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Text S1. Instruments 

A Monitor for AeRosols and Gases in ambient Air (MARGA, Metrohm, Switzerland) was 

deployed at each observation site in Henan Province to continuously measure water-soluble inorganic 

ions (Na+, NH
+ 

4 , K+, Mg2+, Ca2+, Cl
-
, NO

- 

3, and SO
2- 

4 ) and trace gases (NH3, HCl, and HONO). The MARGA 

system has been widely used in previous field studies (Li et al., 2017; Shi et al., 2017; Wang et al., 

2019), and detailed descriptions of the instrument can be found in Markovic et al. (2012) and Rumsey 

et al. (2014). The system consists of three modules: a sampling module, an analytical module, and a 

data acquisition module. Ambient air first passed through a cyclone inlet at a flow rate of 16.7 L min-

1 and then entered the sampling module at 3 L min-1. Particles and gaseous pollutants were separated 

using a wet parallel-plate denuder or a wet rotating denuder, and were subsequently analyzed by two 

ion chromatography systems (Dionex Aquion, Dionex, USA). 

Organic carbon (OC) and elemental carbon (EC) were measured using a semi-continuous carbon 

analyzer (Model-4, Sunset Laboratory, USA). Detailed information on this instrument is available in 

Panteliadis et al. (2014). The thermal-optical transmittance analysis of quartz filter samples was 

performed based on the NIOSH-5040 protocol. Carbon detected under a pure He atmosphere was 

defined as OC, whereas carbon oxidized under a mixed atmosphere of 90% He and 10% O2 was 

defined as EC. Inorganic elements were measured using an X-ray fluorescence analyzer (Xact-625, 

Cooper Environmental Services, USA). Ambient particles passed through a PM2.5 inlet and were 

collected on a Teflon filter tape. After approximately 1 h of sampling, the filter spot was moved to the 

analysis position, where elemental concentrations were determined by X-ray fluorescence and then 

converted to concentrations for the corresponding sampling period using the data processing software. 

PM2.5 and PM10 mass concentrations were measured using two tapered element oscillating 



microbalance instruments (Model 1400a and Model 1405, Thermo Electron, USA). Trace gases, 

including O3, SO2, NO2, and CO, were obtained from a series of online analyzers (Thermo Electron, 

models 49i, 43i, 42i, and 48i, respectively) with a time resolution of 1 h. According to the instrument 

manuals, the precisions of the TE-49i and TE-42i analyzers are 1 ppb and 4 ppb, respectively. 

Meteorological parameters, including wind speed (WS), temperature (T), relative humidity (RH), and 

pressure (Pre), were measured simultaneously using an automatic weather station (LUFFT-WS500, 

Sutron Corporation, Germany), with accuracies of 0.1 m/s, ±0.2 °C, ±2%, and ±0.5 hPa, respectively. 

Strict quality control procedures were applied throughout the sampling period to avoid potential 

contamination and ensure data reliability. For the analysis of water-soluble inorganic ions, calibration 

curves were established every two weeks to ensure accurate retention times and detector responses, 

with correlation coefficients higher than 0.999 for all target ions. Instrument components and sampling 

flow rates were also regularly replaced, checked, and calibrated. The method detection limits ranged 

from 0.002 μg/m3 for Cl
-
 to 0.081 μg/m3 for NH

+ 

4 . For the MARGA measurements, Song et al. (2018) 

reported an overall relative uncertainty of 20% for the major species. Rumsey et al. (2014) reported 

analytical biases lower than 10% for SO
2- 

4 , NO
- 

3, and higher than 15% for NH3 and NH
+ 

4 . Previous studies 

also showed good agreement between HONO measured by this ion monitoring system and that 

measured by a stripping coil-UV/visible absorption photometry (SC-AP) system (VandenBoer et al., 

2014). Accordingly, the overall uncertainties were estimated to be 20% for NH3 and NH
+ 

4  and 10% for 

the other species. Routine maintenance of the XRF analyzer included daily automatic QA checks, flow 

calibration, blank filter tests, and standard filter calibration to optimize instrument performance and 

ensure data accuracy. The detection limits ranged from 0.063 ng/m3 for As to 100 ng/m3 for Al. For 

the online OC/EC analyzer, automatic optical correction and sucrose calibration were performed 



regularly, and instrument blanks were measured twice per day at 00:00 and 12:00. The precision of 

repeated measurements was better than 5%. The relative measurement uncertainty of the instrument 

was estimated to be 20% (Liu et al., 2013; Healy et al., 2013). 



