Comparison of ambient particulate mass and water-soluble ionic concentrations by dichotomous and denuder samplers with mass concentrations of EPA monitoring stations in southern Taiwan
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ABSTRACT
Three stations were selected to determine the concentrations of ambient particulate matter (PM) for comparison with monitoring data of the Taiwan Environmental Protection Agency (TEPA). A dichotomous sampler was equipped with quartz fiber filters to take PM2.5 and PM2-5-10, and a denuder sampler was equipped with a Teflon filter for PM2.5. PM10 (PM2.5 plus PM2.5-10 by dichotomous sampler) and PM2.5 mass concentration were compared to the TEPA data, and the difference of the principal water-soluble inorganic ions in PM was determined using the dichotomous and denuder sampler systems. Results indicated that the PM10 concentration at the TEPA monitoring station was about 2-15% higher than the dichotomous sampler. PM2.5 concentrations of the TEPA monitoring station were about 9-16% higher than the dichotomous sampler and less than 10% higher for the denuder sampler. Volatile ionic species such as nitrate, ammonium, and chloride ions in the dichotomous sampler were lower than in the denuder sampler with Teflon filters, and the average content ratio of the dichotomous and denuder samplers was 0.53 for chloride ions, 0.61 for nitrate, 0.66 for ammonium and 0.88 for sulfate. Therefore, artifact effects for ionic species and mass concentration should be considered in the use of a dichotomous sampler with a quartz filter.
INTRODUCTION
Particulate matter (PM) pollution has contributed to a significant reduction in life expectancy and causes a wide range of diseases [1,2]. Many epidemiological studies have identified a correlation between cardiovascular and respiratory disease and PM [3-5]. In addition, research has indicated that PM is associated with an increase in the mortality rate of lung cancer and other cardiopulmonary diseases [6-8]. Therefore, mass concentrations and species constituents are important factors for air quality management and the protection of human health.
However, sampling errors could occur due to chemical reactions such as volatilization of particles, gas sorption and particle-particle interactions, with these positive or negative errors leaving artifacts. In general, HNO3 can be sorbed on quartz and glass fiber filters, and SO2 can be absorbed on the glass fiber filter to cause a positive artifact effect [9,10]. In addition, some volatile species such as ammonium nitrate and ammonium chloride can cause negative errors due to evaporation and dissociation under temperature changes or a pressure drop increase during the sampling process [9,10]. Tsai and Perng [9] indicated that the quartz filter with high-volume PM10 and the Teflon filter with PM10 in the dichotomous sampler accounted for artifacts of more than 15% in PM10 concentrations. 

Water-soluble inorganic ionic species are principal constituents in PM, except carbonaceous chemicals [10-17]. Many studies have reported sulfate, nitrate and ammonium as the dominant water-soluble ions in PM [14-15,18-21]. Therefore, it is important to identify the mass and fraction concentration of ionic species in PM.
Condensation processes and photochemical reactions of precursor gases in the atmosphere for secondary inorganic aerosol formation could be important mechanisms in urban areas. Generally NOx, NH3 and SO2 emitted from natural and artificial sources could be directly associated with the formation of nitrate, ammonium and sulfate in atmospheric particulate matter [13,22-26].

Three stations including Daliao, Zouying and Meinong were selected to determine the concentrations of PM to compare with TEPA monitoring data. A dichotomous sampler was equipped with quartz fiber filters to take PM2.5 and PM2-5-10, and a denuder sampler was equipped with a Teflon filter for PM2.5. PM10 (PM2.5 plus PM2.5-10 by dichotomous sampler) and PM2.5 mass concentration were compared to the TEPA data, and the difference of the principal water-soluble inorganic ions in PM was determined using the dichotomous and denuder sampler systems.
EXPERIMENTAL METHODS
1. Sampling Location

