Supplement of Atmos. Chem. Phys., 22, 973-1013, 2022 A m h ri
https://doi.org/10.5194/acp-22-973-2022-supplement t ospheric

© Author(s) 2022. CC BY 4.0 License. Chemistry
and Physics
Supplement of

Extension of the AIOMFAC model by iodine and carbonate species:
applications for aerosol acidity and cloud droplet activation

Hang Yin et al.

Correspondence to: Andreas Zuend (andreas.zuend @mcgill.ca)

The copyright of individual parts of the supplement might differ from the article licence.



10

15

20

25

S1 Extra systems of iodide salts mixed with organic compounds

Figure S1 shows some additional systems of liquid-liquid equilibrium (LLE), mean molal activity coefficients of Nal (y.),
vapor-liquid equilibrium (VLE), and solubility (SLE) experimental data and corresponding model calculations for iodide salt
+ various organic compounds. Figure Sla is a LLE system of water + 2-butanone + KI at 298.15 K. This is an example
where AIOMFAC predictions show significant deviations from experimental data. However, we note that the LLE of water +
2-butanone mixed with other salts tend to exhibit a phase diagram more similar to what AIOMFAC predicts here for the KI
case; hence, this seems to be a rather special behavior due to the iodide salt. Mean molal activity coefficients of Nal in a ternary
system of water + maltose + Nal at 298.15 K are shown in Fig. S1b. To enable a direct comparison between the experimental
data and AIOMFAC calculations, the reference solvent of the ion activity coefficients is here defined as the water + maltose
solvent mixture instead of pure water (the default AIOMFAC setting). AIOMFAC agrees well with the measurements in the
water-rich regime, while over-predicting v+ (Na™, I7) by around 0.2 units when maltose becomes concentrated. Figure Slc
shows a water-free VLE system of methanol 4 benzene + Nal from 332 to 336 K. AIOMFAC predicts significant salting-out
behavior on benzene in contrast to experimental results at the most dilute range. The solubility of 2-hydroxybenzoic acid in
the mixture of water 4+ KI at 308 K is shown in Fig. S1d. AIOMFAC agrees well with the experimental results, although the

concentration of the organic compound is rather low.

S2 Computations of CCN activation

Tables S1 and S2 list the AIOMFAC predictions of the critical supersaturation values for CCN activation, SS., for different

particle dry diameters and organic volume fractions in aqueous Nal or Nay;COj3 particles mixed with suberic acid.

S3 Solving the coupled system of equilibrium equations of the carbonate/bicarbonate/CQO5 system

Among the essential components in the carbonic acid system, the molar amounts of three species out of HCOg3, COg_,
COy(aq), HT, OH™, and H,O are independent. This brings the number of independent (solver) variables to three; although,
for numerical reasons discussed further below, it can be advantageous to use a larger number of “solver variables” (solving a
coupled system of equations including molar balance equations). At the start of the equilibrium calculation for a given mixture
in terms of input component mass fractions (and pertaining ion molalities), the solution is assumed (an arbitrary choice) to
contain 1 kg of solvent mass (i.e., water or water + organics solvent mixture) to generate the initial molar amounts of all ions

and neutral species. Since the amount of water in the system is subject to change due to auto-dissociation (React. R3) and/or
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Figure S1. Different types of experimental data (X, 4+) and AIOMFAC predictions (O, <) for organic compounds + iodide salt systems
with model sensitivity indicated by error bars. (a) LLE of water (1) 4 2-butanone (2) + KI (3) at 298 K; experiments by Al-Sahhaf et al.
(1999). (b) Mean molal activity coefficients of Nal in water (1) + maltose (2) + Nal (3) mixtures at 298 K; experiments by Zhuo et al.
(2008). (¢) VLE of methanol (1) + benzene (2) + Nal (3) at 332-336 K; experiments by Yang et al. (2007). (d) SLE of water (1) +
2-hydroxybenzoic acid (2) + KI (3) at 308 K; experiments by Sugunan and Thomas (1995). The composition bar graphs show the mass
fractions (in a) or the mole fractions (b, c, d) of the components with respect to dissociated salts.



Table S1. Predictions of the critical supersaturation, SSci¢ (%), for the CCN activation of mixed water + suberic acid + Nal particles at
293.15 K. The values are listed for distinct particle dry diameters and a selection of organic volume fractions within the dry particles (forg).

