAS smog chamber facility. T1- Gaseous reactants are injected using gas-tight syringes
T8 are the thermocouples in the enclosure @pis the tempera-  through a septum installed in one port of a union tee that is
ture sensor inside the react@) Schematic of two air purification  connected to a FEP Teflon line, and then flushed by purified
systems. Route 1 represents the procedures of the Thermo zero-aify air or nitrogen into the reactor. For the introduction of lig-
supply system; route 2 represents the procedures of the larger flowid reactants, known volumes are measured and injected by
rate air purification system. means of microliter syringes through a heating system with
an injection port similar to that used in gas chromatography.
The temperature of the injection port is adjustable according
to boiling points of the injected reactants. Ozone is generated
source. One bank of 80 lamps is mounted on one enclosurBy a commercial ozone generator (VMUS-4; Azco Industries
wall, and another bank of 55 lamps is mounted near theLtd, Canada) with pure oxygen as the feed gas to prevent the
opposite enclosure wall on an aluminum alloy frame. Thegeneration of NQ. Ozone introduced into the reactor is con-
artificial light produced by the black lamps gives a good trolled by the generating time and the flow rate.
representation of the ground-level solar light spectrum in the  Humidification is achieved by vaporizing Milli-Q ultra-
low-wavelength region, but they do not emit in the longer pure water contained in a 0.5 L Florence flask and the water
wavelength regions (>400 nm) that photolyze some speciesyapor is flushed with purified dry air into the reactor. Relative
such as peroxy radicals or methylglyoxal in the range ofhumidity inside the reactor can be varied from <5 to 80 %.
450-550nm (Cocker et al., 2001a). However, because ofrhe humidification process does not introduce detectable hy-
the low-cost and efficient UV irradiation, black lamps drocarbons or particles into the reactor.
are frequently used in environment chamber experiments Seed particles are generated by an atomizer (ATM-220;
(Cocker et al., 2001a; Carter et al., 2005; Hynes et al., 2005Topas GmbH, Germany) and pass through a diffusion dryer
Wu et al., 2007). The 135 black lamps are divided into 4 (DDU-570; Topas GmbH, Germany) to remove water and a
separately controlled groups; therefore the light intensityneutralizer (TSI 3080; TSI Incorporated, USA) to eliminate
can be regulated to different levels. During the experimentsthe charge before introducing into the reactor.
a Jno, filter radiometer (Metcon GmbH, Germany) is used
to monitor the light intensity inside the enclosure. 2.6 Instrumentation

2.4 Air purification system The array of gas-phase and aerosol-phase instruments
equipped with the chamber facility is briefly described in Ta-

As matrix gas for simulation experiments and carrier gasble 1.

for reactants, purified dry air is supplied by passing com- Ozone is measured by an EC9810 ozone analyzer

pressed house air through a condenser and a Thermo zero-gEcotech, Australia), which is calibrated weekly using a
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Thermo Scientific Model 146i multi-gas calibrator. The
detection limit and accuracy of the ozone instrument are 40—#54&4—;—1—1—1—{»&{—:—1—:—;—&1—&:—( ®
0.5ppb andt0.5 %, respectively. An EC9841T chemilumi- {If
nescence analyzer (Ecotech, Australia) is used to measur: _ 5ol Ifiif L e :zﬁpziﬁ 2::22 izﬁpzﬁz 211:.1150?@
NO and NQ. The NQ instrument is calibrated weekly using & Iii . mmge lemﬁmm at 8 set temﬁeram of 40 C
a certified cylinder of NO. The detection limit and accuracy £ . #
of the NG instrument are 50 ppt ant0.5 %, respectively. i
VOCs inside the reactor are measured both offline and on- 5 PR
line. Offline measurement are performed by using a model g !¢
7100 preconcentrator (Entech Instruments Inc., USA) cou- £
pled with an Agilent 5973N gas chromatography—mass se- % oL%
lective detector/flame ionization detector/electron capture ~ LI
detector (GC-MSD/FID/ECD; Agilent Technologies, USA). 10 iy, it st iresefiesEsi
During simulation, air inside the reactor is sampled about ev-