Three stations of the Taiwan Air Quality Monitoring Network (which was established by the TEPA in 1993), Daliao, Zouying and Meinong, were chosen as sampling sites for the experiment (Fig. 1). A (-gauge-equipped instrument with a glass fiber filter was employed to monitor the PM2.5 and PM10 mass concentrations in the TEPA monitoring network. Two instrument models, Verwas-F701 and Met-One BAM-1020, were selected. The sampling flow rate was 16.7 l min-1, the mass concentration range was 0-10 mg m-3, and the sampling error was < ( 2 (g m-3 for both monitors. But the intensity of the ( rays was different: < 13.5 (Ci for the Verwas-F701 and < 60 (Ci for the Met-One BAM-1020.
Zouying station is located in Kaohsiung City, and Daliao and Meinong stations are located in Kaohsiung County.  Daliao and Zouying are near industrial districts, but Meinong is an agricultural rural area. Kaohsiung City had a population of 1.5 million in 2006 within approximately 154 km2. Kaohsiung County’s population is 1.2 million within an area of approximately 2793 km2. Tzouying and Daliao have population densities of 9200 and 1500 people km-2, respectively. Daliao is 12 km from the coastline, and it is near a rural-industrial complex area with various agricultural activities and heavy industrial districts, i.e., Da-Fa (less than 0.3 km east, a mixed industrial area, i.e., metal industry, scrap metal recovery, chemical industry, etc.), Lin-Hai (approximately 6.5 km west, iron and steel industry, petrochemical industry, etc.) and Lin-Yuan (approximately 4.5 km southwest, the main petrochemical industrial district in Taiwan). In contrast, Tzouying is 3.3 km from the western coastline, and the major pollution sources in the region include the largest oil refinery plant in Taiwan (3.5 km north of the station), the electronics industry in the Kaohsiung Export Processing Zone (5.3 km north of the station), cement plants (2-3 km north of the station), and the Mass Rapid Transit construction zone (approximately 0.6 km north of the station).  

The experiment was conducted during the periods from 22 October to 3 November 2004, 25 January to 5 February 2005, 31 May to 5 June 2005, and 16-21 January 2006. At each site, one particulate sample was taken every 12 h, from 07:00 to 19:00 and from 19:00 to 07:00 the next day.
2. Particulate Matter Sampling Method

2.1. Dichotomous sampler

Ambient PM was taken by a dichotomous sampler (Graseby Adenson G 241, USA) equipped with an inlet of 10 (m cutpoint. PM below 10 (m aerodynamic diameter (PM10) was divided into two size fractions upon entering the sampler using a virtual impactor with a 2.5 (m cutpoint. The two size fractions were classified as a coarse fraction (2.5 (m < aerodynamic diameter < 10 (m, PM10-2.5) and a fine fraction (aerodynamic diameter < 2.5 (m, PM2.5). The total flow rate of the dichotomous sampler was 16.7 l min-1. It was split into 1.67 and 15 l min-1 for coarse and fine flow, respectively.

      PM was collected using 37-mm quartz fiber filters (Pallflex 2500 QAT-UP, 37 mm) supported by polyolefin rings. Filters were pre-treated before sampling at 900 °C for 3 h to reduce the background level of carbonaceous species and other volatile species in the filter and to reduce the artifact effect of the filter. The pre-treated filters were placed in clean polyethylene Petri dishes; the dishes were then wrapped with Teflon tape and aluminum foil and stored in a freezer until field sampling. The weight of the filters and the collected particulate mass concentration was measured by a microbalance (Mettler Toledo, MX5) with a reading of 1 (g. The precision of the quartz filter is ( 10 (g under the condition of 40% relative humidity at 25 °C. Prior to weighing, the filters were conditioned at 25 ( 2 °C and 40 ( 5% relative humidity for 48 h. Filter samples were stored in a refrigerator at 4 °C before chemical analysis to limit losses of volatile components. In addition, the quartz filter was preheated to reduce interference, and blank samples and other quality assurance and quality control samples were also analyzed in this study to minimize the artifact effect of the filter.
2.2. Denuder sampler

The denuder system employed in this study was composed of a cyclone with a cut-off diameter of 2.5 (m (University Research Glassware, URG, Chapel Hill Inc., USA) followed by four annular denuders (URG-2000-30EH), a filter pack, a flow controller and a pump [27]. Airflow was set at a constant rate of 16.7 l min-1.

