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Hygroscopic behaviour and IR features of individual components 18 

 19 

Figure S1. Hygroscopic growth curves during a RH cycle for pure NaNO3 (a), MA (c), and GA (e) 20 

particles measured by ATR-FTIR and the comparison with EAIM predictions, as well as the IR 21 

spectra of pure NaNO3 (b), MA (d), and GA (f) particles upon dehydration.  22 

The hygroscopic growth curves of pure NaNO3, MA, and GA particles measured 23 

by ATR-FTIR are shown in Fig. S1a, S1c, and S1e, respectively. Corresponding IR 24 

spectra during the dehumidification are shown in Fig. S1b, S1d, and S1f, respectively. 25 

For NaNO3 particles, the measured initial ERH is ~ 60.6%, considerably consistent 26 
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with the measurement value of 62.5% ERH from Zhang et al. (2014). Meanwhile, the 27 

1351 cm-1 band assigned to ν3(NO3
-) becomes sharper, and the out-of-plane 28 

deformation ν2(NO3
-) located at 829 cm-1 red-shifts to 835 cm-1, indicating the NaNO3 29 

solids formation (Zhang et al., 2014; Liu et al., 2008). Furthermore, the hygroscopic 30 

growth and IR spectra of deposited NaNO3 particles on CaF2 substrates are measured 31 

by vacuum FTIR method, as shown in Fig. S2. The 1350 cm-1 band assigned to 32 

ν3(NO3
-) also becomes sharper upon drying. More importantly, the ν3(NO3

-) feature 33 

bands in the two measurements are inconsistent with the IR feature of NaNO3 crystals, 34 

i.e., two shoulder peaks centred at 1383 and 1485 cm-1 arising from splitting of the 35 

degenerate ν3 mode (Liu et al., 2008). This implies that non-crystalline particle 36 

morphology is formed after drying. In addition, Liu et al. (2008) also found small 37 

amounts of water present within particles after dehydration and the particles absorb 38 

water continuously upon hydration, potentially indicating the formation of highly 39 

concentrated droplets after drying. In the present study, the 1640 cm-1 band is barely 40 

visible after dehydration, and effloresced NaNO3 particles do not absorb water until 41 

the DRH. Likewise, Tang and Fung (1997) observed that the Raman spectra 42 

characteristic of dried Sr(NO3)2 and Ca(NO3)2 particles was obviously different from 43 

that of anhydrous crystals, indicative of amorphous solids formation. Meanwhile, no 44 

sharp decrease in the water content of Ca(NO3)2 particles was observed during the 45 

dehumidification, and the amorphous solids would deliquesce at RH well below the 46 

DRH of anhydrous crystals, which were in good agreement with the observations for 47 
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NaNO3 particles in this work. Based on these, the formation of amorphous NaNO3 48 

solids after dehydration in the two measurements can be inferred here. 49 

50 

Figure S2. Hygroscopic growth curve of pure NaNO3 particles (a) and corresponding IR spectra 51 

upon dehydration (b) measured by vacuum FTIR.  52 

The OA droplets can be effloresced at RH as high as 90% induced by the Ge 53 

substrate, and OA crystals cannot be deliquesced due to the DRH higher than 90% 54 

(Ma et al., 2013; Wang et al., 2017). Thus, the water cycle curve of OA is not 55 

presented here, and only the IR spectra during the dehumidification are shown in Fig. 56 

S3. At RH > 90%, the 1744 cm-1 band is assigned to the stretching mode of C=O 57 

(ν(C=O)) of liquid OA, and the 1355 cm-1 and 1233 cm-1 bands can be attributed to 58 

the bending mode of C-O-H (δ(C-O-H)) and the stretching mode of C-O (ν(C-O)), 59 

respectively (Stace and Oralratmanee, 1973; Redington and Redington, 1978). Then 60 

at ~ 60% RH, the shoulder peaks at 3441 and 3404 cm-1 are assigned to ν(OH) of OA 61 

dihydrate, and the peak at 1680 cm-1 is attributed to ν(C=O) of OA dihydrate, 62 

consistent with the reference spectrum from Chemistry WebBook of National Institute 63 

of Standards and Technology (NIST) of U.S.A. (blue curve in Fig. S3). As RH 64 

decreases to 10%, the 1680 cm-1 band becomes stronger and the 1744 cm-1 band 65 

becomes weaker, indicating the continuous transformation of liquid OA to OA 66 
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dihydrate. A new sharp peak at 1722 cm-1 appears at ~ 5% RH, suggesting the 67 

crystalline water loss of OA dihydrate and the formation of anhydrous OA (Wang et 68 

al., 2019). This RH point agrees well with the measurement value from Wang et al. 69 

