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Abstract. An improved Gas and Aerosol Collector (GAC) the collection efficiency of AMS seemed still interfered a
equipped with a newly designed aerosol collector and a sebit by local high relative humidity. If the inter-comparison

of dull-polished wet annular denuder (WAD) was developedwas done with relative humidity below 50 %, the correla-
based on a Steam Jet Aerosol Collector (SJAC) samplettions ranged from 0.81 to 0.94 for major species. Through
Combined with lon Chromatography (IC) the new samplerlaboratory and field studies, this instrument is proved particu-
performed well in laboratory tests with high collection effi- larly useful in future intensive campaigns or long-term mon-
ciencies for SQ (above 98 %) and particulate sulfate (as high itoring stations to study various environmental issues such
as 99.5%). An inter-comparison between the GAC-IC sys-as secondary aerosol and haze formation, as well as climate
tem and the filter-pack method was performed and the resultshange.

indicated that the GAC-IC system could supply reliable par-
ticulate sulfate, nitrate, chloride, and ammonium data in field
measurement with a much wider range of ambient concentra-

tions. When applied in two major field campaigns (rural and1 Introduction

coastal sites) in China, the GAC-IC system provided high-

quality data in ambient conditions even under high loadingsT0 Study the sources, formation processes, and fate of pol-
of pollutants. Its measurements were highly correlated withlutants in the atmosphere, it is very important to develop
data by other commercial instruments such as the &@- fast and advanced instruments to accurately and quantita-
lyzer (43c, Thermo-Fisher, US/&R? as 0.96), the HONO an- tively characterize concentration and composition of both
alyzer (LOPAP, Germanyg? as 0.91 for samples from 15:00 aerosol and trace gases, which exhibit distinct spatial and
to 07:00), a filter sampler (Tianhong, Ching? as 0.86 for ~ temporal variations. Gases species such ag, 830, and
304217), and Aerosol Mass Spectrometer (AMS, Aerodyne, NH3 are_important precursors of secqndary inorganic com-
USA; R? above 0.77 for major species) over a wide ralr]geponents in aerosol including sulfate, nltr_ate, and ammonium.
of concentrations. Through the application of the GAC-IC These _water-soluble compo_nents. contribute about one-third
system, it was identified that 70 % of chloride and nitrate by ©f Particulate matter mass in typical urban areas (Andreae

the filter method could be lost during daytime sampling due€t al-, 2908). Besid.es their abundancg in particulate matter,
to high temperature in the rural site of Kaiping. In Chang- the environmental impacts are of particular concerns espe-

