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Abstract. Dissolved surface active species, or surfactants, 1 Introduction
have a tendency to partition to solution surface and thereby
decrease solution surface tension. Activating cloud dropletsThe aerosol effect on cloud albedo and thereby on the
have large surface-to-volume ratios, and the amount ofadiation balance of the Earth constitutes the largest single
surfactant molecules in them is limited. Therefore, unlike scientific uncertainty in the assessment of the current
with macroscopic solutions, partitioning to the surface radiative forcing (IPCC: Solomon et al.2007). Among
can effectively deplete the droplet interior of surfactant the reasons for the large uncertainty are various chemical
molecules. effects Charlson et aJ.2001 Topping et al. 2007 Wex

Surfactant partitioning equilibrium for activating cloud €t al, 2008 such as surface tension reduction of activating
droplets has so far been solved numerically from a groupcloud droplets. By preferentially partitioning to the droplet
of non-linear equations containing the Gibbs adsorptionsolution surface, surface active species can cause a clear
equation coupled with a surface tension model and arflecrease of the surface tension of aqueous solutioes &l.,
optional activity coefficient model. This can be a problem 1998 Sorjamaa et al.2004. Decreased surface tension
when surfactant effects are examined by using largeds often taken into account in aerosol and cloud modelling,
scale cloud models. Namely, computing time increasedout the effect of droplet size-dependent surface partitioning
significantly due to the partitioning calculations done in the On solution concentrations is often ignored (e.8hulman
lowest levels of nested iterations. et al, 1996 Facchini et al. 1999 Mircea et al, 2002

Our purpose is to reduce the group of non-linear equation®roekhuizen et al.2004. The reason for this is probably
to simple polynomial equations with well known analytical that the partitioning has no effect on bulk concentrations
solutions. In order to do that, we describe surface tensiorin large systems, such as laboratory samples from which
lowering using the Szyskowski equation, and ignore allthe surface tensions are measured. However, the influence
droplet solution non-idealities. It is assumed that there isOf partitioning on droplet bulk concentrations does become
only one surfactant exhibiting bulk-surface partitioning, but relevant for micron-sized or smaller droplets having large
the number of non-surfactant solutes is unlimited. It is shownsurface area to volume ratiokgaksonen1993 Sorjamaa
that the simplifications cause only minor errors to predictedet al, 2004 Prisle et al.2010.
bulk solution concentrations and cloud droplet activation. In  The effect of surfactant partitioning on cloud droplet
addition, computing time is decreased at least by an order ofictivation has been studied both experimentally using CCN

magnitude when using the analytical solutions. counters and theoretically relying on théler theory (i
et al, 1998 Sorjamaa et al.2004 Prisle et al. 2008

2010. Briefly, three common modelling approaches have
been used: (1) accounting for surface tension decrease and
for the effect of partitioning on bulk solution concentrations,
(2) accounting for surface tension decrease but not for

Correspondence tdl. Raatikainen surfactant partitioning, and (3) ignoring both surface tension
BY

(tomi.raatikainen@fmi.fi) and partitioning effects. Models accounting for surface
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tension decrease but not for surfactant partitioning are
predicting clearly too high cloud forming activity. On
the other hand, predictions which either account for or
ignore both the surface tension and partitioning effects are_ 0.2+
generally quite similar and also in reasonable agreement2
with experimental measurements of critical supersaturations.é 01T
However, even if the predicted critical supersaturations are £
similar, predicted critical droplet sizes and droplet bulk g
solution concentrations in general are clearly different. §-0-1 T
These affect solution thermodynamics (e.g. solubility), ®
vapour-liquid equilibrium, and droplet growth dynamics
(Kokkola et al, 2006. s, 1 0990
A special problem in the surface partitioning calculations ;
is that droplet concentrations are determined by numerically = = = = = ' '
solving a set of non-linear equations including the Gibbs 200 300 4%’rop|et53?amet2?%nm) 700 800
adsorption equation coupled with a surface tension model
and an optional activity coefficient model, which is often Fig. 1. Water supersaturation as a function of droplet size for
too time-consuming in large-scale model calculations. Oura 40 nm dry particle. Kelvin and Raoult terms are shown with the
purpose is to reduce these partitioning equations to simplelashed line in the right hand side scale.
polynomial equations with well know analytical solutions,

which are more practical for large-scale applications. Hicient q le fract | q
Some approximations and limitations are needed for the®@€MMc€Nt yw and mole fractionyy. Incréased vapour

polynomial equations. For example, droplet solution non-Pressure QUe to Qroplet curvaturg is taken i.nto account by the
idealities are ignored and it is assumed that there is only oné&Xponential Kelvin term. In addition to partial molar volume