(2017). At ~ 3% RH, the OA dihydrate is consumed completely.  70 

4000 3500 3000 1800 1500 1200 900

0.00

0.20

0.40

0.60

0.80

1.00

 1443

 1361

 1233
 1355 1640

anhydrous OA

OA dihydrate

liquid OA 

1722

 1680
1744

> 90%

60%

 3441 3404  

10%

 

Wavenumber (cm-1)

A
b

so
rb

an
ce

RH

3%

5%

 71 

Figure S3. IR spectra of pure OA particles during the dehumidification measured by ATR-FTIR. 72 

Red curves represent the reference spectra of liquid and anhydrous OA from Wang et al. (2019). 73 

Blue curve indicates the reference spectrum of OA dihydrate from Chemistry WebBook of NIST 74 

of U.S.A. 75 

For MA aerosols, the initial ERH is ~ 25.1% and the DRH is ~ 74.4%, 76 

comparable with the measurement values from Shao et al. (2018). As shown in Fig. 77 

S1d, the 1718 cm-1 band is assigned to ν(C=O) of aqueous MA. After crystallization, 78 

the shoulder peaks at 1728 and 1691 cm-1 are characteristics of ν(C=O) of crystalline 79 

MA, and the 1439 cm-1, 1226 cm-1 and 1176 cm-1 bands are also assigned to IR 80 

features of MA solid phase (Shao et al., 2018). Pure GA particles deposited on Ge 81 

substrate tend to nucleate heterogeneously at ~ 59.4% RH, and cannot be deliquesced 82 

at RH up to ~ 86% due to the very high DRH of GA (Marcolli et al., 2004; Yeung et 83 
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al., 2010; Peng et al., 2001; Pope et al., 2010). In Fig. S1f, the feature bands at 1691 84 

cm-1, 1299 cm-1, 1198 cm-1 and 919 cm-1 are characteristics of crystalline GA solids 85 

(Ghorai et al., 2014; Cziczo et al., 1997; Wu et al., 2019).  86 

  87 
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Figure S4. IR spectra of solid and liquid Na2C2O4 particles measured by ATR-FTIR in this work 89 

(black curves) and from Wang et al. (2019) (red curves). 90 

  91 
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 92 

Figure S5. IR spectra of 1:1 mixed NaNO3/OA particles during the dehumidification in vacuum 93 

FTIR measurement (a) and during the humidification in ATR-FTIR measurement (b). 94 
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Figure S6. IR spectra changes of 3:1 NaNO3/OA mixed particles at different time under constant 97 

~ 15% RH. 98 
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Figure S7. IR spectra changes of 3:1 NaNO3/OA mixed particles during the shaded period in Fig. 101 

3a. 102 
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 104 

Figure S8. Changes in absorbance difference of νas(COO-) band, ∆𝐴̅, as a function of initialized 105 

reaction time in three RH ranges, i.e., constant ~ 15% (a), 14.8-61.0% (b), and 66.2-69.2% (c). 106 

The red curves indicate the exponential fitting of absorbance difference data. 107 
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 109 

Figure S9. IR spectra of 1:1 mixed NaNO3/MA particles during the dehumidification in vacuum 110 

FTIR measurement (a) and during the humidification in ATR-FTIR measurement (b). 111 

  112 
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Figure S10. IR spectra of 1:1 NaNO3/MA mixtures in the range of 2000-1000 cm-1 before and after 114 

the RH cycle. 115 

  116 
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Chemical reaction between internally mixed NaCl and MA 117 