ery 15min with evacuated 2L stainless steel canisters and 0.0 0.5 10 L5 20 25 30 3.5
simultaneously analyzed with the three detectors of this self- Time (B)
modified system for a wide spectrum of VOCs. This analyt-
ical system is well established, and a detailed description of
the method can be found elsewhere (Wang and Wu, 2008;
Y. L. Zhang et al., 2010, 2012, 2013). Carbonyl compounds
are analyzed offline by high-performance liquid chromatog-
raphy (HPLC — HP1200; Agilent Technologies, USA) cou-
pled to UV detection at 360 nm after being collected by draw-
ing air through a Sep-Pak DNPH-Silica cartridge (Waters
Corporation, USA) with a sampling pump (Thomas, USA) ™ T8 T4 T6 T T TS T2 ‘Tr
every 15min. A detailed description of the method can be Thermocouples
found elsewhere (Tang et al., 2003).

Online monitoring of parent NMHCs such as propedme,
pinene, and some aromatic hydrocarbons as well as their o

'da“o,” prdeCts a}re also available with a prOton'tranSfer’standard deviations of the nine temperatures. The solid lines repre-
reaction time-of-flight mass spectrometer (PTR-TOF-MS; sot set temperaturetl) Average temperature values measured by
lonicon Analytik GmbH, Austria). Detailed descriptions  the nine thermocouples over a 6 h period under black light irradia-
of the PTR-TOF-MS technique can be found elsewheretion condition. Error bars show the temperature variability in the 6 h
(Lindinger et al., 1998; Jordan et al., 2009). At present theperiod.
accuracies for some species by the PTR-TOF-MS are still not
comparable to that by offline methods: for example, PTR-MS
quantification of HCHO is highly influenced by the humid- in the high-sensitivity V mode and high-resolution W mode
ity (Vlasenko et al., 2010). Therefore in this work we only alternatively. The HR-TOF-MS is calibrated using 300 nm
report our VOCs results by offline techniques, and furthermonodisperse ammonium nitrate particles.
calibration of the PTR-TOF-MS is still under way.
Particle number concentrations and size distributions are
obtained using a scanning mobility particle sizer equipped3 Characterization
with a differential mobility analyzer (TSI 3081; TSI Incorpo-
rated, USA) and a condensation particle counter (TSI 37753.1 Temperature control and its homogeneity
TSI Incorporated, USA). Flow rates of sheath and aerosol
flow are 3.0 and 0.3 L mint, respectively, allowing for asize In the GIG-CAS chamber, three temperature control units
distribution scan ranging from 14 to 700 nm within 135s. and two Teflon-coated fans are used to provide a homoge-
The accuracy of the particle number concentratich1§ %. neous and stable temperature inside the reactor. Figure 2a
A high-resolution time-of-flight aerosol mass spectrome-shows evolutions of the average temperatures as measured
ter (HR-TOF-MS; Aerodyne Research Incorporated, USA)by the eight thermocouples (T1-T8, Fig. 1a) and the temper-
is used to measure the chemical compositions and evolutionature inside the reactoffy; Fig. 1b) measured by Siemens
of submicron aerosols (PM (Jayne et al., 2000; DeCarlo QFM2160 (Siemens AG, Germany) under black light irradi-
et al., 2006). The HR-TOF-MS is also able to determineation when temperatures were set to 40, 15 ald0°C, re-
the average element ratios of organics, like H/C, O/C, andspectively. After the initial increase or decrease, the average
N/C (Aiken et al., 2007, 2008). The instrument is operatedtemperatures stabilized after about 1.5 h, 20 min and 40 min

[
o

(]
w

20

Temperature(Celcius degree)

Fig. 2. (a)Evolutions of the average temperature of nine thermocou-
les, eight of them outside the reactor and one inside the reactor (see
ig. 1a), under black light irradiation condition. Error bars are the
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Fig. 3. Concentration—time plot of ozone after each injection. The

two mixing fans rotated at a speed of 700 rpm in the experiments. Fig. 4.Measured spectrum of black lamps.