3 mol-1 i i
surfactant exhibiting bulk-surface partitioning. The validity of waterv, (m" mol )(W.h'Ch we approximate by the r_nlolar
of the simplified solutions is confirmed by comparing volume of pure water), ideal gas constahi(J (mol K)™)

predictions with those of iteratively solving the partitioning and t.emperaturé” (K)_' the Kel\/lln term depend; on droplet
- solution surface tensian (N m~=) and droplet diameteDaq
equilibrium. m)
Total numbers of moles of solutes can be calculated from
2 Theory . . .
the known dry particle composition (dry sizBgry and
Surfactant partitioning effects are greatest with small ande-g. dry particle volume fractions of solutes). Assuming
dilute droplets. With very large droplets, accounting for Volume additivity Vary+ Viv = Vag), the total (superscript T)
surfactant mass balance has a minor effect on the bulliumber of moles of water can be calculated from
concentration as the concentration change due to partitioningT _r D3 _p3 2
. . . . w— ~ aq_ dry /UW~ ( )
to surface is roughly proportional to the inverse of radius. 6
With most surfactants, the strongest surface tension decreasghen suitable water activity coefficient and surface tension
as a function of concentration (which influences the parameterizations are available, total numbers of moles of
partitioning) takes place at very low concentrations. Bothgroplet water and solutes can be used in calculating the
conditions, i.e. small droplet size and low concentrations, arexquilibrium saturation ratis. An example of a Khler curve
usually fulfilled at the cloud droplet activation. ~ showing equilibrium supersaturation SS$={1)- 100% as a
Here the term bulk refers to droplet’s homogeneous liquidfunction of droplet size, is shown in Fig.
interior, Wh|Ch iS the phase deﬁning droplet properties SUCh wWhen an |n|t|a”y dry partic'e is exposed to water
as equilibrium vapour pressures. Droplet surface is assumegapour and relative humidity (RH) is increased above the
to be in thermodynamic equilibrium with the bulk solution. deliquescence point, a droplet is formed. When RH is
further increased, the droplet grows by condensation of water
vapour until equilibrium given by Eq.1j is reached, thus
the droplet equilibrium growth follows the dhler curve.
However, when water supersaturation exceeds the maximum
value of the Kdhler curve, condensation of water can not
lead to equilibrium any more, thus the droplet grows to
dvyo 1 cloud droplet sizes. Equilibrium theory is no longer valid
RT Dagq @ for this non-equilibrium growth, which depends on the

) o ~availability of water vapour. As the non-equilibrium growth
The Raoult term gives water activity as a product of activity s jnjtiated at the maximum of thedtler curve, the droplet

0.3+ r 1.010
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1.000
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2.1 Cloud droplet activation

The equilibrium saturation ratio of watef) over droplet
surface can be calculated from the well knowrdHter
equation Kohler, 1936:
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size and supersaturation corresponding to the maximum arEven if there is only one surfactant in the droplet, water
called critical droplet diameter and supersaturation needednd non-surfactant solutes may have non-zero surface
for cloud droplet formation. concentrations as long as these depend on that of the
As described above, the total numbers of moles of droplessurfactant. Commonly, only the surfactant is expected
water and solutes can be calculated from the given dryto partition, i.e.niszo for other than surfactant species.
particle composition and droplet size. These can be used iAlternatively, it can be assumed that the partitioning of
calculating water activity and solution surface tension neededhe surfactant (subscript s) is compensated by depletion
in the Kohler equation (Eql). However, some chemical of water from the surface, i.e. volume of the surface
and physical effects such as limited solubility and partial VS = n$ vy + nSvs = 0, which is in agreement with the
dissociation can have an effect on droplet bulk liquid phasedefinition of flat surface in the adsorption equation. In
concentrations. Of course, if e.g. some fraction of a solutethe case of multicomponent solutions, water and non-
is undissolved, bulk concentrations used in calculating watesurfactant solutes (subscript can be assumed to behave as
activity and surface tension should be determined from thea pseudobinary solution so that the equaliti§#:2 =nJT./nj‘3
dissolved fraction. Analogously, surfactant bulk-surface gng VS=Y"nSy; =0, wherei includes all droplet species,

partitioning changes bulk solution concentrations. Here wWecgnnect all concentrations to that of the surfact@arjamaa
are ignoring these other effects and focus on the surfactanit a1, 2004 Prisle et al, 2010.

partitioning. With any of the three above mentioned assumptions for
nlS the adsorption equation contains only one unknown and
it can be solved numerically. Unfortunately, the numerical

The effect that the partitioning to a surface layer haSsolution may be too slow for large-scale models, where bulk
on bulk solution concentrations depends greatly on theconcentrations are needed in the lowest levels of nested

system size. For example, saturation surface exde®y ( iterations. Our purpose is to derive, making reasonable

values, giving the maximum number of surfactant molecules?PProximations, an analytical solution for EG),(and to

per unit surface area, are on the order of 1pmofm show Fhalt thle _resulftsédo not differ significantly from the
(e.g. Tuckermann2007). For 1 um and 1 mm droplets with numerical solution of £q.3).
1 mM surfactant bulk concentration, the saturation surface tcb . , L
. § . .2.1 Analytical solution for surf nt partitionin
bulk mole ratios are then roughly 6 and 0.006, respectively. alytical solution for surfactant partitioning

