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In this paper the effect of coating of oleic acid (low solubility in water) and malonic 
acid (water soluble) on the activation of particles to cloud drops is investigated. The 
CCNC experiments seem to be carried out according to present practice and the 
coating is done with great care. 
It is thus disappointing that data evaluation does not meet the same standards. I 
have mainly identified two areas in which I would have liked to see a deeper 
analysis: 
 
We thank the reviewer for the positive and critical remarks. We will address the 
critical remarks in the following. 
 
Tables and Figures for illustration of the responses are given in an appended 
document. 
 
 
 
 
 
  



C1. A full Koehler theory treatment based on the chemical composition of the 

particles would have been useful. A theoretical consideration of the expected changes 

in kappa values due to the reactions suggested and bilayer of oleic acid would 

improve the paper. 

Response: 

The advantage of using kappa approach (Petters and Kreidenweis, 2007) is that all 

differences in the (underdetermined) system are mapped to one parameter (i.e. the 

ratio of the partial molar volumes of water and the solute(s)) and thus CCN activation 

of differently composed particles becomes comparable. We would like to note, that in 

Figure 5 and 7 we show the observations in the domain critical supersaturation vs dry 

diameter relative to fixed kappa lines. For ideal solutions at activation the data in 

these plots should “parallel” the kappa lines, thus represent one kappa. Deviation from 

kappa lines indicates non-ideality and other limitations of the kappa approach. 

The Koehler theory is described in details by Koehler (1936). For applying Koehler 

theory to CaCO3 particles coated with malonic acid at dry condition (RH < 0.7%), we 

assume that the malonic acid coating will fully dissolve in water when droplets 

formed. This decreases the activity of water in solution, and thus increases the CCN 

activity. We assume that at the critical supersaturation (SScrit) the solution is ideal, i.e. 

water activity coefficient is close to 1, and the partial molar volume of water equals 

the molar volume of pure water Mw/ρw. Since the solubility of CaCO3 in water is very 

low (0.00058 g/100 g water, at 298 K), while the solubility of malonic acid (MA) is 

quite high (62 g/100 g water at 298 K), we apply the linearized approach (e.g. 

Seinfeld and Pandis 2006), to predict the saturation ratio as a function of the mole 

solute on a insoluble core: 
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In this equation A represents the Kelvin effect while B contains the solute effect: 
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Herein Pw(Dp) is the water vapor pressure over the droplet of diameter Dp; ° is the 

water vapor pressure over a flat surface at the same T; Dp is droplet diameter; du is the 

diameter of insoluble particle fraction, in our case the CaCO3 core; Mw is water 

molecular weight;  is the air-water surface tension;  is the water density; T is 

in K; R is the universal gas constant; ns is solute moles; 	is the dissociation degree, i.e. 

the number of ions resulting from the dissociation of one solute molecule; ms is solute 

mass per particle; Ms is solute molecular weight. 

As the solubility of CaCO3 in water is very low, activation of CaCO3 and other 

mineral dust components is often predicted by a water adsorption approach, wherein 

the solute term B in the Köhler equation above is replaced by a water adsorption term. 

The equations show application of the Frenkel Halsey Hill adsorption isoterme (FHH, 

Sorjamaa and Laaksonen, 2007, Kumar et al. 2009):  

B	 	‐ ∙ ‐B  

Therein we approach the water coverage θ by (Sorjamaa and Laaksonen, 2007): 

2 ∙ 2.75 ∙ 10
 

Therein AFHH is a measure for the intermolecular interaction of water with the 

substrate surface whereas BFHH characterizes the intermolecular interaction within 

higher adsorbed water layers. Kumar et al. (2009) gave parameter for CaCO3 

(AFHH=0.25 and BFHH=1.19, FHH approach) and we will use this later to yield SScrit 

for bare CaCO3 particles.  

