REFEREE 1

1 Based on molecular simulations carried out by this reviewer, the assumption for monolayer growth of a
water cap is rather unrealistic. A liquid water droplet growing on a solid nanoparticle presents a Stranski-
Krastanov growth mode.

We thank Referee 1 for the comments. There seems to be a slight misunderstanding: the adsorption-
nucleation model corresponds more closely to Volmer—Weber growth mode (i.e. growth of isolated islands
on bare surface) rather than Stranski—Krastanov (whereby the islands grow on a monolayer film). We
assume that clusters grow on the bare surface until the surface is completely filled. At that point, they all
coalesce to form a uniform film, which continues to grow as a smooth liquid layer.

Furthermore, the diffusion on the particle surface is intense, so a spacing factor between the caps is rather
meaningless because coalescence will occur very quickly. Ice formation, on the other hand, is more of a
monolayer type growth with less surface diffusion, so in my opinion, the assumptions in this model
presented in this study physically resemble ice growth better than water droplet formation.

The model is of course an approximate one, and does not explicitly account for the complex microscopic
dynamics that must be going on even in an equilibrium situation, e.g. diffusion and coalescence of clusters,
that will lead to a size distribution. However, when the surface coverage is sub-monolayer, there must be a
well-defined average cluster size that does not evolve with time. Similarly, if a snapshot of the situation is
taken, there must be an average spacing between clusters which also is a constant. Whether this constant
remains fixed when the saturation ratio is changed can of course be questioned. In any case, the theory
can be fitted quite nicely to sub-monolayer adsorption data in many systems using the assumption of
constant spacing (see Figs. 2 and 3 in the present manuscript, and the figures in Laaksonen, J. Phys. Chem.
A, 119, 3736-3745, 2015). (As shown by Laaksonen, 2015, the adsorption fits can in some cases be
improved by allowing for some variation to the active site distance and contact angle. However, this would
add another degree of freedom to the model, which is not desirable — as Einstein is rumored to have said,
“everything should be made as simple as possible, but not simpler”.)

We have added discussion about the spacing of the clusters on P1 L48-58 (page and line numbers refer to
two-column pdf-output of the ms tex-file).

2 Though the discussions of the results mention a lot about the contact angle dependence of the results,
the figures do not portray any © dependence. A figure or two may make the explanations in the discussion
section easier to follow.

We added a CHNT curve calculated using © = 27° in Fig. 6 to show how strong the contact angle
dependence is and to back up our message regarding the size dependence of CHNT, as well as a sentence
on P4, L350-353.

Page 4, line 5: “Already” should be “already”.

Fixed.

REFEREE 2



General comments

In this work the authors extent a recently formulated theory of adsorption to describe the heterogeneous
nucleation of water on curved surfaces. The authors use data from the literature to demonstrate the skill of
the new theory in predicting the critical supersaturation of selected materials. Three nucleation regimes are
proposed depending on the distance between different droplets on the substrate surface. Nucleation of
water droplets is of importance for atmospheric processes and the topic of this work is of relevance to the
atmospheric community. However, the authors need to greatly improve the description of the theory and
make the paper readable to a more diverse audience before it can be published in ACP.

In several places there are gaps in the description that make it very difficult to understand what is new in
the theory compared to Laaksonen (2015). | have tried to point out where things are most confusing but in
general the authors must strive to explain the theory and its application in a lot more detail. It is never clear
that how the equations developed here and those of Laaksonen (2015) are applied. This work cites over and
over the work of Laaksonen (2015), which is justified since it is an extension of such theory, however in
doing the authors make big jumps in the description that are hard to follow. This paper must be complete in
itself without having to constantly refer to Laaksonen (2015).

We thank the referee for careful reading of the ms and the questions below, making it possible for us to
improve the readability of the paper.

The authors also need to justify why the average height of the droplet and not the droplet volume was
selected to describe the coverage, and, why the curvature of the nanoparticles is not taken into account
when analyzing the literature data.

Regarding the coverage, the answer is simple. The FHH theory is based on the idea that “there is a potential
field at the surface of a solid into which adsorbate molecules ‘fall’” (Adamson and Gast, Physical Chemistry
of Surfaces, John Wiley & Sons, 1997). In the FHH equation In S = -AN®, the term N® describes how the
potential field decays with distance (see e.g. the paper of Halsey, 1948). This is the reason why we define
the coverage as N = §/6,, (where & is thickness of adsorption layer — or distance between the solid surface
and the surface of the adsorption layer - and 6, is monolayer thickness) rather than in terms of volumes.
With uniform adsorption on a flat surface this of course makes no difference. We have added an
explanation on P2 L79-92.

Regarding the second point, apparently the referee means our analysis of adsorption data (as we certainly
account for nanoparticle curvature when analyzing the literature data of nucleation). None of the
adsorption data we analyze has been measured with nanoparticles but either with flat surfaces of with
powders having grain sizes of microns or larger. We now explain this on P3, L164-171.

Specific comments

Page 21886, Lines 2-6. It is not clear that the approximation can be obviated in the case of nucleation. After
all, the average is taken over the curvature of the adsorbed droplet, not over different droplets on the
substrate. Please clarify.

One of course wants to avoid approximations if possible. What we are saying is that with nucleation
calculations one already knows the value of B, and it is not necessary to make the approximation as the
average over N, can be computed numerically for a single droplet. However, when one is determining the



value of B by fitting the equations to an adsorption data set (where the experimental coverage is a
macroscopic average over a collection of droplets), the approximation has to be made. We have made this
clearer on P2 L100-106.