Text S2. Calculating for sulfate production rates 

Aqueous-phase oxidation of SO2 involves several pathways, including oxidation by O3, and NO2, transition metal ion (TMI)-catalyzed 

oxidation, methyl hydroperoxide oxidation, and peracetic acid oxidation. The sulfate production rates of aqueous-phase reaction, such as S(IV) 

oxidation by O3, TMI, and NO2, were calculated by referring to Seinfeld and Pandis, (2006) and Cheng et al. (2016).  

Table S1. Rate expression and rate coefficients of relevant aqueous-phase reactions 

Oxidants Equations Rate Expression (-d[S(IV)]/dt) 

O3 
3 2S(IV)  O S(VI)  O+ → +  

(k3[SO2·H2O]+k4[HSO3
-]+k5[SO3

2-])[O3(aq)] 

k3 = 2.4×104 M-1s-1 

k4 = 3.7×105 M-1s-1, E/R= 5530 K 

k5 = 1.5×109 M-1s-1, E/R= 5280 K 

NO2 2H O 2

3 2 4 2HSO   2NO SO   3H   2NO− − + −+ ⎯⎯⎯→ + +  

2H O2 2

3 2 4 2SO   2NO SO   2H   2NO− − + −+ ⎯⎯⎯→ + +  

k6[NO2(aq)][S(IV)] 

pH < 5 k6 = (1.4×105+1.24×107)/2 M-1s-1 

5 < pH < 5.3 k6 = (23.25×(pH–5)+1.4+124)/2×105 M-1s-1 

5.3 < pH < 5.8 k6 = (23.25×(pH–5)+1.4+12.6×(pH–5.3)+124)/2×105 M-1s-1 

5.8 < pH < 8.7 k6 = (12.6×(pH–5.3)+124+20)/2×105 M-1s-1 

pH > 8.7 k6 = (2×106+1.67×107)/2 M-1s-1 

TMIa+O2 2 3Mn , Fe

2

1
S(IV)  O S(VI)

2

+ +

+ ⎯⎯⎯⎯→  
pH ≤ 4.2, k7[H

+]-0.74[Mn(II)]Fe(III)][S(IV)] 

k7 = 3.72×107 M-1s-1  

pH > 4.2, k8[H
+]0.67[Mn(II)]Fe(III)][S(IV)] 

k8 = 2.51×1013 M-1s-1  

a  The concentrations of Fe(III) and Mn(II) entirely depended on the values of pH due to the precipitation equilibriums of Fe(OH)3和Mn(OH)2： 



3sp,Fe(OH)

3
[Fe(III)]

[OH ]−
=

K
 and 2sp,Mn(OH)

2
[Mn(II)]

[OH ]−
=

K
                     (1) 

Where Ksp, Fe(OH)3 and Ksp, Mn(OH)2 are the precipitation constants of Fe(OH)3 and Mn(OH)2, respectively. 

The corresponding precipitation constant at 298K is 2.6×10-38 for Fe(OH)3 and 1.6×10-13 for Mn(OH)2. 

In the above calculation formulas, the concentration of gas in the liquid is determined by Henry’s 

constant (H*). The calculation formula is as follows: 

Table S2. Constants for calculating the apparent Henry’s constant (H*). 

Equilibrium H (M atm-1) at 298K -△H298K/R (K)  

SO2(g) ↔ SO2(aq) 1.23 3145.3 

O3(g) ↔ O3(aq) 1.10E-02 2536.4 

NO2(g) ↔ NO2(aq) 1.00E-02 2516.2 

SO2 has a dissociation equilibrium in the solution, producing HSO3
- and SO3

2-. The ionization 

constants (K) are shown in the following table: 

Table S3. Constants for calculating the ionization constants (K). 