3.4 Light spectrum and intensity

when the temperatures were set to 40, 15 &1@°C, re- e |ight spectrum emitted by black lamps is measured by
spectively. The standard deviations of the nine temperaturegppo0o0CXR-50 concave grating spectrometer (StellarNet
were all withi.nj:.1°C, indicating a good homogeneity of the Inc, USA) and is shown in Fig. 4. The black lamps produce
temperature inside the enclosure and the reactor. an irradiation over the range from 340 to 400 nm with peak
The average values of T1 to T8 afilat a set tempera- jnensity at 369 nm. For the wavelength above 400 nm, essen-
ture of 25°C with all the black lamps switched on are shown tially no intensity is produced except for some small peaks.

in Fig. 2b. The experiment duration time was 6 h. All of the |, e first 8 months of operation, no appreciable variation of

elght thermopoupl.es'show stable temperat'ure's arouf@25 ,q light spectrum was observed.

W|th accuracies withint1°C. Te_zmperature |n5|de the reac- Light intensity is represented by the photolysis rate of

tor is stable at 22 0.5°C during the experiment. All the N, "\which is estimated by a steady-state actinometry. The

subsequept expenments were carried out at a set temper""tu{)‘fr)eration process includes injecting Nibto the reactor, ir-

of 25°C with a relative humidity less than 10 %. radiating it and continuously measuring the concentrations
of NO, NO; and G. The photolysis rate of N& Jno,. iS

3.2 Mixing estimated according to the equation

Ozone is chosen as a tracer to test the gas-phase mixin{;Noz = kn0+0,[NOJGsI/INC, @

time inside the reactor. The injection line was in the mid- where [NO], [Q] and [NO] represent concentrations

dle of the reactor near a fan. Ozone was generated at a rate gholecule cn®) andknoo, (Atkinson et al., 2004) is the

0.8 L min 1 for 10s and was injected into the reactor in three rate constant of ozone and NO reaction. A series 0L NO

pulses. While higher rotation speed of fans provides bette@ctinometry experiments were carried out. A N@hotolysis

mixing inside the enclosure, wall loss rates were found to in-rate of 049+ 0.01 min~1 at full light intensity was obtained

crease with rotation speed of the fan (Saathoff et al., 2003(corrected for the reaction of ozone and NO in the sampling

Bloss et al., 2005; Carter et al., 2005; Wang et al., 2011)lines). This value is a little lower than 0.58 mihcalculated

To make a balance between lower wall loss and better mixby TUV/NCAR model for Guangzhou on 22 June at noon.

ing, we finally settled on a fan rotation speed of 700 rpm. The four separately controlled groups of black lamps allow

At this speed, ozone can be well mixed in about 120's aftethe NQ; photolysis rate to be varied from 0 to 0.49 min

each injection (Fig. 3). Compared to the experiment’s dura-

tion, which may be several hours, this mixing time is very 3-5 Wall loss of gases

short. Tests with other compounds, likepinene, also re-

vealed fairly good mixing within 1 min. Chamber wall effects include off-gassing of N@nd other

reactive species, chamber radical sources and gas losses to
the walls (Carter et al., 1982). They may have an impact
on gas-phase reactivity and secondary organic aerosol for-
mation. In early times of smog chambers, Grosjean (1985)
Dilution may occur due to small leaks or high-volume sam- performed a series of experiments to evaluate the wall loss
pling. Dilution rate may vary with the number and type of rates of inorganic and organic species.

instruments taking samples from the reactor. In each experi- In the GIG-CAS smog chamber, wall loss rates of NO,
ment, a low-reactive compound such ag 8FCH;CN was  NO,, O3 and propene were evaluated by injecting a cer-
injected as a tracer for dilution. Dilution was not detectabletain concentration of these gases and continuous monitor-
within the uncertainty of the instrument. ing their decay in the dark. Wall loss rates are obtained by

3.3 Dilution
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Table 2. Summary of wall loss rates of gas species in GIG-CAS chamber and comparison with other chamber facilities.