dao field campaign (coastal site), though a particle dryer waSially their role in aerosol acidification and the earth’s radi-
applied, its drying efficiency was not well considered for ation balance by directly scattering incoming solar radiation
and indirectly by altering cloud properties as particles can
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serve as cloud condensation nuclei (Hillamo et al., 1998; An-trate concentration (Drewnick et al., 2003; Homolya et al.,
drews et al., 2000; Chow et al., 2006; Seinfeld and Pandis2005; Makkonen et al., 2012). For wet technique, problems
2006). Therefore, their formation mechanisms and sourceincluding lower sulfate measurement in areas with high sul-
have been widely and actively studied through measuringate loading, higher sulfate measurement under high &0
these components and their precursor gases in the ambironment, peristaltic pumps tube broken up easily, etc., are
ent air along with meteorological measurements (Hu et al. noteworthy. Based on measurement by a semi-continuous in-
2002; Yao et al., 2002; Khoder, 2002). As products of particlestrument, Wu and Wang (2007) have reported that sulfate
formation, growth and processing in the atmosphere, waterreadings tend to be lower when ambient sulfate is above
soluble ions usually can be used as good indicators of chem20 pg nT2 and to be higher when SG&oncentration is very
ical reactions occurring on the surface of particles (Wang ethigh (> 30 ppb). By using alkaline solution as high as 5 mM
al., 2006). and changing the flow rate from 3 to 21 mih the perfor-
Trebs et al. (2004) have summarized the most common onmance of that system has been improved significantly (Nie
line and off-line methods for measuring inorganic gaseouset al., 2010). The problem of lower sulfate readings under
and particulate species in ambient air. Filter sampling is ahigh sulfate loading can be also concluded from the study by
traditional method for measuring particulate species, and iDrewnick (2003) in New York.
still being actively used in quite a lot of field campaigns In the early 2000s, a SJAC sampler was introduced into
nowadays. However, there are well-known disadvantages ad?eking University from ECN and applied in air quality study
sociated with this method such as underestimation of volatilen China. Connected with ion chromatography (IC) from
components (semi-volatile organics and ammonium nitrate) Dionex Company (ICS-90), this system has been used in
various positive and negative artifacts, labor intensive and sanany field campaigns in Beijing and Guangzhou over these
on (Chow, 1995; Keuken et al., 1989; Niessner and Klockow,years (Hu et al., 2002; Su et al., 2008a, b). However, the prob-
1980; Slanina et al., 2001). An efficient way to reduce thelems of positive bias due to high $S{negative bias at high
artifacts due to filter sampling and storage and to meet thesulfate loadings and peristaltic pumps tube broken up eas-
need for acquiring high time-resolution aerosol compositionily also occur in these applications. In this study, we aim to
information is to develop continuous or semi-continuous air-modify and improve the SJAC sampler to extend its applica-
monitoring techniques and instruments. tion in special environment especially heavily polluted areas
On-line measurements of aerosol ions can be achieved bguch as mega-cities in China. The Gas and Aerosol Collec-
wet and dry methods. For the wet method, two representator (GAC) is developed for such a purpose. The detailed im-
tive instruments are the Steam Jet Aerosol Collector (SJACprovements of GAC are presented in this study and its perfor-
system developed by Prof. Khlystov of Netherlands Energymance and efficiency are carefully evaluated by comparing
Research Foundation (ECN) (Khlystov et al., 1995) and thewith other techniques and measurements. The combination
Particle-Into-Liquid Sampler (PILS) system developed by of GAC with lon Chromatography (IC) can provide online
Prof. Weber at Georgia Institute of Technology (Weber etmeasurements of concentration of water soluble gaseous and
al., 2001, 2003; Orsini et al., 2003). The difference betweenaerosol species. In this study, the application of an improved
PILS and SJAC is that particles are first grown with steam,GAC-IC system in a few field campaigns is presented.
then impacted and collected in PILS system whereas SJAC
applies a cyclone to collect grown particles. Additionally,
gaseous water soluble species are also measured by SJAC Methodology
system. Only aerosol components are measured in PILS sys-
tem. 2.1 The Gas and Aerosol Collector (GAC)
The dry technique is also applied nowadays to measure
aerosol ions including aerosol mass spectrometer (AMS)The most important improvement of GAC is the newly de-
(Jayne et al., 2000; DeCarlo et al., 2006) and R&P 8400S/Nsigned aerosol collector, where particles can grow under su-
(Drewnick et al., 2003; Stolzenburg and Hering, 2000). Forpersaturated conditions. As shown in Fig. 1, it has three glass
AMS, particle beam, formed by the lens, passes a skimmecomponents including an aerosol mixing chamber (100 ml),
and a chopper and impacts onto a heater, followed by flasla coil aerosol cooler and an impactor aerosol trapper (con-
vaporization and electron impact ionization. The ions are antain cold water bath). Aerosol samples go into the collec-
alyzed by quadrupole mass spectrometer. It provides highor through the “stream in” port, mixed with steam gen-
time resolution and abundant chemical composition informa-erated by ultra pure water (18.2 ®) at a flow rate of
tion. R&P 8400S/N only measures sulfate or nitrate which1.0—1.2 mImirn! under constant temperature of 120 The
are flash-evaporated in the instrument and thep &@ NO  stream goes through the aerosol chamber and the coil aerosol
produced during vaporization are determined. cooler where particles grow to droplets and finally collected
Lots of inter-comparisons for semi-continuous instru- by the impactor aerosol trapper (contain cold water bath).
ments have been studied; however, these studies were mainfyhe collected water sample is pumped out the trapper from
executed under clean environment with low sulfate and ni-the “sample out” port and the stream goes out from the “air
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2.5 micrometer (PMs) passes through the denuder and en-
Fig. 1. The newly designed aerosol collector used in the GAC to ters into the aerosol collector. Both gaseous and aerosol sam-
enhance the aerosol collection efficiency. ples are injected into two 30 ml glass bottles being weighted
by weighting transducers separately. Gaseous samples are
collected into one bottle in the first 15 min, and then aerosol
out” port. There is circulating cooling water (around°1t) samples are collected in the other bottle in the following
going through the outer shell of the coil aerosol cooler and15 min. Therefore, the time resolution for the GAC is 30 min.
the impactor aerosol trapper which accelerates the growtiThe recorded weights of gaseous- and aerosol samples are
and condensation of droplets by lower the water saturatiorused in the calculation of concentration of each species.
vapor pressure and increasing the degree of water saturation Two IC systems (ICS-90, Dionex, USA) are combined
(RH). The introduction of circulating cooling water and the with the GAC sampler to quantify different gaseous and par-
impactor aerosol trapper were the essential difference beticulate species. One IC is equipped with & 25 mm guard
tween GAC and SJAC for the aerosol collector part which column (type lonPac AG 14) followed by a4250 mm ana-
ensures aerosol fully collected under high loadings. lytical column (type lonPac AS 14) with a mixture of 3.5 mM
Circulating water is pumped through a chamber madeCO%f and 1.0mM HCQ as eluent solution. The other IC
from red copper outside of which two pieces of semicon-is installed with a 4« 25mm guard column (type lonPac
ductor chilling plate, cooling fin and cooling fan are assem-CG 12) followed by a 4 250 mm analytical column (type
bled together to achieve the cooling purpose. Through the retbnPac CS 12) with 20 mM methanesulfonic acid as eluent
copper chamber, the circulating water can be cooled down t@olution. Both ICs were electronically suppressed to reduce
around 10C. the background signal. Samples were injected through 20 pl
The wet annular denuder (WAD) used in the GAC is the loops of two ICs at a flow rate of 1.0 ml mif. During the
same as that in the SJAC, but the inner-surface is dull polperiod of sampling gaseous pollutants, the aerosol samples
ished. This change improved the hydrophilic performanceare automatically injected into two ICs, and then the concen-
of the denuder and enhanced the scavenging capacity dfations of HCI, HONO, HN@, SO, NH3 in gaseous phase
gaseous species for water film formed on the inner-surfacand CI-, NO;, sof;, Na", NH;{, Kt, Mgt in aerosol
of the denuder is quite uniform. The WAD is continuously phase can be calculated.
rotated and the absorption solution can wet the inner sur- Additionally, Micro pumps (BIO-CHEM Fluidics, USA)
face. The absorption solution (usually ultra pure water orare firstly introduced into such kind of samplers instead of in-
diluted alkaline solution) is pumped into the denuder by ajection pumps or peristaltic pumps (used in PILS and SJAC).
micro pump (BIO-CHEM Fluidics, USA) at a flow rate of They work in impulse mode with a constant flow rate about
1.0-1.2 mImin! and pumped out at the other side. 20 pl per pulse and only 1/16 inch Teflon tube connected with
The GAC system developed in this study is schematicallyno accessory easily worn out. The weighing transducers ap-
shown in Fig. 2. A cyclone with a cut-off size of 2.5 microm- plied in the GAC allows recording the weight of each sam-
eter (URG, USA) will be installed before air pumped into the ple in order to accurately calculate concentrations of gaseous
GAC at a flow rate of 16.7 Imint under a flow controller and aerosol species which is a much cheaper but convenient
which is periodically checked by a bubble flow meter (Sen-way. This improvement is particularly helpful toimmediately
sidyne, USA). The stream goes through the WAD by a di-identify errors in sampling or invalid samples based on the
rection reverse with absorption solution flowing in the WAD. recorded data of weight.
Gaseous species diffuse to the inner surface and are scav- Through careful integration and efficient improvement,
enged by the absorption solution. Particulate matter belonthe GAC sampler becomes much smaller than the SJAC.
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It is more suitable for transportation to be applied into 100
field campaigns. 99
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can result in overestimation of the signal of aerosol sample Concentration of SO, (ppb)
because soluble gases not captured by the WAD will dissolve
in the steam environment of the aerosol collector. Fig. 3. Collection efficiencies of S@by the WAD used in the GAC