Page 21886, Line 10. An assumption of the proposed theory is that N_f = @ / 5,5, . However, this may
lead to an underestimation of the number of “adsorbed” molecules. Why did the authors preferred this
assumption over a volume-based approximation, i.e. N; = volume of spherical cap/volume of
monolayer = V/ (8,0) ? This is particularly troubling since this is the form of the original FHH isotherm
and is more consistent with the data and definition of Laaksonen (2015) also used in the work. Please
explain.

See response to general comment above. Regarding Laaksonen (2015), in a situation with spherical caps on
a flat surface, the volume-based definition of coverage can be used as it is equivalent to the thickness-
based definition. We have now clarified this on P3 L173-177.

Page 21886, Lines 16-20. It is not clear what this means. Isn’t the thickness of a monolayer always a
molecule? Why would it be different in a curved surface? Please clarify.

If one assumes that the monolayer volume per unit surface area remains constant, then the monolayer
thickness has to decrease with increasing curvature of the substrate. Admittedly, the explanation in the
manuscript s can be made simpler. If a monolayer covers a spherical particle having a radius R,, it’s volume
is 47'tRp2(5m = (4/3n)[(R, + Sn) - Rp3], from which Eq. (7) of the manuscript follows.

However, answering the question of why we use thickness based definition of coverage rather than volume
based, made us realize that we have lost the sight of the forest from the trees here. As explained above the
B-term of the FHH equation describes the decay of the potential field as a function of distance, and the
functional form needs to be the same regardless of particle curvature. The 6, in N = §/6,, used in the
nucleation calculations thus needs to be the same as that used when the values of the FHH parameters A
and B are determined form adsorption data, i.e. that determined for a flat substrate. We have removed
the equations concerning size-dependent monolayer thickness, and re-done all nucleation calculations
using a constant value for §,,. The results changed noticeably only with the coalescence nucleation curve in
Fig. 6, which came closer to experiment at the largest size, but at the same time flattened somewhat. We
consequently added the word “somewhat” to the sentence on P4 L343.

Page 21887, Lines 15-20. It is not clear how these three regimes are related or how the authors
discriminate between them. In the figures of the Section 4, S* is shown for all three regimes which makes
things more confusing. Please clarify and show how the equations would differ in each case.

The criterion for the coalescence transition is that the combined surface area of the liquid cap bottoms
equals the surface area of the seed particle. In practice, our computer code calculates the equilibrium RH
for a spherical cap whose size is increased slightly at each step until a maximum RH is reached; this point
represents cluster nucleation. However, at each step the computer code also checks whether the
coalescence transition takes place. If that happens, the code then checks whether the RH is above or below
the critical supersaturation for uniform film nucleation. If above, we report both the critical supersaturation
for the uniform film nucleation and that for the coalescence nucleation. If below, we only report the critical
supersaturation for the uniform film nucleation.



We have added the explanation as well as the relevant equations on P2 L129-159, and improved the
notation for the critical supersaturations.

Page 21887, Line 24. Again, this assumption could have been used to develop Eq. (6) and it would be more
consistent with the data. Moreover, in a curved surface the definition of coverage should not change.

See replies above.

Page 2188, Lines 1-5. Wouldn’t the most complete theory presented here, accounting for the curvature of
the substrate, be more appropriate to find the adsorption parameters? This seems contradictory.

In practice, vast majority of adsorption data have been measured with flat surfaces (often the samples are
powders but with grain size so big that the curvature effects are completely insignificant). This is true also
for the systems tested in this paper, which is the main reason for presenting the flat interface equations.
We agree with the referee that if adsorption measurements are carried out with nanoparticles, the
curvature effects need to be accounted for when determining the FHH parameters. However, there is no
reason per se to assume that A and B would be curvature dependent, so in that sense we disagree with the
referee about the (in)appropriateness of using the flat interface equations. We have clarified the issue on
P3 L164-171.

Page 21888, Lines 14-15. What parameters exactly need to be found?
A, B, and s. Also O if it is not known from separate measurements. We have clarified this on P3 L220-221.
Page 21889, Lines 19-20. Please say exactly what the multilayer portion of the data is?

We have added an extensive clarification of the sub-monolayer and multilayer portions and how they are
distinguished in FHH plots, on P3 L186-220.

Page 21890, Lines 5-9. What equations are being applied here? How do they differ for cluster and uniform
nucleation?

For cluster nucleation we used Egs. (1) — (7), and for uniform nucleation those given in Sorjamaa and
Laaksonen. In principle, the latter are obtained from Egs. (1) — (7) at the limit © -> 0. The equations are now
givenon P. 5.

Page 21890, Line 10. What form of classical nucleation theory is applied here? What parameters are used?
If the authors criticize the use of the classical theory it must be clear, including equations used, how it is
applied.

We use basically Fletcher’s original form on nucleation rate, with the kinetic pre-factor set to a constant
value of 10 m™s™. This makes only a very small difference compared to using full form of the pre-factor. In
order to calculate the critical supersaturation, we use a formula for nucleation probability that accounts for
the experimental nucleation time. The CHNT equations are now given on P3 L228-242.

Page 21890, Lines 13-15. This would also apply to the author’s theory presented here since non-sphericity
is not taken into account.

