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Abstract. In order to predict the physical properties of a relatively simple mixing rule, or modification of an existing
aerosol particles, it is necessary to adequately capture the béhermodynamic model with parameters derived from binary
haviour of the ubiquitous complex organic components. Onedata, was able to accurately capture the surface tension vari-
of the key properties which may affect this behaviour is theation with concentration. Thus, it would appear that in order
contribution of the organic components to the surface tento model multi-component surface tensions involving com-
sion of aqueous particles in the moist atmosphere. Whilsippounds used in this study one requires the use of appropriate
the qualitative effect of organic compounds on solution sur-binary data. However, results indicate that the use of theo-
face tensions has been widely reported, our quantitative unretical frameworks which contain parameters derived from
derstanding on mixed organic and mixed inorganic/organicbinary data may predict unphysical behaviour when taken
systems is limited. Furthermore, it is unclear whether mod-beyond the concentration ranges used to fit such parame-
els that exist in the literature can reproduce the surface tenters. The effect of deviations between predicted and mea-
sion variability for binary and higher order multi-component sured surface tensions on predicted critical saturation ratios
organic and mixed inorganic/organic systems of atmospheriavas quantified, by incorporating the surface tension models
significance. The current study aims to resolve both issues tinto an existing thermodynamic framework whilst firstly ne-
some extent. Surface tensions of single and multiple solutglecting bulk to surface partitioning. Critical saturation ra-
agueous solutions were measured and compared with prdios as a function of dry size for all of the multi-component
dictions from a number of model treatments. On comparisonsystems were computed and it was found that deviations be-
with binary organic systems, two predictive models found in tween predictions increased with decreasing particle dry size.
the literature provided a range of values resulting from sen-As expected, use of the surface tension of pure water, rather
sitivity to calculations of pure component surface tensions.than calculate the influence of the solutes explicitly, led to a
Results indicate that a fitted model can capture the variabil-consistently higher value of the critical saturation ratio indi-
ity of the measured data very well, producing the lowest av-cating that neglect of the compositional effects will lead to
erage percentage deviation for all compounds studied. Thsignificant differences in predicted activation behaviour even
performance of the other models varies with compound andht large particle dry sizes. Following this two case studies
choice of model parameters. The behaviour of ternary mixedvere used to study the possible effect of bulk to surface par-
inorganic/organic systems was unreliably captured by usinditioning on critical saturation ratios. By employing various

a predictive scheme and this was dependent on the comp@ssumptions it was possible to perform calculations not only
sition of the solutes present. For more atmospherically repfor a binary system but also for a mixed organic system. In
resentative higher order systems, entirely predictive schemelsoth cases this effect lead to a significant increase in the pre-
performed poorly. It was found that use of the binary data indicted critical supersaturation ratio compared to the above
treatment. Further analysis of this effect will form the focus
of future work.
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1 Introduction sion. This must be related to the aerosol composition in a
predictive framework. For single component aerosols one
The complex behaviour of multi-component aerosol par-can simply use empirical data; yet in mixed solutions, a prob-
ticles in the moist atmosphere requires predictive frame-em analogous to that encountered in dealing with activities
works which attempt to capture the complexity of the organicarises. Since the atmospheric aerosol is a complex mixture
composition and its combination with inorganic compounds. of inorganic and organic compounds, an appropriate formal-
There are however numerous restrictions hindering the conism for calculating multi-component surface tension must be
struction of such frameworks across the entire model hierarysed. Similarly, composition dependent variability in ambi-

chy. Solely focussing on the bulk hygroscopic behaviour ofent samples is likely to depend on sampling location and the
the atmospheric aerosol, these restrictions include the neesfistory of the aerosol.

for computational efficiency (e.g. Amundson et al., 2006; Kiss et al. (2005) discuss the relative merits of the two
Metzger et al., 2002), lack of appropriate laboratory datamain approaches that have been used to represent the organic
(e.g. Clegg et al., 2001; Marcolli et al., 2004; Peng et al.,fraction of the atmospheric aerosol. The first involves cal-
2001) and even difficulty in constructing “complete” theo- culations with input data obtained from experiments using
retical frameworks (e.g. Clegg and Seinfeld, 2006; Clegg etmodel compounds, the second relating to the use of calcula-
al., 2001). The equilibrium behaviour of agueous systems isjons deduced from real ambient samples without an “exact”
treated in the same manner whether making predictions oknowledge of the organic composition. In either case, val-
warm cloud activation or growth in the sub-saturated humididation of the use of ‘model compounds’ or analysing the

regime. Neglecting the influence of any solid-air interface, breadth of surface tension variability not captured in selected

the equilibrium relationship for water is given as Eq. (1):  ambient measurements requires the use of robust surface ten-
RH 20,05 @ sio_n moddelfs. Prlevkiously reported models relly_on parameters

BRI

100% — v RTrarop estimated from laboratory measurements. It is necessary to

investigate whether it is possible to make use of such ap-
wherea, is the water activityy,, the partial molar volume of  proaches to build a predictive framework for atmospheric ap-
water (mf mol~1), 0,5 the solution surface tension (N, plications.
R the universal gas constant (8.314 Jnol~1), T the tem- There have been previous attempts to model the sur-
perature (K) andqrop the radius of the droplet (m). Whilst face tension of mixed systems using representative species.
the formulation, known as the “primitive” Kohler equation Tuckermann and Cammenga (2004) measured the sur-
(see McFiggans et al., 2006), appears relatively simple, capface tensions of aqueous solutions of levoglucosan, 3-
turing the composition dependence of the relevant paramehydroxybutanoic acid, 3-hydroxybenzoic acid, azelaic acid,
ters is frequently hindered by the complexity of the organic pinonic acid and humic acid. Using different relative con-
fraction. Similarly there is difficulty when attempting to cou- tributions from the above components, one for a mixture
ple this with inorganic compounds. The challenges encouncomposition suggested to be representative of atmospheric
tered in modelling the solute effeet{) have been reviewed water soluble organic carbon (WSOC) as given by Fuzzi et
in the literature to varying extents (e.g. Clegg et al., 2001;al. (2001), the authors found that a simple linear combination
Ming and Russell, 2002; Topping et al., 2005b). However, of the surface tension reduction by the single model com-
the complexities involved with calculating the Kelvin ef- pounds could reproduce the mixture behaviour very well.
fect (exponential term) have received less attention, althougldowever, comparison of such results with data for real cloud
the composition dependence and potential importance of thiand fog water, as provided by Facchini et al. (2000), showed
term has been highlighted by both theoretical (e.g. Feingoldthat the surface tension of the representative mixture did not
2003; McFiggans et al., 2006; Rissman et al., 2004) and refreproduce the larger surface tension depression from the am-
erences therein) and analytical studies alike (Shulman et alhient samples. As pointed out by Tuckermann and Cam-
1996; Sorjamaa et al., 2004; Kiss et al., 2005). menga (2004), it may be that the ambient aerosols contained
The Raoult effect, encompassed in the water activjty = species not detected in the analysis of the WSOC. Seidl
in Eq. (1), describes the influence of the solute on the equi{2000) suggested the influence of insoluble surfactants such
librium vapour pressure above solution, the solution becom-as stearic acid which may form a film at the air-solution in-
ing more ideal as the droplet approaches activation. Theerface, thus further reducing the surface tension. On the
Kelvin equation, given by the exponential term, tells us thatother hand the reductions in surface tension induced by or-
the vapour pressure over a curved interface always exceedsanic compounds strongly depend on the pH-values and on
that of the same substance over a flat surface. Thus the ethe concentrations of inorganic compounds in the aqueous
fect of the liquid/gas interface is captured in the surface ten-solutions (Tuckermann and Cammenga, 2004). Tuckermann
sion and curvature term in Eq. (1). Whilst other composition and Cammenga (2004) used humic acid rather than the sug-
dependent parameters exist in the exponential term, a prigested proxy for humic like material: Suwannee river ful-
mary requirement when incorporating the Kelvin effect into vic acid. This may introduce further inconsistencies since
an aerosol model is a method for calculating the surface tenBrooks et al. (2004) found that the water uptake behaviour of
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Table 1a. Organic aqueous binary systems studied, along with the range of solute mass fractions and derived parameters for use with the
binary surface tension model described in Sect. 3.2.1.

Compound Molecular Binary solute mass fraction experimental range
weight Source 1 Source 2
Max Min Max Min I k;

Levoglucosan 162.14| 0278707 0.008665 B52182717.2|7 9761708d-10
Oxalic acid 90.03) 0095238 0.000632( 0.063692 0.001041 0.00366646 25.51892617
Pinonic acid 184.23) 0.005742 0.00003 0.00365131 7265341779
Glutaric acid 132.11 0.52351  0.000675 0.00296865  139.4550309
Succinic acid 118.09] 0074074 0.000087 0.02441 0.000875 0.00304052 ) B9.429521
Suwannee River fulvic acid 732596% 0009263 0.000019 0.00255134 ) 35942.0372
Malonic acid 104.06 0.4061 0.000923 0.00055573 ) 2108.971823
Maleic acid 116.07 0.402733 0.0003 0.00163897 | 293.1181862
Malic acid 134.09 0.404465 0.000245 0.00055786 2123.992313
Adipic acid 146.14 0.010875 0.000733 0.00078035 2260.620784
Citric acid 192.12 0.388523 0.000821 0.0034211  1093655.214

Unless specified all molecular weights taken from the NIST database
§ - calculated based on the chemical structure
For Suwanee River fulvic acid the structure used as discussed by Topping et al 2005b

Source 1 - Data measured by Insituto di Scienze dell'Atmosfera e del Clima - Bologna, Raly
Source 2 - Data measured by Air Chernistry Group of the Hungarian Academy of Sciences. University of Pannonia

Table 1b. Ternary and higher order systems studied along with the relative percentage contribution from each relevant compound. Also
given are the maximum and minimum solute mass fractions for which experimental data was taken.

Compounds System reference

Source 2 Source 1

Tern 1" Tern 2* Tern 3° ‘Multi1® | "Multi2® | "Multi 3° ‘Multi 4°
Inorganic
Ammoniumn sulphate 50% 50% 29 46% 34.86% 49.16%
Ammonium nitrate 35.28%
Sodium chloride 55% 29.56%
Organic

Levoglucosan 20.22% 17.84% 591%
Succinic acid S0% 40.28% 26.24% 12.32% 12.41%

Fulvic acid - 39.50% 26.45% 11.62% 8.87%
Pinonic acid 50%
Oxalic acid 45%
Solute mass fractions

Maximum 0.028803 019104 0.030864 0.0835 0161636 0124803 0128838
Minimum 0.000953 0.00102 0002034 0001104 0000311 0.001406 0.00149