Diffusion coefficient and solubility are two key factors for for three solutions with standard deviation labeled.
gas collection efficiency. The speed of gas diffusing to the
surface of the WAD is primarily determined by the diffu- ion can be chosen according to actual,S@ncentration
sion coefficient. Higher diffusion coefficients result in faster ;, anvironment.
transport of gases. Among multiple gaseous species mea-
sured in this study (S§ HNOs, HONO and HCI), SQhas  2.2.2  Aerosol collection efficiency
a relatively lower diffusion coefficient and lower solubility
in water. Therefore, if the WAD shows high collection effi- Particle loss due to non-isokinetic sampling also results in
ciency for SQ, high collection efficiency should be expected negative and positive artifacts. In the denuder, some ions that
for other gases as well (Simon and Dasgupta, 1993). should not be present due to their low vapor pressure are
Zero air produced by a zero air source (Model 1001, Sabiosometimes observed, indicating that particle loss actually oc-
USA) was mixed with certificated standard $@as from  curs when air passes through the denuder and thus leads to
cylinder in a Dynamic Gas Calibrator (Model 146i, Thermo- negative artifact.
Fisher, USA) which can provide stable $Qas flow with Particles were generated to investigate (1) particle loss
different concentrations by adjusting the mass flow controllerin the wet denuder and (2) the collection efficiency of the
in the instrument. A gas flow rate of 20 | mihwas produced  aerosol collector. We used poly-disperse aerosol to specifi-
where GAC sampled 16.7 | into WAD per minute. The ma- cally test possible influence of particle concentration on col-
jority of the gas diffuses to surface of the denuder and islection efficiency (e.g. vapor depletion, etc.), because ambi-
collected by the absorption solution and a small portion ofent aerosol in China is characterized by high particle number
SO, may pass through the denuder and is then trapped bynd mass concentrations compared to the levels often found
steam. IfG and A stand for sulfur concentration of the solu- in other locations.
tion collected by the denuder and steam respectively, the ratio Ammonium sulfate solution in different concentrations
of G/(G + A) represents the collection efficiency of 8O (from 0.5 to 25 mM) was prepared to generate particles with
Alkaline solution is normally used as the absorption so- different physical properties. The size and number of the gen-
lution in previous research due to its better absorption effi-erated particles change when the concentration of the solu-
ciency for SQ. However, HONO, an important gas that is tion used for particle generation changes (see TSI Atomizer
also collected and measured by the GAC, is likely producedmanual, Model 3097, TSI, USA). A constant low particle
under the presence of both $@nd NG, especially in al-  flow rate of~ 11 min~1 (2 psi) was mixed with a flow rate of
kaline solution (Spindler et al., 2003; Vecera and Dasgupta20 I min—1 of zero air generated by a zero air source (Model
1991). In this study, three absorption solutions including ul- 1001, Sabio, USA) and controlled by a mass flow controller
tra pure water, 25 uM and 100 uM NaOs solutions were  in the Dynamic Gas Calibrator (Model 146i, Thermo-Fisher,
tested for S@ collection efficiency. USA). The zero air and generated particles were mixed in a
As seen from Fig. 3, collection efficiency higher than 98 % 4.5 polypropylene mixing tank from where the GAC sam-
was found when NgCOz solutions (25uM and 100 M) pled continuously at a flow rate of 16.7 Imih A Teflon
were used and such efficiency almost did not change wheffilter (Whatman, UK) was connected following the aerosol
SO, concentration increased up to 90 ppb. However, the efcollector in the GAC before air passing through the pump.
ficiency decreased slightly when water was used as absorpFhe filter samples were extracted in the same way as intro-
tion solution (from 97.5 % to 94 % when $@oncentration  duced in Sect. 3.1.1.
increased from 20 to 120 ppb). In fact, ambient,@Oncen- A Scanning Mobility Particle Sizer (SMPS, Model 3936,
trations in China are typically in the range of 20—100 ppb TSI, USA) consisting of a Differential Mobility Analyzer
with significant seasonal variations from summer to winter.(DMA, Model 3080L, TSI, USA) and a Condensation Par-
When field campaigns are carried on, different absorption soticle Counter (CPC, Model 3775, TSI, USA) were connected
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Fig. 4. Aerosol penetrating rate through the WAD versus Fig. 6. Aerosol collection efficiency versus (NphSO4 concentra-

(NH4)2S0Oy concentrations used for particles generation. tions used for particles generation.
7.0E+03 T
comos |25 " TN centrations rarely reach as high a$ &t2 in ambient at-
T EEN ANy mosphere. So theT performance pf the GAC sampler is a_de—
z 25 quate for be applied in the ambient atmosphere to monitor
; 4.0£+03 30N gaseous and particulate air pollutants.
S 20£:02 S SRERRaNG Figure 6 shows excellent collection efficiency 99.5 %)
2 sonas jaRvas N of the aerosol collector and it is independent of the con-
. P egpliBRonRuR] RSy centration of (NH)>SOs used. However there is still a
pr_z2nl T trend of higher collection efficiency with the increase of
0.0E+00 “~—= H H
o 100 wo w0 a0 o0 00 700 (NH4)2SO4 concentration. This result clearly demonstrates
Particlesize (nm) that the aerosol collector used in the GAC sampler has excel-

Fig. 5. Particle volume size distributions for different (§}3SOq lent collection efficiency and performance.

concentration used for particles generation. 2.2.3  Limit of detection (LOD)

Limit of detection for each species (Table 1) was determined

to the mixing tank_to measure the number size concentratior, the laboratory by sampling zero air generated from zero
of generated particles. The flow rate of the DMA and CPC ;. <5 rce (Model 1001, Sabio, USA) continuously. The de-

. l . . . .
were 3 and 0.3 min” respectively and the particle size dis- (o ction limit is defined as the background value adding three
tribution was measured between 20 and 700 nm every 5 MiNiqas the signal to noise ratio

The particle volume size distributions were shown in Fig. 5.

