Note for the reader.

In this file I combined a pdf of my replies to the reviewers, with a pdf of a
diff file (generated by latexdiff) illustrating the revisions made to the ACPD
manuscript. The mentioned page numbers, table numbers, etc., refer to the
ACPD manuscript.

1 Reply to reviewer 1

We like to thank reviewer #1 for the careful review and comments. The sug-
gestions and corrections provided helped us to improve the article. They are
discussed point-by-point below.

1.1 General comments

Reviewer #1. One point worth clarification concerns the sensitivity test
calculations with aqueous ammonium sulphate aerosol solutions described in
Section 5 and implications of this discussed in Section 6. I suggest to mention
that the gas-liquid partitioning described with Henry’s law actually applies to
the limiting case of an organic compound being present in tiny amounts (both
in gas and liquid phases) only, as defined by Eq. (1). This may therefore not
apply to all situations found in the lower atmosphere. In addition, as soon as
not only an aqueous ammonium sulphate phase is present in an aerosol, but,
e.g., also a hydrophobic organic phase, the partitioning of the considered polyols
may be quite different from the simple examples given in the calculations and
shown in Figure 2; see, e.g., Zuend et al. (2010). In such a case, less hydrophilic
compounds may still partition substantially to the particles, despite the simple
Henry’s law calculation (and activity coefficient values in the aqueous phase)
suggesting otherwise.

Author’s response. We added clarifications in Section 5 and 6 based on
the reviewer’s comments.

Section 5, page 13539, line 20, we add:

“We note that this discussion, based on Henry’s law, is only applicable if the
organic compound is present in a tiny amount, and this may not be justified for
all situations encountered in the lower atmosphere.”

Section 5.2, page 13540, line 22, we add:

“Note however that this test is only applicable to a situation with a tiny
amount of organics. If e.g. a separate organic phase is present, less hydrophylic
compounds may partition substantially to the particles, even if the HLC based
analysis suggests otherwise.”

Section 6.3, page 13546, line 15, we add:

“Note that this analysis is only applicable for aqueous AS aerosol in the
limiting case of small concentration of organics. If e.g. a separate organic phase
is present in the aerosol, partitioning to this phase should be taken into account
as well.”



1.2 Specific comments

Reviewer #1. p. 13530, line 23: “enthalpy of gas phase dissolution”, perhaps
better: enthalpy of dissolution of a gas phase species. Check also the subscripts
in the formula given there.

Author’s response. Replacement done and subscripts corrected here, as
well as on the first line of 13531.

Reviewer #1. p. 13532, line 6: “its liquid vapour pressure”; better: its
pure liquid-state vapour pressure.

Author’s response. “liquid vapour pressure” replaced with “pure liquid
state vapour pressure”

Reviewer #1. p. 13532, line 7: “corresponding enthalpy change”; unclear:
state what process is meant.

Author’s response. Replaced by “the enthalpy of dissolution of an in-
finitesemal amount of gas phase species”. Also p. 13533 “enthalpy change” is
replaced by “enthalpy of dissolution of gas phase species”

Reviewer #1. p. 13532, line 15: “liquid, at infinite dilution”; change to:
liquid solute at infinite dilution.

Author’s response. Replacement done.

Reviewer #1. p. 13532, 13533., Eq. (5) vs. Eq. (10): Check the equations
regarding factor R.

Author’s response. We apologize for this oversight. In Eqgs. (5), (6), (7),
(11) and (12) the factor R has been added at the appropriate places.

Reviewer #1. p. 13535, line 21: “due to the crystal contribution”; this is
vague, please clarify what is meant.

Author’s response. Replaced by: “as this depends on the molecular
arrangement in the crystal structure which is compound-specific.”

Reviewer #1. p. 13535, line 22: I suggest to write there “liquid state
vapour pressure”.

Author’s response. Replacement done. The same is done at p. 13535,
line 18.