The partitioning is thus not important for 1 mm droplets as it gome approximations and limitations are needed to simplify

has a negligible effect on the bulk concentration. However,iq adsorption equation (E8) so that the analytical solution

in the case of 1um and smaller droplets, the majority Ofcan pe found. It is clear that activity coefficients must

the surfactant molecules can partition to surface, causing thgq ignored and the derivation will be based on a chosen

bulk concentration to decrease strongly. surface tension model. Furthermore, there can be only
Surface and bulk solution concentrations can be solved,,qo independent variable, which limits the number of

from the Gibbs adsorption isotherGipbs 1928:

2.2 Bulk-surface partitioning of surfactants

species exhibiting bulk-surface partitioning to one. The
A approximations are detailed below.
Y nidin (ViBCiB)"‘ﬁdUB=0 3) When solving Eq. §) analytically, it is not only the
s . . number of surfactants but especially the number of species
where ;> (mol) is surface (excess) concentratio)’ is  haying non-zero surface concentrations that needs to be
activity coefficient and? is concentration of liquid phase reduced. Therefore, the first approximation is that only the
componenti, A (m?) is droplet surface area, and® surfactant exhibits bulk-surface partitioning, i€’ =0 for
(Nm~1) is droplet surface tension. Mole fractions are all other species. Because surface depletion of water and
commonly used, but any concentration scale is possibleon-surfactant solutes is not allowed, the surface volume
especially when activity coefficients are included. With a defined asV® = Z”gsvi is not generally zero. When this
reasonable approximation, the simplified equations can bés the case, it can be shown that surface tension depends
derived without fixing the concentration scale even if the on droplet size and bulk solution volume differs from the
activity coefficients are ignored. Superscripts B and S refergiven droplet volumel(aaksonen et §11999. However, it
to bulk and surface solutions, respectively, and subscript will be shown below that the non-zero surface volume has a
includes all liquid phase species such as molecular solutesiegligible effect on predictions of cloud droplet activation.
ions and water. We assume a closed system,itfiusn® + The second approximation we make is that activity
nlS In addition, the ions of an electrolyte can not partition coefficients are set to unity or alternatively considered as
independently as the phases can not have a net charge.  constants, which means that the activity coefficients vanish
In order to simplify the calculation of the surface from the adsorption equation. This approximation is needed,
concentrations, we are limited to single surfactant solutionsbecause there are no simple and generally valid activity
This is a common limitation also for the numerical methods. coefficient equations for surfactant solutions. According to
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the definition of the infinite dilution reference state, both Because there is only one surfactant with a non-zero
solute and water activity coefficients approach unity andsurface concentration, the subscripincludes either ions
can be treated as constants at the infinite dilution. Becauseesulting from the dissociation of the surfactant or just the
activating droplets are very dilute, unit or constant activity molecular surfactant. In the case of dissociating surfactant,
coefficients is a fair approximation. It will be shown that ion concentrations at the surface are obtained just by
activity coefficients have only a small effect on surfactant multiplying concentration of the undissociated species by
partitioning. the dissociation factors;, which give the numbers of ions
Our third approximation is that bulk solution concentra- (cations and anions) from the dissociation. When assuming
tions are linearly dependent on the corresponding numbergnit dissociation factors for non-dissociating surfactants,
of moles:cl.B =n}3/c?, Wherec? is a constant based on total surface concentrations can be expressed in general form as
numbers of moles of the droplet species. For example, it:? =v;nS orn? =v; (n" —n®) in the case of a closed system.
is total mass of droplet water (kg), volume of the liquid The sum term is now:
phase (L) and total number of moles of liquid phase species
for molality, molarity and mole fraction scales, respectively. Znisdm ()/FC?) = (nT —nB> Zvidm (nlB) (7)
The approximation is usually very good for dilute solutions,
because the value of depends mainly on the total number Here and from now on, any concentration including the
of moles of water. In factc? is actually constant for the numbers of moles of species expressed without a subscript
molality and molarity scales. In addition to simplifying the refer to the undissociated surfactant salt or molecule;
concentration derivative terms in the adsorption equationthe subscripted ones are for dissolved surfactant species
this approxima’[ion makes the result |arge|y independent OfnClUding either molecules or ions. It should be noted that
the concentration scale used in the surface tension model. hon-surfactant solutes can have a contribution to itfie
There are a number of functional forms available in above. This is the case when the non-surfactant solutes and
the literature that describes the surface tension lowering ofh€ surfactant have a common ion. When the derivatives
aqueous surfactant solutions. We apply the well knownin the adsorption equation are taken with respect to%in

