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Detailed description of the online measurement by the IGAC and method accuracy test 37 

Water-soluble organic compounds (WSOC) in the gas-phase (WSOCg) and PM2.5-38 

associated (WSOCp) were simultaneously measured with a 3-hr time resolution via an online-39 

IC system: IGAC combined with a total organic carbon (TOC) analyzer and a total nitrogen 40 

(TN) analyzer. Fine particles (PM2.5) were collected into aqueous samples by a scrub and 41 

impactor aerosol collector (SIC). In the front, a vertical wet annular denuder (WAD) was 42 

applied to collect the gas-phase compounds into liquid samples.1 After determining the 43 

inorganic ions and small carboxylic acids (i.e., formic, acetic and oxalic acids), the remaining 44 

gaseous and aqueous samples were simultaneously collected every three hours and further 45 

analyzed for WSOC and water-soluble organic nitrogen (WSON) by a TOC/TON analyzer. 46 

The application of the TOC analyzer for the determination of WSOC has been described in 47 

detail elsewhere.2 Briefly, the instrument obtains total carbon (TC) using high-temperature 48 

(680 °C) Pt-catalyzed transformation of all carbon into CO2 coupled to nondispersive infrared 49 

(NDIR) gas detection of CO2. The total inorganic carbon (TIC) was then measured by NDIR 50 

through conversion into CO2 using 25% H3PO4. The concentrations of WSOCs are the 51 

difference between TC and TIC. Calibration curves for TC and TIC were created using 52 

NaHCO3, Na2CO3 and potassium hydrogen phthalate standard solutions. 53 

To test the collection efficiency of WSOCg, we chose acetic acid for comparison, as it 54 

exists abundantly in the troposphere with a relatively strong volatility and can be accurately 55 

measured by a proton transfer reaction mass spectrometer (PTR-MS, Ionicon Analytik GmbH, 56 

Austria). For IGAC, an AS18 column (2 mm × 250 mm, DionexTM IonPacTM) was used to 57 

analyze acetic acid. Detailed descriptions of PTR-MS application can be found in previous 58 

reports.3, 4 The results are given in Figure S2a, showing that the IGAC collection efficiency of 59 
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acetic acid was on average 73%, which was similar to those of other volatile gases (e.g., 60 

formic acid and NH3)1, 5. In addition to the gas-phase collection efficiency, the IGAC 61 

collection efficiency of WSOCp was also determined by comparison with filter sampling. 62 

During the entire sampling period, a total of 98 PM2.5 samples were collected using a high-63 

volume sampler (Tisch Environmental) with a PM2.5 inlet at a flow rate of 1.13 m3 min-1, 64 

which was performed on a day-night basis (daytime at 08:30-19:00 and nighttime at 19:30-65 

08:00). As shown in Figure S2b, the WSOCp concentrations measured by the IGAC 66 

collection system were similar to those of the filter, yielding an average value of 89%. 67 

Throughout the sampling period, some gas and particle phase WSOC and inorganic species 68 

data were missing due to the electricity supply shutdown by the local government, leading to 69 

the lack of WSOC and inorganic ions data from December 17 to 24 in 2019 and January 5 to 6 70 

in 2020. 71 

Calculation of the contributions of the major components of PM2.5 to ALWC 72 

ALWC associated with inorganic species was estimated by ISORROPIA-II using 73 

meteorological conditions and the IGAC-measured inorganic compositions. The contribution 74 

of (NH4)2SO4 was calculated by the difference between the model results without an (NH4)2SO4 75 

input (i.e., (NH4)2SO4=0) and the total ALWC. Similarly, the difference in the ALWC between 76 

the predictions with and without NH4NO3 input showed the contribution of NH4NO3. The 77 

contributions of organic matter (OM) to ALWC (ALWCorg) were calculated by the following 78 

equation6: 79 

ALWCorg= [OM]ρw
ρorg

κorg
1

RH-1
        (1) 80 

where OM is the mass concentration of organics, ρw is the density of water and ρorg is the 81 

density of OM (ρorg=1.4 g cm-3). κorg is the hygroscopicity parameter of organic aerosol 82 
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composition (κorg=0.06).7 83 

Thermodynamic calculations of the partitioning of formic and acetic acids during the high 84 

RH period 85 

To further elucidate the impact of NH3 on the partitioning behavior of WSOCg in the high 86 