Granted that the theory is approximate in this sense, but the implication is not necessarily the same as with
the measurements. With measurements, the question is about mobility diameter vs. volume equivalent



diameter, whereas with the theory, the question is about making a correction to the nanoparticle
curvature. Romakkaniemi et al. (J. Phys. Chem. A, 105, 8183, 2001) have discussed both effects in the case
of cubic particles. As an example, consider a cubic particle that is measured with a DMA to have a diameter
of 10 nm. Making a correction for its cubic shape reveals that the actual volume equivalent diameter is 9.6
nm, and thus the data points would shift to the left in an S* vs. diameter plot. Regarding the effective
curvature of the particle (that is needed to calculate the Kelvin effect), the particle radius needs to be
multiplied by 0.8 in the case of cubic particles, and thus the theoretical curve would be shifted upward. As
we do not know the actual shapes of the particles, we cannot do any corrections for either the
measurement data or for the theory. The point we want to make, however, is that increasing discrepancy
between data and theory at small sizes may well be a sign of increasing non-sphericity. We have added
discussion on P4 L318-324.

Page 21890, Section 3.2. The authors need to clarify this a lot. It is not clear how the new theory can
predict these things. How do the authors know that cluster coalescence takes place at subsaturation or
above the uniform line? Please refer to specific equations showing this.

See our explanation above about how our computer code works. We have clarified this on P2 L148-159.
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Abstract. Heterogeneous nucleation of water vapour on in-in most cases (Mahata and Alofs, 1975; van der Hage, 1983;
soluble nuclei is a phenomenon that can induce atmospheriPorstendorfer et al., 1985; Chen and Tao, 2000). Molecular
water and ice cloud formation. However, modelling of the level simulations (Zhou et al., 2012; Lupi et al., 2014; Keel
phenomenon is hampered by the fact that the predictive caet al., 2015) are becoming a useful tool for understanding
pability of the classical heterogeneous nucleation théory the phenomenon; however, they are not a practical alterna-
rather poor. A reliable theoretical description of the influ tive when heterogeneous nucleation needs to be predicted
ence of different types of water-insoluble nuclei in trigge within a heavily expensive computing environment such as
ing the water condensation or ice deposition would help toa global climate model. The purpose of this paper is to show
decrease uncertainty in large scale model simulationsisnt that a recently developed adsorption theory of heterogeneo
paper we extend a recently formulated adsorption theory ofiucleation (Laaksonen, 2015) modified to account for highly
heterogeneous nucleation to be applicable to highly curveadurved substrates is able to quantitatively predict thdeauc
surfaces, and test the theory against laboratory data fi@rwa ation of water vapour on different types of nanoparticles.
vapour nucleation on silica, titanium dioxide and silver ox
ide nanoparticles. We show that unlike the classical hetero
geneous nucleation theory, the new theory is able to quanti2 Theory
tatively predict the experimental results.

2.1 Theadsorption nucleation model

The basic assumption behind the new theory is that vapour
1 Introduction adsorption on surfaces takes place via formation of molecu-

lar clusters around so called active sit@sesectustersare
Heterogeneous nucleation of vapours on solid and liquid surln formulatingthe theory, we assumethat all clustershave
faces is a phenomenon encountered in many natural and irsimilar size,andthatthe distancebetweertwo neighbouring
dustrial systems. For example, cirrus cloud formation ley ic active sites is_constant. In_reality, the situation is_of
deposited from the vapour phase on mineral or other watecourseverydynamicwith constanevaporationgrowth,and
insoluble aerosols is a climatically important phenomenoncoalescencéeadingto a clustersize distribution. However,
initiated by heterogeneous nucleation. Despite of decades equilibrium,therehasto beawell-definedaveragecluster
of research, the classical heterogeneous nucleationytheosize that doesnot evolve with time when temperatureand
(CHNT) developed by Fletcher (1958) and its variants thatrelative humidity are fixed. Likewise, if a snapshobf the
include effects from line tension (Lazaridis, 1993) anchéra  situationis taken,theremustbe anaveragespacingbetween
port of adsorbed molecules to the nucleating clusters via su the clustershatalsoremainsconstant.
face diffusion (Lee et al., 1998) have been the only avail- Theclustersaremodelled as spherical caps of liquid drops,
able tools for trying to predict the onset of heterogeneouscharacterized by a contact an@de As the saturation ratié'
nucleation at givervapervapoursupersaturation and tem- of the vapour increases, the droplets grow in equilibriutnwi
perature. Unfortunately, the predictions of CHNT fail badl the vapour. The equilibrium condition for a droplet is mod-
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elled using the Frenkel-Halsey—Hill (FHH) theory of multi-  With a spherical seed particle, the situation is as shown in
layer adsorption (Frenkel, 1946; Halsey, 1948; Hill, 1949) Fig. 1. The average ovéF is given by
modified by the Kelvin equation that accounts for the influ-

ence of the droplet curvature on its vapour pressure. Mathe- Q

matically, the equilibrium condition is given as 0B =[1—cos®] " /63 sinada (2)
0
A A 2yv

n£52 NdB NdB + LTR’ (1) with

o § = —Ry,+ RcosBy/(Rcos )2 — R2 1 d2 3)
whereA and B are FHH-parameters that can be determined . ; . .
by conventional adsorption measurementss surface ten- @ = \/Rp + R - 21‘7103(3(“@\/319 + R?—2R,Rcos©
sion, v is volume of the adsorbed molecule (taken to equal T
liquid-phase molecular volume); is the Boltzmann con- 4)
stant,T is temperature, ang is radius of the spherical liquid  cos® = (R, — RcosO)/d (5)
cap-Fhe, andNV, isthenumber of monolayerstwaterinthe a
gropletis-giverby-No—d/{v/o-within thewaterdroplet.  cosf = (R, +0 —dcosa)/R. 6)

NotethatalreadyvanderHage(1983)presentednequation
similar to Eq. (T), but without defining the mathematical
acasewith auniformadsorbedayerwasconsidered.