The first denuder was coated with 10 ml of 0.1% (w/v) NaCl in 1:9 methanol/deionized water solutions for the absorption of HNO3 gas [18,27]. The second and third denuders were coated with 10 ml 1:1 (v:v) mixtures of 2% (w/v) Na2CO3 in deionized water and 2% (w/v) glycerol in methanol solution for the absorption of HCl, HNO2 and SO2 gas. The fourth was coated with 10 ml of 1% (w/v) citric acid in methanol solution for the absorption of NH3 gas. Three filters placed in series followed the denuders. The first Teflon filter (Pallflex, 47 mm, pore size: 2 (m, USA) was set up to collect particulate matter < 2.5 (m in diameter. In order to collect acid gas that evaporated from particles or that was not completely absorbed by the denuder, the next quartz filter was coated with a Na2CO3 solution. The last quartz filter was coated with a citric acid solution and designed to collect NH3 evaporated from the particles. After sampling, each denuder tube and filter was extracted with deionized water and analyzed by ionic chromatography. Two denuder sampling systems were analyzed at Daliao station for quality assurance and quality control procedures, and the relative error for all gas species and particulate ions ranged from 7-12 and 3-15%, respectively. In addition, the additives of HNO3, SO2 and NH3 gases were used to measure the recovery of the denuder absorption system. Recoveries were 95 ( 6% for HNO3, 94 ( 5% SO2 and 91 ( 10% for NH3.

3. Chemical Analysis

The collected aerosol filters were ultrasonically extracted for 2 h into 20 mL of deionized distilled water and filtered through a Teflon filter of 4.5 (m nominal pore size. Ion chromatography (Dionex, 120) was used to analyze the concentration of anions (Br-, F-, Cl-, NO2-, NO3-, SO42-) and cations (Na+, NH4+, K+, Mg2+, Ca2+). The separation of anions was accomplished using an IonPac AS 12A (4 x 200 mm) analytical column, an AG 14 guard column, with a 10 (L sample loop, and an anion self-regenerating suppressor-ultra. A solution of 2.7 mM Na2CO3/0.3 mM NaHCO3 was used as an effluent at a flow rate of 1.5 ml min-1. The separation of cations was accomplished using an IonPac CS 12A (4 x 250 mm) analytical column and a CG 14 guard column, with a 50 (l sample loop and a cation self-regenerating suppressor-ultra. A solution of 20 mM methanesulfonic acid was used as the eluent at a flow rate of 1 mL min-1. Applying this analysis method, the detection limits of analyzed ionic species were in the range of 0.005 (Mg2+)-0.010 (NO2-) (g m-3. In addition, the recoveries of ionic species were between 87 (Na+) and108 % (NH4+).
RESULTS AND DISCUSSION
1. PM Mass Concentration

1.1. PM10
In the work, the PM10 concentration of the dichotomous sampler consisted of PM2.5 and PM2.5-10. Table 1 shows the PM10 concentrations of the dichotomous sampler and TEPA. In winter, average PM10 concentrations were 109 ( 36 (g m-3 for Daliao, 97 ( 41 (g m-3 for Zouying and 76 ( 18 (g m-3 for Meinong. Few sampling data are available for summer, but the PM10 concentrations were 41 ( 12 and 42 ( 16 (g m-3 for Daliao and Zouying, respectively. Generally, the PM10 concentrations at the TEPA monitoring station were about 2-20% higher than the dichotomous sampler in winter. For a few samples, the PM10 concentration of the TEPA monitoring station could be lower (-5% in Daliao) or higher (7% in Zouying) than that of the dichotomous sampler in summer, but the difference was less than 10%.
In the daytime, the PM10 concentrations were 90 ( 39 (g m-3 for Daliao, 77 ( 42 (g m-3 for Zouying and 67 ( 29 (g m-3 for Meinong. At night, the PM concentration increased to 107 ( 43 (g m-3 for Daliao, 91 ( 45 (g m-3 for Zouying and 75 ( 21 (g m-3 for Meinong. Generally, the PM10 concentrations at the TEPA monitoring station were about 9-26% higher than the concentrations found with the dichotomous sampler in the daytime. At night, the station concentration was 3% higher for Dailiao and 8% higher for Zouying. But it was about 5% lower in Meinong, which was based on a small number of sampling data.
1.2. PM2.5
Table 2 indicates the PM2.5 concentrations of the dichotomous sampler, the denuder sampler and TEPA. In Daliao, the PM2.5 concentrations were 66 ( 30 (g m-3 for the dichotomous sampler and 75 ( 40 (g m-3 for the denuder sampler. In Zouying, the PM2.5 concentrations were 57 ( 35 (g m-3 for the dichotomous sampler and 65 ( 50 (g m-3 for the denuder sampler. The PM2.5 concentrations of the TEPA monitoring station were about 9-16% higher than the dichotomous sampler and less than 10% higher for the denuder sampler. 