Mixture ‘ Dry diameter (nm)

Solutes forg ‘ 30 35 40 45 50 60 80 100 120 140 160 200

AIOMFAC-EQUIL; with full liquid-liquid phase separation

Nal 0.817 0.647 0.529 0443 0378 0.287 0.185 0.132 0.101 0.080 0.065 0.046
Suberic + Nal  0.27 | 0911 0.723 0.591 0495 0422 0321 0.208 0.148 0.113 0.089 0.073 0.052
Suberic + Nal 041 | 0979 0.777 0.636 0.533 0455 0345 0.224 0.160 0.121 0.096 0.079 0.056
Suberic + Nal 049 | 1.028 0.816 0.668 0.560 0.478 0363 0.235 0.168 0.128 0.101 0.083 0.059
Suberic + Nal  0.53 | 1.056 0.838 0.687 0.575 0491 0373 0.242 0.173 0.131 0.104 0.085 0.061
Suberic + NaI  0.56 | 1.078 0.857 0.701 0.588 0.502 0.382 0.247 0.177 0.134 0.106 0.087 0.062
Suberic + Nal  0.66 | 1.166 0.929 0.761 0.638 0.545 0415 0269 0.192 0.146 0.116 0.095 0.068
Suberic + Nal  0.78 | 1.321 1.051 0.862 0.724 0.619 0471 0306 0.219 0.166 0.132 0.108 0.077
Suberic + Nal  0.88 | 1.525 1.214 0997 0.837 0.716 0.545 0355 0.254 0.193 0.153 0.125 0.090

AIOMFAC-CLLPS (with org. film); organic phase assumed water-free

Suberic + Nal  0.27 | 0.831 0.659 0.538 0451 0.384 0292 0.189 0.135 0.103 0.081 0.066 0.047
Suberic + Nal 041 | 0.840 0.665 0.544 0.455 0.389 0.295 0.191 0.137 0.104 0.082 0.067 0.048
Suberic + Nal 049 | 0.845 0.670 0.547 0.458 0.391 0297 0.192 0.138 0.105 0.083 0.068 0.048
Suberic + Nal  0.53 | 0.847 0.672 0.549 0.460 0.392 0.298 0.193 0.138 0.105 0.083 0.068 0.048
Suberic + NaI  0.56 | 0.850 0.673 0.550 0.461 0.393 0.299 0.194 0.138 0.105 0.083 0.068 0.049
Suberic + Nal ~ 0.66 | 0.857 0.679 0.555 0465 0.397 0301 0.196 0.140 0.106 0.084 0.069 0.049
Suberic + Nal  0.78 | 0.866 0.686 0.561 0470 0401 0305 0.198 0.141 0.108 0.085 0.070 0.050
Suberic + NaI  0.88 | 0.874 0.693 0.567 0.475 0405 0308 0.200 0.143 0.109 0.086 0.071 0.050

AIOMFAC-CLLPS (without org. film); water uptake by organic-rich phase

Suberic + Nal  0.27 | 0.889 0.701 0.581 0.489 0418 0318 0.207 0.148 0.112 0.089 0.073 0.052
Suberic + Nal 041 | 0.960 0.766 0.629 0.528 0.452 0344 0.224 0.160 0.122 0.096 0.079 0.056
Suberic + Nal 049 | 1.010 0.806 0.662 0.556 0475 0362 0.235 0.168 0.128 0.102 0.083 0.059
Suberic + Nal  0.53 | 1.040 0.829 0.681 0.572 0489 0373 0.242 0.173 0.132 0.104 0.085 0.061
Suberic + Nal  0.56 | 1.063 0.848 0.697 0.585 0.501 0.381 0.248 0.177 0.135 0.107 0.087 0.063
Suberic + Nal  0.66 | 1.159 0925 0.760 0.638 0.546 0416 0270 0.193 0.147 0.117 0.095 0.068
Suberic + Nal  0.78 | 1.327 1.059 0.869 0.730 0.624 0475 0309 0.221 0.168 0.133 0.109 0.078
Suberic + Nal  0.88 | 1.559 1.240 1.017 0.853 0.729 0.554 0360 0257 0.196 0.155 0.127 0.091
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Table S2. AIOMFAC predictions of critical supersaturation, SSci; (%), for different dry diameters and organic dry volume fractions (forg) of
water + suberic acid + NayCOs particles at 293.15 K.

