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Abstract. In spite of the importance of diacids and func- able in the NIST Chemistry WebBook.ifstrom and Mal-
tionalised diacids for organic aerosol formation through lard). This compilation contains HLCs for several diacids and
agueous-phase processes in droplets and aerosol water, thdéumctionalised diacids, but most of them are not experimental
seems to be no reliable set of experimental values for theibut rather estimated through group contribution, taken from
Henry’s law constants (HLCs). We show that their estima-the review paper oBaxena and Hildeman(1996. We note
tion through the use of infinite dilution activity coefficients is that Mentel et al.(2004 did measure the HLC of glutaric
also prone to error. Here we present HLC values for diacidsacid.
and hydroxy polyacids determined from solubilities, water In any case, HLC defined as aqueous concentration per
activities and vapour pressures of solids or solutions, by emunit gaseous partial pressure of dicarboxylic acids are likely
ploying thermodynamic relationships. The vapour pressurevery high, such that they will be almost completely dissolved
are found to be the largest source of error, but the analysis oih aqueous droplets. However, for aqueous aerosols, the total
the obtained HLC points to inconsistencies among specifiovater content of the aqueous phase is much lower and the
vapour pressure data sets. Although there is considerable ugras phase fraction could be significant. Furthermore, HLC
certainty, the HLC defined as aqueous concentration per unigstimation methods also need reliable HLC to fit their pa-
gaseous partial pressure of linearandw-diacids appearto  rameters.
be higher than estimated by the often cited review work of Through thermodynamics, vapour pressures of liquids or
Saxena and Hildemar(1996. solids, solubilities and activity coefficients are all related.
The focus in this work is on HLC, but we will need the other
guantities as well. Therefore, we first briefly review their
thermodynamic relationships. For HLC, several definitions

1 Introduction exist. We will follow here the convention taken ISander
(1999:

Henry’'s law constant (HLC) describes the partitioning of a ¢s XsCw

compound between the gas phase and a liquid, highly dik, = lim — = lim ; (1)

lute solution. In the atmosphere, such dilute solutions, with 770 Ps  *srs=0 Ps

water as solvent, can be reached in cloud droplets. Aqueou¥ith cs the molar concentration of the solute, s, in the aque-
aerosols represent another example of an aqueous phase Qs solutionps its partial pressure above its the mole frac-
the atmosphere. Although in the latter case this phase is ndton in the aqueous phase ang the molar concentration of

a highly dilute aqueous phase due to the large concentratioRure water (55.6 M). As expressed by Ed), (they should

of other organic and inorganic molecules, Henry's law Con_in principle be measured at the infinite dilution limit (|DL)
stants for the aqueous phase are still relevant as a referené®r an ideal solution where there is no difference in inter-
point. Polyacids are important constituents in droplets andaction between like or unlike molecules the partial pressure
aerosols. An often-cited HLC compilation for atmospheric Would equalps = xsp?; (Raoult's law), withxs the mole
purposes is that @andel(1999; these values are also avail- fraction of the solute anqbl_’s its liquid saturation vapour

Published by Copernicus Publications on behalf of the European Geosciences Union.



2700 S. Compernolle and J.-F. Miller: Henry’s law constants of multifunctional acids

pressure. However, in general, solutions are not ideal, the saween liquid and solid:
lute molecules behave differently in water than in a liquid

A Hyys(T AStus(T) ~ A Hyys(T
of pure s, and therefore an activity coefficient correction is 2ogs — 25D ~ _ Afusius) (%US - %) (6)
needed. +ACp)|s 1— Tf_us 1 i
R T Trus)

Ps= VSXSPE,S 2)
AC) s is generally not available and has to be estimated,

¥s is the mole fraction based activity coefficient. It expressese.g. by neglecting it or imposingC,, s & ASis(Tius). This

the preference of the solute to the mixture, compared to thés the approach taken by eBooth et al.(2010.

pure component reference state at the same temperature andif the solubility is low, such that$3is close to the IDL,

pressure. Note that in EcR)(it is assumed that the gas phase one has

of the solute behaves ideally, a reasonable assumption given ezt gat L sat
that the partial pressure of the solute will be small. If the sol-k;, ~ _at = L A cw 8 . )
vent is the same as the solujg,= 1, while a value below ps PCr,s Pcrs

(above) unity means that the solute prefers the mixture (sol-

vent of pure s). Combination of Eqs)(@nd @) leads to In this work, we will first investigate the reliability of HLC

values of diacids present in the literature. Then we will evalu-
cw ate the reliability of UNIFAC (UNIQUAC Functional-group

kn = ——5 (3) Activity Coefficient)-type group contribution methods to ob-
Ys"PLs tain IDAC, as the IDAC is one ingredient, apart from the sub-

cooled liquid vapour pressu;z(f, to obtain HLC via Eq. §).

ext we will show how more reliable HLC values can be

constructed using thermodynamic relationships and existing

experimental data on solid state vapour pressures, solubili-

ties and water activities. Vapour pressures of solids or so-

solubility limit, a solid phase will form in the aqueous phase. lutions bear the largest uncertalnty,_wnh considerable dis-
If it can be assumed that this solid is the same as in the dr);agreement between the results of different research groups

form (e.g. there is no incorporation of water in the crystal (e.g. Booth et al, 201Q Soonsin et a).201Q Cappa et a).
struct(ur(g) one h:ils ! porat W ! 4 2007 Chattopadhyay and Zieman2005. However, com-

paring the thus-derived HLC between different molecules
sat_ atxsa @) will reveal clues as to the consistency of the vapour pressure
PS'= peis= s PLs data sets.

with y¢* the infinite dilution activity coefficient (IDAC) and
pE ¢ the liquid saturation vapour pressure. Suppose now tha
the solute is a crystalline solid in pure form. Above the solid,
gas phase molecules with a solid state vapour preg%trg
will be present. Now if the solute is added to water beyond its

with x$3'the mole fraction solubility of the solid ang®'the

activity coefficient at this point. In principle, a compound's 2 case study on the reliability of compiled literature

pure liquid and SO|Id state can only coexist at the melting  y5jyes for diacids

curve, WherepCr . Hence if the substance is solid at

the temperature of interest, the vapour pressure of the sutHLC estimation methods need of course experimental data

cooled liquid is inaccessible from a thermodynamic point of to fit and/or test their models. Some studies (Rgventos-

view, asxs cannot increase abowg® In practice, however, Duran et al, 201Q Hilal et al, 2008 Modarresi et al.