Source 1 - Data measured by Insituto di Scienze dellAtrmosfera e del Clima - Bologna, ltaly
Source 2 - Data measured by Air Chemistry Group of the Hungarian Acaderny of Sciences. University of Pannonia

humic like material varies with the type, source, and isolationto further improve our understanding on the ability to capture
method. Henning et al. (2005) measured the surface tensiorthe variation in surface tension with composition. Firstly, bi-
of mixtures including sodium chloride, adipic acid and suc- nary and ternary organic and mixed inorganic/organic sys-
cinic acid at concentrations encountered around the criticatems are analysed. Following this, analysis of higher order
saturation ratio. Here the authors modified the Szyskowski-multi-component organic and mixed inorganic/organic sys-
Langmuir equation presented by Facchini et al. (2000) totems is made using existing and extended modelling frame-
make it applicable to mixtures and found good agreement. works developed in this body of work. All systems studied
. . ) . and the relative compositions are given in Table 1a and 1b,
In this study an analysis of more complex Mixtures is e experimental setup and reasoning behind choice of com-

made using individually suggested atmospherically relevanboundS discussed in the following section.
species. By combining a variety of modelling approaches

found in the literature and new experimental data the aim is
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2 Experimental ied as presented in Table 1b. The mixed systems include
the three organic compounds of “Multi 1", plus a variable
2.1 Preparation of binary and multicomponent systems  amount of inorganic ionic material, ranging from 30 to 78%
of the total solute mass. The inorganic salts are selected from
Binary organic systems were prepared by dissolving a quanthe most common and well-known inorganic constituents of
tity of the pure compound in milliQ water providing a max- atmospheric aerosol particles: ammonium sulfate (for all
imum concentration which is 1.2 to 2 times lower than thatthree mixed systems), ammonium nitrate (in “Multi 3") and
of the saturated solution. In the case of levoglucosan, forsodium chloride (in “Multi 4”) (Svenningsson et al., 2006).
which no solubility data are available, a maximum concen-The ability of models chosen in this study to reproduce the
tration of 28% w/w was studied. Diluted solutions were pre- behaviour of such systems is discussed in Sects. 4.3 and 4.4.
pared for each standard in order to measure the surface tefl-he maximum solute concentration of the multi-component
sion over four orders of magnitude of bulk concentration. systems was such that the concentrations of the least soluble
The organic binary systems as presented in Table 1a wereompounds (succinic acid and fulvic acid) were just below
chosen among the most common ones considered relevatteir solubility limits. Again, diluted solutions were prepared
for modelling the atmospheric aerosol hygroscopic proper-in order to be able to measure the surface tension over three
ties and CCN ability (e.g. Hori et al.,, 2003; Chan et al., to four orders of magnitude of solute concentrations.
2005). Such systems include a polyol (levoglucosan) which
is a major product of biomass burning, and pinonic acid2.2 Surface tension measurements

which is an aliphatic oxo-carboxylic acid of biogenic ori- _ ) ) )
gin. The other low-molecular weight carboxylic acids in- AXiSymmetric drop analysis (ADSA) was used to determine

clude C2-C6 diacids from those most commonly produced bySUrface tension on a drop of sample (Loglio etal., 2001). The
anthropogenic or biogenic sources, spanning a wide range gpethod allows surface tension measurement of an aqueous
water solubilities and with different hydrophobic characters, S2mple on the basis of the drop geometry, and for concen-
A very soluble C6 tricarboxylic acid, namely citric acid, and rated solutions the density of the liquid. ADSA was per-

a slightly soluble polycarboxylic acid, the Suwannee River formed at the Institute of Atn_"nospherlc Science and C_:Ilmate
fulvic acid, were also considered. The latter is so far the(ISAC) by a SINTECH (Berlin, Germany) PAT1 tensiome-
best surrogate for the complex humic-like substances whicfie: The instruments consists of: 1) a dosing system with

are ubiquitous component of the organic aerosols (Fuzzi eft Hamilton syringe connected to the capillary to form a pen-
al., 2001; Alfarra et al., 2006). Pinonic acid is the well- dentdrop, 2) avideo camera with alens, and 3) a frame grab-
known product of terpene oxidation, which is why it was ber to transfer the image to acomputer. Drops of 11-15 mm
also included in our experiments and other studies (e.g. Shulvere formed at the edge of a capillary of 2 mm external di-
man et al., 1996). Ammonium sulphate and NaCl are relo_ameter. The volume was held constant for 30 min after drop

resentative components in continental and marine aerosoformation to allow surface tension to equilibrate. An analo-
respectively. The ability of models chosen in this study 90US experimental apparatus was deployed by the Air Chem-
to reproduce the behaviour of such systems is discussed if$t"y group of the Hungarian Academy of Science, University

Sect. 4.1. Moving on from binary systems, ternary systemsOf Pannonia, providing the surface tension data for additional
comprising one inorganic and one organic solute were studPinary organic systems (Table 1a). In this instance however a
ied. These solutions comprised (MHSOs:Pinonic acid, FTA 125 (First Ten Angstroms, USA) tensiometer was used.

(NHg4)2SOy:Succinic acid and NaCl:Oxalic acid at mass ra-

tios of 50:50, 50:50 and 55:45 respectively as presented i%
Table 1b. Organic compounds account for a significant part
(half or even more) of the aerosol mass in various environ-, the following section a variety of modelling ap-

ments but the surface tension effect may also be influencegoaches applicable to both inorganic/organic and mixed in-
by inorganic salts when present in relatively high concen-grganic/organic systems are discussed.
tration so it is important to analyse the combined effect for

ternary and higher order systems. With regards to the multi3.1  Inorganic systems

component systems, a mixed system consisting of only or-

ganic compounds was studied separately (Table 1b). Thénorganic systems appear to be relatively well understood

mixed system (“Multi 1”) includes three organic compounds, and as such are only briefly discussed here. For multi-

namely levoglucosan, succinic acid and fulvic acid, selecteccomponent systems, three groups of calculation have been
to represent chemical classes which are commonly found ipresented in the literature (Hu and Lee, 2004). These include
the water-soluble fraction of the aerosol, i.e., polyhydroxy- simple additive methods and conventional methods based on
lated compounds, low-molecular weight aliphatic carboxylic the Gibbs adsorption equation and are briefly discussed by
acids, and humic-like substances (Svenningsson et al., 2006Jopping et al. (2005a). A common approach consists com-

Similarly, three mixed inorganic/organic systems were stud-bining thermodynamic relations together with an adsorption

Modelling
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model, thus accounting for transfer of material between theassumes that it may be preferable to consider competing ad-
bulk and a surface phase, altering molecular forces and theorption between the electrolytes at the interface at higher
subsequent surface tension. With regards to the latter conconcentrations. This seems to be important for systems with
sideration, in the model presented by Li and Lu (2001), thea free acid and its salt (Li and Lu, 2001). For all inorganic
authors combined the Gibbs dividing surface, the Langmuircontributions to the surface tension of the mixture, this model
adsorption equation and an appropriate model for calculatis employed here.
ing activity coefficients in mixed solutions to arrive at two
different schemes. Briefly, the Gibbs dividing surface isage-3.2 Organics
ometrical surface used to define the volumes of the bulk and
surface phases. The Langmuir adsorption isotherm is a relantroducing organic compounds into the modelling frame-
tionship which describes the number of adsorbed moleculegvork is more complex. Whilst an in-depth discussion on the
on a surface to the concentration above that surface. For mor@dsorption characteristics of different surfactants, and their
information on this model the reader is referred to Seinfeldatmospheric relevance, is beyond the scope of this study (e.g.
and Pandis (1998). The basic scheme for binary systems, dé=acchini et al., 2000; Seidl, 2000), it is well known that some
rived and discussed in more detail in Sect. 3.2.1, is given a®rganic compounds are surface active and their presence in
Eq. (2): solution can significantly affect the surface tension of cloud
droplets (Facchini et al., 2000; Shulman et al., 1996; Tucker-
mann and Cammenga, 2004). Whereas for non-aqueous so-
m) (2) " Jutions the mixture surface tension in some cases can be ap-
proximated by a linear dependence, aqueous systems show
Whereo,; is the surface tension of the mixtues, isthe sur-  pronounced non-linear characteristics. This is typical of
face tension of pure watdr," is the saturated surface excess organic-aqueous systems, in which small concentrations of
of solute §” (mol m~2 tabulated); the adsorption equilib- the organic material may significantly affect the mixture sur-
rium constant for solutei” (dimensionless — tabulated) and face tension (Poling, 2000). Here the hydrocarbon portion of
a; the activity of component;” (dimensionless). The reader the molecule behaves like a hydrophobic material and tends
is reminded that activity represents an “effective” concentra-to be rejected from the water phase by preferentially concen-
tion which relies on calculations of activity coefficients. Ac- trating on the surface (Poling, 2000). In such a case, the bulk
tivity coefficients are related to the molecular forces taking concentration can be very different from the surface concen-
place in a solution. The thermodynamics of a solution mix- tration.
ture however depend on the intermolecular forces that oper-
ate between molecules that are dependent on the nature 8f2.1 Binary organic systems
the solvent(s) and solutes. For more information the reader
is referred to Topping et al. (2005b) and references thereinBinary aqueous solutions listed in Table 1a were studied in
As stated by Li and Lu (2001), the quantify’’ is defined as the laboratory (see Sect. 2). Generally in order to use mix-
the excess ofi” in a unit cross sectional area of the surface ture rules to model multi-component systems one often relies
region over the moles which would be present in the bulk lig- upon the use of binary information to describe the behaviour
uid phase containing the same number of moles of water a§f @ mixture. It is unclear in the literature which predictive
does the section of surface region. The superseriptdi-  models, if any, are appropriate for atmospheric studies. A
cates that the dividing surface is chosen so thgt0. For brief introduction and review of binary methods is given by
more in-depth discussions on the dividing surface the readePoling (2000). Two models presented by the authors include
is referred to sources in the literature (e.g. Sorjamaa et althe techniques of Tamura et al. (1955) and Sprow and Praus-
2004). The authors claim the model is able to represent suritz (1966a, b). The method of Tamura et al. (1955), which
face tensions for inorganic systems up to concentrations ofises the Macleod-Sugden correlation as a starting point (Pol-
36 M where an average absolute percentage deviation froring, 2000), leads to the relationship given by Eq. (3).
experimental data for 45 single solutes of 0.47 was reported.

Ows = Oy + RTFIwU In <

In addition, it was used to predict surface tensions of 11 bi-ows = Yuwos/* + W0t ©)
nary and five ternary mixtures with an average absolute per-
centage deviation from experimental data of 1.69. i =1— 1y, (4)

The two models presented by Li and Lu (2001) for mixed
electrolyte solutions, which are discussed more in Sect. 3.3vhere y; is the volume fraction of componeni™in the
have slightly different derivations. The first is based on thesurface layer;),, the volume fraction of water in the sur-
assumption that there is no interaction or competing adsorpface layer,o, is the surface tension of the mixture,,
tion between electrolytes at the interface. In other words, itthat of pure water and; the surface tension of the pure
assumes that the relationship defining the surface excess usedganic componenti”. The latter parameter is discussed
in a binary system still holds in a mixture. The second modelin more detail in Sect. 3.2.2, its importance for comparison

www.atmos-chem-phys.net/7/2371/2007/ Atmos. Chem. Phys., 7, 23982007
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with experimental data discussed in Secty4, is given by
Eq. (5).

(Yrw)? (ot V)1 _
|Ogloﬁ = log;p %(xw Vi +x; V)14
2/3
o; V.
+44.1% [’T — o vf/3] (5)

wherex,, is the bulk mole fraction of watex; the bulk mole
fraction of the organic component,, the molar volume of
pure water (Mkmol~1), V; the molar volume of the pure or-
ganic component (fkmol~1), T the temperature (K) and

D. O. Topping et al.: Surface tensions: measurements, modelling and cloud activation

were spherical and that the effective surface area is best rep-
resented by the cross sectional area as given by Eq. (7).