We applied Koehler theory to predict the CCN activation for the malonic acid 

coatings on the CaCO3 particles at T = 293 K. We neglected the little dissolvable 

CaCO3 and assumed that only malonic acid molecules contributed to the dynamic 

growth. The insoluble CaCO3 core was set to du = 0.1019  as measured. We 

further assume that CaCO3 doesn’t react with malonic acid and that the surface 



tension of the solution at activation is that of pure water. The dissociation constants 

pkA1 and pkA2 of malonic acid are 2.8 and 5.7 in water, respectively. So MA will 

partly dissociate in water and in the limit of infinite dilute solutions the dissociation 

degree  (van’ Hoff factor) will be three for full dissociation. The amount of malonic 

acid coating ms was taken from the AMS data in Table 1 (revised) in our manuscript 

and the mole MA solute was calculated applying the dissociation degree of  = 3 and 

the molecular mass of malonic acid of Ms = 104.1 g mol-1. The resulting Koehler 

curves, equilibrium supersaturation (SS) over the solution droplet as a function of the 

wet diameter Dp, are shown in Figure S1. In Figure S1, the maximum of each SS 

curve is the critical supersaturation (theory SScrit). In Table S1 and Figure 2S we 

compare the SScrit predicted by the Köhler approach (red) with the observed SScrit 

(black). Koehler theory overpredicts SScrit for thin coatings, but with increasing 

coating Koehler theory approaches the observed SScrit and the SScrit for a particle with 

121 nm diameter composed of pure malonic acid is the limiting case (red filled 

circle).  

In Figure S2 are also shown the SScrit = 1.49 for bare CaCO3 particles with ddry = 

101.9 nm, calculated from the observed κ’s in our study, and the range of κ’s given in 

the literature for wet generated particles (Tang et al. 2016). 

From the Koehler results we derived the predicted water content of the particles at 

point of activation and we calculated molality and mass fraction of the solute in the 

solution at the point of activation. The molality at minimum and maximum malonic 

acid load of 3.3·10-12 ug/particle and 610·10-12 ug/particle were 0.006 mol kg-1 and 

0.0015 mol kg-1, respectively. We used these values in the AIOMFAC model (Zuend 

etal. 2011) to calculate the deviation from ideality for the solution at point of 

activation for a flat solution. The both solutions are highly non-ideal with respect to 

the MA (ax = 0.4), wherein MA was treated as solute with reference state infinite 

dilution (mole fraction xsolute→0). However this did not affect much the activity 

coefficient of water, which is essentially 1, water treated as solvent with reference 

state pure liquid (mole fraction xwater = 1). Moreover, in this concentration range, the 

surface tension of aqueous malonic acid solutions is about 70 dyn/cm, thus the nearly 

same as for water (Table S2). One should expect that Koehler theory would predict 

SS quite well under such conditions. 



 

One could imagine that a little CaCO3 will dissolve in water and in the presence of 

malonic acid, CO2 should be driven out, and a solution of CaMalonate could be 

formed. CaMalonate is still slightly soluble in water (0.365 g/100 g water, at 293 K, 

Linke and Seidell, 1958),  for CaMalonate is 2. Solubility of CaMalonate converts 

into about 0.02 mol/kg water, would thus be in a range where the malonate would be 

fully dissolve. However, because of  = 2 for CaMalonate while  = 3 for the pure 

malonic acid, formation of CaMalonate will decrease the solute effect. 

To bring Köhler theory in agreement with the observation for the thinnest coating, 

more solute entities would be required. Thus, disagreement cannot be caused by an ill 

determined van’t	Hoff	factor as we used already maximum  = 3 and reducing  will 

increase the deviation. (Note, that recent observations point to the importance of the 

surface effect by organic surface films over the solute effect for water soluble 

inorganics in presence of organics, including malonic acid (Ruehl et al., 2016). A 

lower surface tension will bring Koehler prediction and observation punctually in 

better agreement and still allow for smaller van’t Hoff factors. As an example, at point 

of activation a surface tension of 55% of σw and a van’t Hoff factor of one will bring 

Koehler theory and observation in agreement for the thinnest coating. However, a 

surface tension 55% of σw will cause disagreement for the thickest coating, because 

the solute term gains in importance. Probably, the findings for the mixed solutions of 

malonic acid and water soluble ammonium sulfate are not directly transferable to our 

system with insoluble inorganic core, where we expect dilute aqueous solutions of 

0.006 mol/kg of malonic acid at the activation point. At such concentrations malonic 

acid does not reduce σw, moreover in the study of Ruehl et al. (2016) malonic acid 

was one of the more Koehler kappa behaving organics.) 

If we turn back to Koehler theory with focus on the solute term, about 4-5 times the 

measured MA would be needed for the thinnest MA coating to bring prediction and 

observation in agreement. It cannot be due to a simple calibration error of 4-5, as that 

would apply to all coating amounts and would lead to mismatches at the thicker 

coatings. Moreover, a postulated missing mass of 14-17.5·10-12 ug/particle will be 

detectable by AMS. 