metastable, strongly supersaturated solutions might exist ir2007) report also estimated vs. experimental HLC values for

small particlesReng et al.2001; Soonsin et a).201Q Huis- diacids. The origin and reliability of the experimental val-

man et al. 2013, such thatps — pEs can be approached. ues is then of prime importance, as any estimation method

PLs can also be related tpu o as sublimation can be seen can only be as good as the data on which it is based on.

thermodynamically as first a melting of the solid, and thenWe choose here the data set compiledRaventos-Duran

a vaporization of the resulting liquid. The fusion enthalpy et al. (2010 to fit the model GROMHE, but similar con-

and entropy have then to be taken into account: clusions would be very likely drawn for other compilations.
GROMHE is developed especially for atmospherically rele-

AHiys(T)  ASus(T) vant compounds. It is based on a compilation which includes

RT + R >pL’5(T)' ®) data for five diacids: oxalic, malonic, succinic, glutaric and

adipic acids. Their HLC values as used Rgventos-Duran

Unfortunately,A Hy,s and A Sgys can only be measured at the et al.(2010 are presented in Table

fusion point, whereA Hiys = TiusA Stus, Which is in our case The HLC of oxalic acid was taken frorGaffney et al.

often far above the temperature of interest (around room tem¢1987), however this article refers to a conference abstract

perature). Thus, extrapolation schemes are necessary, e.g. fgaffney and Senum1984 we could not obtain, and it

assuming a constant heat capacity differens€,, s, be- is therefore unclear how the value was originally obtained.

pgr,s(T) = eXp(—
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Table 1. HLC of diacids from the compilation dRaventos-Duran  databaseYalkowsky and Dannenfelsgt992 and they rea-

etal.(2010. sonably agree with the values from primary referenége(-
blat and Manzurolal 987 1989 Marcolli et al, 2004). How-
HLC/(Matm™—1) Issues ever, the solubility mole fractiomS® of malonic acid is about
oxalic 1P8a Origin not clear. Effective 0.22 Apelblat and Manzurol,a198s7)a,twhich is_ fgr from ID_L_,
instead of intrinsic he_nce Eq.7) does not hold. The>% of succinic and adipic
malonic 166b Invalid ~ application  of acids are much lower (0.013 an.d 0.003 respectively), hence
Eq. (7). Too highp2 Eq. (7) should be reasonably valld.. .
succinic 184D Gross extrapolation of° However, for all these three diacids, the values g
from highT are questionable. The values for succinic and adipic acids
glutaric 1®3¢ HLC not experimental are from the handbook ofaws (1994. In this compilation,
adipic 1$3P Gross extrapolation of® the vapour pressures of these two acids refer to the liquid
from highT phase; the vapour pressures at@5present in the compi-
Obtained from: lation of Meylan and Howard2000 are obtained by first
a Gaffney et al(1987) extrapolating liquid vapour pressures over 157 and 128 K be-
b Meylan and Howarq2000 low their melting points respectively, and then converting to

¢ Hilal 1.(200 . .
laletal. (2009 solid state vapour pressures. The exact procedure of this con-

version is not clear to us, but the reported valp%$ seem
Furthermore,Gaffney et al(1987) state that this HLC is consistent with a simple approximate procedure like that of
an effective one at pH:-4, while the basis set of the Yalkowsky(1979 where only the fusion temperature is from
GROMHE method should consist of intrinsic HLCs accord- experiments, rather than the more precise procedure where
ing to Raventos-Duran et al2010. For diacids, the relation both fusion temperature and enthalpy are taken from exper-
between effective and intrinsic HLC is iments. Finally, for malonic acid, the vapour pressure origi-
nates from the handbook dbrdan(1954). The cited vapour
eff intr Ka1 | Ka1Ka2 . . .
ky" =k, <1+ e + ﬁ) (8) pressure (0.2 Pa) is however orders of magnitude higher than
[H*] [H*] the ones from recent experiments (6102 Pa, see e.g. the
Given that oxalic acid is a quite strong acid, with dissociation overview table ofSoonsin et al(2010).

constants 0K 51 =5.18 x 1072, K52 = 5.30 x 10° (Apel- Given that strong reservations can be made for each of the
blat, 2003, it will be mostly in ionised form at this pH, and HLC values in Tablel, the need for a reliable HLC set for
kS / kM ~ 800. diacids is clear.

The HLC of glutaric acid was taken from another compila-
tion (Hilal et al,, 2008. From there, one can follow the trace
via the compilation oModarresi et al(2007) to the compila-
tion of Sander(1999 and finally to the original sourc&ax-
ena and Hildeman(L996, which makes clear that this value
is not experimental but rather estimated through a group
contribution method. This notion was explicitly mentioned
in the compilation oSandel(1999, but was lost in the com-
pilations of Modarresi et al(2007); Hilal et al. (2008, and
Raventos-Duran et af2010 directly or indirectly referring

to it. We emphasise here that these last three compilation For the binary acid—water mixtures considered in this

were made explicitly to develop and/or test HLC estimation work, activity data is mostly restricted to the water compo-

methods; hence, it is required that the compiled HLC values o o )
. . nent. In principle, this is not a problem, as it follows from the
are all experimental rather than estimated!