For the day and night variation, the PM2.5 concentrations were 55-57 (g m-3 for the dichotomous sampler and 64-66 (g m-3 for the denuder during the daytime. There was an insignificant difference for the two sampling sites using the same particulate sampler. In addition, PM2.5 concentrations of the TEPA monitoring station were about 15-26% higher than those of the dichotomous sampler and 14-15% higher than those of the denuder sampler. At night, the PM2.5 concentrations of Daliao/Zouying were 72 ( 31/53 ( 35 (g m-3 for the dichotomous sampler and 79 ( 43/60 ( 52 (g m-3 for the denuder sampler. Furthermore, PM2.5 concentrations of the TEPA monitoring station were 4-7% higher than those of the dichotomous sampler. For the denuder system, there was no significant difference in PM2.5 concentration between the Daliao and Zouying stations and the TEPA monitoring station.

For the seasonal variation, the PM2.5 concentrations of Daliao/Zouying were 30 ( 10/27 ( 12 (g m-3 for the dichotomous sampler and 28 ( 11/23 ( 10 (g m-3 for the denuder sampler in summer. In winter, PM2.5 concentrations of Daliao/Zouying were 69 ( 29/82 ( 25 (g m-3 for the dichotomous sampler and 80 ( 37/97 ( 41 (g m-3 for the denuder sampler. In summer for Daliao, the PM2.5 concentrations of the dichotomous and denuder samplers were about 33 and 34% higher, respectively, than the TEPA monitoring station. But the PM2.5 concentrations of the TEPA monitoring station were about 11 and 21% higher, respectively, than the dichotomous and denuder samplers for Zouying. For Daliao, the PM2.5 concentrations of the dichotomous and denuder samplers were about 22 and 12% higher, respectively, than the TEPA monitoring station in winter. For Zouying, the PM2.5 concentrations of the TEPA monitoring station were 8% higher than those of the dichotomous sampler. But for the denuder sampler, the PM2.5 concentrations of TEPA monitoring station were about 2% lower than those of the denuder sampling system.

To compare the dichotomous and denuder samplers, during most periods the PM2.5 concentrations of the dichotomous sampler were lower (2-16%) than those of the denuder sampler in summer. The small number of samples, chemical reaction of artifacts in the quartz filter, and low PM mass concentration could cause high PM mass concentration with the dichotomous sampler.
Table 3 shows the temperature, relative humidity (RH), and wind speed during the sampling periods. In southern Taiwan, the average temperature was 21.6-24.8 °C, average RH was 72.5-76.1%, and average wind speed was 1.3-2.0 m s-1 for the three sampling stations. But for the Meinong station, the sampling period was only in winter. For day and night variation, the temperature decreased about 3-5 °C at night, the RH increased 6-12%, and the wind speed decreased about 0.5-0.6 m s-1. To compare winter and summer, generally the temperature was lower by about 3-4 °C, the RH was reduced about 10%, and the wind speed increased little in winter. Low temperature and low RH in winter and elimination of solar radiation at night could reduce the artifact effect during sampling.
2. Water Soluble Ionic Species
PM2.5 concentrations were determined by dichotomous and denuder samplers, and their ionic species concentrations were analyzed by ionic chromatography. In addition, different material-based filters were selected for the dichotomous sampler (quartz filter) and denuder sampler (Teflon filter). In this study, the denuder sampler system captured all of the ionic species in PM with no artifact effect. Figure 2 shows the relationship of ionic species in the dichotomous and denuder samplers. Results indicated high correlations (r2 > 0.7) between the two samplers in principal ionic species such as ammonium, sulfate and nitrate. In addition, the dichotomous and denuder samples revealed some correlation (r2) at 0.61 and 0.63 for chloride and potassium ions, respectively. But low correlations were determined between the dichotomous and denuder samplers for sodium ions (r2 = 0.1) and calcium ions (r2 = 0.4) content in PM2.5.
Generally, volatile ionic species such as nitrate, ammonium, and chloride ions in the dichotomous sampler with quartz filters was lower than those of the denuder sampler with Teflon filters, and the average content ratio of the dichotomous and denuder samplers was 0.53 for chloride ions (up to 70% loss during the day), 0.61 for nitrate (up to 60% loss during the day), and 0.66 for ammonium (up to 50% loss in summer). For non- or less-volatile species such as sulfate and crustal ions (K+, Ca2+, Na+), the content ratios were 0.88 for sulfate, 1.0 for K+, 1.1 for Na+, 1.1 for Ca2+, and 0.92 for Mg2+. Some literature indicated no significant sulfate artifact at low temperature and humidity (20 ( 3 °C and 40 ( 5% RH) [9], and ambient SO2 is not easily sorbed on the filters and oxidation to form sulfate within 12-24 h. 
Nitrate could cause negative artifacts via chemical interaction between ammonium nitrate/sodium nitrate and sulfuric acid and hydrogen chloride. The detailed mechanisms are as follows:
2NH4NO3 + H2SO4 ( (NH4)2SO4 + 2HNO3 
(1)
2NaNO3 + H2SO4 ( Na2SO4 + 2HNO3  