Ai = 1021 x 168V Py /10 @)

where V. and V,, are the critical and bulk molar volumes
respectively (crimol—1). The critical molar volume is the
molar volume at the critical point, which represents the point
of termination on a phase equilibrium curve. Equation (7)
is used in this study, a discussion of its validity beyond the
scope of this paper. If the parameters used in Eq. (7) are
not available experimentally then they must be calculated.
In this study values for the bulk molar volume are taken
from no more than two sources and are tabulated in Table 2.

q is a constant that depends on the size and type of organigne method is to calculate this value using the molecular
compound (for fatty acids and alcohgisthe number of car-  \ejght and density obtained using the Yens-Wood technique
bon atoms; for ketoneg=one less than the number of car- ww.pirika.com). The second source is the DIPPR project
bon atoms; for halogen derivatives of fatty acigsnumber  archive on the Knovel databaseviw.knovel.con). For the

of carbon atoms times the ratio of the molar volume of the critical molar volumes again two methods are used. One op-
halogen derivative to the parent fatty acid). Methods for 0b-tion is to employ the third order group contribution technique
taining a value for the bulk molar volume are briefly pre- of Marrero and Gani (2001), and the other again is to use the
sented in Sect. 3.2.2. Tamura et al. (1955) applied the abovgchived DIPPR project databasesw.knovel.com. Whilst
model to 14 aqueous systems and found percentage errors @f,arez et al. (1989) reported an average error of 3.5% us-
less than 10% wheiq<5 and within 20% fog >5. ing the above relationship fot; for non-aqueous mixtures,

A thermodynamic based relationship was provided origi-the authors also state that deviations may be 15% or more
nally by Sprow and Prausnitz (1966a, b). Using assumptiongor aqueous systems which may be due to orientation effects
of equilibrium between the surface and bulk phase, and thejiving rise to molar areas which differ significantly from
partial molar surface area of componefitbeing the same  those calculated using (7). Suarez et al. (1989) improved
as the molar surface area, leads to the relationship given byesults considerably when deriving special area parameters
Eq. (6). By definition, the partial molar surface area will be from available experimental data. Unfortunately, such im-
dependent on composition and may not be equal to the molasrovements may not be available for systems of atmospheric
surface area, which is calculated as an effective surface aréigportance and only a small number of improved parameters
as discussed shortly. have been reported (see Poling, 2000). If binary data had
to be measured in the laboratory to optimise the parameter
matrix for this method then it would render its predictive ca-
pability redundant. The parameters required for use in the
above two models are given in Table 2.

In Eq. (6) o; is the pure component surface tension (dyne A further option explored in this study, was the use of

R'T n x7y?
A; XY

(i=12..N) (6)

Oys = 0; +

cm1), R'=8.314<10 dynecntl/molK, T the tempera-
ture (K), A; the molar surface area of componemt fn

cm? mol~1, x; the bulk mole fraction of component™ x{
the surface mole fraction of componerit,“y; the activity
coefficient of componenti” in the bulk phasey the ac-

tivity coefficient of component:” in the surface phase and

the framework developed by Li and Lu (2001), already dis-
cussed briefly in Sect. 3.1. In an attempt to test the ability
of multi-component mixing rules for analysing mixed inor-
ganic/organic systems, the binary data measured in the lab-
oratory was used to fit parameters for use with the binary
rule of Li and Lu (2001), hereafter referred to as thé t”

“N" is the total number of components. This has alreadymethod, given by Eq. (2). This provides a model for use at

been employed in the thermodynamic model of Ming anddifferent concentrations than those used in the binary studies.

Russell (2002) and Topping et al. (2005b). Whilst a solution|t also highlights the ability of the particular model frame-

to Eq. (6) can be found using a bisection approach, Ming andvork to capture the reduction in the solution surface tension.

Russell (2002) use a constant of proportionality between theThe LiLu model was based on the following theory. Using

bulk and surface phase. Suarez et al. (1989) improved otthe Butler equation (e.g. see Hu and Lee 2004), for a sin-

previous attempts to utilise the above relationship by usinggle solute %”, the reversible change in surface tension at the

a more accurate way of calculating the different activity co- surface can be derived as Eq. (8):

efficients (UNIFAC — Fredenslund et al., 1975). However,
. S ; S (8)

the surface tension calculated in this way is more sensitive

to the choice of 4;”. Goldsack and White (1983) derived wherel",, andl'; are the surface excess of water and the so-

an equation for A;” based on the assumption that molecules lute “i” respectively and are based on an arbitrary dividing

—doys = Fwd,uz; + Fid/*L;)
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Table 2. Critical molar volume (crimol=1), bulk molar volume (crimol=1) and pure component surface tensions (dyngtinfor the
separate organic components.

Compound |Critical molar volume  [Molar volume Pure component
surface tension
V! Ve V' WV c' c

Succinic acid 311.05 7| 932722871 974525 4001589 61.6
Malonic acid 255.25 268( 774667707 73.8215| 4069355 0.5
Oxalic acid 199.45 205( BO.90G7O83  B1.4585| 4226932 a7.3
Glutaric acid 366.85 63| 109966223 109.199| 33.58345 56.1
Citric acid 45165 419.68] 124614423 134.762| B0.81962 103.9
Malic acid J2575 331| 100574359 109.857| 37.5103 ag.2
Maleic acid 31558 297 | 87.8036178  90.835| 4059333 E7.5
Adipic acid L) 400( 149.017538  133.942| 45 50509 52.4
Fulvic acid 1815.29 4322 - |5.112449~ 102.9
Levoglucosan 431.14 - 127.484198 - 227104
Pinic acid 52375 | 180.024575 | 23.74566

v~ Caloulated using the third order group contribution technigque of Marrero and Gand (20010
7.2 — Taken from the DIPPR online database [wnanar bnovel. o)

7! Calculated using the Yens-Wood density walue (wanar pirilea con)

72 _ Taken from the DIFFR online database (wrwrwr kruosrel. c o)

ot — Caleulated uzing the Macleod-Bugden method and Vens-Wood density (e pitika. com)

& — Caloulated using Chemsketch Version 5.0 (ararw. acdlabs.com)
* - Caleulated using the Macleod-Zugden method using the density reported by Brooks et al (20040

surface (Li and Lu, 2001). Rewriting in terms of activities, com) software package was used. Calculating the jacobian
using the Gibbs dividing surface and choosihg=0, Eqg. (8)  matrix using a finite difference technique, the initial start-
reduces to Eq. (9): ing points were chosen using a random number generator ex-
— dows = TYRTd In(a;) 9) tracting numbers from a normal distribution over 1000 itera-

) o o tions. The parameters derived from the fitting procedure are
where the superscript onT" indicates that the diving surface  gpown in Table 1a along with the range of validity.

is chosen so thaf,,=0. Next an assumption is made that
the solute adsorption on the surface of solution is considered 2 2 pure component parameters
to be behaving in the same manner as that in the Langmuir

gas — solid adsorption (Li and Lu, 2001). The validity of As shown in previous sections, predictive binary methods are
this assumption is not analysed here, rather the ability of theyvailable which often rely on the use of pure component sur-
finalised model to fit to the binary data reviewed. Following face tension data. For most organic liquids, this ranges be-
this assumption an expression 0f can be derived as: tween 25 and 40 dyne cth (Reinhard and Drefahl, 1999).
K;a; Unfortunately, for surface tension modelling there is a lack
1T Ko (10) of such data, some organic components of atmospheric im-
portance being solid at room temperature. As noted by Pol-
ing (2000), essentially all useful estimation techniques for
the surface tension of a liquid are empirical. Critical evalua-
tions of experimental surface tensions for pure compounds
are provided in the literature (e.g. Jasper, 1972; Riddick
(11) et al., 1986). However, again the scope of the datasets is
1+ Kja; such that predictive schemes are likely to be required for
whereo,, is the surface tension of pure water at the desiredspecies of atmospheric significance since they may be solid
temperature. In this study, activity coefficients were calcu-at room temperature. In this instance, the pure surface ten-
lated using the UNIFAC activity coefficient model on a mole sions with respect to the super-cooled liquid state must be
fraction basis. These calculations were made using the reealculated (Gaman et al., 2004). In the literature there are
vised parameters of Peng et al. (2001). To fit the two paramtechniques presented which depend on the nature of the or-
eters for this surface tension model the large scale optimiganic compound in question. Poling (2000) reviews some of
sation algorithm of the MATLAB (R) 6.1wyww.mathworks.  these methods for both polar and non-polar molecules. For

Y =rwe

! 14 K;a;
wherel'}?is the saturated surface excess of soliiteK; the
adsorption equilibrium constant aadthe activity of solute
“i". Substituting Eg. (10) into Eqg. (9) and integrating leads
to Eq. (11) for the surface tension:

Ows = 0w + RTTIn
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hydrocarbon and polar molecules (Perry and Green, 1997pver a wide range of temperature (Escobedo and Mansoori,
the Macleod-Sugden correlation shown in Eq. (12) is often1996). The other shortcomings were related to the empiri-

employed (Poling, 2000): cal nature of the parachor, thus creating difficulty in deriving
14 a more accurate expression for it, and the fact that the de-
oo =I[PllpL — pv) (12)  viation between measured surface tension and that predicted

increases as the complexity of the molecular structure of the

whereay is the pure component surface tension (mN/m), fluid under consideration increases (Escobedo and Mansoori,

[P] is called the Sugden parachar, the pure component 1996)
liquid density andoy the vapour density (kmol/#. Usu- )

ally the vapour density is neglected for systems under Iowin I;gzﬁig:tz':: ?n\;alufefgé tthoe E;Lﬁgg 't?geﬁe&%ezg]g?ten
pressure and one has to calculate the liquid density if exper,, . : y . a Y-
gain, since some organics of atmospheric interest may

imental data does not exist. This is discussed in more detai . . .
o e solid at room temperatures then this requires the use
below. Quayle (1953) suggested an additive scheme to cor- - . X
; > . of predictive techniques. Following Gaman et al. (2004)
relate [P] with structure using experimental data for surface he pure sub-cooled acid densities can be calculated as
tension and density for many compounds. The noted “gooc} b

" L a function of temperature using the Yens-Wood method
performance” and simplicity have made the abovg SCherm%www.pirika.con). pThe calcula’?ed pure surface tension
a very popular method (Escobedo and Mansoor, 1996)15 very sensitive to the value of the liquid density used.

Multi-parametric correlations betweety and physicochem-

ical and molecular properties are provided in the Iiteraturesg:]:v)\(gg]gliécr:::?quécé)i\llaebzeg;?ym\slgﬁgz (;‘::;01 igg ;:S
(Relr_1hard and Drefahl, 1999). However, these seem to b(?L 266 gent® for Succinic acid respectively Similarly
restricted to alkanes (Needham et al., 1988), hydrocarbon%r Glutaric acid. the values are 1.32 aﬁd 1.2098m
halogenated hydrocarbons, alkanols, ethers, ketones and erséspectively Whilst they differ by- around iO%g this
tgrs (Stanton gnd Jurs, 1990). It is more common, and Cont_ranslates to a difference in the pure surface tension of
siderably easier, to rely on a group contribution approach. 1.4 and 17.2dynecnt for succinic and glutaric acid

In this study, the parachor is calculated using the Advancearzes' ectivel ' (Yens-Wood —28 8 dvne o’
Chemistry Development Inc. (ACD/Labs) software Chems- P _ -—XO 1 dvne o 90.glutaric=29- XCDLab,s
ketch v5.0 (ChemSketch, 2003) by inputting the appropri-(‘:O'SUCC”T'C__56 .1dyne le’ o =616 dyne cm?)

ate structure which can be found in the NIST chemistry web onlg‘:tagf_ diff.erezce vas foung’?;‘;ug;lic. ac?éj where. the
book fvww.nist.goy. Other group contribution techniques 9

are discussed briefly by Reinhard and Drefahl (1999) and ar?AhCDlabs calculation leads to a surface tension greater than
not reviewed here. at of pure water. The Yens-Wood method however leads

As an alternative to the Macleod-Sugden correlation,tO a value of aroqnq 56.1dyneCHj In the followmg body
. 'of text, the sensitivity to the choice afy is explored on

temperature dependent pure component surface tensions . .
. .~ comparison with binary data. The range of values found for

are recorded in texts such as the Knovel DIPPR Prolectcom ounds analvsed in this study are aiven in Table 2
801databasewiww.knovel.con). For example, using this P y y 9 '
database, the temperature dependence of the pure compon

surface tension for glutaric acid is given as: %ﬁé Multi-component modelling techniques

0, = 0.07839g1 — 7] 1109 (13)  Itis now pertinent to analyse ways of predicting the surface
tension for multi-component systems. These include mixed
whereo, is given in (N/m), Tris the reduced temperature organic and mixed inorganic/organic systems. Before com-
(T/T.) and T, is the critical temperature. However, the parisons with experimental data are made, a review of the
minimum temperature at which the fit is valid is given as models and combinations thereof are given. Table 4 lists all
370.05K, which is noted as the melting point/triple point. It combinations used. The simplest approach is to add the con-
is difficult to judge how valid Eq. (13) is at lower temper- tributions from either separate compounds or the inorganic
atures. Indeed, at 298.15K, using the critical temperatureand organic fractions. In this study, when comparing with
of 807K, the above formulation gives a surface tension ofmixed inorganic/organic systems, the ability of a simple ad-
0.0471Nn7t. However, use of ACDlabs Chemsketch 5.0, ditive approach is analysed. More specifically, the deviations
another direct alternative for calculating, gives a value of  from the surface tension of pure water calculated by separate

0.0561 Nnt?, a difference of 19%. inorganic and organic schemes are simply added:
Escobedo and Mansoori (1996) noted various shortcom-
ings associated with the use of Eqg. (12). These include th&,,; = oy, + Acorg + AGinorg (14)

fact that the parachor [P] is actually a temperature-dependent

parameter whose functional form with temperature is notwhereAoorg and Acinorg are the deviations from the surface
known. However, results appear to be species specific sinceension of pure water caused by the organic and inorganic
it has been noted to work very well for many substances andcomponents respectively. However there are other options
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for coupling the organic and inorganic components based orison with experimental data are clearly identified in Sect. 4
models provided in the literature. onward.