InS = —AN"", thetermN " describesiow the potential
field decayswith distance We thereforedefinethe number
of a asa ratio of adsorptionlayer thicknessto monolayer
thicknessratherthan as a ratio of adsorptionlayer volume

flat surfacesthesetwo definitionsare identical, but that is

not the casewith curvedsurfacesThus,N; = §/§,, with §

(51\1 = (Rg + 3R}2)7)/(7)]/3 — Rp-

It is now possible to computé as a function ofR using

Eq. @) withAE —sE/5E N, = 58 /6B evaluated numer-

ically from Eqgs. [2)-{B). The curve shows a maximum at the

denoting the distance between the substrate and the droplétitical supersaturatios™ (and critical radius?*), marking

surface, anthemonolayetthickness,,, = v/o with o isthe

the onset of heterogeneous nucleation. (Alternativelyni

cross-sectional area of an adsorbed water molecule havinmakes the approximatioh%%%ﬁm the crit-

a volumeu. ical supersaturation can be computed from an equation de-
Becausesd is not constant in the case of a droplet on rived in the Appendix. According to our calculations, the re

a substrate, an average ov&f-N7 needs to be taken in sulting error is minor at least fdB values up to 3.)

Eg. ), as denoted by the overbar. Previously (Laaksonen, As was pointed out in Laaksonen (2015), nucleation can

2015), a relation betweef—N; and R was given in the

case of a flat surface, where the approximatgh~~Ny—
B

NB ~N,  was made in order to derive analytical expres-
sions. When the values of adsorption parameters are b
ing determined based on experimental adsorption data (s

below), this approximation istecessarasthedin practice
necessarypecausehe value of B is initially unknown,and

the macroscopic surface coveragé (which is an average

overa largenumberof dropletson the surface)can only be
related toA-but- N, andnotto N2, However,with nucle-
ation calculationst-eanbeaveided-Note thatAlreadyvan

; S N

while in i " i
adsorbedayerwaseensiderethevalueof B is known,andit
is possibleto calculateN ? for asingledropletnumerically

also take place via coalescence of growing clusters. That is
if the distance between active siteds sufficiently small,
the surface of the nanoparticle may be filled with clusters
that coalesce into a uniform liquid film already before they
Shave reached their critical sizda.practicalcalculationswe

®&ssumahatthe coalescencaansitiontakesplacewhenthe
contactareaof aclusterwith thenanoparticldecomegqual
tothesquareof theaveragalistancebetweertheclustersj.e.
2nRA(1 — cos®) = %

However, the coalescence does not necessarily lead to
immediate nucleation. The FHH activation theory (Sor-
jamaa and Laaksonen, 2007) can be used to calcu-
late the critical supersaturatiof=—S;;, of a nanoparti-
cle in the case of zero contact angle, i.e. in a situ-
ation where a uniform liquid film is growing on the

nanopatrticleln practice,S{;; canbe calculatedby findin
the maximum of InS=—AN_5 + (2qv)/(kTR) with
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N=(R—R 20,,). Nucleation is immediate if the coa-

lescence takes place abovesy;,, but otherwise it is delayed

I . bed . :
experimentaldataasin orderto determinethe adsorption

until S-Sy, is reached. Thus, there are three different waysparameterffom experimentatiatawe makeuseof so-called
for the nucleation to take place, which we call cluster nu- FHH plot, i.e. a diagramof In(—1In S) vs. In N. Whenthe

cleation (nucleation of single clusters reaching theitical

adsorbenmaterialis sufficientlynon-porousandthecontact

sizes, taking place &*5¢,), coalescence nucleation (taking angleis relatively low, the experimentatiatacanbe divided

placebetweens—and-5-at S5, which s locatedbetween

into two approximatelylinear parts. The lower linear part

St.and Sg), and uniform film nucleation (taking place correspondso droplet-wiseadsorptionandthe upperlinear

at-S—57;). In practice,our computercode calculateshe

equilibrium RH for a sphericalcapwhosesizeis increased
slightly at eachstepuntil a maximumRH is reachedthis
oint representsluster nucleation.However, at eachste

the computercode also checkswhether the coalescence

transitiontakesplace.If thathappensthe codethenchecks

whethertheRH is aboveor belowthecritical supersaturation

for_uniform film_nucleation.If_above,we report both the
critical supersaturatiofor the uniform film nucleationand
thatfor the coalescenceucleation!f below,we only report

2.2 Determination of the adsor ption parameters

In order to connect the theory to adsorption experiment
(from which the adsorption parameter values can be ob
tained), a relation is needed between the droplet sizq
and the macroscopically observable surface coverage,

The equationsbelow apply for adsorbensurfacesthat are
sufficiently flat sothattheir curvatureis essentiallyzero,as
is the casewith the adsorptiorexperimentgonsiderechere

partcorrespondso adsorptioninto auniformliquid film after
the surfacehasbeenfilled by the droplets As dropletsgrow
slopesof the two linear partsof the datadiffer by a factor
andotherexamplesanbe seenin Laaksoner{(2015).Note
that at very low coveragesthe dataoften deviatesirom the
theoreticalcurvesfor reasonghatmaybe relatede.g.to the
complexmicrostructure®f the adsorbentsiot capturedoy
the presenttheory. Furthermorethe transitionbetweenthe
two linear regimesis usually less sharpthat predictedby
thetheary,obviouslydueto dropletcoalescenctakingplace
over somerangeof relative humidities ratherthan at one
specific value. However, thesefeaturesdo not preventthe

Seterminatiorof the experimentahdsorptiorparameters.