(2)
NH4NO3 + HCl ( NH4Cl + HNO3    

(3)
In addition, the dissociation and volatilization of NH4Cl and NH4NO3 from particulate matter (see below) could have caused the negative artifacts for nitrate and ammonium. Some acidity of sample could be associated with the loss of nitrate (H+ +  NO3- ( HNO3) and chloride ions (H+ + Cl- ( HCl) [10].
NH4NO3 ( NH3 + HNO3  




(4)

NH4Cl ( NH3 + HCl 





(5)

High volatile fractions of chloride, nitrate and ammonium caused the negative artifacts, which is consistent with the results of Tsai and Perng’s [9] for a quartz filter.
3. Inorganic Gas Precursors
Table 4 indicates that the gas precursor concentrations of HCl, HNO3, HNO2, SO2, and NH3 were in the range of 0.76-1.3, 0.70-2.0, 2.1-4.6, 4.1-24, 15-23 (g m-3, respectively. Generally, low gas concentrations were determined in Meinong due to its rural nature, with only agricultural activities. High gas concentrations were observed at Daliao, which is attributed to its being a complex industrial district with heavy agricultural activities in the area surrounding the station. In addition, HCl, and HNO3 concentrations in the daytime were higher than at night. NaCl in sea salt particles reacting with HNO3 could be one of the important sources of HCl near the coast [28,29]. In addition, ammonium chloride could dissociate and vaporize to form NH3 and HCl under high ambient temperature.
High HNO3 concentration during the day could be attributed to hydroxyl radicals reacting with NO2 to produce HNO3 after sunrise [30,31].
In contrast, HONO and NH3 concentrations were high at night. In addition, nitrous acid was rapidly photolyzed from “OH push” after sunrise (at wavelengths ( 400 nm) during the day, and HONO accumulated mostly at night [32-35]. Emission sources such as combustion engines (diesel vehicles) or chemical conversion of heterogeneous NO2-HONO could be the reasons for high HONO at night [36-39]. There was an insignificant SO2 concentration difference between daytime and nighttime.
Generally, the gas pollution concentrations in winter (an increase in concentration of 2-3 times for HONO, HNO3, SO2 and NH3 from summer to winter) were higher than in summer, which could be due to the effect of weather in southern Taiwan. In Taiwan, the rainy season runs from May to September (summer) which could scavenge out the pollutants, and a high-pollution condition often occurs between October and February (winter) during the following year. In addition, the prevailing monsoon wind affects wind direction seasonally (northerly in winter and southerly in summer), and the air mass was transported over the land to carry the upwind polluted air past the station in winter. 
CONCLUSIONS
Average PM10 concentrations were 109 ( 36 (g m-3 for Daliao, 97(41 (g m-3 for Zouying and 76 ( 18 (g m-3 for Meinong (few data for this station) in winter. The PM10 concentrations at the TEPA monitoring station were about 2-20% higher than for the dichotomous sampler in winter. The PM10 concentrations at the TEPA monitoring station were about 9-26% higher than the dichotomous sampler in the daytime and about 3% higher for Dailiao, 8% higher for Zouying and 5% lower in Meinong at night. For PM2.5, the denuder sampler system was consistent with the TEPA data, showing higher negative artifacts in the daytime than at night. Nitrate, ammonium, chloride ion and sulfate in the dichotomous sampling system were about 39, 34, 47 and 12% lower than in the denuder sampling system. High ionic artifacts were determined in the daytime and in summer. High HCl, and HNO3 concentrations were determined in the daytime; in contrast, high HONO and NH3 were observed at night. In addition, HONO, HNO3, SO2 and NH3 concentrations increased 2-3 times from summer to winter.
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Table 1. PM10 concentration between dichotomous sampler and TEPA monitoring stations 