The HLCs of the other three diacids (malonic, succinic, Glbbs—Dghem rela}upn that for a binary mixture, kpowledge

- . .. of the activity coefficient of one component results in knowl-

and adipic acids) are all taken from the data compllatloned e of the activity coefficient of the other component. The
available in the EPI suite softwardlgylan and Howard g y P )

2000. Checking this compilation, it turns out that in all Gibbs—Duhem relation in its derivative and integral form is

cases, the HLC does not refer to a directly measured Value(?xpressed as (see eMansoorj 1989

3 Infinite dilution activity coefficients: usefulness in
obtaining HLC

Following Eg. @), HLC can be obtained by knowledge of
the liquid vapour pressur@f_’, and the IDACyS°. Note that
diacids and hydroxy polyacids are solid at room temperature,
whereaSp(L’ and yS° are required for the subcooled liquid.
Let us disregard the problem of obtaining a subcooled vapour
pressure, and focus here on obtaining a reliable valygof

but rather to an estimation obtained by combining solubility ANy dlnys

c$?of the solid diacid and solid state vapour presppffgus- W < 9w )T b XS( dxs )T o ©)
ing Eq. (7). This is not necessarily a problem; E@) {s cor- ' tw '

rect provided the solubility is low, such that one is close to the Xw Ny ()

IDL. Of course bothe$®and p2, should be reliable to obtain Inys = " X Iy / 1—1)? & (10)

areliablek, . The solubilitiesc$® are all from the AQUASOL
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wherex,y andxs denote the mole fraction of water and solute 3- AOVEAC
respectively, angk, andys are the corresponding activity co- o Raatikainen
efficients. If theys*° is desired, Eq.X0) reduces to 1:1-line

1

Inyw(t)
Iny>* = dr; 11
Ny Of(l_t)z ‘s (11)

hence, to obtain the IDAC of the solute, any functional form
of yw (#) should match the experimental water activity coef-
ficients over the entire concentration range.

Activity coefficients can be estimated by fitting an ac-
tivity coefficient expression (e.g. Margules, Van Laar, Wil-
son, UNIQUAC; sed’rausnitz et al 1999 Carlson and Col-
burn 1942 to activity coefficient data of a particular bi-

< linear diacids malonic to sebacic

citric ®

log, ,(v*) AIOMFAC, Raatikainen
o

tartaric
nary systemyg° can be derived from the parameters of this =~ -s»>—— ‘ ‘ ‘ ‘ ‘ R : ]

-2 -15 -1 -05

0 0,5 1
mixture-specific model. Another way to obtain the activity log, ,(v") Peng
coefficient is through the use of group-contribution meth- _ _ ~ _ _
ods. UNIFAC Eredenslund et al1975 Hansen et al1997) Fig. 1. Comparing loggy°° at 298.15K as estimated by different

is arguably the most popular activity coefficient estimation T1°ds: AIOMFAC and UNIFAC-Raatikainen vs. UNIFAC-Peng.
9 y pop Y For the linear diacids, AIOMFAC and UNIFAC-Peng are identical.

method based on this group-contribution concept. While a
mixture-specific model will generally perform better than a

group-contribution model for that specific mixture, its use is ¢osq to UNIFAC-Peng for malic and citric acids, but for tar-
limited to that binary mixture. A group-contribution method i acid it predicts an IDAC an order of magnitude lower.
like UNIFAC, on the other hand, can be used to predict the Figure 2 shows experimental lg, data for the three hy-

activity coefficients of more complex mixtures, including droxy polyacids, mixture-specific fittings and predictions

molecules for which no experimental data is available. through group-contribution methods. The data in the super-
Peng et al(200]) andRaatikainen and Laakson€2003 saturation range is frofReng et al(2001), obtained by elec-

provided new UNIFAC parameterisations (called UNIFAC- yoqynamic balance measurements on particles. Measure-
Peng and UNIFAC-Raatikainen hereafter) using activity nents on subsaturated bulk solutions is from several data
and/or solubility data of mixtures with water and diacids g4, ces (see Appendix for an overview). It is clear that

or functionalised diacids. A close relative of UNIFAC- o harticle data is more scattered and coarse than the bulk

Peng is AIOMFAC (Aerosol Inorganic-Organic Mixtures 415 some observations that can be made from these plots
Functional-group Activity Coefficient)Zuend et al.2011), are as follows:

as it inherited some of its parameters, while other param-

eters were inherited from the UNIFAC parameterisation of  — for malic and tartaric acids, water activity in the super-

Marcolli and Pete(2009 (UNIFAC-MP). UNIFAC-MP was saturation range is in the order AIOMFACUNIFAC-

adapted to better describe monoalcohols and polyols. It Peng> experimental;

should be mentioned that AIOMFAC has the widest scope

of the aforementioned models; it can also describe organic— - for tartaric acid, UNIFAC-Peng and UNIFAC-

inorganic and water—inorganic interactions, and is therefore Raatikainen predict a quite different IDAC jg°

extremely useful for aqueous systems containing both salts (Fig. 1). Still, their standard deviation (SD) vs. the ex-

and organics. perimental data is similar in lry. Close inspection re-
One would expect that these three models (UNIFAC- veals that UNIFAC-Peng matches best the buli,/n

Peng, UNIFAC-Raatikainen, AIOMFAC) would give simi- data in the subsaturation range (see AppeAdix

lar IDACs for diacids and hydroxy polyacids, as they were higher I th
based on experimental data for these molecules. The esti-h AIOMFAC returnsg igher 'Péwt TlthNII;AC-Peng over
mated IDACs are compared in Fit. the entire concentration range for all three hydroxy acids (see

Fig.2). From Eq. (1), this explains the systematically higher
3.1 Hydroxy polyacids IDAC predicted by AIOMFAC compared to UNIFAC-Peng.
UNIFAC-Peng shows a lower SD vs. the experimental data
Unexpectedly, large discrepancies, of up to one order of mageompared to AIOMFAC. The reason for the discrepancy be-
nitude, show up for the IDAC of malic, tartaric and cit- tween UNIFAC-Peng and AIOMFAC can be attributed to the
ric acids as calculated by the various methods. AIOMFAC fact that AIOMFAC’s hydroxy—water interaction parameters
predicts a higher IDAC than UNIFAC-Peng for all three are from UNIFAC-MP, which was developed for monoalco-
molecules. UNIFAC-Raatikainen gives IDAC values quite hols and polyols but not for hydroxy acids. Note however