The technigues for multi-component inorganic mixtures Now attention is given solely to mixed organic systems.
were discussed briefly in Sect. 3.1. For all multi-componentMixing rules are used to calculate various properties, such
inorganic calculations, the model of Li and Lu (2001) is as water content and solution density. They can nominally
employed. Theoretically this framework can be applied tobe distinguished from other techniques, such as full predic-
mixed organic and mixed inorganic/organic systems pro-tive frameworks, as they employ, in one way or another,
vided the appropriate parameters are available. Such padata from binary mixtures to describe the properties of multi-
rameters have already been derived and are discussed @omponent systems. As discussed by Fainerman and Miller
Sect. 3.2.1. However, for multi-component systems, Li and(2001), most authors have proposed procedures or models
Lu (2001) proposed two methods. The first method was toto predict the adsorption behaviour for a surfactant mixture
propose that the adsorption behaviour of solutestill fol- from the known surface characteristics of the single com-
lowed the Langmuir gas-solid adsorption model, applied prepound. This naturally requires detailed experimental studies
viously, in a mixed solution. Thus it assumes that there is noof surface tensions of individual solutions, and often, addi-
interaction, nor competing adsorption, from the other solutestional parameters that account for the mutual influence of
In other words, it assumes that the relationship defining thesolutes. This imposes certain restrictions on the capability
surface excess used in a binary system still holds in a mix-of such approaches (Fainerman et al., 2001). Whilst theo-
ture. Combining with the Gibbs dividing surface representedretical predictive frameworks exist, the ability to capture the
by I',=0 this gives Eq. (15): varying surface tension is hindered by a neglect of impor-
tant processes or parameters which can define the behaviour
of a mixed surfactant system (Fainerman et al., 2001). Fol-
lowing this, Fainerman et al. (2002) derived a general but
simple approximate expression for the surface tension of a
However, the authors also note how it may be possible tosurfactant mixture that allows estimation of the characteris-
consider the interactions in the interface at higher concentratics of a mixed solution, without any detailed analysis of the
tions. By assuming the adsorption rate of a spetiér‘the behaviour of the individual solutions and/or any account for
mixed layer is equal to the de-sorption rate leads to a newspecific interactions between the mixed species. It has been
definition for the saturated surface excess. This yields anshown that it is possible to predict the surface tension of a
other expression for the mixed solution surface tension: mixed solution of two (or evens”) surfactants of different

natures from the surface tensions for the individual solutions

K
ows = 0w+ RT Y T}In ( (15)
i=1

1+Kia,-)

K Koa: using this scheme. This is discussed in more detail as fol-
Oys = Oy + RT Z F;UO In 1- 1_’_2# (16) IOWS. ) ) .
i=1 5 7% Equations of state for surface layers, adsorption isotherms

and surface tension isotherms can be derived by equating the
There are various options for calculating activities of the so-expressions for the chemical potentials at the surface and
lutes. One option is to assume semi ideality, using the totathose in the solution bulk. Fainerman et al. (2002) derived
water content to derive appropriate concentrations for eaclyeneralised expressions from which many known isotherms
binary system. Semi ideality assumes that there is no interfor non-ionic surfactants can be obtained. For example, by
action between solutes in a mixture, only that between eaclemploying a surface layer model in which the molar surface
solute and the solvent. For example, when calculating watearea of the solvent is equal to that of the solute, and assum-
contents one would simply add the water from each binarying that the surface and bulk phase is ideal, then one can
system. For calculating activity coefficients one would as-derive the von Szyskowski equation and Langmuir isotherm
sume that each compound is present on its own at the condf~ainerman et al., 2002). Modifications of the generalised
centration defined using the total water content. If one as-expressions resulted in frameworks that were designed for
sumes ideality then the activity of each compound is simplyspecific systems. For example, variations resulted from using
represented by its concentration in the mixture and using acregular solution theory to account for terms representing in-
tivity coefficients of unity. Another option is to explicitly termolecular interactions and employing different represen-
calculate the activities for the mixed fraction, be it inorganic tations of the molar surface areas. However, Fainerman and
or organic. Of course, a generic method for coupling theMiller (2001) note that applications of such complex equa-
inorganic and organic fractions, thus treating the influencetions would require adsorption characteristics of individual
of inorganic-organic interactions, is currently not possible surfactant solutions. Also, since coupling of intermolecu-
(Clegg and Seinfeld, 2006; Clegg et al., 2001) so only thelar interactions is uncertain, these formulations could not be
effect of the inorganic ions is taken into account when cal-trusted to ensure a correct description for any surfactant mix-
culating inorganic activities and vice versa for the organicture. Thus, an approximate approach was developed. Con-
fraction. The different combinations employed on compar-sidering an ideal mixture of homologues, the “generalised”
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Szyskowski equation was derived. This was then further gencourse an approximation. However, its simplicity and ease
eralised to a system of n components to give the followingof use makes it useful for estimating behaviour for many sys-
equation of state, hereafter referred to adtlkemixing rule: tems, its applicability for atmospheric compounds analysed
" here. In this study, parameters derived from fitting to binary
exp— = Z exp= +1-n (17) data are used with Eq. (2) for representing the binary systems

[lso = IL at varying concentrations as discussed in Sect. 3.2.2.
Interestingly, when Eg. (2) is used to describe the surface
where tension of binary systems in tf& mixing rule then predic-
. [Tsor@ (18) tions for multicomponent organic agueous systems are iden-
ﬁsol T RT tical to the “full” LiLu thermodynamic model. Note that the
“full” LiLu model refers to th&iLu model framework appli-
and cable to multicomponent systems (Eq. 15). This is discussed
[ more in Sect. 4 To explain this similarity, consider the fol-
ﬁ- = RT (19) lowing discussion. For a ternary system, B mixing rule
! reduces to:
wherew is the average molar surface area of the solution,
[lsor @and []; are the surface pressures of the solution andeXpﬁ =exXp= +exp= —1 (23)
solute given by: 1 2
l—[ — 0y — el (20) Subs_tituting Egs. (18) _and (29) intp Eq. _(23) and ta_king_ Fhe
oo Itggarlthm on the resulting expression, this further simplifies
l_[ = Ullus — Osol (21) l_[ Wys Hl w1 1_[2 w2
; = + (24)
RT RT RT

whereo; is the surface tension of the solutiar the sur- Now replacing the individual molar surface areas with the

face tension of the solvent and), the surface tension of the  ayerage value calculated using Eq. (22) and introducing the
binary system i”. If the partial molar areas of the compo- (gjevant surface tensions gives:

nents are different then the average value for the mixture can

be calculated from Eg. (22) (Fainerman et al., 2002): (050l = Ows)® _ (050l = Ty )@ | (Tsol = 0 )
- + (25)
o[ K " “
1
i
w = Z—]_[l (22) Oys® Gisw Gisa) __ Osolw (26)
l

RT ~ RT RT RT

wherew; is the molar area of component™ The model  |nserting Eq. (13) to represent the binary surface tension:
is very general, as it gives a tool how to merge the proper-

ties of different compounds into the interfacial behaviour of ows@ eci+ RTTOIN 1 o
the mixture. In the above framework, for each component g7~ \ 7 1 1+ K1a1/)) RT

a different model can be advantageous. To import this par- o 1 © o
ticular behaviour into the behaviour of the mixture you only + <Gso| + RTT,In <1+—K)> RT ~ RT (27)
need to calculate the dimensionless surface pressure at the 242

given conditions (Reinhard Miller private communicafin

Fainerman et al. (2001) compared the above formulation withows® _ 0solw 0 ®
: : : : — = +RTTIIN( ——— ) —
experimental data and found it to be valid for several different RT RT 1+ K1a1) RT
surfactant systems, even those containing components with 0 ®
large differences in molar surface areas and other adsorption +R7T3In (m) T (28)

parameters. Fainerman et al. (2001) state this validity is as-
cribed to the fact that many particular features of adsorption

process in mixed components (surface layer non-ideality, ca%ws® _ Osol® L RT (i) ZF,Q'” 1 (29)
RT/ & 1+ Kia;

pability to reorient at the surface layer etc.) are accounted for RT RT

‘automatically’ because the surface tensions of the individual

solutions are used. It does not however take into account th&ewriting the surface tension of the solvent to be that of pure
specific interaction between the mixed molecules and it is ofvater:

1Dr. habil. Reinhard Miller, Max-Planck-Institut fuer Kolloid- Ows = 0w + RT ZF?In ( 1 ) (30)
und Grenzflaechenforschung, 24 May 2006 ; 1+ K;a;
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Table 3a. Average percentage deviations on comparing model results with experimental data for malonic, maleic and malic acid using two
predictive binary techniques (Tamura/Suarez — described in the text) and one model fit to thd datadescribed in the text).

Compound [Method Critical molar volume Critical molar volume
V., Vea
Pure surface tension  |Molar volume Pure surface tension |Molar volume
1% e 4 O e 4
Gl 62 Gl 02
Malonic Tamura -5.33493| 3.26697|V, Vi
-5.39736|  3.25998|V, V,
Suarez -11.54604| 2.94448|V, -11.59636| 2.94337|V,
-11.39952|  2.94786|V, -11.44910| 2.94669|V,
LiLu 0.58598
Maleic Tamura -12.94082| 7.13242|V, Vi
-12.86403|  7.16293|V, V,
Suarez -18.00043| 6.03262|V, -17.69713| 6.06185|V,
-18.11020f  6.02213|V, -17.80671| 6.05196|V,
LiLu 1.12817
Malic Tamura -19.48800| 0.21696(V, \é
-19.26902|  0.47947|V, V,
Suarez -24.38447| -3.40424|V, -24.46930] -3.41541|V,
-24.69813| -3.44535|V, -24.78330] -3.45643|V,
Li Lu 0.04723

Table 3b. Average percentage deviations on comparing model results with experimental data for glutaric, citric and pinonic acid using two
predictive binary techniques (Tamura/Suarez — described in the text) and one model fit to thd datadescribed in the text).