Whenthe contactangleis largeenoughthe Kelvin effect
tends to_make the lower part of the FHH plot curved
ratherthanlinearWith sufficientlyhydrophobicsurfacesthe
experimentahdsorptiordatamaynotevenreachtheuniform
film regimeas thatonly occursvery closeto 100% RH or
higher.An examplecanbeseenn Fig. 3.

In_practice, the experimentaladsorptionparametersare

In_general,it is guite rare that adsorptionmeasurements determinedasfollows. First, it is checked whether-portion

are madewith nanoparticlesput in such cases,adsorbent
curvatureshouldof coursebe takeninto account.The ba-

sic assumption of the theory is that all droplets on the sub
strate have the same radius, and their average distarce is
The macroscopicsurface coverage (on a flat substrate) is

N=VmN =06 /0,, =V /V,, where thel’s denote vol-

madsvﬁﬁeﬂda{&u erpart of the adsorptiondatain

the FHH plot is clearly in the multilayeior uniform film)

regime and align linearlyhentn{—In{Sr—ispletted-vs:
(A5, If this is the case, parametedsand B can be deter-

mined by fitting the classical FHH equatief-S——ANL
InS = —AN "5 to the data. After thats and© (in case the

umes of the adsorbed layer and a monolayer, respec,tivelycomact angles et knewn a prierihasnot beenmeasureld

and the adsorbedayer volume V' representsa sum of the
volumesof all dropletson the surface Making the approx-

can be obtained by fitting EE (8) to the rest of the data.
However, when the contact angle is lasgeugHabeverOer

. . 5 By B
imation N-F~N;—N7 ~ N, _, Laaksonen (2015) trans- se);andthe adsorption dat®aydoesnot extend to the mul-

lated Eq.[(1) into

w32 B/s 2y [nep? 1/3

= — —_— - < [e]

In(S) A[EQN] +3/<:T { N ] , ©<90
(7)

B B/3 1/3
in(s) ——A(2)” [2LO) T, 2w [7900)}
- - b 352N 3KT | 352N

0> 90°.. (8)
with  3=3vsin®/s, e=0f(©), ¢g(O)=4—-(1+
c0s0)%(2 — cosO), and )= (170052])]2((?@05(—))’

O) = (1 —c0sO)%(2+cosO)/sin” O, if © <90°;
f(©)=2—3cos0O,if ©>90°.

tilayer regime in-suchacasesall of the parameteri.e. 4,

B, ands, aswell as© if it is not known a priori) need to
be obtained from abest fit of eithelEgs{8)er{9Eq. () or
Eqg. (8 to the data set.

2.3 Theclassical nucleation theor

Accordingto the classicalheterogeneousucleationtheor
Fletcher,1958), the free energyof formation of a liquid
clusteron asolid surfaces givenb

~ 16mv*y3h(0,2)

AG 3 ,

(9)
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where  x=R,/R, and the form factor  the adsorption data of Naono et al. (1994) needed to be re-
h(0,2) =[1 —cos® U + 23(2 — 3cos P + cos® ¥) + 322 cos O (cdfiited injorder to obtain a consistent value foiThe resulting
with cos U = — (R — R;,c0s0)/d. parameter values are listed in Table 1.
The classical heterogeneougucleation rate (in_units Figure 2 shows an FHH plot of experimental adsorption
m~%s™') is givenby data forTiO, (Every et al., 1961) together with fitted curves.
A and B were obtained by fitting the classical FHH equation
ﬁw@ (10) to the multilayer portion of the data, asdvas obtained by

fitting Eq48 () to the sub-monolayer data. The adsorption

where K is a kinetic prefactorthat dependgatherweakly ~ parameters are given in Table 1.
ontemperatur@ndsaturatiorratio of the nucleatingvapour, Wagner et al. (2003) reported the contact angle of wa-
andthe free energyof formation AG* is locatedby finding  ter on silver (which we assume to have a surface coating
amaximumof AG asafunctionof R. Thekinetic prefactor  of Ag,0) to be 90. With such a hydrophobic surface, one
canbeapproximatedy a constanbf 10> (Fletcher1958).  would not expect strong multilayer adsorption, and thergro