Three types of sulfate concentration were obtained from2 2.4 GAC performance in aerosol measurement
this system includings (sulfate left in the denuder)}} (sul-
fate trapped by the aerosol collector) afd(sulfate ex-  An inter-comparison between the GAC-IC system and the
tracted from the filter). The ratio ofA(+ F)/(G+ A+ F) and filter-pack method was performed with twenty-two sets of
Al(A + F) represent the percentage of aerosol penetrating théilter-pack samples collected from 23 to 30 July 2012. Filter
denuder and aerosol collection efficiency, respectively. sampling time for each set varied from 4 to 7 h. A three-stage

Figure 4 shows that the particle loss in the denuder is loweidenuder (1st stage: carbon honeycomb, 2nd stage: 1% cit-
at higher concentrations of (NpbSQy. When (NH;)2SOy ric acid-impregnated honeycomb and 3rd stage: 1% NaCl-
concentration is greater than 5 mM, particle penetrating ratémpregnated honeycomb) was installed before filter holder
exceeds 90 %. The sulfate concentration detected in the WADo remove ambient gaseous species (VOCs, SOz, HCI
accounts for almost 15 % of total sulfate when NSOy and NH) and a three-stage filter-pack (1st stage: PTFE filter,
concentration is 2.5 mM. We estimate from Fig. 5 that par-2nd stage: 0.2 % N&Os — impregnated Whatman 41 filter
ticles larger than 120-150 nm can pass through the denudeand 3rd stage: 1 % citric acid-impregnated Whatman 41 fil-
and get into the aerosol collector. Because of the small inter) was applied to collect the particulate nitrate, chloride and
ertia, smaller particles, which dominate at lower concentra-ammonium. The exposed filters were ultrasonically extracted
tions of (NHy)2SOy, are easily diffused and captured by the by 10 ml ultrapure water and analyzed by ICs (ICS2000 and
WAD, leading to lower penetration ratio. Although ultra fine 1CS2500 from Dionex Company). Finally, the ambient con-
particles & 100 nm) dominate the total particle number con- centrations of nitrate and chloride for filter measurement
centrations in urban areas, their contributions to totabPM were calculated by the sum of their levels in the first and
mass are negligible (Seinfeld and Pandis, 2006). In ambienthe second stage of filter-pack; while the sum of ammonium
atmosphere, most of the aerosol mass is due to the particlefsom the first and the third stage represented particulate am-
with a diameter larger than 500 nm and particle number conimonium for filter measurement.

www.atmos-chem-phys.net/12/10519/2012/ Atmos. Chem. Phys., 12, 1030833 2012
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Table 1.LOD of Each Species GAC-IC measured.

Gaseous phase HF HCI HONO HMO SO, NHj3

LOD (ppbv) ~ 0.008 0.059 0.034 0.065 0.060 0.030
Aerosolphase ~ F CI= NO, NO3; SO~ NHj
LOD (ugm~3) 0.008 0043 0023 0034 0.159 0.030

o]
o]

and ammonium data in field measurement with a much wider
range of ambient concentrations.

(h)

50 | NOy

3,

GAC (pg/m™)

o 40_

30
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204 3 Results and discussion

R’=0.97
Slope=1.08
Intercept=-0.33

R’=0.99
Slope=0.91
Intercept=-0.56

104 &
% 3.1 Field Measurements

T T T T T T
10 20 30 40 50 60 5 10 15 20 25 30 . L )
Filter-pack (ug/im’) Filter-pack (ug/m’) 3.1.1 Field campaign in Pearl River Delta (PRD)