Compound Method Critical molar volume Critical molar volume
Vcl Vc2
Pure surface tension  |Molar volume Pure surface tension |Molar volume
o-pure v O-pure Vv
0-1 0-2 O-l 0-2
Glutaric Tamura -12.25911  2.42443|V, -12.25911| 2.42443|V,
-12.28212[  2.40479|V, -12.28212| 2.40479|V,
Suarez -14.74051 1.06126[V, -14.67185| 1.08246|V,
-14.71012[ 1.07066|V, -14.64150| 1.09182|V,
Li Lu 0.64695
Citric Tamura -0.63722| -0.39153|V, -0.63722| -0.39153|V,
-0.44750|  0.24390}V, -0.44750| 0.24390|V,
Suarez -0.62068 £ -0.52901 v
-0.68793 V, -0.59480 V,
Li Lu -0.39365
Pinonic Tamura -19.77190| -14.58075|,
Suarez -26.50751| -20.55940],
Li Lu -0.05814
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Table 3c. Average percentage deviations on comparing model results with experimental data for oxalic, succinic and adipic acid using two
predictive binary techniques (Tamura/Suarez — described in the text) and one model fit to thd datadescribed in the text).

Compound Method Critical molar volume Critical molar volume
V Ve,
Pure surface tension [Molar volume |Pure surface tension |Molar volume
z&n V o- ure. V
o-l 0-2 o-l 0-2
Oxalic Tamura -0.85234 1.17606[V, -0.85234| 1.17606|,
-0.84549| 1.17760|V, -0.84549 1.17760|V,
Suarez -8.68333| -0.36012[V, -8.79960( -0.37031[V,
-8.70870] -0.36215|V, -8.82524| -0.37259|V,
LiLu 0.82081
Succinic |Tamura -6.22740| 0.51426[V, -6.22740( 0.51426(V,
-6.10191| 0.56484]|V, -6.10191| 0.56484|V,
Suarez -9.71645| -0.22524[V, -9.82338| -0.24050/V,
-9.88171| -0.24956|V, -9.98978| -0.26485|V,
LiLu 0.53459
Adipic Tamura -10.38570| -1.63792]V, -10.38570| -1.63792|,
-11.01996| -2.18231}V, -11.01996| -2.18231|V,
Suarez -10.15484| -0.55326], -9.68556| -0.35735|V,
-9.54974| -0.30145|V, -9.08567| -0.11297|V,
LiLu -0.01682

Table 3d. Average percentage deviations on comparing model results with experimental data for levoglucosan and Suwannee river fulvic
acid using two predictive binary techniques (Tamura/Suarez — described in the text) and one model fit to thiewdatddscribed in the
text).

Compound Method |Critical molar volume
Vcl
Pure surface tension |Molar volume
O pure 4
o, o,
Levoglucosan [Tamura |-48.66224 v,
Suarez | -47.85532 \£
LiLu -0.314542
Fulvic Tamura -82.1311] -12.94216|V,
Suarez  |-80.21784 v,
LiLu 0.191486

This is identical to Eq. (15). However, this is not to be con- 4 Results and discussion

fused with the flexibility of the=M approach which can em-

p|0y any surface tension model to describe the binary sysjn the fO”OWing section the appllcablllty of the models dis-
tem. Whether other binary models are required than the on€ussed are analysed for binary, ternary and multi-component
employed here for compounds of atmospheric interest wouldnixtures studied in the laboratory (see Sect. 2).

form an interesting focus for future studies. To arrive back at

Eq. (23) from Eg. (30) would require the same assumptions

regarding the adsorption isotherms and molar surface areas.
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Fig. 1a. Measured surface tension for Malonic, Maleic, Malic and Glutaric acid, (“Exp data”), versus predictions from the Tamura mixing
rule “Tamura” and Suarez thermodynamic method “Suarez”. Also shown are predictions franbthnermodynamic model fit to the

binary data (LiLu”). All models are described in the text. Two sets of data represented by the same markers result from essentially two
choices of pure component surface tensions within the predictive models.

4.1 Binary organic systems nent surface tension leads to deviations-@4.4 to—3.40%

for the Suarez method an€l19.5 to 0.217% for the Tamura
The measured binary data is shown in Figs. 1a—c. The abilmixing rule. In comparison, the change caused by use of dif-
ity of the binary methods to reproduce the measured surferent values for the molar surface area (bulk and critical mo-
face tension data is highlighted in the same figures. For thdar volumes) does not seem to produce significant difference.
two predictive models, labelled as ‘Tamura’ and “Suarez”, aHowever, generally the two sources for these parameters give
range of values is given (Eg. (3) and Eq. (6) respectively).similar values. The pure component surface tension of fulvic
These apparently two distinct bands of values are essentiallcid is such that for one particular value (102.9 dynetm
caused by two different values for the pure component surthere is no solution to the Suarez thermodynamic model us-
face tension, though the other relevant parameters were algog the UNIFAC activity coefficient model. As such, this
varied. Tables 3a—c also show the average percentage devitechnique drastically over-predicts the reduction in surface
tion (APD) on comparing the models with experimental data.tension for the binary fulvic acid/water system by using the
Results clearly indicate that the fitted.u model can capture ~ alternative pure component surface tension of 5.1 dyrie'cm
the variability of the measured data very well, producing the The above analysis shows that our ability to predict the
lowest APD for all compounds studied. The performance ofsurface tension of even binary systems using entirely predic-
the other models seems to vary with compound and choicdive frameworks is in question. Whilst a model framework
of model parameters. The Suarez thermodynamic model prewas found to improve predictions considerably by fitting the
dictions vary with both choice of critical molar volume and appropriate parameters, it is now important to extend this
bulk molar volume, whereas the Tamura mixing rule dependsanalysis to multi-component mixtures.
only on the bulk molar volume. Similarly, both methods vary
with choice of pure component surface tension. Indeed, it is
the latter dependence which can produce largest deviations.
For example, for malic acid the difference in the pure compo-
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Fig. 1b. Measured surface tension for Citric, Pinonic, Oxalic and Succinic acid (“Exp data”), versus predictions from the Tamura mixing rule
“Tamura” and Suarez thermodynamic method “Suarez”. Also shown are predictions frantthéhnermodynamic model fit to the binary

data (‘LiLu"). All models are described in the text. Two sets of data represented by the same markers result from essentially two choices of
pure component surface tensions within the predictive models.

acid:(NH;)2SOy system the additive scheme using both the
Tamura and Suarez methods under-predict the surface ten-
Three ternary systems (denoted “Ternl”, “Tern2” and sion, the Suarez method producing the largest deviation. The
“Tern3”) composed of Pinonic acid:(NpLSQy, Succinic  smallest APD is found using the “fullliLu model which
acid:(NHy)2SO; and Oxalic acid:NaCl at mass ratios of 1:1, gives an average value ef4.04%, the deviation increasing
1:1 and 55:45 respectively were studied in the laboratory andvith increasing solute mass fraction. Thus it is likely that
are shown in Figs. 2a—c. Similarly, the APD’s on comparisonneglect of the mutual influence both in calculations of non-
of the different models with the experimental data are givenideality and within the actual model framework create these
in Table 5. Of the three systems, the Pinonic acid:¥S80s  deviations. For the Succinic acid:(IM3SOs system, the re-
saw the greatest reduction in surface tension. There werguction in surface tension is not as great. Similarly, the abil-
5 model combinations employed here. These consisted ofty of the modelling approaches to capture this slight variabil-
an additive approach using both the Tamura mixing rule andty is somewnhat better. However, the variation in the Tamura
Suarez thermodynamic method using the range of values foand Suarez model predictions are rather large on compari-
the surface tension, bulk and critical molar volume. The re-son with experimental data due to the variations in the pure
maining 3 schemes include an additive approach using thgomponent surface tension used. Despite good agreement
binaryLiLu model and a coupled inorganic/organic approachbetween most model combinations as indicated in Table 5,
using the “full” LiLu model assuming competing adsorption the smallest APD of 1.85% is found for an additive approach
and no competing adsorption. A coupled inorganic/organicusing the Suarez method. However, the additive approach us-
approach simply refers to the treatment of the effect of theing theLiLu method (fit to binary data) has a similar APD of
inorganic and organic solutes on surface tension within thez 36%. The final system of Oxalic acid:Nacl experiences the
same theoretical framework. For the calculations of activity smallest reduction in surface tension, though for rather small
coefficients the total water content was used rather than parconcentrations. In this instance, again there is some variation
tition to an organic and inorganic fraction. For the Pinonic

4.2 Ternary Inorganic/Organic systems
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Fig. 1c. Measured surface tension for Adipic, Levoglucosan and Suwanee River Fulvic acid (“Exp data”), versus predictions from the Tamura

mixing rule “Tamura” and Suarez thermodynamic method “Suarez”. Also shown are predictions froihutieermodynamic model fit to

the binary data (iLu”). All models are described in the text. Two sets of data represented by the same markers result from essentially two
choices of pure component surface tensions within the predictive models.

Table 4. Model combinations applicable to mixed organic and mixed inorganic/organic systems. The column “coupled inorganic/organic
method” highlights the method used for coupling the effect of the inorganic and organic fraction on the solution surface tension. The column
“Mixed Organic” highlights approaches used to model the surface tension contribution from the organic fraction. The column “Nonideality”
highlights whether one assumes activity coefficients in both the inorganic and organic fraction to be the same as one would expect in a binary

mixture (semi-ideal) or by a full treatment of solute — solvent interactions (Nonideéalu Yersion” highlights the form of theiLu model

used for modelling aqueous multicomponent organic mixtures. “Binary organic representation” highlights the binary method sued within the

Fainerman-Mille mixing rule.

Coupled Mixed Organic Nonideality LiLu version Binary Organic
Inorganic/Organic (where applicable) representation
method technique
{where applicable)
Additive F i Semi-ideal M4, Tamura
Semi-ideal M4, Suarez
Semi-ideal LA, LiLu
Additive Lilu Semi-ideal Mo competition M,
Semi-ideal Competition P,
Monideal Mo competition [WA,
Manideal Competition [,
Coupled Lilu A Semi-ideal Mo competition [,
Semi-ideal Competition [,
Monideal Mo competition M,
Monideal Competition R,

www.atmos-chem-phys.net/7/2371/2007/
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Table 5. Average percentage deviations on comparison with experimental data for various model combinations applicable to ternary systems
(1 organic, 1 inorganic).