Once the heterogeneousucleationrate is known, the  Kelvin effect of the adsorbed droplets should cause the data
probability of nucleationof a seedparticlewithin time ¢ is  to fall on a curved line in an FHH plot rather than being lin-
P =1—exp(4nRZJt). We apply the customarydefinition  early aligned (see Laaksonen, 2015). Indeed, as shown in
for_nucleation onset condition: it _is the saturationratio  Fig. 3, this is the case with the adsorption data of Kuroda
at which half of the aerosolpopulationis nucleated,j.e.  etal. (1997). The adsorption parametdrandB were there-
P =0.5. The nucleationtime is_given by experimental fore determined by fitting from Eq48 (@) to data using non-
conditions:for SiO, and TiO. particlest = 360 s (Chenet  linear least squares with the Nelder—Mead (1965) method,
al., 1998).andfor Ag,O particlest = 5 ms(Porstendrferet  while parametes was varied manually to obtain values given
al., 1985). in Table 1. (Experimental noise in the data made it impossibl
to fit all three parameters simultaneously while reprodgicin
. . the observed isotherm.)
3 Resaultsand discussion

In order to test the new theory against nucleation experi->-2 Heterogeneousnucleation

ments, we selected three different datasets i, (Chen . . _
and Tao, 2000)TiO, (Chen and Tao, 2000) andg,O Figure 4 shows experimental (Chen et al., 1998; Chen and

(Porstendorfer et al., 1985) nanoparticles as heterogmneo 120 2000; Chen and Cheng, 2007) and theoretical results of

nuclei for water vapour condensation. Nucleation experi_water vapour nucleation on silica nanoparticles. We deter-

ments have been done also with other types of nanopartimined critical supersaturations for both the cluster anid un

cles and vapours (e.g. Chen et al., 1998, 1999; Winkler et alform film nucleation mechanisms using the new theory. Thg
2008); however, the selected systems were the only ones fdio@lescence of the clusters takes place well below the uni-
which we found both adsorption and contact angle data sd°'™ film nucleation limit (in fact, at subsaturation), arai s
that the parameters of the theory could be determined. Notd©€S not lead to immediate nucleation. Both curves fit the
that both Porstendorfer et al. (1985) and Wagner et al. (2003€XPerimental points very well except at the smallest plartic

refer to silver nanoparticles instead §,0. Nevertheless, ~Si1Z€S- In contrast, the classical theory overestimatesrtbet
the surface of silver nanoparticles can be rapidly oxidiged SUPersaturations grossly. Whether the measured size depen

the carrier gas (compressed air in the experiments of Porsdence aPy<=26D), < 20nm is real or to some degree an
tendorfer et al., 1985) contains trace amounts of hydrogerfXPerimental artefact remains somewhat unclear. For exam-
sulfide. As there exists adsorption data for water on silverP!€: increasing non-sphericity of the aerosol particleszs
oxide but none (that we are aware of) for water on silver, weP€loW 20nm would cause the particles to be classified larger
test the theory assuming that the particles’ surfaces were o thanthey arein reality, and could thereby create an astfyci
idized toAg,O. Below, we first describe how the adsorption SIONg size dependencBhe theory of coursealso assumes
parameter values were obtained for the three systems, a hericalparticles.Whetherthe non-sphericitywould cause

then compare theoretical and experimental onset supersatt€ &ffective curvatureof the particles to_increaseor to

rations for heterogeneous nucleation. decreaselepend®ntheactualshapejn theformercasethe
theorywould underestimat¢he critical supersaturatiorand
3.1 Determination of adsorption parametersfor SiO2,  in thelattercaseoverestimatét.,
TiO2, and Ag,O Figure 5 shows experimental (Chen and Tao, 2000) and

theoretical results of water vapour nucleation on titanium
The parameterd and B for water adsorption o8iO, were  dioxide nanoparticles. Again, the cluster coalescencestak
obtained from Laaksonen (2015). However, as Chen and Taplace already at subsaturation. Although the new theory pre
(2000) reported the contact angle to be 20stead of the  dicts somewhat too high onset supersaturations, theyilire st
5° assumed by Laaksonen (2015), the low coverage part ofin much better accord with the experiments than the classica
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theory. As with silicon dioxide, the difference between the Eq{8 (1) (or 98) to the adsorption data becomes impossi-
uniform film and cluster nucleation predictions is not very ble if the error in the contact angle is too large, usuallya fe
large (note the differenj-sealesscalesn Figs.4 and 5). tens of degrees or more.)

Nucleation of water on silver oxide particles is shown in  An interesting question relates to the correspondence of
Fig. 6. In this case, the new theory predicts coalescence nuthe materials used in the adsorption measurements to those
cleation to take place clearly above the uniform film nucle- applied in the nucleation experiments. The most obvious cas
ation line. The coalescence nucleation prediction is belowin pointis the silver nanoparticles, as we cannot reallyure s
the experimental results, however, not much below the unwhether their surfaces were oxidized, and to what degree. If
certainty limits. Interestingly, the size dependence efdch-  they were only partially oxidized (or not at all), then the ad
alescence nucleation ggmewhastronger and better in line  sorption parameters we have used are to some degree erro-
with the experiments than that of the cluster nucleatiore Th neous, which could explain the discrepancy between the the-
prediction of the classical theory is once again much aboveoretical and experimental results. With titanium dioxidere
the experiments, and even though the size dependence @ some uncertainty as well. THEO- nanoparticles used in
CHNT appears better than that of the new theory (cluster nuthe nucleation experiments have been analysed with x-ray
cleation), it in fact is quite similar which can be seen byJow diffractometry, and found to be anatase-type (Chen et al.,
ering the contact angle so that the CHNT curve drops clos€l999). In contrast, the adsorption data taken from Every
to theelusternucleatioreurveto theexperimentaflata.This et al. (1961) represents a “typical curve” of water adsorpti
is_ shownby the dashedine in Fig. 6netshewn) usinga  onTiOq, and since they used both anatase and rutile types of
contactangleof 27° bringsthe CHNT curveon top of the  adsorbent samples, it is somewhat difficult to know how well
coalescencaucleationcurve the adsorption parameters determined based on their data ac