Atmos. Chem. Phys., 14, 2692712 2014 www.atmos-chem-phys.net/14/2699/2014/



S. Compernolle and J.-F. Miller: Henry’s law constants of multifunctional acids 2703
that in the subsaturation range (see Appe#diXAIOMFAC
0> matches better the experimental data than UNIFAC-Peng for
0.0/ tartaric acid, while UNIFAC-Peng matches better for malic
and citric acids.
—03r Although UNIFAC-Peng has the lowest SD ing for the
_10l - three acids, it overestimates the4pdata in the supersatura-
- tion region for malic and tartaric acids. Therefore, we fitted
2 -5 - the data with the commonly used Margules, Van Laar, Wilson
8 50 and UNIQUAC ( UNIversal QUAsiChemical) activity coef-
* o bulkdata ficient expressions (e.gPrausnitz et al.1999 Carlson and
-25¢ °° E:;zc'seD‘ftg . Colburn 1942 see also Appendik). In Fig.2 we present the
—30| —~ AIOMFAC,SD= 0.33 most successful and unique fittings (e.g. for these particular
- - Raatikainen,SD= 0.23 cases, the Margules function gave results very close to the
—3.5r _ Xah: L_a3a_gf753%=0:i_237 Van Laar function). The resulting parameter set is then used
g ‘ ‘ i - to obtain the solute:>°. All fittings extrapolate to a lower
: 02 0 g, °° 08 Y0y than the group-contribution methods, and different so-
0 lute y° are obtained: 0.01 for malic acid 310~ for tar-
i taric acid, and 5 10~3 or 1 x 10~ for citric acid if the Van
i - Laar fitting and, respectively, the UNIQUAC fitting is used.
i However, as the data in the supersaturation region is scat-
I tered and coarse, these fittings are not well constrained. This
2 is shown clearly for citric acid, where the Van Laar and the
UNIQUAC fittings have a comparable SD, but are quite dif-
g ferent in the supersaturation region. We conclude therefore
_el e e bulk data that these IDAC estimations are not an optimal basis to de-
e o particle data rived HLCs, even if reliable, subcooled liquid vapour pres-
-~ Peng,SD= 0.24 sures were available.
el -- AIOMFAC,SD= 0.37 ||
o 5:?':;2:?;3;_00;4 3.2 Linear diacids
T A,=-9.06, 4, = -8.00
19 55 o o o5 o For linear diacids, UNIFAC-Peng and AIOMFAC become
Ty identical (Fig. 1). UNIFAC-Raatikainen gives an only
0 slightly higher IDAC for the longer chain diacids. However,
,,,,, this does not guarantee that they agree with experiment. Be-
5 fore proceeding further, let us first consider the peculiarities
of linear diacid solubilities in more detail.
It is well known that several properties of linear diacids,
—af such as melting point, fusion enthalpy, solubility and solid
=2  bulk data state vapour pressure, follow an even—odd alternation pat-
H o particle data tern with the number of carbon atoms in the chain. This is
-6r -- Peng,SD= 0.19 caused by the more stable crystal structure of linear diacids
-~ AIOMFAC,SD= 0.24 with an even number of carbon atonf$élladi et al, 2000).
T atkainensbe 049 In the case of solubility, this leads to a lower solubility of the
& T A= -9.98, Ay=-527 diacids with an even number of carbon atoms (B)gOn top
_ ENELEJ{}§'7SSD: 2-53155 . of_ the even—odd alternation pattern, the solub_ility decre_ases
2 i ' with the number of carbon atoms. One can view the disso-

Fig. 2. Logarithm of water activity coefficient at 2% in function
of mole fraction water, for malic, tartaric and citric acids. Particle | sat_ AStus(T) _ AHnus(T)

8.

0.2

0.4 0.6 0.8
xﬂ,‘

1.0

lution of a solute in a solvent as first a melting process and
second a mixing process.

ASmix(T) _ AHmix(T)
R RT R RT

(12)

experimental data is frofaeng et al(20017), bulk experimental data

is from several sources (see Appendix Fitted activity coefficient
expressions (Van Laar, UNIQUAC) are also included, as well as es-
timations by UNIFAC-Peng, AIOMFAC and UNIFAC-Raatikainen.
The standard deviation vs. the experimental data is also given.

www.atmos-chem-phys.net/14/2699/2014/ Atmos. Chem. Phys., 14, 26932 2014
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o—e AH, —a AS
e—e AH, o—e AH,—AHj,

8 ASy, w8 AS—ASg, /\‘

20

15F

10

=10 | »—x In(z) B ok ,\./:/./.
—e hl(l'fm‘“l) \\

% 5 6 7 B 9 10 -5 3 2 5 6 7 8 9 10
number of carbon atoms number of carbon atoms

AH/(R+T, K),AS/R

12
2

Fig. 3. Logarithm of the solubility mole fraction at 298.15K of lin- iy 4. Enthalpies and entropies of fusion and solution for lin-
ear diacids, and of the ideal solubility mole fraction, as calculatedeayr diacids, and their differences. Note that for the enthalpies
by Eq. I3). Solubility data was taken frompelblat and Manzurola A 77 /(RTyef), Tref=29815K is plotted, and for the entropies
(1987, 1989 1990, andBretti et al.(2000, fusion data fronBooth AS/R.

et al.(2010; Roux et al(2005.

) - perature. Solubility data for pimelic acid is also available
The ideal solubility modelYalkowsky and Wii2010 as-  (apelblat and Manzurolal989 but the solubility vs. tem-
sumes ideal mixing, such that the finite solubility is only perature curve is quite irregular; this could mean that sev-
caused by the melting process: eral solid—solid transitions take place (e.g. due to uptake of
wtid ASus(T)  AHs(T) water in the. crystal). Wg therefgre omitted the pimelic acid
= R T TRT data. Malonic and glutaric are highly soluble in water, hence
their solution enthalpy and entropy derived from solubility
A Stus(Tt A Hiys(Tt
& fus(Tus) — fus(Tus) (13) would be far from IDL. Instead, we took the solution en-

Inx

R RT thalpies derived from caloric measurements at low concen-
where we used approximation (Ed). and assumed a zero trations Taniewska-Osinska et all990.
AC,. The fusion data was obtained frawoth et al (2010, Given that theA Hyys and A Sqys are obtained at a higher

andRoux et al.(2005, and (if applicable) the sum over dif- temperature tham Hso| and A Ssg, it is not fully justified to
ferent solid—solid transition points was taken. From FEg. simply take their differences to obtaiHmix and A Smix, but
it is clear that apart from the even—odd alternation patternfor qualitative purposes it will probably suffice. One notices
there is only a small dependence of the ideal solubility with that from glutaric acid onA Hsol — A Hiys & A Hmix gradu-
chain length. Therefore, the lowering of solubility with chain ally increases; meaning that the energetic interactions acid—
length must be due to a more difficult mixing, or equivalently water become less strong compared to the acid—acid inter-
an increase in activity coefficient. We showed previously actions in the pure melt. This is unfavourable for the solu-
(Compernolle et a).2011) that for the longer chain diacids tion process and is one reason wi§"* decreases with chain
(starting from C7) UNIFAC-Peng and UNIFAC-Raatikainen length. Furthermore, one notices that the entropy of mixing
underestimate,$3, which should be close tp® for these — ASso— ASius ~ ASmix decreases, especially for the longer
low-soluble acids. These longer chain molecules were nothain molecules, again causingfto decrease. For azelaic
in the data set used to develop UNIFAC-Peng or UNIFAC- acid, this entropic effect has become the dominant contribu-
Raatikainen, and this can explain the lower performance otion to the low solubility.
both methods for these compounds. Such a strongly negativa Smix is typical for dissolution