System Method |Critical molar volume
Va Vea
O-pure Muolar valurne qure fdalar valurme
& & o &
Tern1 Tamura -20 6607 | -14.9368 "
Suarez -315879 2532002
LiLu -4.8056

LiLu (1) | -4.0561
Llu (2) | -4.0386

Tern 2 Tamura | -3.2401 25855271 a2 2855271
31369 25937 (V% 31369 250373
Suarez £4490 187191 55522 1.8615/"1
66086 1.8561 %2 5.7135| 1.8457|F%
Li Lu 23585

LiLu (1) 27026
LiLu (2 3.1181

Tern3  |Tamura | 00174 0678501 0.0174) 0.5785°L
0.0202 06789 2 00202 n678a) 2
Suarez | 52722 nom02lP; 53811 019357
52959 09| 54050 01921|%,
Li Lu 05600
Lo (1) | 1.1991
Litw ) | 12003

LiLu{1) - Mo competing adsorption
LiLu{z) - Competing adsorption

in the Tamura and Suarez additive approaches, though the athe APD on comparison with experimental data. For simplic-
ditive Tamura approach gives the smallest APD of 0.0202%ity, when using the binary predictive models of Tamura and
for one specific pure component surface tension. In this sysSuarez, the parameters which resulted in the smallest APD
tem, theLiLu model predicts a surface tension very close to for the appropriate binary systems were employed. As shown
that of pure water. It appears that one could model the surin Table 6 and Fig. 3 certain variations of the modelling
face tension of such ternary systems relatively well if one,frameworks can capture the variability very well. Specifi-
by chance, uses the correct value of the pure component sucally, use of thé=-M mixing rule with theLiLu binary method
face tension for the Tamura and Suarez models in an addiand variations of the “full’'LiLu model framework have ab-
tive approach. Whilst the graphs indicate qualitatively somesolute APD’s of only 2.27 to 2.26%. This indicates that es-
discrepancies between thé.u approach, the absolute devi- sentially use of the binary data in tf¥éM mixing rule pro-

ations are quite small, ranging from 1.2-t@.09%. vides an excellent tool for recapturing the surface tension
of this system. Similarly, variations of thdLu model are
4.3 Mixed organic system just as accurate. However, use of the Tamura and Suarez

methods within thé-M rule do not fare as well for this sys-

A mixed system consisting of only organic compounds WaStem. This is specifically down to. the inability of bpth r_neth—
ods to capture the surface tension effect of fulvic acid. As

studied separately (“Multi 1"). The composition is given . . : :
in Table 1b. For the mixed organic case there are a numg'siﬁssedhm Seqt. 35'2’ there is no soltutlonf o ﬂ:e S.uare?
ber of model combinations applicable to the different multi- method when using the pure component surface tension o

1
component methods. These are listed in Table 6 along withloz‘9 dyne cm-.
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Table 6. Average percentage deviations on comparison with experimental data for various model combinations applicable to a mixed organic
system.FM — Fainermann and Miller mixing rule described in the téitu — The Li and Lu thermodynamic scheme described in the text.

The column “Nonideality” highlights whether one assumes activity coefficients in both the inorganic and organic fraction to be the same as
one would expect in a binary mixture (semi-ideal) or by a full treatment of solute — solvent interactions (Nonldealy€etsion” highlights

the form of theLiLu model used for modelling aqueous multicomponent organic mixtures. “Binary organic” highlights the binary method
sued within the Fainerman-Mille mixing rule.

Mixed Organic Honideality Lilu version Binary Organic | "Multi 1'

Fra Serni-ideal - Tarmura -17.923634
Serni-ideal - Suarez -84.816371
Semi-ideal Binary LiLu -2.262770
LiLu Semi-ideal Mo competition  BAA 2264770
Semi-ideal Competition AR -2.262768
Monideal Mo competition | MAA -2.262770
Monideal Competition MAA -2.262760
Tern 1
70~ 5 - Tern 2
a ~9- Expdata -8~ Exp data
p\ Add - Tamura Add - Tamura
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Fig. 2a. Measured surface tension for Pinonic acid/ (NyBOy Fig. 2b. Measured surface tension for Succinic acid/ g¥50y
(“Exp data”), versus predictions from various model combinations. (“Exp data”), versus predictions from various model combinations.
“Add” — adding the deviations from the surface tension of pure “Add” — adding the deviations from the surface tension of pure
water from both the inorganic and organic fraction. “Tamura”, water from both the inorganic and organic fraction. “Tamura”,
“Suarez” and LiLu” — use of the Tamura mixing rule, Suarez ther- “Suarez” and LiLu” — use of the Tamura mixing rule, Suarez ther-
modynamic model and theLu binary model fit to the binary data  modynamic model and the LiLu binary model fit to the binary data
to represent the binary organic surface tensidsilL.u full 1” — Cou- to represent the binary organic surface tensiafL full 1” — Cou-

pled inorganic/organic model assuming no competing adsorptionpled inorganic/organic model assuming no competing adsorption.
“LiLu full 2" - Coupled inorganic/organic model assuming compet- “LiLu full 2" — Coupled inorganic/organic model assuming com-
ing adsorption. peting adsorption.

Results are perhaps even more encouraging when one cofr@inérman et al. (2002) have already noted the inherent in-
siders that for comparisons with the experimental data an asS€nsitivity to choice oi. This is not probed further here.
sumed mass for Suwannee River FA has to be assigned which
was based on a suggestive molecular structure. This strut.4 Multi-component inorganic/organic systems
ture, which has been published previously (Topping et al.,
2005b), is based on HNMR analysis. Similarly, in order to Three mixed inorganic/organic systems were studied as pre-
calculate the average molar area of solution using Eqg. (22)sented in Table 1b and the surface tension behaviour dis-
then the simple expression given by Eq. (9) was used, whiclplayed in the Figs. 4a—c. For mixed inorganic/organic
in itself might be considered to introduce errors. However,systems the models presented here allow 11 different ap-
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Fig. ZC Measureq s.urface tenspn for Oxalic acuj/ NaCI (“Exp” Fig. 3. Measured surface tension for a mixed organic system (“Exp
data”), versus predictions from various model combinations. “Add data”), versus predictions from various model combinatiofsA™

—adding the deviations from the surface tension of pure water from : . . .
. . . . . o i — multicomponent surface tensions calculated using the Fainermann
both the inorganic and organic fraction. “Tamura”, “Suarez” and

“LiLy” se of the Tamura mixing rule. Suarez thermodvnamic and Miller mixing rule (see txt).. “Tamura”, “Suarez” andilLu”
uo—u . . u ng rue, su y — use of the Tamura mixing rule, Suarez thermodynamic model and
model and thé.iLu binary model fit to the binary data to represent

the binary organic surface tensionLitu full 1” — Coupled inor- theLiLu binary model fit to the binary data to represent the binary

ganic/organic model assuming no competing adsorptibiiu‘full _orgar_1ic surface tensior_LLILu v _.LiLL.’ model a_ssuming semi-
2" — Coupled inorganic/organic model assuming competing adsorp-ldea!Ity and no cor_npetmg adsorp_tlonLlliu 2 - L_|Lu model_ as-
tion suming seml-!deallty .and F:ompetlng adsorptllorh.lLU 3" - L!Lu

) model assuming nonideality and no competing adsorptidsilu*

4" — LiLu model assuming nonideality and competing adsorption.

proaches which can be broadly categorised into 2 groups:
1) — additive contributions from the separate inorganic and
organic fractions and 2) — Use of théLu model frame-  remaining combinations, at relatively higher concentrations
work with all the relevant combinations regarding ideality the model which aims to account for competing adsorption
and competition for adsorption. The additive contributions and solution non-ideality in the separate fractions, predicts
include the use of thEM mixing rule for the Organic fraction that the surface tension should rise. Also the difference be-
using the three separate binary models, and_the model ~ tween the additive approach and fully couplatlu frame-
applied to both the inorganic and organic fraction separatelyWwork is negligible. A similar yet smaller rise in surface ten-
All of the combinations are shown in Table 7 along with the sion is predicted when changing the model to that which does
associated APD on comparison with experimental data. ~ not account for competing adsorption. The smallest APD is
For all of the systems studied, the largest deviation fromfound when using the additive approach for the inorganic and
experimenta| data was found when using an additive ap_OrganiC contributions while employing the fuliLu model
proach and the Suarez binary technique in M mixing to analyse the organic fraction assuming semi-ideality and
rule. This is ascribed to the large discrepancies of the Suaregompeting adsorption. Itis difficult to tease apart reasons for
technique for modelling the surface tension reduction of ful- these results, not least due to issues such as multi-component
vic acid as discussed in Sect. 3.2.2. The second largest dsolute activities for compounds such as fulvic acid using the
viation occurs using the remaining predictive technique offepresentative structure within UNIFAC. Similarly, it is be-
Tamura. However, deviations are much smaller than wheryond the scope of the paper to analyse whether the theoretical
using the Suarez method due to reasons discussed abov@rounding of theLiLu model is suitable for such a mixed sur-
When using these models, the choice of pure component sufactant system. It is however interesting and encouraging to
face tension and surface area parameters were chosen bast®f that the additive approach, utilising #d mixing rule
on the smallest APD of the binary comparisons as analyse@nd the binary data represented by thieu model, works
in Sect. 3.2.2. The use of the binary data, represented by th¥ery well in reproducing the experimental data as indicated
LiLu binary model, within théM mixing rule and in the full by the APD of around-1.02%.
LiLu model produce much smaller APDs. However there are A similar pattern is found for the “Multi 3" case where
some interesting features from the various model predictionsall model variations, except those using the purely predic-
For the “Multi 2” case, whilst APDs remain low for most tive techniques, work very well. In this system there is no
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Fig. 4. Measured surface tension for a mixed inorganic/organic system (“Exp data’/relative composition given in Table 1.2), versus pre-
dictions from various model combinations. “Add” — adding the deviations from the surface tension of pure water from both the inorganic
and organic fraction. FM” — multi-component organic surface tensions calculated using the Fainermann and Miller mixing rule (see text).
“Tamura”, “Suarez” and LiLu” — use of the Tamura mixing rule, Suarez thermodynamic model antithebinary model fit to the binary

data to represent the binary organic surface tension. “Adile” — additive approach using thelL.u model to describe the organic fraction.

“LiLu 1" — LiLu model assuming semi-ideality and no competing adsorptioibu“2” — LiLu model assuming semi-ideality and competing
adsorption. LiLu 3” — LiLu model assuming nonideality and no competing adsorptitiLu‘4” — LiLu model assuming nonideality and
competing adsorption LiLu full” — Coupled inorganic/organitiLu model with the same combinations described above

predicted increase in surface tension within the experimendescribe the organic fraction produces APDs ranging from
tal range of concentrations. Using the additive approach—1.16 to—3.59%, whereas the coupléilLu model results
treating the organic fraction within theiLu model frame-  in APDs ranging from 0.40 te-3.32%.

work, one obtains a range of APDs frorD.73to—4.08%.
Use of the binary data within thEM mixing rule also re-
sults in a small APD 0f-3.39%. Again a similar pattern is

Thus it would appear that use of binary data is crucial to
capturing the behaviour of multi-component surface tensions

found for the “Multi 4” case, however in this instance the for the systems studieq here. Whils.t the a_tpplicability of_the
additive approach employing the Tamura mixing rule pro- coupled thermodynamlc model and its various comblnatlpns
duces a relatively constant surface tension. The remaininGS€MS to be composition dependent, and produce some inter-
model variations on the other hand capture the variabilityeSt'ng if un-validated features with increasing concentration,

well. The additive approach employing thé u model to the direct use of binary data within tféM mixing rule also
reproduces measured behaviour very well. This would be
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2390 D. O. Topping et al.: Surface tensions: measurements, modelling and cloud activation

Table 7. Average percentage deviations on comparison with experimental data for various model combinations applicable to a mixed
inorganic/organic systent-M — Fainermann and Miller mixing rule described in the telxLu — The Li and Lu thermodynamic scheme
described in the text. CouplddLu — a completeLiLu model framework which considers both inorganic and organic components. The
column “coupled inorganic/organic method” highlights the method used for coupling the effect of the inorganic and organic fraction on the
solution surface tension. The column “Mixed Organic” highlights approaches used to model the surface tension contribution from the organic
fraction. The column ‘Nonideality’ highlights whether one assumes activity coefficients in both the inorganic and organic fraction to be the
same as one would expect in a binary mixture (semi-ideal) or by a full treatment of solute — solvent interactions (Nohitdaakersion”

highlights the form of theLiLu model used for modelling aqueous multicomponent organic mixtures. “Binary organic representation”
highlights the binary method sued within the Fainerman-Mille mixing rule.