Mixture ‘ Dry diameter (nm)

Solutes Sorg ‘ 30 35 40 45 50 60 80 100 120 140 160 200

AIOMFAC-EQUIL; with full liquid-liquid phase separation

Na>COs 0.00 | 0.727 0573 0466 0388 0330 0.249 0.160 0.113 0.086 0.068 0.055 0.039
Suberic + Na,COs  0.27 | 0.830 0.655 0.533 0.445 0.378 0.286 0.184 0.130 0.099 0.078 0.063 0.045
Suberic + Na,CO3s  0.49 | 0955 0.755 0.616 0.514 0.438 0.331 0213 0.151 0.115 0.091 0.074 0.053
Suberic + Na,CO3z  0.66 | 1.100 0.873 0.713 0.597 0.508 0.385 0249 0.177 0.134 0.106 0.086 0.062
Suberic + NapCO3  0.78 | 1.258 1.000 0.818 0.686 0.585 0.444 0288 0.205 0.155 0.123 0.100 0.072
Suberic + Na,COs  0.88 | 1.466 1.167 0.958 0.804 0.687 0.523 0.339 0.243 0.184 0.146 0.119 0.085

AIOMFAC-CLLPS (with org. film); organic phase assumed water free

Suberic + NapCO3  0.27 | 0.768 0.606 0.493 0.412 0350 0.265 0.170 0.121 0.092 0.072 0.059 0.042
Suberic + Na,COs  0.49 | 0.807 0.637 0.520 0.434 0.369 0.280 0.180 0.128 0.097 0.077 0.063 0.045
Suberic + Na,CO3  0.66 | 0.843 0.666 0.544 0.455 0.387 0.294 0.190 0.135 0.103 0.081 0.066 0.047
Suberic + Na,COs  0.78 | 0.872 0.690 0.564 0.472 0.402 0305 0.198 0.141 0.107 0.085 0.069 0.050
Suberic + Na,COs  0.88 | 0.900 0.713 0.583 0.488 0.416 0316 0205 0.146 0.111 0.088 0.072 0.052

AIOMFAC-CLLPS (without org. film); water uptake by organic-rich phase

Suberic + Na,COs  0.27 | 0.813 0.645 0.527 0.440 0.375 0.284 0.183 0.130 0.098 0.078 0.063 0.045
Suberic + Na,CO3s  0.49 | 0.944 0.749 0.612 0.512 0436 0.330 0213 0.151 0.115 0.091 0.074 0.053
Suberic + Na,CO3  0.66 | 1.103 0.876 0.716 0.599 0.511 0.387 0250 0.178 0.134 0.106 0.087 0.062
Suberic + Na,COs  0.78 | 1.284 1.019 0.833 0.697 0.594 0450 0291 0.207 0.157 0.124 0.101 0.072
Suberic + Na,COs  0.88 | 1.534 1.215 0992 0.829 0.707 0.535 0346 0.246 0.187 0.148 0.121 0.086

bicarbonate dissociation (React. R1), use of molar species amounts (n;) in molar balances is favored over that of molalities
(m;), because molalities would be affected by variations in the effective solvent mass. Converting from the intensive mass
fraction quantities to extensive molar amounts is only done in the process of solving for the equilibrium solution speciation,
which can then be converted back to mass fraction and molality amounts. If OH™ is not present in the form of an input ion
(as part of an input electrolyte component) in the carbonic acid system, its maximum molar amount is directly derived from
the fraction (r; Eq. 16) of the initial water amount that is considered as available for auto-dissociation. To fulfill the molar
balance constraints of the system, Eqs. (14) and (15), detailing the maximum available molar amounts of each species, have to
be fulfilled. As a further molar constraint, the maximum possible amount of COj,4) (for a closed-system case) is determined
based on Egs. (14) and (15) as

Pl = min [0.5 - 0, ”rc“oy] (S1)
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Two different approaches for solving the coupled system of equations numerically were implemented. The basis for both are
the equilibrium relationships (Eqgs. 8—11) and the molar balance constraints. Associated numerical advantages and drawbacks

were evaluated below. The first approach labeled “ratio approach” is discussed in the following.
S3.1 Ratio approach

The independent species amounts chosen for solving the coupled equations are the molar amounts of HCOg3, CO2™, and
OH™. While other choices could be made, e.g., using H' as an independent species/variable instead of HCO3, such a choice
would complicate the expressions since H™ could stem from many other mixture components, including from bisulfate and
sulfuric acid. The remaining species are determined by ensuring that the molar balances (Eqs. 14 and 15) are fulfilled. Since the
differences between the absolute molar amounts of the different species can span several orders of magnitude, the actual solver

variables are expressed using ratios involving the maximum possible amounts and ratio adjustment for reasons of numerical

precision. For example, the solver variable r(S_JOII{V, is computed using
min
Solv TOH- — TOH*
T, = —————————. (S2)
OH pmax_ __ pmin
OH- ~ 'OH-

For r$°M to be physically meaningful, the minimum and maximum adjustment values are defined based on the [0, 1] interval

limit as
7 = Niny, ($3)
73N M = 1.0 — Niiny. (S4)

Here, Nypy is set as 3.0 - € where € is the machine precision (a value of about 10715 in our program).