RH period, we conducted a thermodynamic calculation on the gas-to-aerosol partitioning of 87 

the two acids, in which S curves showing the dependence of formic and acetic acid 88 

partitioning on aerosol pH were estimated by using the following equations: 89 

ԑ(HCOO-)=
HHCOOH[ALWC]RT(

γH+γHCOO-

γHCOOH
10-pH+Ka1)×0.987×10-14

γH+γHCOO-10-pH+HHCOOH[ALWC]RT(
γH+γHCOO-

γHCOOH
10-pH+Ka1)×0.987×10-14

    (2) 90 

ԑ(CH3COO-)=
HCH3COOH[ALWC]RT(

γH+γCH3COO-

γCH3COOH
10-pH+Ka1)×0.987×10-14

γH+γCH3COO-10-pH+HCH3COOH[ALWC]RT(
γH+γCH3COO-

γCH3COOH
10-pH+Ka1)×0.987×10-14

  (3) 91 

where HHCOOH and HCH3COOH are Henry’s law constants for formic acid (9540 mol L-1 atm-1) 92 

and acetic acid (5370 mol L-1 atm-1).8 R is the gas constant (8.314 m3 Pa K-1 mol-1), and 93 

ALWC (μg m-3) and T (K) are the averages of the observed data. Ka1 is the first acid 94 

dissociation constant of formic (1.78×10-4 mol L-1) and acetic acid (1.75×10-5 mol L-1).9 γi are 95 

activity coefficients. γHCOOH=0.515 and γCH3COOH=3.39 were calculated using the web 96 

version of AIOMFAC, while γH+γHCOO-=γH+γCH3COO-=γH+γNO3-=0.235 was predicted using the 97 

E-AIM model.  98 

As seen in Figures S6a and b, the growth trend of ambient ԑ(HCOO-) and ԑ(CH3COO-) 99 

during the high RH period showed a strong dependence on the aerosol acidity in a pH range 100 

of 3-5, further demonstrating that the neutralization effect of NH3 is favorable for the 101 

partitioning of WSOCg into the aerosol phase. However, the growth trends of ԑ(HCOO-) and 102 

ԑ(CH3COO-) were underestimated by the S curves, which is similar to the results observed by 103 
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Nah et al. (2018) 9, who also reported a significant underestimation by the S curve on the 104 

partitioning of formic and acetic acids in the USA. They explained that the possible reasons 105 

for such higher-than-predicted molar fractions of aerosol-phase formic and acetic acids 106 

probably include a poor collection efficiency of the gas-phase acids, deviations of Henry’s 107 

law constants from the literature values and the dimers of formic and acetic acid formation in 108 

the aerosol phase. To clarify the factors causing the underestimation, we recalculated the S 109 

curves by enlarging the Henry’s law constants of formic and acetic acids by factors of 5×102 110 

and 5×103, respectively. As shown in Figures S6c and d, the recalculated S curves can well 111 

predict the ԑ(HCOO-) and ԑ(CH3COO-) observed on Chongming Island in the high RH period, 112 

suggesting that the enlarged Henry’s law constants, which are commonly named as effective 113 

Henry’s law constant, are much more realistic for illustrating the partitioning process of 114 

WSOCg in the YRD region. Documented Henry’s law constants are usually determined and 115 

calculated for a pure water system. 8 However, the aqueous phase of atmospheric aerosols is a 116 

complex mixture. Thus, many species and chemical reactions can affect the WSOCg 117 

partitioning process, leading to a significant underestimation. Nevertheless, the strong 118 

dependences of ԑ(HCOO-) and ԑ(CH3COO-) on the pH values, which were regulated by NH3, 119 

either observed in Chongming Island or predicted by the S curves clearly demonstrate that the 120 

neutralization of NH3 with organic acids was important under the high RH conditions, which 121 

enhanced significantly the WSOCg partitioning.     122 

 123 

 124 

 125 

 126 

 127 

 128 
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 130 
Table S1 Observed NH3 mean concentrations (μg m-3) in different regions of China. 131 

Location Type Region Period  NH3 Reference 
Gucheng Rural NCP Mar.2016-May.2017 22.2±12.8 a Kuang et al. (2020)10 
Gucheng Rural NCP May-Sep 2013 27.5±42.8 a Meng et al. (2018)11 
Luancheng Farmland NCP Dec.2015-Feb.2016 17.2 Pan et al. (2018)12 
Cangzhou suburban NCP Dec.2015-Feb.2016 22.2 Pan et al. (2018)12 
Lin'an Rural YRD Sep 2009-Dec 2010 12.5±8.5 a Meng et al. (2014)13 
Shanghai Rural YRD Dec.2019-Jan.2020 9.3±4.0 This study 