Coupled Mixed Organic |N ity |LiLu i Binary Organic
Inorganic/Organic (where applicable)|representation
method technique
(where applicable)
"Multi 2° "Multi 3° "Multi 4'
Additive Fid Serni-ideal ) Tarmura -18.997137 . -200138267 . -11.607360
Sermi-ideal My Suarez -83.746370 84209630  -B3.523691
Semi-ideal MWA LiLu -1.018316 -3.395110 -2.940407
Additive LiLu Serni-ideal Mo competition Tk -2.580254 -4.080060 -3.593119
Semi-ideal Competition ) 0.543249 -2.770457 -2.333630
Monideal Mo competition A, 3.096647 -1.913680 -2.3685826
Nonideal Cornpetition Ml 5.606147 0712719 -1.164764
Coupled LiLu TiA Semi-ideal Mo competition A -1.9860595 -3.594710 -3.318163
Semi-ideal Competition [ 1.716793 -1.773760 -0.855337
Monideal Mo competition [ 3.690807 -1.428344 -2.093820
Nonideal Competition [ 6.746243 0.260957 0.402119

the model of choice when binary data is available. In theand references therein). For this study, the updated interac-
following section, the sensitivity to predictions of the critical tion parameters of Peng et al. (2001) were used in combi-
saturation ratio are analysed. nation with the original matrix of Hansen et al. (1991) to re-
tain consistency with the surface tension calculations. Whilst
some theoretical studies suggest the effect of highly surface
5 Critical supersaturations active compounds may alter the water activity by decreasing
the effective number of molecules in the Raoult term, exper-
In the following analysis, activation predictions are calcu- imental studies for atmospherically relevant species have not
lated using ADDEM (Topping et al., 2005a, b) based on thebeen carried out nor has the effect of non-ideality been ex-
surface tension modelling techniques described in the prePlored, and as such is not considered here (Sorjamaa et al.,
vious sections whilst neglecting bulk to surface partitioning 2004).
(Sorjamaa et al., 2004). Specifically this will help to eluci-  When developing the mathematical framework required
date on the importance of capturing composition dependenkere, it is at first necessary to define what information one
surface tensions in a fundamental Kohler theory approachrequires to extract from the dbler curve; for example, an
In Sect. 5.1 two case studies are used to analyse the possibéguilibrium radius for a given super-saturation ratio or the
effect of bulk to surface partitioning on both the solute and critical point on the Kohler curve. For the latter case, the re-
Kelvin effect within Kohler theory. quired one dimensional search uses the control of water ac-
Here the model ADDEM is taken into the supersaturatedtivity in Eq. (1) to define firstly upper and lower boundaries
humid regime by applying model adjustments and extensionsvhich bracket the critical point. Once the model is run with a
which allow growth factor calculations, as well as activation given water activity 4,,) then the appropriate physical infor-
predictions, above 100% RH. This framework describes themation such as surface tension and density can be calculated
equilibrium of water vapour alone. The details of ADDEM and the point on the &hler curve determined. Unfortunately
and its use in the sub-saturated humid regime are given imerivative information cannot be attained easily which would
detail in two papers (Topping et al., 2005a, b). For treat-be required to define the point at which the derivative of the
ing non-ideality, both the Pitzer-Simonson-Clegg (Clegg andKdhler curve with respect to radius becomes zero (the critical
Pitzer, 1992) and UNIFAC model (Fredenslund et al., 1975)point). Specifically, the use of complex thermodynamic ac-
are employed in an additive approach for treating mixedtivity coefficient models and surface tension rules would re-
inorganic/organic systems. The advantages and caveats ouire complicated derivative information. Fortunately there
such an approach have been discussed previously and thgno need to derive such relationships and one can use meth-
complexities in treating mixed inorganic/organic systems areods that need only evaluations of the function such as a basic
treated extensively in the literature and will not be reviewedbisection approach or Brent's method for function minimi-
here (e.g. see Clegg and Seinfeld, 2006; Clegg et al., 200Xsation. The latter is likely to be particularly useful since it
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will exploit the parabolic nature of thedtler curve near the of the solute mole fraction:

critical point.
ows = oy — 0.06473 (log 10(1 + 4558687346¢))  (31)

Applying the above technique, Figs. 5a—8a show the crit- i _
ical saturation ratio as a function of dry size for all of the Whereow is the surface tension of pure water anthe solute

mixed cases studied in Sect. 4.3 and Sect. 4.4. wherea®ole fraction. The range of concentrations used here was
Figs. 5b—8b show the surface tension values at the criticaPefween 0.0092 to 0.000019 solute mass fraction. The two

points. The deviation between predicted critical points in-Pinary parameters were found using the same iterative pro-

creases as the size of the dry particle decreases. Despiﬁ?dure as descril_)ed earlier. Figure 9 shows the ability of the
increased convergence at larger dry sizes, thus more dilutfitted Szyskowski equation to reproduce the measured data.
droplets (reduced Kelvin effect), there is still a noticeable US€ Of the new binary representation in #é mixing rule

difference between assuming the surface tension is that otnd the effect on activation predictions is shown in Figs. 5a—

pure water and explicitly taking into account the influence of 8,"’1' Qne can see that the critical saturatlon ratio Versus dry
solutes. size is now smooth, all curves converging at larger dry sizes.

Itis of course questionable whether it is appropriate to model
In all systems the largest and lowest predicted criticalsurface tensions beyond the solubility limit of certain com-
points are given when using the surface tension of pure wapounds. This example clearly illustrates the effect when such
ter and employing purely predictive techniques respectivelylimitations are manifest in the data, which in this instance
At 10, 100 and 500 nm dry diameter the difference in critical creates a discontinuity in model predictions. These results
saturation between both techniques for “multi 1” was 6.46, indicate that the use of theoretical frameworks which contain
0.139 and 0.0093% respectively. Larger deviations wereparameters derived from binary data may predict unphysical
found for “multi 2" (8.27, 0.186 and 0.0141%). However, behaviour when taken beyond the concentration ranges used
the remaining systems exhibited smaller deviations (5.22}o fit such parameters.
0.0109 and 0.0066% for “multi 3”; 1.78, 0.047 and 0.004% Thus results suggest that the composition dependent sur-
for “multi 4”). Looking at the deviation between the other face tension is a crucial parameter for calculations of the
modelling technigues one can see that, whilst Table 7 indi-critical point. Similarly, the sensitivity to different models
cates relatively small average percentage deviations on comand variations in composition seem to increase with decreas-
parison between models and experimental surface tensioimg particle size. For smaller dry sizes, in this study below
data, propagating these deviations through to calculations o0 nm, one would have to make sure that smooth functions
the critical point leads to significant differences on decreas-of binary surface tension at appropriate concentration ranges
ing dry size. At larger sizes, all model combinations con- were available for use in multi-component methods. Calcu-
verge, which is to be expected given the surface tension belations carried out here would suggest that one cannot as-
haviour already described in earlier sections, and evident irsume the surface tension of pure water in a consistent the-
Figs. 3—4 whereby all models converge at low solute conceneoretical framework. Of course, comparison with laboratory
trations. measurements of activation is required on such systems be-
) ) o ) . fore completely robust conclusions can be made. Ideally this
An interesting feature which is apparent in each system isspq g also include further separate investigations into the
the sudden drop in the critical point as a function of dry size ¢ te effect encompassed within the Raoult term. However,

for certain model combinations. However, Figs. 5b-8b showie sensitivity when using accurate surface tension models in
that this discrepancy is caused by an inflection in the predic,yqamental Khler theory is clear.

tions of surface tension. As discussed earlier, some model

combinations did seem to predict that surface tension woulds 1 Bulk to surface partitioning

increase beyond and toward the end of the range of exper-

imental data. At the smaller dry sizes, where solutions areCalculating the equilibrium composition using all variations
more concentrated at the critical point, this causes the disef Kohler theory has in the past assumed that the total so-
crepancy observed. In order to explain this, a more detailedute concentrations define both the water activity and surface
analysis of the surface tension predictions was carried outtension. This was employed in the previous section using
On closer inspection, it was found that the multi-componentthe fundamental Kohler equation. Recently however the ne-
methods were relying on contributions to the mixed surfaceglect of bulk to surface phase partitioning has been investi-
tension for concentrations beyond which had been used fogated in various studies (e.g. Sorjamaa and Laaksonen, 2006;
binary surface tension of fulvic acid. Thus, as shown in Kokkola et al., 2006 and references therein). In the follow-
Fig. 9, this caused an increase in the mixed surface tensiomg section the critical saturation ratio of two systems pre-
of varying magnitudes. To bypass this problem one requiresented in this report are analysed with this effect in mind. To
a smooth function. To this end, following previous studies understand this process it is important to understand that an
(Abdul-Razzak and Ghan, 2004), the Szyskowski equatioralteration of the surface tension is caused by changing con-
was fit to the binary data for fulvic acid, which is a function centration gradients approaching the surface. However, in

www.atmos-chem-phys.net/7/2371/2007/ Atmos. Chem. Phys., 7, 23982007



2392 D. O. Topping et al.: Surface tensions: measurements, modelling and cloud activation

a) Mult 1 b) Ml 1
008
o FM-Tamura o FW- Tamura
+ FM-Suarez + Fh-Suarez
Fivl - Binary/Szykowsk 007 F . FM - BinargSzoykowskn [
o water o water
o FMILILY o FMILILu
o 1.1F - 0.06 _f
=1 — LLl
3 © 5°%] et Ocooo@@mﬂfmﬂm
2 Z
= a o cc:ooc:OOOOOOOo
@ il o @
= £ 004 F 5 © @ b
[} Q = [}
= L i @
= 1.05 . -
e o} 003+ B
o} = ©
. o
-8 o |
@ ) @ bR
=] B a 002 et R
= o 3§ “o0g, + o+ F PR
1 Baik C00n, T
o+ 44 kTR Ty
1 e el e e Y S 001
10 10! 10°
Diry diameter {nm) Dry diameter {nm)

Fig. 5. (a)Critical saturation ratio versus dry diameter for the “multi 1” composition using a variety of surface tension nio8istface

tension at the critical point.FM” — multi-component organic surface tensions calculated using the Fainermann and Miller mixing rule (see
text). “Tamura” and “Suarez” — use of the Tamura mixing rule and Suarez thermodynamic model to represent the binary organic surface
tension within the Fainermann and Miller mixing rule. “Binary/Szyskowski” — use of the biniaty model to represent the binary organic
tension of all organic components except Suwannee River Fulvic acid where the Szyskowski equation is employed. “water” — using the
surface tension of pure wate=M/LiLu” — use theLiLu model within the Fainermann Miller mixing rule and the fulLu model (and all
variations thereof). These lines show that the use of a theoretical model fit to binary data may produce unrealistic physical behaviour when
taken outside the range of experimental data.
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Fig. 6. (a)Critical saturation ratio versus dry diameter for the “multi 2” composition using a variety of surface tension nioyi8istface

tension at the critical point.FM” — multi-component organic surface tensions calculated using the Fainermann and Miller mixing rule (see
text). “Tamura” and “Suarez” — use of the Tamura mixing rule and Suarez thermodynamic model to represent the binary organic surface
tension within the Fainermann and Miller mixing rule. “Binary/Szyskowski” — use of the binidty model to represent the binary organic
tension of all organic components except Suwannee River Fulvic acid where the Szyskowski equation is employed. “water” — using the
surface tension of pure watef=M/LiLu” — use theLiLu model within the Fainermann Miller mixing rule and the fulLu model (and all
variations thereof). These lines show that the use of a theoretical model fit to binary data may produce unrealistic physical behaviour when
taken outside the range of experimental data.
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Fig. 7. (a)Critical saturation ratio versus dry diameter for the “multi 3" composition using a variety of surface tension niog8is:face

tension at the critical point.”M” — multi-component organic surface tensions calculated using the Fainermann and Miller mixing rule (see
text). “Tamura” and “Suarez” — use of the Tamura mixing rule and Suarez thermodynamic model to represent the binary organic surface
tension within the Fainermann and Miller mixing rule. “Binary/Szyskowski” — use of the biniaty model to represent the binary organic
tension of all organic components except Suwannee River Fulvic acid where the Szyskowski equation is employed. “water” — using the
surface tension of pure waterf=M/LiLu” — use theLiLu model within the Fainermann Miller mixing rule and the fulLu model (and all
variations thereof). These lines show that the use of a theoretical model fit to binary data may produce unrealistic physical behaviour when
taken outside the range of experimental data.
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Fig. 8. (a) Critical saturation ratio versus dry diameter for the “multi 4” composition using a variety of surface tension njop8lsface