S3.1.1 The limits of THCO;

Being the principle independent species in our setup, - is allowed to vary between a very small amount and nearly its
3

. max . .
maximum amount (nH o O;) which leaves the limits of THco; 2

hco; = iy, (S5)
nggo; = 1.0 — Niny. (S6)
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As aresult, r;"go_ is bounded by the same limits as Eqgs. (S5)—(S6).
3

S3.1.2 The limits of Tcoz-

The minimum limits of Tco2 and roy- are determined from the relationship (Egs. 14—15) and assumptions expressed by the

molar balance equations due to a certain value of Nuco; determined by a given THCO; value. That is, there is no independent

choice for their limits when the goal is to ensure all molar balance constraints remain exactly fulfilled for any possible choice of

the set of solver variables during the iterative solving of the system of equations. Maintaining such mathematical and chemical

consistency is critical in avoiding intermediate mixture composition involving negative molar amounts of certain species. In

2 . . . .. . e .
the case of CO3™, by assuming nco,,,,, s at its upper limit, n‘é‘gz(aq) , the first limit is given by

max max
n _—nNn - —nNn

rminl . COg HCOg4 CO»

co?- — max

n —nNn —

3 COg_ HCO3

Following the same logic, the second limit is determined by leaving potential room for H™ based on Eq. 15,

max max
o ngoz- 0.5 nygo- —0.5-ngt - (I1—e)
Tco2- = max

3 ncog, - nHCO;

Thus, the internal minimum limit of r52- should be
3

min _ minl min2 .
Tcog‘ = max [Tcog" rcog" Nnny} .

min

To avoid potential numerical issues, 7 co2-
3

is further constrained to ensure it is less than 1.0 — Nyjyy.
S3.1.3 The limits of 7o

As in the case of OH™, because ny+ has to be a positive number, based on Eq. (15), ny+ is computed as

__ . max max
N+ = N+ —NoH- — "Heo; — 2nC0,3,, T NoH--

(S7)

(S8)

(89)

(S10)
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As some of the HT may be consumed by the formation of HCOj3 or COy(,q), according to Eq. (S10) an equivalent amount of
OH™ is formed in the same process putting a minimum constraint on nog- :
min min max

nOH- = Nt — N +non- + Nyco; + 2100y (0 - (S11)

If nﬁ‘f = 0, the minimum limit of OH™ is

min . max _  max
Nop- = max [Ntmy, NoH- — Nt + "uco; +2nC0, 0y | - (S812)
As aresult,
nmin
min  _ OH—
TOH_ = max N[iny,m . (813)
nOH*

Solv

The three equilibria denoted by Eqs. (8)—(10) are then solved by iteratively adjusting the 77°V values until the right-hand side
expressions computed by the derived molar amounts, molalities, and associated activities or activity coefficients of all species
in the solution are within a desired numerical tolerance range with the literature values given in Table 4. Here, Powell’s hybrid
method is used to solve the three coupled equations in three unknowns (Moré et al., 1980, 1984). Powell’s hybrid method is an

efficient solver for non-linear equations, yet does not allow for box-constraints to be set on the variables; hence, the allowed

Solv
i

limits on the r>°" variables “proposed” by the solver (Eqs. S3—S4) need to be checked and, if necessary, corrected within our
subroutines to maintain feasible values at all times.

Overall, this method is very efficient when all molar species amounts under final equilibrium conditions are well within
machine precision (using double-precision floating point numbers), which is usually the case in the dilute to moderately con-
centrated aqueous solution regime (see Fig. S2a). However, in applications involving more extreme conditions (low water
content, very high or very low acidity), some of the species amounts may turn out to be extremely small during the computa-
tion (e.g., on the order of 10~ or even smaller) compared to other molar amounts (on the order of 10°). Since this ratio-based
approach requires that nco,,,, and ng+ are determined from the molar balance Eqs. (14) and (15), the subtraction of tiny
values from larger numbers can lead to a substantial loss of numerical precision (cancellation error and/or round-off error),
which will then often result in numerical issues (even when “safe” numerical summation functions are used, see the example

shown in Fig. S2b). Hence, to provide a reliable computation over a wide range of acidities and ionic strengths, an alternative

approach was implemented, which is discussed in the following.
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Figure S2. Comparison of AIOMFAC calculations using two different approaches for closed carbonate/bicarbonate/CO2 systems. Predic-
tions are based on ratio approach (top) and log-transformed constrained amount approach (bottom). (a, ¢) Aqueous NaHCO3 solutions at
298 K. (b, d) Aqueous HCI + NaHCO3 solutions mixed 1:10 by moles at 298 K.