Wall loss rate & 10~4min~1)

Run Temp RH GIG-CAS ERY EUPHORE PSF
Species numbers  (K) (%) (30 (601P) (200 1) (27 )
O3 4 296.7 <10 1.3%0.24 0.5-3 1.8 2.4
NO 9 296.7 <10 1.4%040 054 NA NA
NO> 4 296.7 <10 1.32¢0.68 0-2 NA 0.13-2.52

aGrosjean (1985) Bloss et al. (2005 Metzger et al. (2008f! NA = not applicable.

treating the wall loss as a first-order process. The average
wall loss rates of NO, N@and G were 141 x 104 min—1, dN/dlogDp (#.cm-3)
1.39x10*min—1and 131x 104 min~1, respectively. They

are all within the range of reported values of other chamber
facilities (Table 2). For propene, Wu et al. (2007) calculated a -
wall loss rate of 11 x 10~/ s~ in a 2 n? Teflon smog cham-
ber. While in our GIG-CAS smog chamber, no wall loss of
propene was observed within the uncertainty of GC-FID. Un-
like NO, NO, and G that might be lost to the reactor walls
due to heterogeneous reactions, wall loss rate of propene wa
relatively small and not detectable.

Diameter (nm

3.6 Particle wall loss Time (h)

Particle deposition onto the wall of the reactor is believed Fi9- 5- Number concentration distribution of (NSO, as a func-
to be influenced by diffusion and the charged wall. Particle'ion of time after its introduction into the reactor.

wall loss rate is proportional to the particle concentration and
depends on the particle size. The particle number-weightecil)_10 i

) ; i o for the TCRDL ch Takek l.
wall loss rate is described by first-order kinetics as reported for the TC chamber (Takekawa etal.,

2003). The particle number wall loss rate is determined to be

dN (dp, 1) 0.17 1, which means a lifetime of 5.9 h for particles. The
d —Kn(dp)N(dp, 1), (2) result is comparable to results reported for other smog cham-
bers (Table 3).

where N (dp, t) is the particle number concentratiod, is
the diameter of the particle arkdy (dp) is the particle num- 3.7 Propene-NQ experiments
ber loss coefficient (Cocker et al., 2001a). Thig (dp) val-
ues can be estimated from the particle number concentratiofhe propene—NQirradiation system was widely used as a
versus time data in any experiment when no new particle igeference system (Carter et al., 2005; Hynes et al., 2005)
formed. to evaluate the ability of a chamber to test the mechanisms
Ammonium sulfate ((NH)>SO4, AS) seed particles are for single organic—Ng irradiation systems. A set of four
introduced into the reactor to evaluate the production ofpropene—N@ irradiation runs were carried out under dry
water-soluble inorganic particles and the particle numberconditions with a controlled temperature of 23& 0.5K.
wall loss. AS solution amounting to 0.5 motL was atom-  The initial experimental conditions are listed in Table 4. The
ized with a flow rate of 0.5L min! for 20 min. As shown initial propene concentrations varied from 669 to 967 ppb
in Fig. 5, AS aerosols exhibit a median diameter of 150 nmand the initial propene / NEratios ranged from 1.8 to 2.6.
within a few minutes after the injection and the median diam- A near-explicit mechanism for propene from the Master
eter slowly increases to 200 nm due to coagulation of smalleiChemical Mechanism version 3.2 (Saunders et al., 2003) was
particles and probably higher wall loss rate of smaller parti-used to simulate the propene—N@radiation experiments.
cles. For aerosols with, of 60, 100, 200, 300 and 400 nm, Auxiliary mechanisms and relevant parameters used in the
Ky was determined to be 0.41,0.23,0.12, 0.08 and 0:30h model are listed in Table 5. The parameters were determined
respectively. Like the study by Takekawa et al. (2003), ourby simulating clean air, low N@-air, CO-NQ-air and
results also suggest that smaller particles deposit more ea&O-air irradiation experiments. Reaction rate coefficients of
ily onto the reactor walls. For aerosols with= 300 nm, the  the N,Os hydrolysis to adsorbed HN§) the photolysis of
wall loss rate of 0.081! is close to but lower than that of adsorbed HN@to OH and NG, and the wall loss of HN@
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Table 3. Comparison of particle wall loss rates in different smog chambers.