	PM10
	Daliao
	Zouying
	Meinong

	
	Dicho
	Ratio1
	Dicho
	Ratio
	Dicho
	Ratio

	All
	97 ( 42
	0.88 ( 0.18
	82 ( 44
	0.85 ( 0.16
	71 ( 25
	0.98 ( 0.11

	Daytime
	90 ( 39
	0.80 ( 0.16
	77 ( 42
	0.74 ( 0.20
	67 ( 29
	0.91 ( 0.11

	Nighttime
	107 ( 43
	0.97 ( 0.16
	91 ( 45
	0.92 ( 0.13
	75 ( 21
	1.05 ( 0.06

	Summer
	41 ( 12
	1.05 ( 0.29
	42 ( 16
	0.93 ( 0.09
	-2
	-

	Winter
	109 ( 36
	0.88 ( 0.15
	97 ( 41
	0.80 ( 0.21
	76 ( 18
	0.98 ( 0.11


1Ratio presents the PM concentration ratio of dichotomous sampler and TEPA monitoring station

2- presents the data not available.

Table 2. PM2.5 concentration between dichotomous sampler, denuder sampler and TEPA monitoring stations

	Station
	Dicho

((g m-3)
	Denuder

((g m-3)
	Dicho/Station
	Denuder/Station
	Dicho/Denuder

	Daliao
	All
	66 ( 30
	75 ( 40
	0.84 ( 0.24
	0.96 ( 0.32
	0.94 ( 0.23

	
	Daytime
	55 ( 27
	66 ( 37
	0.74 ( 0.22
	0.85 ( 0.23
	0.87 ( 0.22

	
	Nighttime
	72 ( 31
	79 ( 43
	0.93 ( 0.23
	1.01 ( 0.25
	0.99 ( 0.22

	
	Summer
	30 ( 10
	28 ( 11
	1.33 ( 0.43
	1.34 ( 0.36
	1.10 ( 0.17

	
	Winter
	69 ( 29
	80 ( 37
	0.78 ( 0.17
	0.88 ( 0.22
	0.90 ( 0.27

	Zouying
	All
	57 ( 35
	65 ( 50
	0.91 ( 0.13
	0.92 ( 0.19
	0.93 ( 0.24

	
	Daytime
	57 ( 36
	64 ( 51
	0.85 ( 0.11
	0.86 ( 0.18
	0.93 ( 0.25

	
	Nighttime
	53 ( 35
	60 ( 52
	0.96 ( 0.13
	0.98 ( 0.18
	0.98 ( 0.19

	
	Summer
	27 ( 12
	23 ( 10
	0.89 ( 0.08
	0.79 ( 0.14
	1.16 ( 0.18

	
	Winter
	82 ( 25
	97 ( 41
	0.92 ( 0.16
	1.02 ( 0.10
	0.84 ( 0.26


Table 3. Meteorological parameters during the sampling periods

	Station
	Temperature (°C)
	RH (%)
	Wind speed (m s-1)