Szyskowski equatiorSzyskowski 1908: the surface_ tension term is given in Ed).( With the
approximations above, we have:
B
B oo ¢
0B =0w—RTT In<1+ —> 4) idIn(nB)  AroonB
‘8 (nT_nB) ZV (nl ) — n (8)
dInnB BcO+nB

where gy, is surface tension of pure water, and saturation

surface excesd™™® (molm=2) and B (same unit with As mentioned above, subscriptrefers to either undisso-
the surfactant bulk concentratior?) are experimentally ciated surfactant or surfactant cations and anions resulting
determined parameters. Note that we have dropped th&om dissociation. The numbers of moles without a subscript
subscript from the surfactant concentration, because it is th&efer to the undissociated surfactant salt or molecule. In the
only species in this equation. Common concentration scalesase of molecular surfactants and in the absence of common
include molarity (mol =1 or just M), molality (molkgl)  ions, the solution is simple. Therefore, cases with and
as well as dimensionless mole and mass fractions. With thavithout common ions are considered separately below.
above mentioned approximatiaf = n®8/c0, surface tension Surfactant without common ions.In the absence of
gradient can be calculated as: common ions, the activity gradient tenﬁjvidln(n?) is

just vdln(nB), wherev = v, +v_ is the total number of
do®  do®  RTI®P  RTI™®n® (5)  cations (;) and anions () resulting from the surfactant
dinnB  dincB " B+cB T BO+nB dissociation. If the surfactant is not dissociatingis just

o one. Then Eq.8) simplifies to
The last form of the equation is the most useful one, because

our goal is to solve the bulk number of moles of surfactant AT>yB
8 Tonf) = ©)
(I’l ) vin n - ﬂC0+nB
With the three approximations described above, the sum
term of the adsorption equation (Eg) can be simplified  This leads to a quadratic equation with number of moles of
greatly. When assuming constant or unit activity coefficients,surfactant in bulk solutiom€) as the unknown:
we have din(yBcB) = dIn(cB).  This can be further
simplified with the the third approximationdin(c?) = ,Tg04 (nT—ﬂco—AFOO/U)nB _ (nB)Z:O (10)
dIn(nB). At this point the sum term of the adsorption

equation is: The quadratic equation has one positive and one negative
S 5 B S 5 root at least wherg is positive. Because bulk solution
Y nidin (Vi ¢ )= Y ndd |n<n,~ ) (6)  concentrations are always non-negative, the positive root is
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chosen:

nT—ﬂco—AFoo/v—i—\/(nT—ﬂco—Al"oo/v)2+4nTﬂcO
= 2 .

nB

(11)

111

sometimes easier to use numerical methods for finding the
correct root. It will be shown later that cubic root finding
algorithms can be computationally effective and robust.
Regardless of the method for solving the cubic equation, we
will refer to the solutions of the quadratic (Et{l) and cubic
(Eq.17) equations as analytical solutions for the partitioning

From the modelling point of view, this single-line solution €equilibrium.

for the partitioning equilibrium is very efficient and also

reliable as negative or complex values are not possible for .
realistic input parameters. In addition, there are no obvious3 Model comparison

risks for having divide by zero errors.
Surfactant with common ion€ommon ions, e.g. Nain

Here we compare predictions based on the iterative and

aqueous sodium dodecyl sulfate (SDS)-NaCl solution, havéthalytical solutions of the adsorption equation. ~ Clearly,
an effect on the activity gradient term. For simplicity, we approximations (only the surfactant exhibits bulk-surface

assume that the surfactant is composed_pfcations and

partitioning, ideal droplet solutions, and concentrations can

. \ _ B0 0
v_ anions, and the numbers of moles of common ions fromP€ expressed ag =nPlc), wherec? is a constant) needed

the other solutes aret and n~ for cations and anions,

for the simplified polynomial equations should not have

respectively. Of course, there can not be both commormajor effects on the results. In addition, the equations should
cations and anions, which would be equal to the dissociated® Valid for slightly different Szyskowski surface tension

surfactant, so eithert orn™ is zero. Then the activity term

IS
Zvidln (n?) =v4din (v+nB +n+) +v_dln (v_nB +n_)

(12)
The gradient is
Zvidln(niB) _ vnB + ko (13)
dInnB nB+k1
where common ion terms are denotedkyandk,:
ky=n"Jv_+n" /vy (14)
ko = vy /v_n~ +v_/vinT (15)

For example, in the case of aqueous SDS-NaCl£ v_ =
1, v=2, n7=0, n" =nnac) k1 =k2 =nnac.. Note that

parameterizations, e.g. with different concentration scales.
These approximations are not needed and it is possible
to use any kind of available surface tension and activity
coefficient parameterizations when the adsorption equation
(Eg.3) is solved numerically. The iterative model, described
in AppendixA, was designed so that selected approximations
can be applied.