tension at the critical point.”M” — multi-component organic surface tensions calculated using the Fainermann and Miller mixing rule (see
text). “Tamura” and “Suarez” — use of the Tamura mixing rule and Suarez thermodynamic model to represent the binary organic surface
tension within the Fainermann and Miller mixing rule. “Binary/Szyskowski” — use of the biniary model to represent the binary organic
tension of all organic components except Suwannee River Fulvic acid where the Szyskowski equation is employed. “water” — using the
surface tension of pure watef=M/LiLu” — use theLiLu model within the Fainermann Miller mixing rule and the fulLu model (and all
variations thereof). These lines show that the use of a theoretical model fit to binary data may produce unrealistic physical behaviour when
taken outside the range of experimental data.
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a0 , , , , excess of water is zero following Li et al. (1998). The gradi-
ent of surface tension is found by employing the Szyskowski
equation already presented in Sect. 5 and activity gradients
were calculated using the original UNIFAC framework and
the parameters of Hansen et al. (1991). Clearly, using the
above considerations results in a significant increase in the
predicted critical point. Including the effects of partitioning
on calculations of surface tension and water activity leads
to an increase in the critical super-saturation of 91.19, 37.28,
15.97 and 3.88% at 40, 100, 200 and 500 nm dry diameter re-
spectively. The figure also shows predicted critical points if
one does not treat bulk to surface partitioning for calculations
of both water activity and surface tension, the latter assumed
equal to that of pure water. Interestingly, these predictions
e T are closer to the “full” partitioning calculations than those
Salute mass fraction where one accurately captures the variation of surface ten-
sion with concentration alone. For example, increases in the
Fig. 9. Measured surface tension for Suwannee River fulvic acid critical super-saturation of 13.55, 9.88, 4.08 and 0.33% at 40,
(“exp data”) with extended predictions from thi.u binary model, 100, 200 and 500 nm dry diameter respectively were found
fit to measured data (fLu”), and from the Szyskowski equation fit when assuming the surface tension of pure water compared
to the binary data (“Szyskowski"). to the “full” partitioning calculations. A similar result was
found by Sorjamaa and Laaksonen (2006a) for sodium dode-
e%yl sulphate and more recently by Kokkola et al. (2006) for

Gibbs surface thermodynamics this surface phase betwe M mic lik terial. Eor t Sori d Laak
the homogeneous liquid and vapour phase is taken to be inJumiclike material. Forternary systems sorjamaa and Laak-

finitely thin allowing an exact definition of the droplet radius sonen (2006) introduced the constraint that the ratio of water

(Sorjamaa and Laaksonen, 2006). Any extra material whichand salt molecules is practically constant as a function of ra-
is related to the change in surface tension is described using/Ius n o(;delr_ to so_lz;e the algt)_proprlate Sett of e}qu:itu?[ns._ ?mce
surface excess quantities which can be positive or negativ € are dealing with a mufti-component surfactant mixture

7 8 © 1
B0} 8

sl @

< Szykowski
< Lilu

40

© Expdata

30r

Surface tension (dyn crn-1)

20F

(Eq. 32): in this instance we have not used this approach. Instead we
RS have assumed that the behaviour of each organic behaves as
nt =nb 4 n (32)  itwould in a binary mixture. The consequences of using such

an assumption will form the focus of future work, as will the

Where ! is the total amount of component”; nf? and § ) L : )
n the bulk and surface phase concentrations respectivelynfluénce of including inorganic compounds in systems more
g omplex than ternary mixtures. As before, a solution to the

The Gibbs adsorption equation relates the change in surfacg

energy to changes in thermodynamic variables and exces§PPS adsorption equation (Eq. 33) is found by assuming the
quantities (Eq. 33): surface excess of water is zero following Li et al. (1998).

The gradient of surface tension is found by employing the
> nidui + Adropdows =0 (33)  szyskowski equation and activity gradients were calculated
i using the original UNIFAC and the parameters of Hansen et
Wherey; is the chemical potential of componerit § Agrop al. (1991). Figure 10b shows again that the effects bulk to
the surface area of the droplet amg; the surface tension. surface partitioning calculations clearly results in a signifi-
The size of the droplet is important since as the surface taant increase in the predicted critical point. In this instance
volume ratio increases then depletion of material from thean increase in the critical super-saturation of 63.98, 31.77,
bulk becomes important for thermodynamic properties (Sor-16.62 and 5.85% is found for 40, 100, 200 and 500 nm dry
jamaa and Laaksonen, 2006). Li et al. (1998) studied thediameter respectively. Interestingly the difference between
effect this can have on the surface tension of small dropletsfull” partitioning calculations and using the total concentra-
whereas Sorjamaa and Laaksonen (2006) and Kokkola dions combined with the surface tension of pure water is very
al. (2006) recently studied the parallel effect on water ac-small. As the figure shows both lines are nearly identical
tivity, the latter study focusing on humic like material. The with differences of only 2.38, 2.54, 2.15 and 1.21% at 40,
authors devised a numerical technique for binary organic sys100, 200 and 500 nm dry diameter respectively.
tems in water and ternary mixed inorganic/organic systemsin The above analysis clearly illustrates that a consideration
water. Figure 10a shows the effects bulk to surface partition-of bulk to surface partitioning can lead to a significant in-
ing calculations for a binary system consisting of Suwanneecrease in the calculated critical point. As already discussed
River fulvic acid in water. Here a solution to the Gibbs ad- in previous studied in the literature this will depend on the
sorption equation (Eqg. 33) is found by assuming the surface&composition and type of organic being studied. Whilst only

Atmos. Chem. Phys., 7, 2372398 2007 www.atmos-chem-phys.net/7/2371/2007/



D. O. Topping et al.: Surface tensions: measurements, modelling and cloud activation 2395

1.008 ‘ 1.0045
— Partitioning o,

— No partitioning o,, ¢
—e~ No partitioning o,

1.004

1.007

1.0035 -

1.006
1.003

1,005 1.0025 -

1.002 -
1.004

Critical saturation ratio
Critical saturation ratio

1.0015 -

1.003 1.001 -

1.0005 -
1.002

Dry diameter (nm) Dry diameter (nm)

Fig. 10a. Critical saturation ratio versus dry diameter for Suwannee Fig. 10b. Critical saturation ratio versus dry diameter for the “muilti
River Fulvic acid. The black line represents use of total solute con-1" composition. The black line represents use of total solute con-
centrations for calculating water activity and surface tension whichcentrations for calculating water activity and surface tension which
is represented by the Szyskowski equation. The red line represenig represented by the Szyskowski equation within the Fainermann
calculations which take bulk to surface partitioning into considera- Miller mixing rule. The red line represents calculations which take
tion for calculation of both water activity and surface tension. The pulk to surface partitioning into consideration for calculation of
blue line represents calculations based on using total solute concemoth water activity and surface tension. The blue line represents
trations to define the water activity but assuming the surface tensiorzalculations based on using total solute concentrations to define the
is equal to that of pure water. water activity but assuming the surface tension is equal to that of
pure water.

two case studies were studied above, a more detailed analysis
will form the focus of future work. For example, it is likely analysis of predictions from different model combinations
that the choice of method for calculating surface tension willsuggested that one could, by chance, capture the variabil-
be important as in Sect. 5 due to different gradients inputity using a predictive scheme. However this was composi-
into Eq. (33). Despite this however, results presented in thidion dependent as, for example, the predictive schemes over-
paper still highlight the need for detailed laboratory studiespredicted the reduction in surface tension for the Pinonic
in order to validate model predictions and also to elucidateacid:(NH)2SO4 system. Interestingly, for these relatively
on processes pertinent to describing how an aerosol particleimple systems then a simple additive approach, using a
activates into a cloud droplet. model fit to the binary data, resulted in average percentage
deviations 0f—4.8 to 0.58% dependent on the composition.
Analysis of a multi-component organic system found that
6 Summary and conclusions use of completely predictive technique resulted in large aver-
age percentage deviations on comparison with experimental
The complexity of the organic fraction warrants the analysisdata. However the use of binary data or a coupled thermody-
of predictive frameworks in order to understand better ournamic model improved predictions significantly. On addition
ability to model aerosols from various environments. Whilst of inorganic solutes the ability of the entirely predictive tech-
the qualitative effect of organic compounds on solution sur-niques did not improve. Generally the use of a coupled ther-
face tensions is understood, our quantitative understandingnodynamic framework reproduced measured data very well,
on mixed organic and mixed inorganic/organic systems isthe best model permutation seeming composition dependent.
limited. This in itself warrants further laboratory studies Similarly, it was found that ‘direct’ use of binary data within
which should work in conjunction with ambient measure- a mixing rule worked excellently as well. Thus it appears
ments of both the chemical and physical properties of aerosahat in order to model multi-component surface tensions one
particles. All of the systems studied here showed a reductiomequires the use of the appropriate binary data.
in surface tension with increasing solute concentration. The models used in this study were then employed to cal-
For the ternary mixtures of Oxalic acid:NaCl and Succinic culate critical saturation ratios as a function of dry size for
acid:(NHy)2SOs the reduction in surface tension is quite all of the multi-component systems studied by first neglect-
small. On the other hand, the Pinonic acid: ()50 sys-  ing the possible effect of bulk to surface partitioning. It was
tem produced a significant reduction in surface tension. Anclear that deviations between predictions increased as the dry
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size decreased. Similarly, it was evident that using the sur- Symmetrical Electrolytes, J. Phys. Chem., 96(8), 3513-3520,
face tension of pure water, rather than calculate the influence 1992.

of the solutes explicitly, lead to a consistently higher value Clegg, S. L. and Seinfeld, J. H.: Thermodynamic models of aque-
of the critical saturation ratio. Indeed, a neglect of the com-  ©us solutions containing inorganic electrolytes and dicarboxylic

positional effects lead to noticeable differences even at large 2cids at 298.15K. I. The acids as non-dissociating compounds, J.
dry sizes. Further analysis clearly illustrates that a consider-_ " 1YS: Chem- A, 110, 5692-5717, 2006.

ation of bulk to surface partitioning can lead to a significant Clegg, S L. ngfeld, J- H., and B”mblecompe’ P.: Thermody-

increase in the calculated critical point, By employing vari- namic modelling of aqueous aerosols containing electrolytes and

. ! : ; dissolved organic compounds, J. Aero. Sci., 32(6), 713-738,
ous assumptions it was possible to perform calculations not 5gg1.

only for a binary system but also for a mixed organic system.gscobedo, J. and Mansoori, G. A.: Surface tension prediction for
As already discussed in previous studies in the literature the pure fluids, AIChE J., 42(5), 1425-1433, 1996.

net effect will depend on the composition and type of organicFacchini, M. C., Decesari, S., Mircea, M., Fuzzi, S., and Loglio,
being studied. A more detailed analysis will form the focus G.: Surface tension of atmospheric wet aerosol and cloud/fog
of future work. Despite this however, results presented in this droplets in relation to their organic carbon content and chemical
paper still highlight the need for detailed laboratory studies €Oomposition, Atmos. Environ., 34(28), 4853-4857, 2000.

in order to validate model predictions and also to elucidateFainerman, V. B., Miller, R., and Aksenenko, E. V.: Simple model

- s . for prediction of surface tension of mixed surfactant solutions,
on processes pertinent to describing how an aerosol particle Adv. Col. Int. Sci.. 96(1-3), 339-359, 2002,
activates into a cloud droplet.
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