Comparison of the experimental and theoretical results intually correspond to those of pure anatase. Regarding the
Figs. 4-6 leads to some interesting conclusions. Firstlpf al adsorption properties of silica, it is well known that high-
at relatively low contact angles, the critical supersatars  temperature treatment removes hydroxyl groups that peovid
for cluster nucleation and uniform film nucleation are very adsorption sites for water molecules and thus makes silica
close, and therefore, the simpler uniform film nucleatie th  a less effective adsorbent for water. The silica used indhe a
ory (Sorjamaa and Laaksonen, 2007) can quite safely be usesbrption measurements of Naono et al. (1994) was of a grade
e.g. in atmospheric calculations of water nucleation og cla treated at 800C. On the other hand, the silica nanopatrticles
minerals (whose contact angles are just in the same range ased in the nucleation experiments were produced by two dif-
those of silicon and titanium dioxides). Furthermore, agso  ferent techniques: oxidation 8fCl, at 1000°C (Chen et al.,
tion data indicates that water forms multilayer films on both 1997), and thermal decomposition of silicon tetraethoxite
of these materials at saturation ratios well below unityl an 800°C (Chen and Tao, 2000; Chen et al., 2007). Apparently,
this fact supports the theoretical result that the clustatas-  the adsorption parameters determined from the data of Naono
cence on the nanopatrticles occurs-aaturation ratios below et al. (1994) are appropriate for these aerosols.

the critical supersaturation of uniform film nucleationidt An obvious application for the new theory is atmospheric
thus very likely that the uniform film nucleation is actually ice nucleation via the condensation and deposition mecha-
occurring in the cases 602 andTiOs. nisms. It would therefore be interesting to study how well

In the case ofAg,O, there is of course considerable un- the theory captures the measured temperature dependence
certainty about the actual contact angle value as we cannaif heterogeneous nucleation. The temperature dependence
be certain that the surface of the silver used in the contact a of water vapour nucleating on 4on TiO- particles was
gle experiment was oxidized. However, the adsorption dataneasured by Chen and Tao (2000). They showed the ex-
(Kuroda et al., 1997) shows no indication of a multilayer perimental temperature dependence to be stronger than that
film formation (which should be observable in the FHH plot predicted by the CHNT, and our calculations (not shown)
of Fig. 3a) as a quite abrupt change of slope, see Laaksonemveal the same to be true with the new theory. However,
(2005), although the macroscopic film thickness (see Fip. 3bthe temperature dependences of the adsorption parameters
reaches almost 2.5 monolayers. This is possible only if theare unknown (they are in principle straightforward to de-
adsorbed clusters have quite large contact angles. Mareovetermine, but adsorption measurements at two different tem-
the value of the distance between active sitefetermined  peratures are required), so that nothing conclusive can be
from the adsorption data will to some extent compensate foisaid based on our calculations. Regarding silver naneparti
the possible error in the contact angle value. For examiple, icles, Kupc et al. (2013) showed experimentally an anoma-
we have assumed a too lar@e the value ofs determined  lous temperature dependence for water vapour nucleation:
from the adsorption data will be an underestimate comparedecreasing critical supersaturation with decreasing &mp
to reality. These errors will approximately cancel out when atures between 278 and 2B2(usually the temperature de-
either the critical supersaturation of cluster nucleatithat  pendence of* is monotonously increasing dsdecreases).
of the coalescence nucleation is calculated. (Note, howeve Very interestingly, Kuroda et al. (1997) have made adsorp-
that this holds only for some range 6f and s, as fitting ~ tion measurements as a function of temperature at exactly
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the same interval, and their data appears to have some uexperiments. Interestingly, the size dependence of tHesoa

usual features (which the authors attribute to a continuougence nucleation is stronger and better in accordancehdth t

phase change in the adsorbed layer at around<378n- experimental observations than that of the cluster nuoleat

fortunately they made measurements for four constant surmechanism. As with the two other substances, CHNT over-

face coverages only, which makes it somewhat challengingestimates the critical supersaturations of O nanopar-

to tease the actual temperature dependences of the adsotzles quite badly.

tion parameters out of their data. This exercise will theref In the future, we aim to test the temperature dependence

be left to the future. of the new theory, and extend the calculations to atmospher-
ically relevant particle types.

4 Conclusions

A new theory of heterogeneous nucleation on nanoparticles

was derived, based on a combination of the FHH adsorp-

tion equation and the Kelvin equation. It was assumed that _
the nucleating clusters can be represented as spherical capPpendix: Derivation of 4
that have a contact angte with the nanoparticle surface,

and reside on active sites located at a distanagart. It was As mentioned in the text, in order to connect the derived

pointed out that the new theory leads to three differenterucl . . : :
. ) . : theory into experimental adsorption data, the assumption
ation mechanisms, which were named cluster nucleation,co-— " __ 5