CaCO3 aerosol in this study was generated by spraying saturated Ca(HCO3)2 solutions. 

The solubility of Ca(HCO3)2 in water is with 16.6 g/100g water sufficient that about 1% 

Ca(HCO3)2 would provide the missing amount of solute. However, we dry and temper 

the aerosol at 300°C and Ca(HCO3)2 in dry state is thermodynamically instable (Zhao 

et al. 2010). As described in the manuscript, our wet generated CaCO3 particles are 

more hygroscopic as Calcite and dry generated CaCO3 particles. Larger κ for wet 

generated compared to dry generated CaCO3 particles is a common phenomenon (e.g. 

Tang et al. 2016) and possibly related to the formation of Ca(OH)(HCO3) structures at 

the surface (see below).  

In Figure S2 we show the prediction of SScrit 1.52% for activating CaCO3 by the 

Kelvin/FHH theory with the CaCO3 parameters taken from Kumar et al. (2009). SScrit 

for our bare CaCO3 particles is 1.49% and the lower SScrit should be due to a more 

adsorptive surface, e.g. the presence of Ca(OH)(HCO3) structures. According to 

classical Koehler theory the equivalent of 8.5·10-20 moles of dissolvable entities 

would be needed to explain a drop from 1.52% to 1.3% supersaturation, which is only 

¼ of the moles MA in the thinnest MA coating. Therefore, whatever makes our 

CaCO3 particles wettable is not sufficient - in terms of Koehler theory - to explain the 

low SScrit of 0.9 % at the thinnest MA coating.  

We estimate monolayer coverage by MA at 2-3% volume fraction (vf), this would be 

achieved between the third and fourth MA mass load of 13·10-12 - 38·10-12 ug per 

particle, observed vf 1.5-4.1%. Thus a sub-monolayer coating of 3.3·10-12 ug MA per 

particle caused a drop of SScrit from 1.49 to 0.9 and increased kappa from 0.0028 to 

0.012. Therefore we conclude that CaCO3/MA coatings show a non-Koehler behavior 

at thin coatings and approach Koehler behavior with increasing MA load. This means 

there must be specific interactions between MA and the CaCO3 surface which eases 

water adsorption and CCN activation.  

Ca(OH)(HCO3) structure exists commonly on the surface of CaCO3 whenever the 

CaCO3 surface has been exposed to gaseous water or liquid water. Ca(OH)(HCO3) 

exist even at high vacuum condition and act as hydrophilic sites on the surface of 

CaCO3 making the CaCO3 surface more hydrophilic (Stipp, 1999; Stipp and Hochella, 

1991; Neagle and Rochester, 1990). CaCO3 aerosol in our study was generated by 



spraying a Ca(HCO3)2 solution, so Ca(OH)(HCO3) structures likely exist on the 

particle surface. When CaCO3 particles are coated by malonic acid (or oleic acid) the 

hydrophilic sides can serve as polar surface active sites for accommodation of the 

acids. In case of MA there is a second carboxylic group which still could support the 

adsorption of water films. 

If we think in terms of Kelvin/FHH theory to explain the observed low SScrit for thin 

MA coatings, these coatings must have a net stronger interaction with water (higher 

AFHH) and/or stronger interaction between the adsorbed water layers (lower BFHH) 

than bare CaCO3. If coatings become thicker the Koehler solute effect starts 

increasingly to contribute and eventually controls the CCN activation. But our data 

are not sufficient to determine AFHH and BFHH. (The only system in the literature 

which comes close - in a far sense - is CaOxalate Monohydrate, with AFHH = 0.57 of 

and BFHH = 0.88 (Kumar et al., 2009). Plugin in these parameters will lead to SScrit = 

0.53% commensurable with our observed value of 0.56% for 13·10-12 ug MA coating 

which represents an organic^vf of 1.6%, thus is close to monolayer.) 

Oleic acid (OA) is not soluble in water. Pure oleic acid particles up to 333 nm do not 

activate at 0.87% SS. This data sets the upper limit of  for pure oleic acid to < 

0.0005. With thin coatings of OA, CCN activity is smaller than bare CaCO3, however 

with thick coatings it becomes larger. This is not a classical Koehler behavior. 

Therefore adsorption e.g. described by Kelvin/FHH theory is a better approach to 

illustrate what could happen on coating with oleic acid.  