Shanghai Rural YRD 
July-Dec 2013, 
Mar-June 2014 

9.4±6.9 a Wang et al. (2015)14 

Nanjing Urban YRD Dec.2015-Feb.2016 7.5 Pan et al. (2018)12 
Guangzhou Urban PRD Dec.2015-Feb.2016 4.4 Pan et al. (2018)12 
Guangzhou Rural PRD Oct-Nov 2004 7.3±6.2 Hu et al. (2008)15 
Maoming Urban PRD Dec.2015-Feb.2016 5.9 Pan et al. (2018)12 
Hongkong Urban PRD Autumn 2000 2.3±2.7 a Yao et al. (2006)16 
Akesu Farmland Northwest Dec.2015-Feb.2016 3.2 Pan et al. (2018)12 
Cele Desert Northwest Dec.2015-Feb.2016 3.1 Pan et al. (2018)12 
Linze farmland Northwest Dec.2015-Feb.2016 2.3 Pan et al. (2018)12 

a The unit of NH3 concentrations in the original text is ppb, which was converted by the 132 
formula of standard atmospheric pressure and normal temperature in this study, for example, 133 

22.2 μg m-3 = 
29.2 ppb × 17

22.4
 134 

 135 
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 141 
 142 
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 145 
 146 
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 148 
 149 
 150 
 151 
 152 
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 156 
 157 
 158 
Table S2 Average concentrations (μg m-3) of PM2.5, ammonium, nitrate, sulfate and WSOCp 159 
in different regions of China  160 

Code Location Region Time PM2.5 NH4+ NO3- SO42- WSOCp Reference 
SH Shanghai YRD Winter, 2019 55±40 7.0±5.5 16±14 6.0±4.1 4.6±2.9 This study 
BJ Beijing NCP Winter, 2016 176  39 15  Sun et al. 201917 
BJ Beijing NCP Winter, 2016 76±70    10±10 Yang et al. 201918 
BJ Beijing NCP Winter, 2017 61±45 8.0±6.5 16±21 6.9±6.4 7.2±5.0 Li et al. 202019 
TJ Tianjin NCP Winter, 2011 71±60 61±45 13±13 15±16 14±12 Xu et al. 201620 
LC Liaocheng NCP Winter, 2017 308±188 22±14 73±57 36±17 41±14 Meng et al. 202021 
SH Shanghai YRD Summer, 2005 67±28 4.2±2.1 7.2±6.7 16±9.8 5.8±4.2 Pathak et al. 201122 
SH Shanghai YRD Summer, 2014 30±13 8.9±4.0 4.8±3.9 8.2±4.5 3.4±1.3 Zhao et al. 201623 
SH Shanghai YRD Winter, 2013 105±65 12±8.9 21±19 17±11 9.6±6.6 Zhao et al. 201623 
CZ Changzhou YRD Summer, 2015 81±38 8.2±4.3 6.8±6.2 16±9.8 6.4±1.8 Ye et al. 201724 
CZ Changzhou YRD Winter, 2015 127±50 13±3.7 24±12 19±7.6 14±6.6 Ye et al. 201724 
NS Nansha PRD Annual 2009 44±27 5.5±3.6 4.8±4.4 12±7.2 3.9±2.5 Kuang et al. 201525 
GZ Guangzhou PRD Annual 2009 56±30 6.8±4.2 6.7±6.3 13±6.8 4.9±2.5 Kuang et al. 201525 
GZ Guangzhou PRD Summer, 2004 59±28 5.0±2.2 5.8±4.2 13±6.0 4.3±1.2 Pathak et al. 201122 
GZ Guangzhou PRD Winter, 2012 75±24 5.1±2.1 5.8±3.4 11±4.4 4.1±2.0 Liu et al. 201426 
GZ Guangzhou PRD Winter, 2016 118±26 5.5±2.2 11±8.9 9.2±3.9 5.3±2.0 Jiang et al. 202027 
LZ Lanzhou NW Summer, 2006 65±29 3.8±2.0 2.7±2.0 11±6.0 2.4±0.80 Pathak et al. 201122 
QH Qinghai  NW Winter, 2011 44±22 0.85±0.9 2.1±1.4 5.3±5.6 1.5±0.84 Zhao et al. 201528 
QH Qinghai  NW Summer, 2012 22±14 0.73±0.7 1.3±1.3 4.5±3.5 1.3±0.38 Zhao et al. 201528 
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 200 
Figure S1. Geographic location of the sampling site in Chongming, China. 201 
 202 
 203 
 204 
 205 
 206 
 207 