S3.2 Log-transformed constrained amount approach

Inspired by the constrained nonlinear solver developed by Schittkowski (2006), the problem is re-approached as a constrained
optimization problem in which the number of “solver” variables is increased to five. In this approach, the molar amounts
of HCOg, CO?, CO2(aq)> H*, and OH~ were all set as variables to be determined via solver-suggested values. To better
account for possible tiny molar amounts of either OH~ or HT under highly acidic or basic conditions, we first apply a logarithm
transformation, such that the actual solver variables denote the vector of natural logarithms of the molar amounts (instead of
absolute molar amounts). As with the ratio approach, Powell’s hybrid method was still chosen as the algorithm to solve the
nonlinear system of equations. During each iteration, all species amounts are constrained to be between a tiny positive number

(Niiny1) and their near maximum molar amounts for higher solving efficiency. For example, in the case of Ht, its minimum
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and maximum limits are expressed as

In 0] = 1n[Niny1 ], (S14)

In[nf] =1In[(1.0 — Niny2) - ngie] - (S15)
Here, the tiny number is modified to be more meaningful in the context of log-transformation with

Niiny1 =107 -¢, (S16)

Nﬁnyz =5.0"e. (517)

In addition to the three equilibrium equations (Egs. 8—10), two additional equations, the molar balances (Egs. 14 and 15) have
to be fulfilled at the same time. Hence, this constitutes a problem of solving five coupled nonlinear equations in five unknowns.

Despite having more solver variables compared to the ratio approach, this method achieves the same or even higher level
of efficiency and better reliability (see Fig. S2c,d). This may be the result of not imposing the molar balance constraints
to be fulfilled at each iteration step, which gives the solver more freedom to explore the solution space, including solving
the problem via an iterative path that involves temporary violations of some molar balances. In addition, in the presence of
additional partial dissociation equilibria, like that of bisulfate/sulfate, this method allows for an easier addition of another

variable (i.e., ln[ano; ]) and pertaining equilibrium expressions to be solved simultaneously.
S3.3 Special conditions

Under extremely acidic or basic aqueous solution conditions, the solver is unable to solve the equilibria to a satisfactory
tolerance level. This is because of the fact that within the procedure computing the mixture composition and via AIOMFAC
activity coefficients, the solver-suggested values need to be transformed via the exponential function into actual molar amounts.
Some of those molar amounts or related mass fractions may be smaller than the machine precision value, causing AIOMFAC
to return discontinuous numbers under conditions of small variations in the solver variables (see results in Fig. S3b). As a
means to avoid issues under such circumstances, an affected ion’s molality is instead determined via a reverse calculation
using the other ion molalities, activity coefficients, and the known equilibrium constant value. This allows the problem to be
solved under such extreme conditions and results in physically reasonable estimations of pH that meet all equilibria and molar

balance constraints (see results in Fig. S3a).
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Figure S3. AIOMFAC predictions of water activity and HCOj3 degree of dissociation in aqueous NaHCO3 solutions with the special
condition treatment switched on (a) and off (b) (closed-system).

The above description solves the liquid-phase equilibria in a closed system, while in an open system, Eq. 11 has to be solved

alongside as well. The solving principles of an open-system scenario are mostly the same as those of a closed system, except

for the constraints for njj¥* and nrcng2, being defined by
3

max _
Ngo2- = MCO0sq) T 00 T ez~ T uco; (518)

max __ max
Ny = ng+ + "uco; + 2”002(3(,) + 2ncoz<g) +NoH- — NOH-- (S19)

S4 System of iodide salts with organic acid

Figure S4 shows a zoomed-in version of the Nal-containing ternary mixtures shown in Fig 4.