We use models based on ttamalytical and iterative
solutions of the adsorption equation to predict the critical
supersaturation, which is the most important parameter
coming out of the Khler theory, and the only directly
detectable parameter in CCN experiments. In practise,
the analytical and iterative methods are used for solving
the bulk solution concentrations as a part of a main
function containing the search algorithm for finding the
critical droplet size and supersaturation. A series of test
calculations with different mixtures (different number of

superscripts T or B are not used for the non-surfactantsolutes, With and without common ions) and Szyskowski
solutes, because their bulk and total concentrations are equaHrface tension parameters showed that when the common

in the absence of partitioning.
By combining Eqgs.&) and (L3) we have

(nT—n

(16)

B) vnB + ks _ A®p,B
nB4+ki  BcO+nB

This can be can be simplified to a cubic polynomial equation:

nTkz,Bco—i— (nTkg—i— (UnT — kg) ﬁco — klAFoo)nB

n (vnT —kp—vBP— AF°°) (nB)2 v (nB)3 -0 (17)

ions are ignored or absent, model predictions are practically
indistinguishable. Also, the test calculations showed that
the differences between model predictions are only weakly
dependent on the Szyskowski parameters or the mixture.
Therefore, the calculations shown here can be considered
as an example of typical differences between the analytical
and iterative models. For the calculations, particles are
composed of sodium dodecyl sulfate (SDS) and sodium
chloride (NaCl), which means that there is a common ion.

Because Eq.(1) is not valid for this case, it would be unfair

to include it in the comparison. However, it will be included

There are several well known analytical solutions for cubicin the comparison of the computing times.

polynomial equations (see e.Barbeay 2003. However,

The SDS-NaCl mixture was chosen due to the availability

unlike in the case of quadratic equation, there is no singleof experimental surface tension data and well known
closed-form expression that would give the correct root inchemical and physical propertieSdqrjamaa et al.2004

all possible cases.

Even if the analytical solutions existsPrisle et al. 2010.

The surface tension of aqueous

(not shown here due to the length of the equations), it iISSDS-NaCl solution can be described with the Szyskowski

www.geosci-model-dev.net/4/107/2011/
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equation (Eq.4) by using the following parameters from

Prisle et al(2010: R7TI'*° =1390x 10 3Nm~1 andg = 141 — Analytical model |
(9.273x 10-°M?)/(cnaci + 9.733x 10-°M). In addition, " ltorative model with Debye-Hokel activiies

the effect of salt on water-NaCl solution surface tension &

was taken into account by assuming linear dependence_gm" T
on salt concentrationcfacy) with the slope of 161 x §

103Nm~tM~1 (Prisle et al. 201Q Vanhanen et al. {10t T
2009. Note that parameteg depends explicitly on salt &

concentration, but this is not a problem as it is independent 3, , | 1
of surfactant concentration. In addition to explicitly &

accounting for the salt effect on surface tension, a simple .

parameterization based on the SDS only is uge@' > =
13.90x 10 3Nm~1andg =9.527x 104 M).

0 20 40 60 80 100
Surfactant dry mass fraction (%)

3.1 Approximations needed for the polynomial

equations . - ) .
q Fig. 2. Critical supersaturation for 40nm SDS-NaCl particles

as a function of dry particle surfactant mass fraction. Model
predictions are made with the analytical model and iterative model
with and without activity coefficients.

In addition to some obvious considerations (e:§.= nB +
nS), some clear approximations had to be made:

— Only the surfactant partitionsThis is a fair approxima-
tion. Water and salt should have slightly increased bulk
concentrations, but their relative concentration would

not be changed. and with and without the approximation about linearity of

the concentrations). The calculations showed that when
— Constant/unit activity coefficient&This approximation  activity coefficients are set to unity, predictions for SDS-
had to be done, because activity coefficients areNaCl particles are practically equal. This indicates that the

complex functions of solution bulk concentrations. approximations?In(c?) = dIn(n?) and zero surface excess
for other than the surfactant have negligible effect on model

— Bulk solution concentration of component(cf in  predictions. When Debyeiktkel activities were used in
any concentration scale) is directly proportional to the jterative model, slightly higher critical supersaturations
the number of moles of the componenf) i.e.  were predicted. However, the main reason for the differences
dIn(c?) = dIn(n?). This depends on the concentration s the water activity coefficient in the Raoult term of the
scale, but generally it is a good approximation for dilute Kshler equation (Eql). The differences in the surfactant
droplets. bulk concentrations are as small as in the case without

activity coefficients. This shows that activity coefficients
In the iterative model (Appendi®) it is possible to allow ~ are not important for the partitioning equilibrium. Figuze
partitioning for all species. Bulk solution concentrations are Shows predictions of the analytical model as well as those of
then connected to that of the surfactant by fixing surfacethe iterative model with and without Debyeiiekel activity
volume to zero(ZniSv,» =0) and by the pseudobinary coefficients. Model predictions without activity coefficients

approximation gy/n{ = n]/n%, when j is not surfactant). ¢ practically indistinguishable. _