Note that we are neither able to perform theoretical calculations nor is our data 

sufficient to determine e.g. FHH parameters. Both are clearly beyond this 

experimental work.  

We again refer to Ca(OH)(HCO3) structures at the surface which offer polar surface 

sites to bind the hydrophilic ends (the carboxyl groups) of the oleic acid molecules. 

Different to malonic acid, only hydrophobic ends of oleic acid molecules (the 

hydrocarbon chains) are then exposed on the particle surface hence increase the 

hydrophobicity of the particle surface. Such a formation of a hydrophobic layer 



should be occurring until all polar sites are occupied or a monolayer coverage - maybe 

in form of a self-assembled layer - is reached. This can hinder the uptake of water, 

and in terms of Kelvin/FHH theory will lower AFHH and/or likely increase BFHH. The 

formation of a monolayer of OA on black carbon particles with the polar groups 

pointing outwards was postulated by Dalirian et al. (2017), which lead to increased 

activation of the black carbon particles. Thus, they observed a similar effect of layer 

formation, but with switched polarity. 

When CaCO3 particles are coated with more oleic acid (more than one monolayer) the 

first layer of oleic acid still combines with CaCO3 surface. We suppose that a portion 

of the carboxyl groups of oleic acid molecules, which are not in the first layer, will be 

exposed on the particle surface in analogy to the formation of lipid bilayers, e.g. cells. 

The particle surface then becomes more hydrophilic and in terms of Kelvin/FHH 

theory the interaction of water with the OA surface becomes stronger, AFHH increases 

and likely also the interaction between the higher water layers (BFHH decreases). From 

this point of view water adsorption should become similar to thin malonic acid layers. 

In addition, when droplets form, oleic acid will transfer to the surface of the droplets 

and lower the surface tension of the solution (the surface tension of oleic acid is 0.033 

J m−2, which is much lower than that of pure water of 0.072 J m−2). Thus, the 

activation of OA coated particles is probably a complex interaction between 

formation of specific hydrophobic layers and more hydrophilic multilayers, surface 

tension and for the largest coatings amount size effects. As shown in Figure S2, SScrit 

for OA is lower than for thin malonic acid coatings, probably because of the surface 

tension effect, but higher than for thick MA coatings, because of the missing solute 

effect. 

We will the discussion above implement in parts in the manuscript. This passages are 

highlighted in yellow in the revised manuscript. 

 

C2. Focusing on the coating device temperature in the results section is a bit 

confusing and I am not convinced about the reproducibility of the experiment, given 



that the experimental cases are identified mainly by the temperature of the coating 

device. Focusing more on presenting the mass of organics coated on the particles 

would improve the paper significantly. Does the coating thickness depend on the 

original particle size? Can this give more information towards understanding the 

observations? 

Response: 

First of all we would like to clarify that we did not meant that coating thickness 

depends only on temperature. Our intension was to use the coating temperature to 

classify our experiments, because the organic mass itself has some uncertainty, related 

to limitations of the measurements method. It means that we are convinced that for a 

given particle size (distribution) and fixed experimental conditions (flows, residence 

time etc.) will indeed lead to reproducible amounts of coatings for a given 

temperature. 

In Table 1 (revised) in our manuscript we showed the organic mass per particle data. 

We will focus on the organic mass and organic volume fraction in the revision of our 

manuscript. Due to the Kelvin Effect, the amount of organic acid coating depends 

somewhat on the particle size of the core. In our study, we selected CaCO3 particles at 

a diameter of 101.8nm and detailed discussion focus on the impact of coating 

thickness on the CCN activity of 101.8nm CaCO3 particles. However, as shown in 

Figures  polydisperse particles with a distribution of particle size and coatings bhave 

similar. 

C3. In the motivation of the chosen substances: is oleic acid really a good choice for 

a surface-active compound, considering its low solubility? 

Response: 

Yes, we think that the two acids are good choices as the water solubility of the two 

organic acids is complementary; it is high for malonic acid while it is very low for 

oleic acid, and we speculated in our planning that oleic acid would form kind of 

self-assembled layers. Surface active compounds do not need to be water soluble. 

Moreover, oleic acid is observed in the atmosphere.  



C4. On line 179, the residence time in the flow tube is given. However in a laminar 

flow, the residence time varies with the position, i.e. whether the air passes at the 

center or near the walls. Is this effect considered and may it influence the results? 