	Daliao
	All
	23.9 ( 3.4
	72.5 ( 9.3
	1.5 ( 0.7

	
	Daytime
	25.5 ( 2.7
	66.8 ( 8.7
	1.8 ( 0.5

	
	Nighttime
	22.2 ( 3.1
	78.4 ( 5.4
	1.3 ( 0.7

	
	Summer
	27.0 ( 1.4
	84.0 ( 6.2
	1.3 ( 0.5

	
	Winter
	23.2 ( 3.3
	70.3 ( 8.1
	1.6 ( 0.7

	Zouying
	All
	24.8 ( 3.0
	74.6 ( 8.5
	2.0 ( 1.0

	
	Daytime
	26.0 ( 2.5
	71.6 ( 9.0
	2.3 ( 0.7

	
	Nighttime
	23.6 ( 3.1
	77.6 ( 6.9
	1.7 ( 1.2

	
	Summer
	27.6 ( 1.3
	82.9 ( 6.6
	1.8 ( 0.6

	
	Winter
	23.9 ( 2.8
	72.0 ( 7.2
	2.1 ( 1.1

	Meinong
	All
	21.6 ( 3.1
	76.1 ( 9.4
	1.3 ( 0.4

	
	Daytime
	24.0 ( 2.1
	67.8 ( 5.4
	1.6 ( 0.3

	
	Nighttime
	19.2 ( 1.6
	84.3 ( 2.0
	1.0 ( 0.3


Table 4. Acid and base gas concentrations during the sampling periods

	Station
	HCl
	HNO3
	HNO2
	SO2
	NH3

	Daliao
	All
	1.29 ( 1.18
	1.55 ( 1.79
	4.64 ( 3.89
	24.38 ( 12.77
	22.67 ( 13.01

	
	Daytime
	1.52 ( 1.14
	2.63 ( 1.91
	3.16 ( 1.69
	25.19 ( 11.38
	16.57 ( 8.67

	
	Nighttime
	1.07 ( 1.18
	0.40 ( 0.48
	6.08 ( 4.81
	23.60 ( 14.10
	28.59 ( 13.87

	
	Summer
	0.97 ( 1.26
	0.48 ( 0.43
	1.76 ( 0.37
	13.01 ( 11.93
	13.69 ( 6.16

	
	Winter
	1.34 ( 1.16
	1.72 ( 1.87
	5.25 ( 4.03
	26.78 ( 11.68
	24.56 ( 13.31

	Zouying
	All
	0.76 ( 0.74
	1.96 ( 2.13
	3.93 ( 2.55
	15.67 ( 12.30
	14.93 ( 15.59

	
	Daytime
	0.92 ( 0.91
	3.27 ( 2.24
	2.44 ( 1.30
	14.03 ( 9.74
	9.11 ( 7.20

	
	Nighttime
	0.61 ( 0.53
	0.58 ( 0.62
	5.35 ( 2.66
	17.24 ( 14.38
	20.50 ( 19.24

	
	Summer
	0.72 ( 0.92
	0.45 ( 0.60
	2.17 ( 1.00
	6.67 ( 5.05
	5.66 ( 3.66

	
	Winter
	0.78 ( 0.70
	2.36 ( 2.22
	4.57 ( 2.64
	18.95 ( 12.56
	18.30 ( 17.00

	Meinong
	All
	1.03 ( 0.42
	0.70 ( 0.62
	2.07 ( 1.03
	4.13 ( 2.45
	14.68 ( 5.61

	
	Daytime
	1.22 ( 0.51
	1.24 ( 0.41
	1.56 ( 0.32
	4.98 ( 2.31
	13.07 ( 3.64

	
	Nighttime
	0.84 ( 0.21
	0.16 ( 0.08
	2.58 ( 1.26
	3.14 ( 2.41
	16.29 ( 7.00
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Fig. 1. Map of sampling sites and pollution soureces.
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Fig. 2. PM10 concentrations of dichotomous sampler and monitoring station ((-gauge detector) under different sampling periods. 
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Fig. 3. PM2.5 concentrations of denuder sampler, dichotomous sampler (Dicho) and monitoring station (( gauge) under different sampling periods.
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Fig. 4. Water-soluble ionic species in PM2.5 by denuder and dichotomous sampler.
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