The alternative for this'is to allow partitioning for the e do not know if the Debye-titkel model is accurate
surfactant and water so that surface volume is again zerdor the current surfactant-salt mixture, but the effect of non-
The third case is the same as in the analytical solutiondd€alities is not the focus of this paper. It is possible that
i.e. only the surfactant partitions. Activity coefficients can theré are mixtures where unit activity coefficients lead to
be either calculated from the Debyaitkel model Debye significant prediction errors. This is also a quite common
and Hickel 1923 Clegg and Pitzerl992 or set to unity. uncertainty in modelling, because activity coefficients are
Approximationdln(cB) _ dln(nB) is not needed for the rarely available for multicomponent mixtures. For simplicity

1 1

iterative model, because activity gradients (based on mol@nd because of the fact that activity coefficients are much

fractions) are calculated numerically. more mportant for the. Rao'u!t term thgn for. the partltlorjlng
Approximations of the polynomial equations were tested equmbrl_um, we use unit activity coefficients in the following

by comparing predictions of the analytical model with calculations.

those of the iterative model with selected combinations

of the approximations (number of species exhibiting bulk-

surface partitioning, with and without activity coefficients,

Geosci. Model Dev., 4, 10246, 2011 www.geosci-model-dev.net/4/107/2011/
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3.2 Effect of surface tension parameterization
144 Analytical model, binary surface tension

The goodness of the/ln(c?) =d|n_(nl.B) approximation :L{ig%gam%%'ef"{‘;%f;gﬁﬁfgggqmon
depends somewhat on concentration scale of the surface ,,
tension parameterization and if other solutes are accountedg
for or not. Figure3 shows predictions from the analytical and %
iterative models with binary and ternary surface tension fits £ 0T T
described in Sec8. Again, model predictions are practically 3
equal. Because binary and ternary fits give different surfaces o5 4 1
tensions for other than the pure surfactant case, different2
model predictions can be expected. This is not seen, so the
effect of salt on solution surface tension can be ignored at
least in this case. A likely reason is that due to the extensive
surfactant partitioning and dilute droplets, surface tension of 0.4 : : : :
the critical droplet is always close to that of pure water. In 0 2 40 60 80 100

. . X T Surfactant dry mass fraction (%)

addition, the surface tension gradient, which is important for
partitioning equilibrium, is only weakly dependent on salt rjg 3. critical supersaturation for 40nm SDS-NaCl particles
concentration. as a function of dry particle surfactant mass fraction. Model

The effect of concentration scale was tested by doingpredictions are made with the analytical and iterative models with
calculations with different binary surface tension fits basedboth binary and ternary surface tension parameterizations.
on molality, molarity and mole fraction scales. It was seen
that predictions from the iterative and analytical models were
practically equal (not shown). We can therefore conclude — Analytical model
that the analytical solutions are valid for various Szyskowski 124 ~— lterative model 1
equation concentration scales. S

It is possible that concentration dependent SzyskowskiZ
surface tension parameters do not fulfil the condition neededz '
for the analytical solution, i.e. being independent of the %
surfactant bulk concentration. From several possible casesg
we choose one in which the Szyskowski parameters depen
explicitly on surfactant concentration. The Szyskowski
parameters given ifrisle et al.(2010 depend on solute
dry mass fraction, which of course changes due to surfactant
partitioning. Model calculations based on sodium decanoate-
NaCl surface tension parameterizatid?ri§le et al. 2010 0.4 : : : :
are shown in Fig4. Again, model predictions are quite 0 2 surfactant dry mass traction (0/?? 100
similar, but this finding is not generally valid, because
there are numerous expressions for concentration dependepfy 4. critical supersaturation for 40nm SDS-NaCl particles
Szyskowski parameters and the outcome depends on thg a function of dry particle surfactant mass fraction. Model
specific case. It seems that in this case NaCl just has quit@redictions are made with the analytical and iterative models with
small effect on surface tension S|0F{ﬁ§;§ in Eq. ), which sodium decanoate-NaCl surface tension parameterizaBosl€
is important for partitioning. etal, 2010.

%)

— lterative model, ternary surface tension 1

3
}
1
t
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o
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3.3 Computation times . . .
analytical expressions. Four modelling approaches were

The simplified partitioning expressions are especially suit-considered: (a) analytical solution of the quadratic (Eg).
able for model calculations when short computation timesand (b) cubic (Eq17) equations, (c) numerical solution of
are required. In the calculations above, where we havehe cubic equation (Eql7), and (d) iterative solution of
shown that the approximations needed for the simplifiedthe adsorption equation (E@). Matla®® function roots
expressions are very reasonable, roughly an order ofvas the numerical method for finding the roots of the cubic
magnitude difference in computing times was observed.equation. For the iterative method, adsorption equation was
However, these models contain several other operations thdirst greatly simplified by using the same assumptions with
may be affecting the computation times. Therefore, thethe simplified equations. The solution was found by using
actual comparison of computation times is done by solvingMatIab® functionfzera The analytical solution of the cubic
the adsorption equation alone both iteratively and with theequation was based on the Cardan’s metlBzaiijea,2003.
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The physical properties of the SDS-NaCl system were4 Conclusions

again chosen for the calculations. With the exception of

the quadratic equation, the common ion effect was properlyBy making a few approximations, the Gibbs adsorption

accounted for. Dry particle diameter (40 nm) and compo-€quation coupled with the Szyskowski surface tension model
sition (80% SDS, 20% NaCl) were fixed, but both droplet was reduced to cubic and quadratic polynomial equations
diameter (220—-2000 nm) and the Szyskowski paramegers ( for mixtures with and without common ions, respectively.