 208 

 209 
Figure S2. A comparison of species measured by IGAC and other techniques ((a) gas-phase 210 
acetic acid, and (b) fine particulate WSOC). 211 
 212 
 213 
 214 
 215 
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 233 
 234 
 235 
 236 
 237 
 238 
 239 
 240 

Figure S3. Factors affecting the gas-to-aerosol phase-partitioning coefficients (Fp) of 241 
WSOCg, formic acid (Fformic) and acetic acid (Facetic) in the YRD region of China in the low 242 
and high RH periods ((a) relative humidity, RH; (b), (e) and (i) temperature, T; (f) and (j) 243 
aerosol liquid water content, ALWC; (c), (g) and (k) PM2.5 acidity, pH; and (d), (h) and (l) 244 
NH3 concentrations). Fp, Fformic or Facetic =Cp/(Cg+Cp), Cp and Cg are the concentrations of 245 
WSOC and formic or acetic acid in the particle phase and gas phase, respectively. 246 
 247 
 248 
 249 
 250 
 251 
 252 
 253 
 254 
 255 
 256 
 257 
 258 
 259 
 260 
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 263 

Figure S4. Linear regression fit for Fp versus ALWC of PM2.5 in the nighttime during the low 264 
RH period with the hourly RH higher than 80%. 265 

 266 
 267 
 268 
 269 
 270 
 271 
 272 
 273 
 274 
 275 
 276 
 277 

 278 

Figure S5. (a) The mass fraction of organic matter (fOM=OC×1.8/(ALWC+PM2.5)) and 279 
ALWC (fALWC=ALWC/(ALWC+PM2.5)). (b) The concentration ratio of SNA to OM 280 
(SNA/OM) during the low RH and high RH periods, respectively (OM=OC×1.8). 281 
 282 
 283 
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 284 
Figure S6. Analytically estimated S curves of partitioning of formic acid ԑ(HCOO-) and 285 
acetic acid ԑ(CH3COO-) (solid black lines) and ambient data (blue circles) during the high RH 286 
period. For the analytically estimated S curves, we used γHCOOH=0.515 and γCH3COOH=3.39 287 
(AIOMFAC predicted). Similar to Nah et al. (2018),9 we assumed that γH+γHCOO-=γH+γCH3COO-288 
=γH+γNO3-=0.235, which was predicted by the E-AIM model.. The black lines are S curves 289 

calculated based on the temperature and ALWC averages (7.7 oC and 60 µg m-3, respectively) 290 
in the high RH period. The dashed lines are S curves calculated based on the minimum values 291 

(-0.9 oC and 3.0 µg m-3, respectively) and the averages plus one standard deviation (7.7±3.9 292 
oC and 60±69 µg m-3, respectively). The S curves in (a) and (b) were calculated using the 293 
documented Henry’s law constants, 29 while those in (c) and (d) were calculated by enlarging 294 

the Henry’s law constants of formic and acetic acids by factors of 5×102 and 5×103, 295 
respectively.  296 
  297 
 298 
 299 
 300 
 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
 311 
 312 
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 313 

 314 
Figure S7. Average light absorption (Abs, M m-1) of water extracts of PM2.5 at wavelengths of 315 
300-550 nm at different levels of WSON (μgN m-3) and ԑ(NH4

+) in the high RH period (heavy 316 

haze: daily PM2.5>100 µg m-3; light haze: 100 µg m-3>daily PM2.5>75 µg m-3; and clean: daily 317 
PM2.5<75 µg m-3). 318 
. 319 
 320 
 321 
 322 
 323 

 324 
 325 

 326 
Figure S8. Scatter plots of WSOCp mass fractions vs. the relative abundances of sulfate 327 
observed at the national scale in China from the literature and this study (red, gray, blue and 328 
green colors correspond to the observation sites located on the North China Plain (NCP), 329 
YRD (Yangtze River Delta), PRD (Pearl River Delta) and Northwest (NW) China, 330 
respectively. Details of the reviewed literature are shown in Table S2). 331 

 332 
 333 
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