Response: 

The flow tube was supposed to act as delay tube. The residence time of 23.7 s for the 

particles in the flow tube is the average residence time. This compares to the average 

residence time of only about 5.8 s for the particles in the coating device (including the 

water cooler). Thus average residence time in the flow tube is about 4 times of that in 

the coating device. 1.) In the way we sampled aerosol from the flow tube, the aerosol 

contains flow both from the center and near the walls. 2.) increasing of residence time 

(by 23.7 s) had no significant impact on CCN activity at all conditions, thus fact that 

particles travelling in center and particles travelling near the wall was not important. 

C5. Lines 180 to 185: At first reading it sounds as if the relative humidities given are 

at 80 ºC. However, in the case of 47% RH, the air would then be strongly 

supersaturated at 25 ºC. Please clarify the temperature at which the RH is given. Also, 

if 47% RH refers to 25 ºC, the RH at 80 ºC will still be very low, just a few percent. 

How does this influence the experiments? 

Response: 

We thank the referee for the comment as our description maybe indeed misleading. 

RH experiments were performed at 60°C(MA) and 80°C(OA) coating temperature. 

The N2 stream was passed through a bubbling device filled with Milli-Q water to 

saturate the N2 stream and RH was measured to be >90% at T =25 ºC (room 

temperature). The RH of the aerosol flow before entering the coating device is 

measured to be <10% at T =25 ºC. The RH of the mixed stream should be about 50% 

at 25 ºC, since the flow rate of the N2 stream and the aerosol flow is the same. This 

corresponds to water vapor pressure of 1500 Pa. So, within the coating device at 60°C 

the RH will be >7% (MA experiment) and at 80°C >3% (OA experiment), still about 

an order of magnitude higher than the RH, when the stream is not humidified. In fact 

it will be a somewhat higher as the gas-phase may not reach the bath temperature 

which primarily served to warm up the coating agent and control its vapor pressure. 



During passing through the cooler, RH increases to 47% at 25°C at the exit of the 

cooler. 

We clarified this in the manuscript. 

C6. In lines 228 to 231 proportionalities between AMS signals and organic particle 

mass and volume are described. Are they observations or assumptions? Also, 

determination of the amount of organic coating: If I read the table 1 correctly, and 

make some calculation, the change in diameter and the change in organic mass, do 

not agree. Is this correct? Why is that? 

Response: 

Yes, AMS determined mass and observed volume increase should be linearly related. 

This is the working hypothesis. There are apparent deviations from strict linearity, 

mainly because of limitations in determining the volume increase through coating, as 

the formed layers are thin, and growth is smaller than the bin width of the SMPS. The 

size resolution of the SMPS was set to maximum of 64 channels per decade.  

AMS is obviously able to detect the smallest coating amounts, as described in the 

manuscript, but standard relative ionization efficiency (RIE = 1.4) for organics, which 

can be well applied to atmospheric systems, fails in our case as it underestimates the 

volume observed by SMPS for the thickest coating by more than a factor of two 

(applying the macroscopic densities). It is well known that application of average RIE 

for organics often fails for specific single compounds. 

Therefore it seemed to us, a reasonable way out could be the procedure which we 

applied and described in the experimental section. We assume the particles with the 

thickest coating are spherical, coatings are bulk like, and can be measured by SMPS 

with sufficient accuracy. Then we calibrated the largest m/z observed by AMS as 

marker for the thickest coating, and apply the marker calibration to the thinner 

coatings. As can be seen from the STDEV the reproducibility is quite good but there 

are systematic errors. The bin width “uncertainty” in the range of diameters from 

101.8 to 120.9 nm is 3.9 and 4.3 nm, respectively. At coating thicknesses of about 5 - 

20 nm this introduces uncertainties of 32 to 12% already. If one recalculates the 



expected diameter for the coated particle from core + coating volume  
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the derived diameters Dcoat fall in the bin-width of the channel noted in Table 1 (old) 

as mode diameter. As a consequence within these uncertainties the relation between 

SMPS volume and AMS mass agree. (These uncertainties of the coating mass was the 

reason why we use the operational coating temperature to classify our experiments). 

We will show the relation between AMS data and SMPS data in Figure S1 in the 

supplement. See response to next comment. 

C7. Line 234 to 235. Have you tried to account for mode shift within the bin, by fitting 

a function to the distribution? 