104 —1molL~1, I'*®: 107 — 10~* mol m~2) were varied. ~ These polynomial equations have well known analytical
The effect of NaCl on solution surface tension was ignored.solutions, which can be used in solving the droplet bulk
Bulk numbers of moles were calculated 8000times with asolution concentrations that account for surfactant bulk-
standard laptop PC using the MatBi6.1 program. The surface partitioning. In addition to the common modelling

computation times are: approximations (e.g. closed system, volume additivity
_ _ _ _ and only single surfactant), we have assumed that only
— 0.3 s analytical solution of the quadratic equation, the surfactant exhibits bulk-surface partitioning, activity

coefficients can be set to unity, and solution concentrations

~ 0.9s analytical solution of the cubic equation, in any reasonable scale are proportional to the total

— 1.5 numerical solution of the cubic equation, numbers of molesc{ = constantx n;). Comparison of
_ _ _ _ _ predictions from the analytical solution and from numerical
— 19.6 s iterative solution of the adsorption equation. solution of the original set of equations including the Gibbs

Obviously, the shortest computing times are seen when bu”?dsorptlon equation coupled with the surface tension model

. . : . and an optional activity coefficient model showed that
concentrations are calculated from the single-line solution L o :
. X . . . _the approximations have minimal effects on the predicted
of the quadratic equation. There is a small difference in

computing times related to the cubic equation. The analyticaPU|k solution concentrations.  Therefore, models based

solution is about 40% faster here, but the iterative metho n the analyﬂcal solutions .p.redlct critical droplet size,
. e supersaturation and composition accurately. Furthermore,

can be optimized for finding the correct root. In any case, . : ! S
it is clear that the computing time is roughly an order the analytical method is robust, meaning that a solution is
always found. It should be stressed that the new equations

of magnitude longer when surfactant bulk concentrations . . .
. . : rely on the Szyskowski equation, so that if for some aqueous-
are solved directly from the adsorption equation. The : R
surfactant system the surface tension reduction is given by

difference is actually even larger, but in practice it is ! .

. . ) . .._some other equation, the Szyskowski parameters need to be
possible to use specialized algorithms and have better initia . : .

- determined first by a fitting procedure.

values. Therefore, an order of magnitude difference is a fair : ;
- ) Analytical solutions are most useful for large-scale models
minimum estimate. ; o -
. . . where cloud microphysics is explicitly accounted for. As
These calculations are for one mixture only, but computing ; .
bulk concentrations are needed at low-level functions,

times depend very little on input parameters such as C e S X
) . : ... computation time of the partitioning equilibrium is crucial
dry particle and droplet sizes, dry particle composition,

Szyskowski parameters, temperature and number of othefror total computation time. For example, when calculating

solutes with the exception of the cases with and withoutcmlca.I _droplet_ size (first level iteration)  for (_jropl_ets
. o . . containing partially soluble solutes (second level iteration),
common ions. A few additional iterations maybe needed for

more difficult cases, but these are not important for the totalpartitioning calculations are in the third level. Use of the new
. ) : eqguations reduces the computer time needed for the droplet
time. The analytical expressions are even less dependent on

the inputs. For example, the time for finding the root of the concentration cglculations roughly by an or_der of magnitude
quadratic equation is totally independent of the values of theand even more in the absgnce of common he
Current analytical solution for the case without common

polynomial coefficients. ions is quite similar to the solution presentedTiopping

An additional |pterg§tlng flndmg frof“ the calculanorys IS (2010. Although both solutions are based on simultaneous
that both of the simplified approximations are very reliable

. . . independent work, the assumptions are practically equal.

for a wide range of solution concentrations and Szyskowsk C L ;
he main difference between the derivations is that the
parameter values. All calculated surfactant bulk numbers