A deeper insight in the driving factors behind the solubil- of hydrophobic molecules in water. The presence of the hy-
ity of linear diacids can be achieved by comparing fusion en-drophobic chain causes the water molecules to reorder them-
thalpies and entropies with solution enthalpies and entropieselves, resulting in an entropy decrease. There are many ex-
close to IDL, as done in Figt. The solution enthalpy and en- amples of this effect in the HLC compilation éfbraham
tropy for the low-solubility diacids succinic, adipic, suberic et al.(1990, for example for the series of linear 1-alkanols.
and azelaic acids was derived by fitting Van't Hoff equa- For linear«- and w-diacids, and presumably also for lin-
tions to the temperature-dependent solubility dat®pél- ear o- and w-diols, with both tails hydrogen bonding, it
blat and Manzurolé1987; Yu et al.(2012, andApelblatand  takes a longer chain before this hydrophobic effect becomes
Manzurola(1990. Note that for suberic acid, we chose the important.
data ofYu et al.(2012 over that ofApelblat and Manzurola
(1990 as the solubility varied more continuously with tem-
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Table 2. x$3and y$°/yS@ data at 25C. See AppendiA for the derivation and the used experimental data. Note that for the linear
diacids, UNIFAC-Peng and AIOMFAC return identical results.

¥ /v$A
Molecule xSat Thiswork Cleg§ Pend AIOMFAC Raatikaineh
oxalic 0.0230% N/A 1.08 0.91 1.04
malonic 0.2178 0.59 0.69 0.74 1.12
succinic 0.0133% 1.20 1.20 1.08 1.10
glutaric 0.16 3.10 2.87 2.37 2.40
adipic 0.0030% 1.00 N/A 1.08 1.06
pimelic 0.007565 N/A N/A 1.33 1.24
suberic 0.0002504  N/A N/A 1.01 1.01
azelaic 0.00017665  N/A N/A 1.01 1.01
sebacic 2.1054 N/A N/A 1.00 1.00
malic 0.1578 0.52 050 0.51 0.67 0.24
tartaric 0.1438 0.29 N/A  0.20 0.36 0.01
citric 0.132% 0.25 N/A 029 0.47 0.22
SD(logyo(y°/v$3H)9 0.10 0.14 0.63

2 The effect of acid dissociation is significant for oxalic aciegg and Seinfel@20063 calculated the activity of the undissociated
acid and concluded that, within the data uncertainty, Raoult’s law could be assumed. For the other acids the dissociation is a minor

effect.
b Apelblat and Manzurol1987.
¢ Apelblat and Manzurol§1989.

d Bretti et al.(2006).
€ The activity calculator for dicarboxylic acid solutions available at the E-AIM web§itedg and Seinfel®006a b) was used, taking

explicit dissociation into account and considering the activity coefficient of the undissociated acid.

f Peng: UNIFAC-Peng. Raatikainen: UNIFAC-Raatikainen.
9 Standard deviation ifgy o(y$° /yS$3 of the group-contribution method vs. the values derived in this work.

4 HLC data: results (Marcolli et al, 2004. Functional expressions for i (¢)
were fitted using only subsaturation water activity data; the
From Eq. ) it follows that HLC can be derived from solu- details are given in AppendiA and a summary of the re-
bility and solid state vapour pressure data, provided the solsy|ts in Table2. ¥ /y$ estimations using UNIFAC-Peng,
ubility is low enough such that the IDL is a good approxi- AIOMFAC and UNIFAC-Raatikainen are also presented, as
mation. But even if the compounds are quite water solubleell as estimations from the activity calculator for aqueous
as is the case for the short-chained linear diacids and the hyicarboxylic acid solutions available at the E-AIM website
droxy polyacids, one can still derive the HLC. Indeed, the (http://www.aim.env.uea.ac.uk/aim/acceftahd described
combination of Egs.3) and @) leads to by Clegg and Seinfeld2006a b). Similarly to this work
sa (see AppendixA) this activity calculator consists of mod-
kp = rs_ o (14) els individually fitted to specific diacid—water systems. The
vs® Pcrs resulting y°/yS3 estimations are therefore very close to
: . : - . ourwork. Among the group-contribution methods, UNIFAC-
The ratioys®/y* can be retrieved if sufficient water activ- Peng gives resugllts clc?sestp to our work. UNIFAC-Raatikainen

t at

cwxsg

H H i i i sal
'Iiy dat; IS a(\)/anablz n the concentration range= [0, x37]. deviates the most, and gives an exceptionally low value in the
rom Eq. 40) one derives case of tartaric acid.
X 1 For the longer linear chain diacids (C6 and higher), we did
vso _1- xg? ~ Inyw (2) not find water activity data in the subsaturation range in the
n=—=——"Inyy&w) + S, (15) ) ) oo
ysat xgat J Q-0 literature. In most cases, their solubility is low enough, such
w that y°/y$3~ 1 can be assumed. This was confirmed by
Fw=1—x3 y&° /yS8tusing UNIFAC or AIOMFAC. A somewhat higher

) o ) ) value is predicted only for pimelic acid.
The important point is that the integral no longer involves the 14 gerive the HLC values the® /152 derived in this
. . . . . ? S S
supersaturation region, where data is typically less precisgyq are used for the linear diacids C3-C5 and the hydroxy
and/or scarce. Solubility datef® (see Table2) was take_n polyacids. For oxalic acigh>®/yS3= 1 is assumed follow-
from Apelblat and ManzurolgL987 1989 1990, andBretti  jq'clegg and Seinfel20064. For pimelic acid, the value
et al. (2006, and was consistent with other solubility data
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Table 3. HLC data at 25C and dissolution enthalpies. The last estimated by UNIFAC-Peng is used. For the other linear
column provides the source of the solid state vapour pressure, unlegdiacids (C6,C8-C10)°/yS® = 1 is adopted given their low
otherwise indicated. Recommended values are in bold type.