S5 Description of our water activity measurements

Water activity measurements were carried out at McGill University and ETH Zurich to validate existing experimental data or
to provide additional measurement data for systems where data available from the scientific literature is scarce. Tables S3—-S7
show the bulk water activity data of binary or ternary inorganic solutions measured at McGill University. An AqualLab water
activity meter (Model 4TE, METER Group, USA) has been used for bulk measurements based on the dew point method at
room temperature (~ 293.15 K) with a specified precision of £0.003 a,, units. The instrument was calibrated using 8.57 M
LiCl solutions of well-known a,, =0.496 (~ 293 K) and deionized water (a,, = 1.000) prior to each series of measure-
ments. Inorganic electrolyte samples with purities > 99 % were obtained from the following companies: HIO3: Sigma-Aldrich,

NaBr: BDH Chemicals, KBr: Sigma-Aldrich, KIO3: Fisher, and NalOj3: Alfa Aesar. Solutions were prepared by mass frac-

10
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Figure S4. Water activities of Nal + water + carboxylic acid systems. Symbols: (X bulk solution measurements at 298.15 K; (¢) EDB
measurements at various temperatures (see details in SI Sect. S5); (O) AIOMFAC predictions at the corresponding experimental temperatures
including estimated model sensitivity shown as error bars. (a) Water (1) 4+ malonic acid (2) + Nal (3); experiments at various mixing ratios
(this study). (b) Water (1) + citric acid (2) + Nal (3); experiments at 1 : 1 mass ratio of citric acid : Nal (this study). (¢) and (d) Water (1) +
glutaric acid (2) + Nal (3); experiments at 1 : 1 mass ratio of glutaric acid : Nal (this study). The composition bar panels show the stacked
mole fractions of the three components with respect to dissociated Nal.
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Table S3. Bulk water activity measurements of the system water (1) + NalOgz (2) at T'=293.15 K. Concentrations are given in mass
fractions of NalOs.

w(NalO3) Ay

0.0195 0.997
0.0442 0.994
0.0626 0.992
0.0849 0.990

The accuracy of the water
activity measurements is
specified as £0.003 a.,.
fracton s eximated 2
+0.0005.
tion of the listed electrolyte components (without further purification) with deionized water. The reported water activity at each
composition is the average of three consecutive measurements.

For the measurements done at ETH Zurich, Nal and the relevant organic compounds were purchased from Sigma-Aldrich
with 99 % purity. Tables S8-S11 show the bulk water activity data in ternary water + organic compound + Nal mixtures at
298.15 K. An AquaLab water activity meter (Model 3TE, Decagon Devices, USA) with an accuracy of +0.003 a,, units has
been used for these measurements at 298.15 K. Prior to the measurements, the instrument was calibrated regularly with satu-
rated NaCl solutions (a,, = 0.753 at 298.15 K). Samples were always prepared freshly before measurements. Stock solutions
were made separately for each chemical species (without further purification) using ultrapure water (resistivity >18 M2 cm,
MilliQ). The desired concentrations were achieved by mixing and diluting different stock solutions with the reported water
activity as the medium of three consecutive measurements. Tables S12-S14 show the EDB water activity data of ternary so-
lutions at various temperatures with the detailed experimental setup discussed elsewhere (Marcolli and Krieger, 2006; Zardini
et al., 2008; Steimer et al., 2015). Briefly, we levitated a charged droplet of known dry mass composition in the EDB at a fixed
temperature and slightly reduced total pressure (8.0 - 10# Pa) in a nitrogen gas. RH was varied by changing the ratio of dry to
humidified gas flows using mass flow controllers, typically the total flow rate was 20 sccm. Relative humidity was measured by
a capacitive RH probe with an integrated temperature sensor (U.P.S.1., France, model G-TUS.13R) mounted in the upper-end
cap of the EDB in close proximity to the levitated particle. The probe was calibrated by levitating single particles of various
salts and observing the RH at which they deliquesce. The composition of the particle was determined as described in detail
by Steimer et al. (2015) using Mie resonance spectroscopy in combination with mass data from the voltage compensating the

gravitational force. The uncertainty of these data is +1.5 % in water activity (because of the hysteresis of the capacitance

sensor) and estimated to be better than ~ .05 in the mass fraction of solute.
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Table S4. Bulk water activity measurements of the system water (1) + KIO3 (2) at 7" = 293.15 K. Concentrations are given in mass fractions
of KIOs.

w(KIO3) Ay
0.0213  0.999
0.0413  0.996
0.0592  0.993
0.0798  0.991

The accuracy of the water
activity measurements is
specified as £0.003 a.,.
The uncertainty of the mass
fraction is estimated as
+0.0005.