= B —B - B .
alescence nucleation, and uniform film nucleation. In trs fir 2~ 2¥a——t5/3m)—NL 2 Ny = (0/9w)__is needed.
mechanism, individual clusters grow past their criticabsj ~ For é we can derive an analytic expression, which is given
and start collecting vapour by spontaneous condensation. |here for cases witf < 90°.
the second mechanisms, growing clusters fill the nanoparti- T0 help integration, we switch to a new radial coordinate
cle surface at a saturation ratio lower than the critig¢dbr ~ System with primed variables (complementary angles) de-
cluster nucleation, which again leads to spontaneous growt Picted in Fig. Al Fremthetwotrangleg\pplying thecosine
In the third mechanism, cluster coalescence also takes placlaw to the triangles,we get twoeesiretawsequationsone
but at so low saturation ratio that activation to growth i$ no for d {[Eq.@)-(@)] and another containing, [NOTE: The
possible before thé is increased to the critical supersatura- revised equations, split to fit into one column, are givereher
tion predicted by the FHH activation theory (Sorjamaa andbut not marked as differences, as otherwise the resulgng .t
Laaksonen' 2007) Wh|Ch assumes a zero contact ang|e_ file would have become Uncomp”able. The same holds also
The new theory was tested for water nucleation on thregor the list of references.]
different nanoparticle typess{O, TiO2, and AgoO parti-
cles). The FHH adsorption parameters and distances between
active sites were determined using adsorption isotherms,, 2 / p
found in the literature, and the Conta?:t angleg were obdiaineIEQ =d" + (Bp +0())” = 2d(By + 6(o)) cos(m/2 = o)
from the experimental nucleation papers. With silicon and t =R>+ 2Rf, —2RR,cos0 +2R,0(a’) +6(a)?
tanium dioxides, the critical supersaturations calculatéh —2dR,sina’ — 2ddsine’. (A1)
the cluster nucleation and uniform film nucleation mecha-
nisms are very close; nevertheless, it is likely that withsth
particles nucleation occurs via uniform film nucleationtiwVi
SiO, the theoretical critical supersaturations are in excellen Assuming now thab < 7 /2, we get from Eq. (A1)0' =
agreement with the experimental results except at the smallarcsin(R, — Rcos©)/d, and also
est particle sizesi{y—<-20D, < 20nm). With TiO, the new
theory predicts slightly too high critical supersaturatp
possibly influenced by somewhat inaccurate adsorption pa-
rameters. Unlike the new theory, CHNT predicts much too§(a’) = dsina’ — R, + (d*sin? o/ + 2RR,cos© — R;)l/2 .
high critical supersaturations for both silicon and titani (A2)
dioxide.
In the case of silver oxide, there is some uncertainty to the
degree of oxidation of the surfaces of both the silver pladgic
used in the nucleation experiments, and of the silver usedo obtain the proper average, we need to weight) with
in the contact angle experiment. Nevertheless, with the asthe surface area of the spherical segment betwéanda’+
sumption that in both cases the surfaces were fully oxidizedda/, i.e.dA = wa) cosa’da’ (shaded strip in Fig. Al), and
the theoretical prediction is in very good agreement with th integrate fromd’ to 7 — &', or, exploiting the symmetry, from
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P’ to/2:
/2
- 72 5(a’)dA()
/2
T2 dA()

/2
1
= / {dsina’ — R, + (d’sin®d/
Jo/ “cosa/do’ J
+2RR,cosO — R?) 1/2] cosa/da’
o d f;ﬂ sin2a/da/ R
T2 fﬂ/zcosa’da’ o
(I)/

w/2
(P/

(d*sin® o/ + 2RR, cos© — R2) Y2 cosa’do’

/2
Ja!

_|_
coso/do’

(A3)
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on insolu-
384-390,

insolu-
10-18,

The first two terms are trivial, and the nominator of the third Hill, T. L.: Physical adsorption and the free volume modef Ifg-

one can be integrated in parts, resulting in

E:g (1+sin®’)— R,

R— (d?sin*®' +2RR,cos© — R?) Yz
2(1 —sin®’)

2RR),cos© — R2

+ 2d (1 —sin®’)

+

R+d
(d?sin® @’ + 2RR), cos© — R2) Y2 4 dsin®’
(A4)

x In

Substituting®’ = arcsin(R, — Rcos©)/d back to Eq. (A4)
we get after some algebra

6 =(R%*in’0 + R2{2—In[(R+d)/R,]}

+d[R(1—cos®) —2R,])[2(d+ Rcos© — R,)] .
(A5)
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Figure 06. Nucleation of water vapour on silver oxide nanoparti-
cles.

Figure Al. Geometry of the problem revisited.

Figure 03. Adsorption of water on silver oxide shown in an FHH-
plot (a) and on linear scale®). The data (blackpheredoty have
been measured by Kuroda et al. (1997), and the line is cadclies-
ing Eq. (8) with thed, B, ands—parametersparametersptimized

using non-linear least squares as described in the text.
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Table 01. Experimental parameters used for the three systdmB, ands were obtained by fitting to the adsorption data obtained fReh

System Ref. T (K) A B O(¢) smm) oA ~©Nm?)

H20—SiO2 %l;) 303 1.88 1.54 20 1.61 31.6 0.071
H20—-TiO2 ig 298 6.68 3.44 16 10.5 10.3 0.072
H20—Ag20 ‘e 298 14.88 2.09 d0 1.09 19.0 0.072

2 The cross-sectional areas were obtained from the expetatmefierences® Naono et al. (1994);
© Chen and Tao (2000} Every et al. (1961)¢ Kuroda et al. (1997)F Wagner et al. (2003).
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