Response: 

Thanks for the suggestion. We now fitted the maxima of the SMPS number 

distribution by a lognormal function (considering 5 to 9 neighbor bins centered 

around the mode), and took the maximum of the fits as mode diameter. This led 

indeed to changes. The most significant changes were that for the thickest coating the 

fitted maxima shifted from 121.9 to 121 nm and from 121.9 to 124.3 nm for MA and 

OA respectively. This led to different calibration factors and thus to different coating 

amounts for the thinner coatings. The effects were -5% and +11% for OA and MA, 

respectively. By interpolating the mode position the linearity between SMPS volume 

and AMS also improved as indicated in Figure S3. In the Figure S3 also the mass 

range over the bin width is given as x error bars. (The error bars are different for MA 

and OA as the density ρorg entered the calculation.) One can see that mass calculated 

with nominal mode position (old Table 1) is centered over the bin width bars. One can 

also recognize how much the mass calculated from the interpolated mode diameters 



(Table 1(revised)) were shifted inside the bin width bar. 

We will use the revised data in the revised manuscript. See previous comment. 

 

C8. Line 293: You say “and our kappa value is somewhat higher but still in this 

range”. Isn’t it just in the range? 

Response: 

Yes, it is just in the range. We will correct in the manuscript and will mention that 

larger kappas for wet generated CaCO3 has been found before. 

C9. Line 298: You say “The increased kappa value of 0.0008”. Shouldn’t it be “The 

increase in kappa value of 0.0008”? 

Response: 

Yes, it should be “The increase in kappa value of 0.0008”. We will correct in the 

manuscript. 

C10. Line 323: What do you mean by a “significant amount” of coating? Is a coating 

of less than 2 nm insignificant? In all aspects? 

Response: 

We will reformulate that section. 

C11. Line 323-325: Unclear expression. Please specify that the sizing according to 

mobility diameter is referred to (if that is the case) and specify the temperature limit, 

instead of saying “a certain value”. 

Response: 

We will reformulate that section. 



C12. Line 371: Why does the activated fraction level off at 83%? Did you make an 

intercalibration between numbers in the CCNC and CPC for other compounds? 

Response: 

The activation efficiency (i.e., the activated fraction when aerosol particles are 

completely activated) was 83% for our CCN instrument, determined using 150 nm 

(NH4)2SO4 particles at SS=0.85%. In Figure 4 and Figure 6 in our manuscript, 

reaching the plateau of about 83% means that the aerosol particles were completely 

activated. Activation efficiency around 80% are typical compare the study of Abbatt 

et al. (2005). We prefer not to correct for better looks. 

C13. In section 3.2 there is a lot of repetition, I think. Please see if the text can be 

made more efficient. 

Response: 

We will try to make the text more efficient and avoid repetition. 

C14. Line 413, the sentence starting with “This suggestion is supported by very low 

CCN activity of pure oleic acid….” Is this based on some calculations? Please 

describe. Line 421 to 423: But the low surface tension does not seem to help the pure 

oleic acid particles to activate, according to your measurements as well as Kumar et 

al. (2003) and Broekhuizen et al. (2004). Also, the first “of” on line 422 should be 

removed. 

Response: 

Our CCN activity measurements show that oleic acid particles up to 333 nm do not 

activate at 0.87% SS, thus pure oleic acid particles have very low CCN activity (κ < 

0.0005). The research of Kumar et al. (2003) and Broekhuizen et al. (2004) also 

showed pure oleic acid particles have very low CCN activity. In pure oleic acid 

particles micelle like structures are formed, with the hydrophilic ends (the carboxyl 

groups) of the oleic acid molecules tend to combine together by hydrogen bonds and 

the hydrophobic tail (the hydrocarbon chains) are exposed at the outside (Iwahashi et 

al., 2000; Garland et al., 2008). The arrangement of oleic acid molecules in pure oleic 



acid particles should be similar to that in pure oleic acid liquid. This can increase the 

hydrophobicity of the particle surface and hinder the uptake of water. Even low 

surface tension cannot help the pure oleic acid particles to activate. And oleic acid is 

highly insoluble in water.  

We will remove the first “of” on line 422.  

C15. Figure 6: The fitted curves for 30-60 ºC do not seem to follow the data very well. 

Why? Have you accounted for doubly charged particles? In my opinion there is a 

tendency to a two step-function, the first step reaching to CCN/CN of 0.15-0.2. 