Molecule Ma’;/r'n,l ;?n:’gpi‘q Source forp,
Linear diacids
oxalic 60x 10° Booth et al (2010
52x 108 Soonsin et al(2010
6.2x 108 Soonsin et al(20102
malonic 36 x 10° 73 Booth et al (2010
2.6 x 1010 88 Soonsin et al(2010
3.9x 1010 92 Soonsin et al(20102
9.4% 10° 113 Cappa et al(2009
4.0x10° 73 Bilde et al.(2003
31x10° 90 Ribeiro da Silva et af1999°¢
succinic 56 x 108 62 Booth et al (2010
1.0 x 100 Soonsin et al(2010
4.2 x10° 94 Soonsin et al(20102
2.0x 10° 97 Cappa et al(2007)°
46x10° 88 Chattopadhyay and Ziemai2005
1.4x10° 107 Bilde et al.(2003
9.8x 108 81 Salo et al(2010
1.7x10° 90 Ribeiro da Silva et ak2002)¢
glutaric 69 x 108 98 Booth et al (2010
6.1x 10° Soonsin et al(2010
5.2 x 10° 97 Soonsin et al(20102
2.4%10° 109 Cappa et al(2009)?
7.2x 108 107 Chattopadhyay and Ziemai(2005
32x10° 66 Bilde et al.(2003
3.4x 108 76 Salo et al(2010
1.1x10° 92 Ribeiro da Silva et af1999°¢
1.9x 10° Mentel et al.(2004°
adipic 29 x 107 79 Booth et al (2010
6.7 x 10° 105 Cappa et al(2007)°
57x 108 106 Chattopadhyay and Ziemai(2005
1.3x10° 114 Bilde et al.(2003
3.0x 108 57 Salo et al(2010
pimelic 8.2x 10° 121 Cappa et al(20079)?
1.3x10° 92 Chattopadhyay and Ziemai2005
33x10° 115 Bilde et al.(2003
1.8x 10° 129 Salo et al(2010
2.6 x 10° 105 Ribeiro da Silva et a1999°¢
suberic 7.8x 10° 120 Cappa et al(2007)°
43x 108 100 Chattopadhyay and Ziemai(2005
9.2x 108 136 Bilde et al.(2003
1.0x 108 53 Salo et al(2010
azelaic 9.0 x 10° 140 Cappa et al(2007)P.d
13x 108 100 Chattopadhyay and Ziemaii2005
1.1x108 115 Bilde et al.(2003
2.0x 107 58 Salo et al(2010
1.5x 10° 118 Ribeiro da Silva et af1999°
sebacic 7.7 % 10° Cappa et al(2007)?
8.4 x 107 Chattopadhyay and Ziemai(2009
1.4x 107 Salo et al(2010
hydroxy polyacids
malic 27x 1010 Booth et al(2010
tartaric 16 x 1010 Booth et al (2010
7-93x 106 Huisman et al(2013f
1.7-22x10Y Huisman et al(20139
2.1—28x 1015 Huisman et al(2013"
citric 7.9x 1010 Booth et al (2010
>2—60x 106 Huisman et al(2013f
> 1.5—42x 10'6 Huisman et al(20139
>0.6—18x 106 Huisman et al(2013"

2 Results using;g, from a saturated solution.

b pg, data measured at relatively high from 318-35& for succinic acid to 353-38% for sebacic acid.

¢ pg, data measured at relatively high from 339-35K for malonic acid to 367-37R for azelaic acid.
dThe p2, value 0f1.0 x 10° Pain Table 1 ofCappa et al(2007) is likely a typo. Comparing withh Hsnand
ASsupin the same table reveals that the valu@x 107 Pashould be taken.

€ This value is not derived frorﬁgr data but is directly measured.

f This value is not derived fromgr data, but frorry)f data, using EcB andy$® estimated in Sectiod.1 The
spread originates from the uncertaintyHmisman et al(2013's pE data. The true uncertainty will be higher

due to uncertainty ing®.

9 Estimated using Eqs5), (7) and (4), with fusion properties taken froooth et al(2010 and assuming

AC), 15~ 0.
h As g, but assumingC, is = ASfus(Tius)-
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solubility.

In Table 3, the HLC data at 25C derived from Eq. 15)
or Eq. (7) are presented. As especially the solid state vapour
pressures disagree between different sources, we grouped the
data in Table3 per solid state vapour pressure reference.
Where possible, also the enthalpy of gas-phase dissolution
is given, calculated a& Hy,aq= A Hsol — A Hsup

Huisman et al(2013 provide liquid phase vapour pres-
sures rather than solid state vapour pressures for tartaric and
citric acids. In a first approach, we applied E§), (using
the IDACs from the fittings discussed in Sé&ctln a sec-
ond approachk;, was estimated combining Eq®){(7) and
(14), using fusion properties taken froBooth et al.(2010
and assuming\C, s = 0 or AC,, 1s & ASgs(Tus). Both ap-
proaches return reasonably consistent results, although for
tartaric acid, the result of the second approach depends
strongly on the assumption faxC, s.