An intensive campaign supported by the Ministry of Science
and Technology, China, was organized by Peking Univer-
sity in PRD from October to November 2008 (Huang et al.,
ya 2011). As part of this campaign, the GAC-IC system was
S applied in a rural site (Kaiping) for measuring gaseous and
\ ercep=0.4 aerosol species and compared with other commercial instru-
T 15 15 20 25 30 35 Ty s 4 ments. The absorption solution wasJg&; (25 uM) in the
Filter-pack (ugim’) Filter-pack (ugm’) GAC-IC system with a PM5 cyclone inlet installed on the
roof of the site and a 3-m Teflon tube (protected by black
Fig. 7. Inter-comparison between the GAC-IC system and the filter material from sunlight) connecting the cyclone to the GAC
measurement equipped with denuder and backup filters. sampler. Only anions were measured in the GAC and cal-
ibration was done by ionic standard mixture of 0.02, 0.05,
0.2, 0.5 and 1 ppm once a week. The flow rate of the GAC
Figure 7 shows the inter-comparison results of sulfate, ni-sampler (16.7 |mint) was checked once a week. The GAC-
trate, chloride and ammonium between the GAC-IC systemlC system continuously measured HCI, HONO, HNGO,,
and the filter measurement. The inter-comparison of squateSOfl‘, NO3 and CI with time resolution of 30 min.
(Fig. 7a) shows the best correlation coefficient wih as Usually, Teflon tube is not suitable for aerosol sampling
0.99 and the slope as 0.91, indicating stable and good pebecause of the electrostatic charges; however, it is more con-
formance of the GAC-IC system. Meanwhile, the resultsvenient and applicable in field campaign in order to limit re-
also proved that the GAC-IC system can perform well un-active gases wall losses. In this study, to minimize particles
der high sulfate loadings as this experiment was conductedbsses the cyclone was electrically grounded and the absorp-
during period with a wide range of ambient sulfate concen-tion solution was also conductive. In addition, the inlet was
tration (from 0 to 60 ugm3). As can be seen in Fig. 7b, covered by black material to block the sunlight and prevent
¢ and d, good correlations between two methods are alspossible heterogeneous reactions.
found for nitrate R%=0.97), ammonium £2=0.98) and SO, concentration was also measured by online 96
chloride (®2=0.92) with minor difference< 10%). If just  alyzer (43c, Thermo-Fisher, USA), which was calibrated by
the first stage of filter-pack is considered (as we did in Kaip-zero air and S@standard gas everyday. The measurement by
ing study), the nitrate measurement by the GAC-IC systemthe 43c is based on the absorption of ultraviolet (UV) light by
will be 40% higher than the filter measurement wit SO, molecules with a high time resolution of 10 s and Teflon
as 0.68 (see Fig. 8a), suggesting the evaporation of partictube as sampling inlet. A TEOM (1400, RP, USA) was used
ulate nitrate under high temperature. This evaporation losgor PM, 5 mass concentration measurement.
is even worse and more serious for chloride (Fig. 8c). How- Ambient HONO was continuously measured by a Long
ever, this difference is minor forammonium & %) because Path Absorption Photometer (LOPAP). The instrument was
ammonium is primarily present in the form of (NFSOy, a modified version of the commercial LOPAP instrument
which is not evaporated (Fig. 8b). In summary, from the (QUMA GmbH, Wuppertal). Detailed information about the
inter-comparison between the two methods, the GAC-IC sysinstrument setup could be found in Li et al. (2012). Dur-
tem can supply reliable particulate sulfate, nitrate, chloride,ing the campaign, the time resolution of the LOPAP HONO

R’=0.98 )
Slope=0.94 2 o
Intercept=0.38 o

Atmos. Chem. Phys., 12, 105190533 2012 www.atmos-chem-phys.net/12/10519/2012/
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Fig. 8. Inter-comparison between the GAC-IC system and the filter measurement with data only from the 1st stage.

measurements was 4 min and no sampling inlet was applie@.2 Overview of the GAC-IC performance in
for the system. Kaiping site
Teflon filters with a diameter of 47 mm (Whatman, UK)
were installed in the filter sampler (Tianhong instruments, During the period from 20 October to 14 November 2008, the
China) to collect PM5 samples twice a day from two peri- time series and diurnal variations of major species measured
ods (07:00 to 18:00 and 18:30 to 06:30). The exposed filterdy the GAC-IC and PMs mass by the TEOM are shown in
in Petri-dishes (Whatman’ UK) were stored in a refrigeratorFig. 9. Statistical information of all results from the GAC-IC
at 4°C. The filters were extracted in 20.0 ml of ultra pure iS summarized in Table 2.
water (18.2 M2, Millipore, USA) in an ultrasonic bath for The most abundant aerosol species at the site Weﬁ‘? SO
off-line analysis of water-soluble ions under the same chro-and NG; with average concentration as 12.4 ugiand
matographic conditions as the GAC-IC system. 4.6 ugnT3 and accounting for 20.4% and 6.2 % of BPM
mass concentration, respectively. Though @las not en-

3.1.2 Field comparison of aerosol species in Changdao riched in fine particles, it showed similar variations with

. . . . NO; and sometimes could account for up to 9% of M
Another !ntenswe campaign was conductgd In Ch"’mgd"’lomass concentration (Fig. 9a and Table 2). Good correlation
a small island town located in the .Bohal Seaz Whgre a(Rz as 0.85) was found between the sum ofﬁSONO‘,
GAC-IC system and an Aerodyne High-Resolution Time- Cl- and Nl-[f-pre (predicted by the Eq. 1) and BMmass

of Fllght_AerosoI_Mass Spectro_meter (HR-ToF-AMS) were measured by TEOM (Fig. 9¢ and g). About 43% of total
placed side by side for comparison purpose from 20 March . . :

) : .~ aerosol mass in Pyt was water-soluble ions, which agreed
to 26 April 2011. Pure water was used as absorption solution . . . . . O
in this campaign for the low background of S@oncentra with previous findings in this area (Hagler et al., 2006; Lai
In thi paig . W grou et al., 2007). From the time series in Fig. 9, it can be seen
tion in Changdao with cut size of PM cyclone and a 3-m

. . that there were two major episodes (one from 25 to 27 Oc-
Teflon tube (protected by black material from sunlight) con- tober the other from 5 to 6 November) for both aerosol and

nected on the roof. Because of the application of a cation aseous species
chromatography in this campaign, Nidnd NI-Q were also 9 P '

measured besides the anion species with the same routi MasgSO; ) x 2 N MasgNO3)

r’\ﬁass{NHj{ —pre) = [

calibration conducted in Kaiping site. 96 62

The description of HR-ToF-AMS is available in previous _
publications (DeCarlo et al., 2006; Timonen et al., 2010; MaLCI)} % 18 (1)
Huang et al., 2011). A PMcyclone was used as the AMS 355