 118 

Figure S11. IR spectra of 1:1 mixed NaCl/MA particles during the dehumidification with two RH 119 

changing rates, i.e., 0.04% RH·s-1 (a) and 2.20% RH·s-1 (b), in ATR-FTIR measurements. 120 

The chemical reaction between internally mixed NaCl and MA is explored by 121 

ATR-FTIR. Fig. S12a shows the IR spectra of 1:1 NaCl/MA mixtures during the 122 

dehumidification with the RH changing rate of 0.04% RH·s-1. When the RH decreases 123 

from 82.4% to 4.6%, the red shift of feature band from 1403 cm-1 to 1427 cm-1 and the 124 

appearance of 906 cm-1 band illustrate the crystallization of MA (Shao et al., 2017). 125 

Nevertheless, the splitting of 1721 cm-1 band and the shift of feature bands at 1215 and 126 

1167 cm-1, which will occur during liquid-solid phase transition of MA, cannot be 127 

observed, potentially implying the partial crystallization of NaCl/MA mixtures. In 128 

Ghorai’s study, the submicrometer NaCl/MA mixed particles with mole ratio of 1:1 129 

deposited on Si3N4 windows did not effloresce upon dehydration (Ghorai et al., 2014). 130 

While in Li’s work, the supermicrometer 1:1 NaCl/MA mixtures (∼12-15 μm in 131 

diameter at RH = ∼90%) deposited on Si substrate would effloresce at ~ 32.5% RH (Li 132 

et al., 2017). Furthermore, Ling and Chan (2008) also observed the partial 133 

crystallization of both (NH4)2SO4 and MA for 1:1 mixed particle levitated in 134 

electrodynamic balance. These controversial results can be attributed to the substrate 135 
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effect, particle size, or trace impurities contained in aqueous droplets (Ma et al., 2021). 136 

As RH decreases to ~ 33.2%, a new peak located at 1568 cm-1 assigned to νas(COO-) of 137 

CH2(COONa)2 appears, suggesting the formation of disodium malonate (Wang et al., 138 

2019; Ma et al., 2013). The disodium salts production demonstrates greater chemical 139 

reactivity of NaCl than NaNO3 with diacids due to stronger volatility of HCl than 140 

HNO3, i.e., lower KH value of HCl (< 2×10-1 M/atm) than that of HNO3 (> 2×105 M/atm) 141 

(Laskin et al., 2012). However, the experimental result is inconsistent with the 142 

observation by Ma et al. (2013), in which the chloride depletion in NaCl/MA mixtures 143 

would not occur in a speedy drying process. They explained that the rapid drying 144 

process minimized the HCl release from mixed droplets. Herein, the dehumidification 145 

process of NaCl/MA mixtures with a higher RH changing rate of 2.20% RH·s-1 is 146 

monitored by ATR-FTIR, as shown in Fig. S12b. It is obvious that no malonate sodium 147 

salts are formed upon drying. Meanwhile, the crystallization of mixtures can be clearly 148 

distinguished. This is because the high dehumidification rate will cause rapid water 149 

evaporation, which leads to lower temperature of droplets and further facilitates the 150 

crystallization of particles (Ma et al., 2019). There are two probable causes for no 151 

chloride depletion observed in the fast drying process. One is the minimization of 152 

HNO3 release caused by rapid water evaporation. Another cause is the efflorescence 153 

transition of mixed particles at relatively high RH. 154 

  155 
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 156 

Figure S12. IR spectra of 1:1 mixed NaNO3/GA particles during the dehumidification in vacuum 157 

FTIR measurement (a) and during the humidification in ATR-FTIR measurement (b). 158 

  159 
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Calculation method of the water activity aw 160 

The water activity aw of aqueous droplets can be determined by Köhler equation: 161 

𝑎௪ = RH ∙ exp (
ିସఙ౩౥ౢெ౭

ோ் ౭஽౦
)               (1) 162 

where 𝜎ୱ୭୪ denotes the surface tension of aqueous droplets, which is suggested to be 163 

equal to that of pure water (0.072 J m-2); Mw is the molecular weight of water (kg 164 

mol-1); R is the ideal gas constant (J mol-1 K-1); T is the temperature (K); 𝜌୵ is the 165 

density of water (kg m-3); Dp is the droplet diameter (m). 166 

  167 
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Simulation process for pH changes dependent upon nitrate depletion extent in 168 