Volume  Wall Wall loss Particle
Chamber (M) material rate (M1) lifetime (h) Reference
GIG-CAS 30 FEP 0.17 5.9 This work
PSI 27 FEP 0.21 4.8 Paulsen et al. (2005)
Caltech 28 FEP 0.20 5.0 Cockeretal. (2001a)
UCR 90 FEP 0.29 3.4 Carter et al. (2005)
EUPHORE 200 FEP 0.18 5.6 Martin-Reviejo and Wirtz (2005)
SAPHIR 270 FEP 0.27 3.7 Rollins et al. (2009)
CMU 12 FEP 0.40 2.5 Donahue et al. (2012)

Table 4. Summary of initial conditions for propene—N&air irradiation experiments.

Run RH  Jno, [propeney [NO]g [NO2lg

number T (K) % min—i ppb ppb ppb  [propenel/[NQ

1 2982+05 <10 0.49 878 215 126 2.6
2 2982+0.3 <10 0.49 967 132 292 2.3
3 2979+03 <10 0.34 930 447 2.6 21
4 2990+08 <10 0.49 669 350 19 1.8

were assumed similar to those used by Hynes et al. (2005) 300 . . .
The reaction rate coefficient of the N@ark, heterogeneous :Egéﬁ}gm
reaction NG — 0.5HONO +0.5wHNO3 was determined
to be 232x 10851 from NO, dark decay experiments.
As mentioned above, the ozone and NO wall loss rates were
determined to be.29x 106571 (1.31x 10-*min~1) and
2.34x 108571 (1.41x 10~*min~1), respectively. The reac- I * popeneon9 %
tion rate coefficients of light-induced production of OH and o Pt
off-gassing of N@ from Teflon walls (Carter and Lurmann, - . . . . . P,
1991, Bloss et al., 2005) were determined to be 0.6Q5 — HCHO(OBS)
by simulating the experiments. The initial HONO concentra- T HCHOIODED
tion was varied from 0 to 5ppb in order to give best fits to £ ™[ ] I 1
the experimental concentration profiles.
Figure 6 shows a comparison of observed and simulated g o} ; - 1200
concentration—time profiles of a propene—N@radiation :ﬁggﬁm
system. The initial HONO concentration was adjusted to be :
5ppb in order to give the best fit for this experiment. Good
agreements are obtained for most of the compounds such a
propene, @, NO, HCHO and CHCHO. The peak N@con- 6001~
centration is overpredicted; this phenomenon was also ob-
served by Hynes et al. (2005) for the propenexNfo-
tolysis experiments or by Bloss et al. (2005) and Zador et
al. (2005) for ethene—N©Ophotolysis experiments. For bet- ]
ter simulation, some unknown mechanisms involvingo2NO e enonrene
sinks most likely need to be included. The model shows a % 000 4000 6000 0 000 4000 6000
faster sink for NQ in the last 1h. @ is overpredicted at Time (seeond) Time (seeond)
the end of.the experiment Wi_th arelative deviation of 4.8 %. Fig. 6. Concentration—time plots of observed and simulated NO,
The quantityA ([Os] - [NO]) is used to evaluate the model no,, O, propene, HCHO and G#€HO in a propene—Ng-air
performance (Carter et al., 2005; Pinho et al., 2006). Thisiradiation system.
quantity is defined as
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Table 5. Auxiliary mechanisms for chamber-dependent reactions.

Reaction Parameters Lower/Upper limits

py WAl NO, 0.005J/y0, ppbvst (0.0025-0.010yNo, ppbvst
v "2 oH 0.005/n0, ppbv st (0.0025-0.010)n, ppbv s
NO, — 0.5HONO+ wHNO)  2.31x 106571 (1.17-3.45)x 10 6571

N2Os5 —> 2wHNO3 1x105s71 (0.5-2.0)x 106571
N2Os+Hy0 —> 2wHNO3 1 x 10720 cr®molecule s~ (0.1-10)x 10729 cm® molecule s—1
wHNO3 ﬂ) OH+NOy JHNO; (0.5-2.0YHNo;

HNO3 — wHNO3 1x104s1 (0.5-2.0)x 104 s—l

NO — wNO 2.34x 106571 (1.68-3.00% 10 6 s~

03 —> w03 2.19x 106571 (1.79-2.59% 106571
[HONO]p Varied from 0-5 ppb

* wHNOg3 represents adsorbed HN®OnN the wall; similarly,wNO andwOg represent adsorbed NO and @espectively.