" . solution presented byfopping (2010 is based on mole

of moles were between zero and. In addition, with the : P Yopping ( : 9 . : .
; : . . fraction scale, but the concentration scale is not fixed in
exception of the quadratic equation not accounting for the : . .
. o : . . the current solutionsTopping does not consider common
common ion effect, predictions were practically identical. . ; . : .
) . ions, but by ignoring surfactant-surfactant interactions the
This was expected, because the same assumptions were ™ . . . :
. . : equations are given for mixed surfactant solutions. The

applied also for the iterative model. : . .
result, however, is that the mixed surfactant case is
reduced to separate single surfactant cases. With the

same approximation, our equations are also valid for mixed
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Appendix A Charlson, R. J., Seinfeld, J. H., Nenes, A., Kulmala, M., Laaksonen,
A., and Facchini, M. C.: Atmospheric science: reshaping
Iterative model for single surfactant solutions the theory of cloud formation, Science, 292, 2025-2026,

doi:10.1126/science.1060098001.
The number of independent variables in the adsorptionClegg, S. L. and Pitzer, K. S.: Thermodynamics of multi-
equation is decreased to one by making two assumptions component, miscible, ionic solutions: generalized equations
(Sorjamaa et al.2004 Prisle et al. 2010. First of all, it for symmetrical electrolytes, J. Phys. Chem., 96, 3513-3520,

is assumed that at the Gibbs dividing surface, the followingD ?:)Oi:1?:;102(}/35110?(0}8!57?%6#992- ¢ electrolvies. 1. Freez int
equation holds: ebye, P. an el, E.: Theory of electrolytes. 1. Freezing poin

lowering and related phenomena, Phys. Z., 24, 185-206, 1923.

vS= Zn?vi =0 (A1) Facchini, M. C., Mircea, M., Fuzzi, S., and Charlson, R. J.: Cloud

) albedo enhancement by surface-active organic solutes in growing
where VS (m®) is volume of the surface, and? (mol) droplets, Nature, 401, 257—2589i:10.1038/457581999.
andv; (m3mol~1) are number of moles at the surface and Gibbs, J. W.: The Collected Works of J. Willard Gibbs, Vol. 1,
molar volume for component, respectively. As shown Longmans, Green and Co., New York, 1928.

by Laaksonen et a1999, Eq. (A1) is consistent with the  Kohler, H.: The nucleus in and the growth of hygroscopic droplets,
assumption that the droplet surface tension (when keeping T- Faraday Soc., 32, 1151-116d0i:10.1039/TF9363201152
the bulk concentration constant) is not size-dependent, 1936 _ o o

In the case of multicomponent solutions water and non-Kokkola, H., Sorjamaa, R., Pémiemi, A. Raatikainen, T.,
surfactant solutes (subscrig) are assumed to behave as and Laaksonen, A.: Cloud formation of particles containing

. . . . humic-lik bst , G hys. Res. Lett.,, 33, L10816,
a pseudobinary solution so that their bulk (superscript B) and dgimllg 10(5297;0()36?5823610’5556)/5 es. e

total (superscript T) concentration ratios remain “nChanged:Laaksonen, A The composition size dependence of aerosols

”\Tv/”\?v zn]T,/n]B (A2) created by dispersion of surfactant solutions, J. Colloid Interf.

. . . . . Sci., 159, 517-519J0i:10.1006/jcis.1993.1358993.
An alternative for the pseudobinary approximation is t0 | gaksonen. A. McGraw R.. and Vehkaki H.: Liquid-

ignore partitioning of the non-surfactant solutes. Equa- grop formalism and free-energy surfaces in binary homoge-
tion (A1) still holds as water can be depleted from the neous nucleation theory, J. Chem. Phys., 111, 2019-2027,
surface. d0i:10.1063/1.47947@999.

Both surface tension and activity gradients are calculated.i, Z., Williams, A. L., and Rood, M. J.: Influence of soluble
numerically, so any types of equations giving surface tension surfactant properties on the activation of aerosol particles
and activity coefficients can be used. Because our focus is on containing inorganic solute, J. Atmos. Sci., 55, 1859-1866, doi:
surface tension and there are no general activity coefficient ,10-1175/1520'0459(1998)05‘5859:'OSS,PGZO'CO;,Z’ 1998.
models for surfactant-salt solutions, activity coefficients areMircé@ M., Facchini, M. C., Decesari, S., Fuzzi, S., and

: - : Charlson, R. J.: The influence of the organic aerosol component
calculated from a Debye-litkel extension. Our version of . .
on CCN supersaturation spectra for different aerosol types,

the equation is the ideal part of the Pitzer-Simonsen-Clegg Tellus B, 54, 74-81,doi:10.1034/j.1600-0889.2002.00256.x

model as given b¥legg and Pitzef1992: 2002.
3/2 Prisle, N. L., Raatikainen, T., Sorjamaa, R., Svenningsson, B.,
2A,1 2 V1
Iny; = —*_ — 224, (—In <1+,0\/E> + —X> Laaksonen, A., and Bilde, M.: Surfactant partitioning in cloud
1+povi p 1+ Vi droplet activation: a study of C8, C10, C12 and C14 normal fatty

(A3) acid sodium salts, Tellus B, 60, 416—4310i:10.1111/j.1600-

0889.2008.00352,22008.
whereA, =2.917 (for water at 298.15 K = 13.0 and mole

fraction (x) scale ionic strengtlf, = O.Sinziz. Chargez; is
zero for water.
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