Table S5. Bulk water activity measurements of the system water (1) + HIO3 (2) at T' = 293.15 K. Concentrations are given in mass fractions
of HIOs.

UJ(HIO3) oy

0.0459  0.994
0.0627  0.993
0.1124  0.988
0.1144  0.990
0.1561 0.985
0.1753  0.983
0.2342 0976
0.2634 0974
0.3028  0.969
0.3755  0.963
0.4204  0.958
0.4982  0.945
0.6020  0.908
0.6492  0.886

The accuracy of the water
activity measurements is
specified as +0.003 @, -
The uncertainty of the mass
fraction is estimated as
40.0005.
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Table S6. Bulk water activity measurements of the system water (1) + NaBr (2) + NalOgs (2) at 7' = 293.15 K. Concentrations are given in
mass fractions of the salts.

w(NaBr) w(NalOs3) Aoy

0.0412 0.0074 0.987
0.0835 0.0149 0.971
0.1215 0.0217 0.953
0.1570 0.0281 0.934

The accuracy of the water activity measurements
is specified as £0.003 a.,.

The uncertainty of the mass fraction is estimated
as +0.0005.

Table S7. Bulk water activity measurements of the system water (1) + KBr (2) + KIO3 (2) at T' = 293.15 K. Concentrations are given in
mass fractions of the salts.

w(KBr) w(KIO3) QA

0.0682 0.0069  0.985
0.1301 0.0131  0.960
0.1745 0.0176  0.941
0.2415 0.0243  0.909

The accuracy of the water activity
measurements is specified as +0.003 a,,.
The uncertainty of the mass fraction is
estimated as =0.0005.

14



Table S8. Bulk water activity measurements of the system water (1) + malonic acid (2) + Nal (3) at 7" = 298.15 K. The organic to inorganic
dry mass ratios (OIR) are 1 : 2, 2 : 1, and ratios in between those. Concentrations are given in mass fractions of malonic acid and Nal.

w(malonic acid) w(Nal) Ay

0.3000 0.3000 0.655
0.2000 0.2000  0.859
0.1500 0.1500  0.903
0.1000 0.1000 0.944
0.0750 0.0750  0.958
0.2366 0.3217 0.674
0.1577 0.2145 0.860
0.1183 0.1609 0.911
0.0789 0.1072  0.948
0.0591 0.0804  0.962
0.3000 0.2143  0.772
0.2000 0.1429 0.893
0.1500 0.1071  0.929
0.1000 0.0714  0.958
0.0750 0.0536  0.967
0.1606 0.3211  0.780
0.1070 0.2141  0.886
0.0803 0.1606  0.928
0.0535 0.1070  0.960
0.0401 0.0803  0.969
0.3000 0.1500 0.836
0.2000 0.1000 0.917
0.1500 0.0750 0.944
0.1000 0.0500  0.967
0.0750 0.0375 0.975

The accuracy of the water activity measurements is
specified as £0.003 a.,.

The uncertainty of the mass fraction is estimated as
+0.0005.

Table S9. Bulk water activity measurements of the system water (1) + glutaric acid (2) + Nal (3) at "= 298.15 K. OIR is 1 : 1. Concentra-
tions are given in mass fractions of glutaric acid and Nal.

w(glutaric acid) w(Nal) Ay

0.2727 0.2727  0.768
0.1818 0.1818  0.894
0.1364 0.1364 0.931
0.0909 0.0909  0.958
0.0682 0.0682  0.967

The accuracy of the water activity measurements is
specified as +0.003 @, .

The uncertainty of the mass fraction is estimated as
+0.0005.
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Table S10. Bulk water activity measurements of the system water (1) + citric acid (2) + Nal (3) at 7" = 298.15 K. OIR is 1 : 1. Concentrations
are given in mass fractions of citric acid and Nal.

w(citric acid)  w(Nal) Ay

0.3214 0.3214  0.627
0.2143 0.2143  0.858
0.1607 0.1607 0.916
0.1071 0.1071  0.953
0.1000 0.1000  0.959
0.0804 0.0804  0.967

The accuracy of the water activity measurements
is specified as £0.003 @, .

The uncertainty of the mass fraction is estimated
as £0.0005.