inlet to remove coarse particles and introduced sampled aiMost of acidic gases exhibited same daily variation dur-
into the instrument through a copper tube with a flow rateing the study period. A wide range of $@oncentration
of 10Imin~1 and the AMS sampled isokinetically from the from 0.26 to 43 ppb was observed with a mean concentration
center of the copper tube at a flow rate of 80 mintinThe  of about 11.47 ppb, whereas the maximum concentration of
time resolution of AMS was 4 min. The operation conditions, other gases was all below 5.5 ppb including HONO whose
detection mode and data processing of the AMS were sameoncentration was much lower than other studies in China as
as those introduced by Huang et al. (2011). The parameter afell (Su et al., 2008a, b; Qin et al., 2009).
collection efficiency (CE) of 0.5 was applied since the sam-  Distinct diurnal variations for N@ and CI~ with the high-
pled air was dried through a Nafion (MD-110, Perma Pure,est concentration in the morning (about 06:00) and the low-
USA) (Takegawa et al., 2009). est (about 15:00) in the afternoon were observed. However,
gaseous HN@and HCI exhibited reversed diurnal pattern,
indicating that they were mainly produced by the evaporation
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Fig. 9. The time series ofa) sof(, NO3 and CI”; (b) gaseous HCI, HONO, HNgand SQ; (c) SO‘Z"+ NO; +CI7, sof( +NOg +CI™
+ NHZ(pre) and PM 5; the diurnal variation ofd) SO%‘ and SQ@; (e) NO3 and gaseous HN§ (f) CI~ and gaseous HCI; the agreement

betweeng) so}l— +NOg +CI™ + NHI(pre) and PM 5.

Table 2. The statistics of major species measured by the GAC-IC system and Bivthe TEOM (hourly average).

HCI HONO HNO; SO, Cl- NO; SO~ PMgs Cl-/PMzs  NO3/PMps  SOZ IPMgs
(ppb) (ugn3) (%)
Mean 055  0.48 107 11.47 0.76 457 1237 62.22 1.22 6.16 20.38
Max. 295 261 533 43.00 495 27.82 36.62 207.44 9.02 20.05 38.12
Min. 005 002 004 026 003 003 047 1117 0.08 0.19 2.91
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Fig. 10. Correlations of S@ measurement by the GAC-IC system

and the TE 43c analyzer. Fig. 11. The inter-comparison between the GAC-IC and the
LOPAP: (a) inter-comparison of day samples from 07:00 to 17:00
(11h) and night samples from 18:00 to 06:00 (13¢D) diur-

. . _ . nal variations of GAC-IC and LOPAP measureme(t) inter-
of nitrate and chloride. S£and SCﬁ showed the same diur- comparison of samples from 15:00 to 07:00 (17 () inter-

nal variation and peaked around 10:00, which were probablycomparison of samples from 08:00 to 14:00 (7 h).
transported from urban area.
Generally, as a semi-continuous method, the GAC-IC sys-

tem showed good condition during the campaign and the ré3ry — 1010) over 24 days from 20 October to 13 Novem-
sonable variations of abundant species indicated that the in5ar 2008 in the PRD campaign.

strument could be applied in field campaigns for long-term = g resyits from two instruments agreed well with a sat-
observation. The newly designed aerosol collector COUIdisfying correlation coefficientg? as 0.96) and a small in-
measure water soluble ions as high as 70 pdrwhich is  tercept of 0.43 ppb though the measurement by the GAC-
particularly useful for highly polluted areas such as some may system was about 11 % lower than that of the, 3@-
jor cities |n.Ch|na. i alyzer. Those results were consistent with those obtained
Several inter-comparisons between the GAC-IC and rele«Dy MARGA (a commercial version of SJAC instrument
vant instruments are introduced in Sect. 3.3 to validate thgatrohm Switzerland) in Finland (Makkonen et al. 2012)'.
reliability of GAC-IC measurement. Because of the lack of the high correlation indicated that the WAD used in the GAC
instruments to measure HNGnd HCl in this study, we  gampler performed stable collection ability for S@om a
only discuss the validation of the GAC-IC measurementsyange of 11.5 to 43 ppb, which prohibited the GAC-IC giving

for HNOs and HCI as follows: (1) the collection efficiency o higher sulfate value at high $@ncentration$ 30 ppb)
of the two species by the WAD seems reliable (stated in(Wu and Wang, 2007).

Sect. 2.2.1); (2) these species can be precisely detected by

the IC; (3) the spatial and diurnal variations of these twog 3 o Comparison of HONO measurement between
species are reasonable compared with nitrate and chloride. GAC-IC and LOPAP

Thus in this study we consider the HN¥@nd HCI results as

semi quantitative at this point and future work will include The data from the LOPAP was averaged to 30 min for com-
the inter-comparison results of HN@nd HCI when instru-  parison with the GAC-IC. Figure 11 presents the compari-

ments are available. son of HONO measurements between the GAC-IC and the
LOPAP based on a datas@f & 450) over 17 days.
3.3 Inter-comparisons of the GAC-IC with other rele- Figure 11a shows the inter-comparison between the two

vant commercial instruments in field measurements  instruments by day (07:00 to 17:0®2=0.70) and night
(18:00 to 06:00,R?=0.89) with night time samples of the
3.3.1 Comparison of SQ measurement between GAC-IC measurement close to the LOPAP. Based on diur-
GAC-IC and TE 43c nal variation of HONO as seen in Fig. 11b, good agreement
between two instruments can be seen during the period of
The data from the TE 43c was averaged to 30 min in orderl5:00 to 07:00, then samples are grouped into a period with
to compare with the data from the GAC-IC (30-min time better agreement and a poorer one (Fig. 11c and d, 15:00 to
resolution). Figure 10 presents the comparison of 8@a-  07:00 with R? as 0.89 and 08:00 to 14:0R° as 0.68) in-
surements between two methods based on a large datasgtead of simply classifying into day and night samples as in