5 Discussion and conclusions
5.1 Consistency of solid state vapour pressure data

If other homologous series (linear alkanes, acids, 1-alkanols,
2-ketones, etc.) are any guideander1999, one would ex-
pect a rather slow variation of the HLC of linear diacids
with chain length compared to e.g. liquid vapour pressure
pE. For example, when going from acetic to hexanoic acid,
HLC at 25°C is lowered by a factor 4, whiIeE is lowered
roughly by a factor 400. Also, no even—odd alternation of
kj, or gas dissolution enthalpi Hy . aq With chain length is
expected, as this is a peculiarity for properties involving the
crystalline phase. Figuepresents the HLC and Hy_, 5q Of

the linear diacids vs. carbon number, grouped per reference
of solid state vapour pressure. The large variatiohyime-
flects the variation irp2, from different data sources. Some
of the lowestk;, and, in absolute value) Hy, aq are found

for Salo et al.(2010, especially for the longer chains C8-
C10 wherek;, lowers rapidly with chain length. This is likely
due to samples that are not purely crystalline, a possibility
acknowledged by these authors. For pimelic &édo et al.
(2010 could distinguish two modes and they attributed the
one with the lowesp? to the crystalline phase. This is prob-
ably correct, as for this acid the derived HLC and{y_, 4

are more comparable to these derived frp%p data of other
authors. To a smaller extent, also the HLC derived from the
Chattopadhyay and Ziemaf2005 data lowers rapidly from

C7 on. The dissolution enthalpies derived from the data of
Booth et al(2010 and ofBilde et al.(2003 exhibit a strong
even-odd alternation — although in reverse directions — and
contrary to expectation. This could be an indication of ex-
perimental artefacts in the measurementdfls,, in these
works. Also the HLC data derived fromilde et al.(2003

www.atmos-chem-phys.net/14/2699/2014/
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Fig. 5.l0g10k;, (@) and A Hyg-, aq (b) of linear diacids, grouped per data source of solid state vapour pressure. The range where partitioning
to agueous aerosol, based on water content only, is neither complete nor negligible, is also indicated.

exhibit an even—odd alternation. The HLC data derived fromtions provided by the review work &axena and Hildemann
Ribeiro da Silva et al(1999 2001) and Cappa et al(2007, (1996. For clouds, the liquid water content (LWC) varies
2009 exhibit the smallest variation with chain length, more between 0.1 and 1 gnd, and for aqueous aerosols between
in line with the expectation. We recommend the HLC derived 106 and 164 gm3 (Ervens et a].2011). If partitioning be-

from the data ofCappa et al(2007, 2008, as their measure- tween gas and aqueous phase is governed solely by Henry’s
ment was closer to room temperature compared to that frontaw, the aqueous phase fractiofag, of a species can be cal-
Ribeiro da Silva et al(1999 2001). The HLC derived from culated from
thepgr measurements on saturated solutionSadnsin et al. 1 1
(2010 are also recommended; these authors make a convincf,q = — =, With k" = p—W—,
ing case that these are preferable o;v%,rmeasurements on k*/kn +1 LWC RT

the solid state. with pw as the water density. For clouds® is between
Apart from diacids,Booth et al.(2010 also presented 4. 10# and 4x 10° Matm-L. For oxalic acid. the lowest,

p¢, data on hydroxy polyacids (malic, tartaric and cit- a6 from Table3 is 6.0 x 10° MatrmL., leading to faq be-

ric acids). Using fusion enthalpy data, these data Wergyeen 0.94 and 0.993. Taking also the acid dissociation of
then converted to subcooled I|qupf. From these data, it ajic acid into account at a typical pH of 4 (E8), faq is
followed that p{ (tartarig > p (succinig, and pP(citric) > apove 0.9999. The othdy, values for oxalic acid from Ta-
pP(adipic), which is counterintuitive, as one expects gen- ble 3 are about two orders of magnitude higher, leading to
erally a lowerp? with increasing number of polar groups. an even more complete dissolution. For the other species in
However, one could argue that for molecules with many Table3, k;, varies between foand 13! Matm~ (provided
functional groups, it is difficult for the molecules to get opti- one dismisses the lowest values fr&alo et al(2010 corre-

mal intermolecular bonding for all functional groups at once. sponding probably to non-purely crystalline samples) orders
Comparingk; instead ofp? can provide a more stringent of magnitude higher thak*. Hence, for clouds, the diacids
test; the small water molecules should more easily interactind hydroxy polyacids should reside almost completely in
with all functional groups at once. From Tal8gone finds  the aqueous phase.

thatk;, (tartarig > k; (succinig andky, (citric) > k; (adipio), For aqueous aerosolst is typically between 4« 108 and
which seems to be at least qualitatively correct. We recom4x 101° Matm~—1, which is in the range df;, values from Ta-
mend however the HLC derived from the dataHifisman  ble 3 for linear diacids. To the extent that the HLCs reported
et al. (2013. In this work, the same technique is used ashere are applicable, one can conclude that for linear diacids
Soonsin et al(2010 used for linear diacids, and the ex- significant partitioning to the agueous phase or the gas phase
pected orderp? (tartario < pP(succinio, and p?(citric) < are both possible, depending on the species and the LWC.
pE(adipic) is preserved. The derived HLCs are about 6—7 or-However, an aqueous aerosol is not a dilute aqueous solution,
ders of magnitude higher than those derived fromBbeth but on the contrary a concentrated solution containing both

(16)

et al.(2010 data. organics and inorganics. Therefore, in a more rigorous treat-
ment, an activity coefficient model (e.g. AIOMFAGZuend
5.2 Atmospheric implications et al, 2011 should be used, provided the mixture composi-

tion is known.

Notwithstanding the high variations in the derived HLC of
the linear diacids, they are most often higher than the estima-
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Appendix A our approach to obtain the®/y$ values for tartaric acid
and citric acid, which were not considered Glegg and Se-
Obtaining the activity coefficient ratios y > /ySat infeld (20063.

Al Procedure A2 Importance of acid dissociation

The water activity data ofPeng et al.(2001), in tabu-

lated form, was taken frorhttp://ihome.ust.hk/~keckchan/ The dissociation of the acids could in principle affect the
hygroscopic.htmlI The data of_evien (1955 for citric acid ~ Water activity data. To derive the intrinsig,, one needs
were also taken from this site. The data frafelezmoro  ¥s°/v$* of the undissociated acid. However, for most acid-
and Meirelles(1999; Apelblat et al.(1995a b); Marcolli water mixtures considered here, even the most dilute ones,
et al. (2009, and Maffia and Meirelles(2001) were taken acid dissociation is a minor phenomenon. This was con-
directly from the original works. All other dataD@vies firmed with the activity calculator at the E-AIM site, where
and Thomas 1956 Wise 2003 Robinson et a). 1942 one can choose to take the acid dissociation explicitly into
were taken not from the original work but from the E-AIM account or not; the effect opf® /s is very small. An ex-
site (http://www.aim.env.uea.ac.uk/aim/accent2/tables.php)¢ception is oxalic acid, for which we followed the analysis of
with the exception of the tartaric acid dataRdbinson etal.  Clegg and Seinfel@0063. In all other cases, we neglected
(1942, which was taken from the original work. We tested acid dissociation, but still the derivég should reflect rea-
the following functional expressions to fit i (see e.g. Sonably intrinsic Henry's law constants.