Equilibrium K (M) at 298K -△H298K /R (K)  

SO2·H2O ↔ H+ + HSO3
- 1.30E-02 1960 

HSO3
- ↔ H+ + SO3

2- 6.60E-08 1500 

The H* and K are temperature-dependent. The values are given in Table S3 and S4 under the 

condition of 298K, converted to the value under the actual temperature using the following calculation 

formula:  

        (2) 

Where H(T)、K(T)、H(T298K), and K(T298K) represent the H* and K at actual temperature and 298 

K, respectively. 

Influences of ionic strength on aqueous sulfate-producing rates were not considered because of the 

high values predicted by the ISORROPIA-II model during the sampling periods (Cheng et al., 2016). 

To evaluate the effects of mass transport, the formulation of a standard resistance model was adopted:  



 
H,aq aq aq,lim

1 1 1
    

R R J
= +                                  (3) 

Where RH, aq is the sulfate production rate, Raq is the aqueous-phase reaction rate, and Jaq,lim is the 

limiting mass transfer rate. which could be calculated by the formulas as follows:  

 aq,lim aq 2 aq  min{ (SO ),  (X)}J J J=                            (4) 

MTaq (X)  (X) [X]J k=                                  (5) 

Where [X] refers to the aqueous-phase concentrations of SO2 or the oxidants Oxi calculated by 

the equation in Table S2. The mass transfer rate coefficient kmt(X) (s-1) can be calculated by:   

MT

2

p p 1

g

  [   ]
3 3

R 4R
k

D

−= +


                                   (6) 

Where Rp is the aerosol radius, Dg is the gas-phase molecular diffusion coefficient (0.2 cm2 s-1 at 

293K), v is the mean molecular speed of X (3×104 cm s-1), and a is the mass accommodation of X on 

the droplet surface, and we adopted values of 0.11, 0.23, 2.0E-3, and 2E-4 for SO2, H2O2, O3, and NO2, 

respectively referring to Cheng et al. (2016). 

 

 

 



Figures. 

 

Figure S1. Sampling point map in Henan Province, China. © 2024 National Geomatics Center of 

China. 

 

Figure S2. Backward air-mass trajectories during the dust pollution episode from 7 to 17 April 2023 in 

Zhengzhou (a), Sanmenxia (b), Puyang (c), Shangqiu (d), Anyang (e), Jiaozuo (f), and Xinxiang (g). 



 

Figure S3. Time series of relative humidity (RH) and temperature (T) in each city during the 

observation period. The shaded area denotes the dust pollution episode. 



 

Figure S4. Temporal variations in wind speed and direction across the cities during the observation 

period. The shaded area indicates the dust pollution episode. 

 

Figure S5. Sensitivity analysis of particle pH to variations in Ca2+ concentration. 



 

Figure S6. Sensitivity analysis of particle pH to variations in Mg2+ concentration. 

 

Figure S7. Sensitivity analysis of particle pH to variations in SO
2- 

4  concentration. 

 

Figure S8. Sensitivity analysis of particle pH to variations in TNHx concentration. 



 

Figure S9. Sensitivity analysis of particle pH to variations in TNO3 concentration. 

 

Figure S10. Sensitivity of H+ concentration to variations in TNO3 concentration. 

 

Figure S11. Sensitivity of ALWC concentration to variations in TNO3 concentration. 

 



Table. 

Table S4. Descriptions of the seven sampling sites in Henan Province, China. 

Observation sites Abbreviations Coordinates Locations Surrounding environment 

Zhengzhou ZZ 
Department of Ecology and Environment of 

Henan Province 
34.78°N, 113.81°E Roads, residential areas 

Sanmenxia SMX Sanmenxia Environmental Protection Bureau 34.80°N, 111.17°E Roads, residential areas 

Anyang AY 
Baizhuang Town Xindian North Street China 

Resources Gas (Andan Station) 
36.21°N, 114.40°E 

Highways, villages, 

farmland 

Xinxiang XX 
Banzao Township Central School in Yanjin 

County 
35.38°N, 114.32°E Villages, farmland 

Puyang PY Nanle County Longwang Temple Station 36.20°N, 115.17°E Villages, farmland 

Jiaozuo JZ 
The Second River Bureau of Jiefeng Village, 

Beiguo Township, Wuxi County 
35.10°N, 113.42°E Villages, farmland 

Shangqiu SQ Liangyuan Huanghe Gudao National Forest Park 34.57°N, 115.67°E 
Highways, villages, 

farmland 
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