www.atmos-chem-phys.net/12/10519/2012/ Atmos. Chem. Phys., 12, 1030833 2012
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Fig. 11a. We consider the HONO measurement by the GAC- .~ S R Ecias e
IC comparable with the LOPAP from 15:00 to 07:00 (17h) & 7] R e : vi
. = =
and uncertain between 08:00 to 14:00 (7 h). S 407 o,
At this time we do not have an exact explanation for the ¢ 20- 4 2
42 % lower measurement by the GAC-IC during the period © (BT . ol © o -
from 08:00-14:00. Due to interference by BJONO, SQ, 0 10 20 30 40 50 0 4 8 12
PAN and so on which produce HONO through heteroge- AMS (ug m”) AMS (g m”)
neous reactions at surface or in the solution, HONO mea- o Intercept=0.71 151 40 ntercept=036 " i
. . T Slope=1.05 .
sured by wet effluent denuder method is often higher than oo 5 a0 Spesnoz
that by the LOPAP which has already been found in our pre- o ] - " ' i
vious studies and reported by other publications (Heland et ¢ 40 s O
al., 2001; Gutzwiller et al., 2002; Spindler et al., 2003; Genfa & 20- No. 210
. . 0] 3 O NH,
et al., 2003). It was indeed an unusual case of this study at 0 0
.. . T T T T T T T T 1
Kaiping because the GAC-IC system performed well in gen- 0 20 40 60 0 10 20 30 40
eral. However, the result by the GAC-IC was unexpectedly AMS (ug m™) AMS (ug m”)

lower than the LOPAP for a specific period (08:00 to 14:00). _

Because of the low concentration at the sampling site, we19- 13. Inter-comparisons between the GAC-IC system and the

have ever doubted that the standard curve (used for calibra>MS- We use 30-min average data for the inter-comparisons. The

tion in the IC) at lower concentration might contribute to the solid lines represent the regression lines. The dashed lines indicate
. 1.5:1, 1:1 and 1:1.5 correspondence lines.

lower measurement by the GAC-IC at daytime. However, no

obvious change appeared when standard curve was changed

by removing the highest standard point. It is possible that Ab . £ itR2 as 0.86

some other heterogeneous reactions or interference by light A Petter comparison o b was seen withk* as 0.86,

happened on the GAC (indoor) and the LOPAP (outdoor)a slope of 0.94 and a small intercept (F|Zg. 12c). However,

measurement from 08:00 to 14:00. In conclusion, reasons fof/0S€ cOMParisons were seen for NQR® as 0.66) and

such discrepancy remain unclear and will need to be deterC!™ (R? as 0.50) than the SP. The lower concentrations
mined in future research. of NO3 and CI by the filter method could be attributed to

high air temperature which enhanced negative artifacts from
3.3.3 Comparison between GAC-IC and filter sampler the evaporation loss of chloride and nitrate during sampling.

The ambient air temperature of Guangzhou ranged from 19
The comparisons of SP, NO; and CI- between GAC- g 32°C during our sampling period. As shown in Fig. 12a
IC and filter sampler were made based on data<55) of  and b, the evaporation loss becomes significant at tempera-
28days as shown in Fig. 12. The data from the GAC-IC sys-yre higher than 27C. To further investigate this problem,
tem was averaged to the corresponding time period of theye grouped samples into day samples (sampled during the
filter samples for comparison purpose. time from 07:00 to 18:00) and night samples (sampled from

18:30 to 06:30). Better correlations of §CGand Ci~ could
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be seen for night samples wi? as 0.90 and 0.87 respec-
tively. Poor correlations were found for day sampl&s s Fig. 15. Inter-comparisons between GAC-IC and AMS measured
0.30 for NG; and 0.18 for Cf). On average, our data sug- with RH below 50%. We use 1-h average data for the inter-
gested about 67 % of NDand 71 % of Ct might be lost ~ comparisons.

due to sampling during daytime at higher temperature.

Because cations were not measured by the GAC-IC sys-
tem, the molar number of Nj‘-lmeasured by the filter sam- tively over a larger range. In summary, the GAC-IC system
pler (only night samplesy = 27) was compared with total could provide highly time-resolved and comparableﬁSO
molar number of anions measured by the GAC-IC (Fig. 12d).and NG, data and it was particularly applicable in highly
High correlation 2 as 0.88) provided supportive evidence polluted areas.
that aerosol species measured by the GAC-IC were reliable
and a slope of 1.01 indicated that aerosol observed at the sit®.3.4 Comparison between GAC-IC and AMS
was mainly neutral.

Excellent agreement of SO between GAC-IC and fil-  The species we used for comparison between the GAC-IC
ter measurements indicated that the newly designed aeros@nd AMS such as sulfate, nitrate and ammonium were en-
collector had stable collection efficiency for $Oover a  riched in PM. Therefore, a direct comparison between these
wide range of concentration in this campaign (from 0.47 totwo instruments with different cutoff sizes was made in this
36.6 pg n3). About one fifth of the S~ data were higher  study. Sea salt particles which can be easily captured and
than 20 ug m® where the GAC-IC results were still consis- measured by the GAC-IC cannot be measured by the AMS
tent with filter method. The problem of measurement going(Takegawa et al., 2009). We estimated non-sea salt (nss) Cl
down at high concentration of §Oas reported by Wu and based on the GAC-IC data assuming that all of the mea-
Wang (2007) was not found in this study which indicated thatsured Nd was originated from sodium chloride (NaCl) in
the GAC-IC system could perform well in aerosol study un- sea salt. Figure 13 presents the comparison oﬁ$®ss-
der high loadings of S§y and SQ. When day samples of CI-, NO; and NHi measurements (30-min time resolution)
filter measurement were excluded, much better agreementsetween two methods based on a large dataget (1450)
of NO; and CI” were obtained even at the highest N€@n-  over 36 days from 20 Match to 24 April 2010, in Changdao
centration (27.8 pg m?). As shown in Table 3, the good cor- campaign.
relation between GAC-IC and filter method in this work was  Both the AMS and the GAC-IC system could track the
comparable with previous studies of other countries wheregemporal variations of air pollutants and agreed well. For ex-
the observed concentrations were much smaller (below 2&mple, measurements of four ions in aerosol from two in-
and 14 ugm?3 for SO}( and NQ;) than observed in China struments exhibited good and positive correlatioR$ és
(Drewnick et al., 2003; Wittig et al., 2004; Homolya et al., 0.77, 0.84, 0.85 and 0.90 for %O nss-Cf", NO; and NI-Q“,
2005; Makkonen et al., 2012). Most (semi-)continuous mea-espectively). The nss-Clconcentration estimated above is
surements were found much lower than filter-based methodower than that AMS measured with a slope of 0.88. It was
and the better comparison results done in Beijing and Shangbecause Cl from sea salt could be partially or fully de-
hai were just part of data used. However, in our study, meapleted by reaction between NaCl and acid such as nitric acid
surements of the GAC-IC system agreed much better with(HNOg3). Though the different cut size of particle measured
measurements of filter-based method as can be seen byia this campaign, the results were much better than the cor-
slope of 0.94, 0.98 and 1.08 for §O NO; and CI” respec-  relations between PILS-IC and AMS witk? ranged from