NaNO3/DCAs mixtures 169 

Assuming that thermodynamic equilibrium is reached in 1:1 mixed NaNO3/H2A 170 

(org) aqueous system with an initial concentration C0 of 0.1 mol/L, two dissociation 171 

equilibriums for H2A (org) can be established in solution: 172 

HଶA
௄భ
↔ Hା + HAି, HAି

௄మ
↔ Hା + Aଶି 

The equilibrium concentration of HA- and A2-, denoted by [HA-] and [A2-] 173 

respectively, can be expressed as 174 

[HAି] =
௄భ[ୌమ୅]

[ୌశ]
                 (2) 175 

 [Aଶି] =
௄మ௄భ[ୌమ୅]

[ୌశ]మ
                (3) 176 

where [H2A] and [H+] represent the equilibrium concentration of H2A and H+ in 177 

solution, respectively; K1 and K2 are equal to the primary and secondary dissociation 178 

constant of H2A, Ka1 and Ka2, respectively. According to the material balance 179 

principle, the following equation can be derived: 180 

C଴ = [HଶA] + [HAି] + [Aଶି]              (4) 181 

Combining the eq. (2) and (3), the eq. (4) can be rewritten as 182 

C଴ =
௄భ[ୌశ]ା[ୌశ]మା௄మ௄భ

[ୌశ]మ
∙ [HଶA]              (5) 183 

Thus, the [HA-] and [A2-] can be expressed as 184 

[HAି] =
௄భ஼బ[ୌశ]

௄భ[ୌశ]ା[ୌశ]మା௄మ௄భ
               (6) 185 

[Aଶି] =
௄మ௄భ஼బ

௄భ[ୌశ]ା[ୌశ]మା௄మ௄భ
               (7) 186 

Moreover, another balance between NO3
- and HNO3 (aq) is present in solution: 187 

Hା + NOଷ
ି ௄య

↔ HNOଷ 

where K3 is the inverse of the acid dissociation constant of HNO3. The equilibrium 188 

concentration of NO3
- and HNO3 (aq), [NO3

-] and [HNO3], can be associated as 189 

[HNOଷ] = 𝐾ଷ[Hା][NOଷ
ି]               (8) 190 

The concentration of depleted NO3
-, i.e., formed gaseous HNO3, is denoted as C1, 191 

and then the following equation can be derived according to mass balance principle: 192 
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C଴ = [NOଷ
ି] + [HNOଷ] + Cଵ               (9) 193 

Thus, the [HNO3] can be rewritten by combining eq. (8) and (9): 194 

[HNOଷ] =
௄య[ୌశ](஼బି஼భ)

௄య[ୌశ]ାଵ
                                               (10) 195 

On the basis of the H+ ion conservation, the following equation can be derived: 196 

[Hା] = [HଷOା] + [HAି] + 2[Aଶି] − [HNOଷ] − Cଵ                         (11) 197 

Then, the relation between C1 and [Hା] can be determined by combining eq. (6), 198 

(7) and (10) into eq. (11): 199 

Cଵ = (𝐾ଷ[Hା] + 1) ∙ ቀ
௄ೢ

[ୌశ]
+

௄భ஼బ[ୌశ]ାଶ௄మ௄భ஼బ

௄భ[ୌశ]ା[ୌశ]మା௄మ௄భ
− [Hା] −

௄య஼బ[ୌశ]

௄య[ୌశ]ାଵ
ቁ             (12) 200 

The K1, K2 and K3 values for different acids are listed in Table 2 in the text. Thus, 201 

the C1 values can be determined with changing [H+], i.e., the different droplet pH 202 

according to pH = –log10 [H+]. Note that the defined pH here is a free-H+ 203 

approximation of pH on a molality basis, as indicated by Pye et al. (2020). The nitrate 204 

depletion fraction is determined by the ratio of depleted [NO3
-] (C1) to the initial 205 

concentration of NO3
- (C0 = 0.1 mol/L). 206 

 207 
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