Table S11. Bulk water activity measurements of the system water (1) + sorbitol (2) + Nal (3) at 7' = 298.15 K. OIR is 1 : 1. Concentrations
are given in mass fractions of sorbitol and Nal.

w(sorbitol)  w(Nal) Ay

0.3195 0.3195 0.721
0.2832 0.2832  0.790
0.2555 0.2555 0.832
0.2256 0.2256  0.867
0.1883 0.1883  0.903
0.1156 0.1156  0.953
0.0807 0.0807  0.970

The accuracy of the water activity
measurements is specified as +0.003 a.,.
The uncertainty of the mass fraction is
estimated as +0.0005.
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Table S12. EDB water activity measurements of the system water (1) + glutaric acid (2) + Nal (3) at 7' = 279 K. OIR is 1 : 1. Concentrations
are given in mass fractions of glutaric acid and Nal.

w(glutaric acid) w(Nal) Qo

0.4096 0.4096 0.468
0.4085 0.4085 0.471
0.4011 0.4011 0.489
0.3988 0.3988 0.491
0.3923 0.3923  0.510
0.3899 0.3899 0.513
0.3851 0.3851 0.529
0.3826 0.3826  0.531
0.3778 0.3778 0.544
0.3729 0.3729  0.557
0.3702 0.3702  0.563
0.3649 0.3649  0.577
0.3621 0.3621 0.582
0.3592 0.3592  0.594
0.3540 0.3540  0.607
0.3482 0.3482 0.616
0.3453 0.3453 0.623
0.3400 0.3400 0.638
0.3370 0.3370  0.641
0.3342 0.3342  0.652
0.3282 0.3282  0.660
0.3250 0.3250 0.670
0.3155 0.3155 0.688
0.3120 0.3120 0.692
0.3051 0.3051 0.709
0.3015 0.3015 0.719
0.2947 0.2947  0.727
0.2910 0.2910 0.732
0.2846 0.2846 0.748
0.2815 0.2815 0.753
0.2745 0.2745  0.760
0.2667 0.2667 0.774
0.2587 0.2587  0.786
0.2551 0.2551 0.792
0.2437 0.2437 0.810
0.2339 0.2339 0.833

The accuracy of the water activity measurements is
specified as +0.015 a.,.

The uncertainty of the mass fraction is estimated as
+0.05.
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Table S13. EDB water activity measurements of the system water (1) + citric acid (2) + Nal (3) at 7" = 288 K.OIR is 1 : 1. Concentrations
are given in mass fractions of citric acid and Nal.

w(citric acid)  w(Nal) Ay

0.2060 0.2060 0.862
0.2251 0.2251 0.845
0.2353 0.2353  0.829
0.2420 0.2420 0.818
0.2469 0.2469  0.808
0.2501 0.2501  0.798
0.2540 0.2540 0.788
0.2593 0.2593  0.779
0.2723 0.2723  0.758
0.2799 0.2799  0.737
0.2858 0.2858  0.721
0.2898 0.2898 0.708
0.2930 0.2930 0.697
0.2950 0.2950  0.692
0.2954 0.2954  0.689
0.2975 0.2975 0.688
0.3072 0.3072  0.669
0.3140 0.3140 0.647
0.3191 0.3191 0.630
0.3234 0.3234 0.614
0.3273 0.3273  0.600
0.3291 0.3291 0.593
0.3372 0.3372  0.577
0.3450 0.3450  0.550
0.3494 0.3494  0.532
0.3526 0.3526  0.522
0.3552 0.3552  0.507
0.3571 0.3571  0.497
0.3624 0.3624  0.485
0.3705 0.3705 0.454
0.3750 0.3750 0.433
0.3780 0.3780 0.421
0.3791 0.3791 0.411
0.3801 0.3801  0.406
0.3813 0.3813  0.403
0.3813 0.3813  0.399
0.3837 0.3837 0.391
0.3910 0.3910 0.364

The accuracy of the water activity measurements
is specified as £0.015 a.,.

The uncertainty of the mass fraction is estimated
as +0.05.
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Table S14. EDB water activity measurements of the system water (1) + sorbitol (2) + Nal (3) at 7'= 288 K. OIR is 1 : 1. Concentrations
are given in mass fractions of sorbitol and Nal.

w(sorbitol) w(Nal) Ay

0.2977 0.2977  0.757
0.3081 0.3081 0.739
0.3331 0.3331 0.697
0.3485 0.3485 0.667
0.3580 0.3580 0.647
0.3789 0.3789  0.597
0.3957 0.3957  0.552
0.4110 04110 0.510
0.4253 0.4253 0.463
0.4364 0.4364 0.423

The accuracy of the water activity
measurements is specified as £0.015 a.,.
The uncertainty of the mass fraction is
estimated as 0.05.
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