Response: 

We can deduct the presence of doubly charged particles in the CN measurement, but 

we cannot deduct the activated doubly charged particles from CCN. One method for 

solving this problem is provided by Sullivan et al. (2009). In their paper they fitted the 

data from the “multiply-charged plateau” to the “completely-activated plateau” when 

the data had a clear “multiply-charged plateau”. But in our data, we don’t have a clear 

“multiply-charged plateau”, so we fitted from the beginning to the 

“completely-activated plateau”. This will lead to a systematic underestimate of the 

SScrit. The underestimate is the largest when the malonic acid mass is the smallest (30 

ºC coating temperature), and we underestimate SScrit by only about 0.02% (difference 

between fitting from the first point and fitting from the third point (multiply-charged 

plateau). When the malonic acid mass is larger, the underestimate will be smaller. At 

the largest two malonic acid mass, the underestimate can be neglected. 

We will also make that clearer in the revision in our manuscript. 
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Figure S1. Variation of the equilibrium supersaturation over aqueous solution drops containing CaCO3 

and different mass of malonic acid at 293 K, assuming CaCO3 is insoluble and doesn’t react with malonic 

acid and the solution is dilute (water activity coefficient is close to 1). The diameter of insoluble CaCO3 is 

101.8 nm. Malonic acid mass per particle is 3.3, 6.7, 13, 38, 160, and 610 (×10-12 μg, different color curves 

in the figure).  

   



 

Figure S2: Comparison of SScrit predicted by Koehler and Koehler/FHH theory with observations. The red 

circles are predictions by the Köhler theory for aqueous MA solutions assuming full dissociation, the black 

points present the observation. The red filled circle represents the Koehler prediction of SScrit for 121.0 nm 

particles made of pure malonic acid. The horizontal lines give reference values for the bare CaCO3 particles as 

calculated from our observed κ (black) and predicted by Koehler/FFH theory (blue). Light grey area between 

the thin dashed black lines indicates the range of SScrit for 101.9 nm particles calculated from the range of κ in 

literature for wet generated CaCO3 particles. Green diamonds show observed SScrit for the two thickest OA 

coatings. 

 

   



 

 

Figure S3: Linear relation between organic mass of the coating (AMS) and the organic coating mass 

calculated from the SMPS measurements for oleic acid coatings (green) and maleic acid coatings (black). 

For full circles the organic mass was calculated form the interpolated mode diameters (new). For 

interpolation we fitted a lognormal function in the range of the nominal mode diameter (considering 5-7 

bins). The open circles are the data from the manuscript, where the nominal mode diameters were used to 

calculate the organic mass expected from SMPS measurements. Error bars in y give the reproducibility of 

the AMS measurement, error bars in x indicate the mass range (volume range) spanned by the SMPS bin 

width for the respective nominal mode diameter that entered the mass calculation. Note that the highest 

values must be the same as they were used to calibrate AMS organic mass vs SMPS volume. 

 

   



 

Table S1. Theory and experimental SScrit and κ values of CaCO3 particles with different mass of 

MA coating. 

Dry diam. (nm) MA per particle 

(×10-12 μg) 

Theory SScrit 

(%) 

Experimental 

SScrit (%) 

Theory κ Experimental κ 

102.0 3.3±0.3 1.44 0.90 0.0024 0.0123±0.0005 

102.1 6.8±1.2 1.20 0.70 0.0053 0.0231±0.0008 

102.2 13±1.8 0.97 0.56 0.0107 0.0380±0.0012 

102.7 38±1.6 0.63 0.35 0.0315 0.1056±0.0023 

107.8 160±8.1 0.31 0.24 0.1110 0.1813±0.0031 

121.0 610±24 0.16 0.16 0.3001 0.3001±0.0062 

 

  



 

Table 2. Properties of investigated compounds. 
 
Name Formula Molecular weight 

(g mol-1) 
Density 
(g cm-3) 

Solubility (g/100 g 
water, at 298K) 

Surface tension 
(dyn/cm) 

Calcite CaCO3 100.1 2.71 0.00058 -a 

Malonic acid C3H4O4 104.1 1.62 62  69b 

Oleic acid C18H34O2 282.5 0.89 Very low 33c 

Values are taken from: Handbook of Chemistry and Physics, the 82nd Edition; Handbook of aqueous solubility 

data, Samuel H. Yalkowsky and Yan He, 2003; Chumpitaz et al., 1999; Hyvarinen et al., 2006. 

a: no data 

b: Surface tension of 0.01 mole fraction malonic acid aqueous solution at 298K 

c: Surface tension of pure oleic acid at 293K 
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