www.atmos-chem-phys.net/12/10519/2012/ Atmos. Chem. Phys., 12, 1030833 2012
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Table 3. Summary of inter-comparison results of semi-continuous instrument with filter-based method.

Site Instrument Size Range R? Slope* Intercept Reference
PILS SO~ 0-25 091 071 0.13
New York R&P 8400 PMz2s SQ~ 0-25 0.95 0.73 0.34 Drewnick et al. (2003)
HSHP Sle 0-25 0.92 0.68 0.63
SO 0-25 0.83 0.71 0.42
. h -
Pittsburg R&P 8400 PMl5 NO; 0-8  0.89 078 0.20 Wittig et al. (2004)
804217 0.5-5 0.89 1.22 0.28
Seattle "
NO; 0.2-5 0.89 0.78 0.20
SOE~ - - - -
i 4
Phoenix NO; 0.2-15 086 059 0.99
Deer Park R&P 8400 PM 5 sof; 1-6 0.87 0.74 1.65 Homolya et al. (2005)
NOST 0.2-2 0.21 1.23 0.53
. sofl— 0.5-21 0.84 0.47 0.99
Chicago -
NO3 0.2-14 0.82 0.46 0.51
Indiananolis SO~ 05-21 083  0.59 0.99
P NO; 0.2-12 0.85 0.56 0.25
SO¥~ <20 094 097 0.60
I . h
Beijing AIM (Commercialized SJAC) PM 5 NO; -15 090 0.69 —0.20 Wu and Wang. (2007)
. -, SO~ <20 089 095 1.41
Kkk 4
Shanghai AIM (Commercialized SJAC) Pk NO; -15 0.86 0.89 0.03 Wu and Wang. (2007)
SOE~ <6 098 084 0.24
. . h
Finland MARGA (Commercialized SJAC) P}d NOj -6 0091 0.89 051 Makkonen et al. (2012)
SO~  0-37 0.86 094 —1.00
Kaiping GAC PMs NOg 0-28 0.90 0.98 0.17 This study
ClI— <5 087 1.08 0.08

* Semi-continuous or continuous method = Slopéilter method + Intercept. *’80421’ data bigger than 20 pgT‘n" and NG; data bigger than 15 pgTﬁ were omitted. ***80‘21*
data when daily top five Spconcentrations more than 30 ppb and N@ata bigger than 15 ug™ were omitted.

0.59 to 0.86 for different species and both of which were RH. Takegawa et al. (2009) also applied a CE value as 1 un-
deployed PM cyclones (Takegawa et al., 2009). For the ma- der high RH. To minimize this impact, the nafion tube was
jor ions (NG; and NH}), about 90 % of the data points fell applied as particle dryer in the inlet of AMS in our study.
within areas between two regression lines (1.5:1 and 1:1.5Whereas, a negative correlation is still found by the relative
50 % range), and the linear regression slopes fog N@d difference of GAC-IC and AMS versus RH (Fig. 14b) and
NH; were 1.05 to 1.02, respectively. It indicated that agree-AMS measurement tends to give higher values than GAC
ment between the AMS and GAC-IC during this period was under higher RH environment (Fig. 14a), which means the
50 % with respect to individual 30-min data points. For sul- drying efficiency of nafion tube is not well considered in the
fate, about 70 % of the data points fell within this 50 % range. study on Changdao where the average RH was 55.5 % during
Though in general the data between the GAC-IC and thethe sampling period with one tenth of time above 85 % and
AMS was correlated well in Fig. 13, significant difference maximum RH reaching 98 %.
could be seen during some specific periods when the AMS As can be seen in Fig. 15, measurements by the GAC-
(PMy) measured even higher concentration than the GAC-ICIC system and AMS agree well when RH is below 50 %.
(PMy5). The issue of collection efficiency (CE) influenced A less scattered plot and high&? are achieved compared
by relative humidity (RH) is known and has been always con-to the results using all data with RH up to 98 % (Fig. 13).
sidered in various studies. For example, Allan et al. (2004)The improved newk? from 0.81 to 0.94 and all data falling
have reported that the CE value depends on the RH of thavithin the area between two regression lines with a slope of
sampled air, which can vary from 0.5 at low RH to 1 at high
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1.5*original slope and original slope/1.5, respectively, sug-in a field campaign in Changdao close to Bohai Sea. The
gest these species can be measured well by the GAC-IC. results between these two instruments agreed well wfth

ranging from 0.77 to 0.90 for SP, nss-Ct, NO; and NH;

respectively, which were improved from 0.81 to 0.94 when
4 Conclusions inter comparison was done with RH below 50 %.

In summary, the high correlations with $@nd S(j‘ in

Modifications and improvements have to be made in or-a wide range as well as good slopes of near one with filter-
der to optimize the performance of some imported instru-based method proved that the GAC-IC system performed sta-
ments in highly polluted urban areas such as some megabdle collection efficiencies for both gas and aerosol under high
cities in China. For this purpose, a Gas and Aerosol Collec{oadings. The new system showed well condition in the inter-
tor (GAC) was developed basing on the original SJAC sam-comparisons with the TE 43c, LOPAP, filter-based method
pler in this study. With effective changes and improvements,and AMS, and it had been improved in a way that the de-
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