Prausnitz et al1999:

A3 Linear diacids
Margulesy (x1, A1z, A21) = (A12+ 2(Ap1 — A19)x1) x5, (Al)

Az1x2 2 Oxalic acid.Acid dissociation is significant in the subsatu-
Van Laar; A12, Ap)) = App | ——5 A2 ) ) : L
an Laary (x1, A1z A21) 12(A12x1+A21x2> A2 Ltion range. There is considerable uncertainty in the water
Wilson:f (x1, A12, A21) activity data andClegg and Seinfel@0063 cor)cludgd that .
Ar Ay Raoult’s law could be assumed for the undissociated acid.
- —l A _— A o0 Sat: .
N (x1+ A12x2) +x2 (x1+A12x2 A21x1+x2> (A3) Thereforey$®/ysd=1

® 0 Malonic acid. Water activity data for malonic acid was
UNIQUAC: f (x1, A12, Ap1) = In —* + Eqlln 2o, (11 — ﬂlz> taken fromPeng et al(2001); Davies and Thomagl956);
o 2 qu r2 Maffia and Meirelleg2007); Wise (2003, andMarcolli et al.
— [In (91+923*A21/T)+92( 7Y 7A12/T)] (A4) (2009 (Fig. Al). Not all data are of similar precision; es-
G+ e b2t tre pecially at high dilution, scatter can become important. The
with A1> and A1 the parameters to fit. For a detailed isopiestic data set ddavies and Thomagl95 has a rela-
overview of the quantities used in the UNIQUAC equation, tively high precision and is therefore fully retained. The data
we refer toPrausnitz et a1999. The best fitting functiony ~ of Wise (2003 and ofPeng et al(200]) for xy, > 0.95, and
was then chosen, with the lowest SD from thexjndata. If ~ Of Maffia and Meirelle200]) for x,, > 0.93 was not used.
the Iny,, data would cover the entire concentration range and! he data point ofVise (2003 atxy, = 0.91 is considered an
 fits the data well, the resulting parameters could be used t@utlier and was therefore also not used. The Margules func-
estimate Iy as f (xs = 0, A21, A12). However, as we only tion could best fit the data. The resulting activity coefficient
used data below and up to the solubility limit, the parametergatio isys®/y$*'= 0.59. Note that, after oxalic acid, malonic
will not be well enough constrained to this end. Instead, weacid is the strongest acid considered here. According to the

use the parameters to estimate the activity coefficient ratiglicarboxylic acid activity calculator at the E-AIM site, even
p0 [y S for the most dilute mixtures (molality0.5) 94% of the acid

is in undissociated form, ang™ /y 5= 0.69 regardless if
the dissociation is taken into account or not.
Succinic acid.Water activity data was taken frofeng
(A5) et al. (200); Davies and Thomag1956; Maffia and
Meirelles (2001); Wise (2003; Marcolli et al. (2004, and
Clegg and Seinfeld2006a b) already performed an ex- Robinson et al(1942. This diacid has a much lower sol-
tensive analysis on the activity of dicarboxylic acids (C2- ubility compared to malonic acid. The data\Wise (2003
C5) and malic acid. Moreover, the collected data anddeviates considerably and was omitted. Most data indicate
fitted activity models are presented at the E-AIM site ay ~ xw, implying that y>°/yS3 will be close to unity. If
(http://www.aim.env.uea.ac.uk/aim/accent2/). These modelsve select the data as recommended by E-AIM, i.e. the more
allow us to calculate/$°/yS3 and are in good agreement reliable isopiestic data dbavies and Thomagl956 and
with our analysis. This gives us confidence in the validity of of Robinson et al(1942, and part of the data o€arlo

yoo
In yTat =/ (xs=0, A2, A1p) — f (xs = x5, A21, A12).
S
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Fig. Al. Water activity of malonic, succinic and glutaric acids in the subsaturation region. Mixture-specific fitted expressions and group-
contribution activity estimations are also indicated.

(1979), a fitting with the Wilson function finally results in data sources. Fitting with the Margules function resulted in
ys° /ysd=12. vs®/y$™ = 0.52.

Glutaric acid. The data ofWise (2003 are very scattered Tartaric acid. We selected all the data @fpelblat et al.
and are therefore not used. The other data show clearly thgtl9953, and Robinson et al(1942. We selected only the
aw > xy. After fitting with the Van Laar formula, an activity ay < 0.95 points for theMaffia and Meirelles(2001) data
coefficient ratio ofyS° /yS$3= 3.1 is obtained. and theay < 0.97 points for theVelezmoro and Meirelles

Adipic acid.The solubility of adipic acid is very low, such (1998 data. The data dfelezmoro and Meirelle€L998 was
that y°/yS3~ 1 can be anticipated. This is confirmed by excluded as the,, data was lower than for the other data
the data point oMarcolli et al.(2004, whereay, ~ x\ atthe  sources.
solubility limit. Citric acid. The data of the different data sourcesyien,
1955 Peng et a].2001 Maffia and Meirelles2001; Velez-
moro and Meirelles1998 are in good agreement with each
other. We only excluded the data points\@lezmoro and
Meirelles(1998 atay, > 0.983.

A4 Hydroxy polyacids

For malic, tartaric and citric acids, one hag, < xw
(Fig. A2). Note that only malic acid was considered®gg
and Seinfeld20063.

Malic acid. We selected all the data Bfavies and Thomas
(1956; Carlo(1977); Apelblat et al. (19953, andRobinson
et al. (1942, while from the data o¥ise (2003; Peng et al.
(2001); Velezmoro and Meirelle€Ll998 we selected only the
aw < 0.95 points. The data dfiaffia and Meirelleg2001])
was excluded as the, data was lower than for the other
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Fig. A2. Water activity of malic, tartaric and citric acids in the subsaturation region. Mixture-specific fitted expressions and group-
contribution activity estimations are also indicated.
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