Table 6. Summary of initial conditions and results fefrpinene ozonolysis experiments.

Run [¢-pinenep [O3]g AROG Mo

number T (K) RH (%) ppb  ppb pgm3 pgm3 Y

1 296+ 0.4 <5 69.7 179 390.9 114.2 0.292
2 295+ 0.6 <5 21.8 425 122.4 23.9 0.195
3 294+ 0.5 <5 87.2 435 492.4 190.8 0.387
4 292+ 1.8 <5 34.7 806 196.8 451 0.229
5 292+ 0.7 <5 13.1 626 74.2 498 0.067

A My

A([O3]—[NO]) = [Oslfinal—[NOlfinai— ([03]o—[NOlo), (3) = AROG’ 4

where [NO}p and [G3]p are the concentrations of NO and whereA ROG is the mass concentration of reactive organic
O3 at the beginning of the experiment and [Ng, [Os]final gas (ROG) reacted amiMy is the total mass concentration
are those at the end\.([O3] — [NQ]) represents the amounts of organic aerosols formed. is a function of Mp and the

of NO oxidized and @ formed in the experiments, and relation is described as

also gives an indication of the biases in simulating for- o; Kom,i

mation. In the four experiments, the prediction biases off = MOZ(1+K0m,M0 ®)

A([O3] — [NQ]) have been calculated to vary from2.2 to . .
where Kom; ando; are the mass-based absorption equilib-

23.7 % at the end of the experiments, which are within the mi & - o , -
values of+25 % reported by Carter et al. (2005) when sim- rium partitioning coefficient and stoichiometric coefficient

ulating VOC-NG systems. The model results mentioned of producti, respectively, and{j is the total mass concen-
above illustrate that the GIG-CAS smog chamber can pro- tration of organic material. Odum et al. (1996) found that a

vide valuable data for mechanism evaluation. two-product model could fit the yield data well if appropriate
values forw1, a2, Kom 1, Kom 2 Were chosen.

3.8 «-pinene ozonolysis SOA vyield Five experiments of dark ozonolysis@fpinene were car-
ried out under dry conditions near 295K in the absence of
A series of experiments @i-pinene ozonolysis in the dark OH scavenger and seed particles. The initial experimental
were carried out to evaluate the chamber facility in study-conditions and results are listed in Table 6. Initial mixing ra-
ing SOA formation chemistry. This reaction has been widelytios of «-pinene varied from 13 to 87 ppb. An aerosol den-
studied and numerous data are readily found in the literaturesity of 1 gcnT3 was assumed to convert the volume con-
(Hoffmann et al., 1997; Griffin et al., 1999; Cocker et al., centration into the mass concentration for the calculation of
2001b; Saathoff et al., 2009; Wang et al., 2011). Methods deaerosol yields. This assumed aerosol density is lower than
veloped by Pankow (1994a, b) and Odum et al. (1996) arghat of 1.3gcm?® by Bahreini et al. (2005) or Alfarra et
used to analyze the data. Briefly, SOA yield,is defined as  al. (2006) fora-pinene SOA. However, Wirtz and Martin-
follows: Reviejo (2003) and Wang et al. (2011) both adopted a value
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shown to exhibit good temperature homogeneity and mix-
ing efficiency. Observed relative lower wall loss rates of gas
species and particles reflect the long lifetime of these species
and small wall effects. Results of propene—Nair irradia-

tion experiments illustrate its utility for evaluating gas-phase
chemical mechanisms. Furthermore, the good reproducibility
of a-pinene ozonolysis experiments and the good agreement
with previous studies demonstrate its ability for the study of
secondary organic aerosol formation.

0.4}

03}

Yield

021

—— Cocker et al., 2001b (301 K)
—A—Wang et al., 2011 (295 K)
Hoffimann et al., 1997 (320 K)
—d— Griffin et al., 1999 (309 K)
—p— Saathoff et al., 2009 (303 K)
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