Reviewer #1. p. 13536, Eq. (17): Check the subscripts “g” of Cp,g in the
integrals related to the entropy/enthalpy changes of the fusion phase transition.
Shouldn’t it be Cp 1, — Cp.cr 7



Author’s response. We derive Eq. (17) here for ASgup,(Tref) step-by-step

ASs.ub (Tref) = Sg (Tref) - SCr (Tref)

Thret Ttus Thret

(1)

Se(Tret) = Sg(Tmeas) + / %dT:Sg(Tmeas)Jr / %dT‘F/%&)’

Treas Treas Ttus
Tret
C’p,Cr
SCr(Tref) = SCr(Tfus) + TdT
Trus

SCr(Tfus) = SL (Tfus) - ASfus (Tfus)
Ttus

SL (Tfus) - SL (Tmeas) + / C;L dT

Tracas

Substituting the RHS of Eq. (5) in Eq. (4), then the RHS of Eq. (4) in Eq. (3),
and finally the RHS of both (2) and (3) in (1), Eq. (17) of the article is correctly
obtained. The same procedure holds for AHgyp(Tref) -

Reviewer #1. p. 13536, line 17: Replace “solid state pressures” by “solid
state vapour pressures” (for clarity, since the vapour pressure is meant, not the
pressure of/in a solid).

Author’s response. We adapted this here, as well as at p. 13530, lines 5
and 25, p. 13535, lines 17 and 20 and at other occurrences.

Reviewer #1. p. 13542, line 11: “Note that AS has a deliquescence
RH (DRH) of 79.5% and an efflorescence RH (ERH) of “35% (Martin, 2000).”
For clarity, write: “Note that pure AS particles have a ...”, since this is not
necessarily true when other components are present (besides AS and water).

Author’s response. Sentence adapted.

Reviewer #1. Following sentence: “Below the ERH, only solid AS is
present in the particulate phase.” could be misunderstood, since also below
the DRH only solid AS may be present or otherwise a liquid, supersaturated
solution, depending on the RH history of a particle (i.e., if previously dried below
ERH or not). DRH is the stable equilibrium point (referring to the solubility
limit of solute).

Author’s response. We modified the sentence into:

“The DRH is the equilibrium point below which solid AS is the thermo-
dynamically stable phase and this corresponds to the solubility limit of AS in
water. However, depending on the RH history of the particle, a metastable su-
persaturated solution may instead be present below the DRH. Below the ERH,
only solid AS is present in the particulate phase.”

Reviewer #1. p. 13543, Eq. (25): As done in Eq. (2), Eq. (25) refers to
the limiting case of pressure and mole fraction — 0. Therefore, state the limites
in the expression.

Author’s response. This is done.

Reviewer #1. p. 13546, line 6: “diols will be partially or completely in



the aqueous phase in clouds,”; should it read “gas phase” instead of “aqueous
phase” here?

Author’s response. No, aqueous phase is meant. For example, 1,4-butane
diol will be completely in the aqueous phase as its kj, of 3.5x10% M /atm is larger
than the upper limit of k*. 1,2-hexane diol has a kj, of 1.7 x 10> M/atm which
is in the range that k* can take. To be more clear, we changed the sentence
into:

“According to the HLC derived in this and the previous work (Compernolle
and Miiller, 2014), diols will be partially (e.g. 1,2 hexane diol, depending on
the droplet size) or completely (e.g.”1,4-butane diol) in the aqueous phase in
clouds, ...”

Reviewer #1. Table 2: The pressure unit of atm is used, which is an
obsolete unit. Atmos. Chem. Phys. asks authors to use SI units whenever
possible, thus, use Pa (or kPa) for tabulated data. The same applies to Table
4.

Author’s response. In Table 2, we have converted the units to Pa. Re-
garding Table 4 however, we prefer to keep the 'M/atm’ unit for Henry’s law
constant, as it is more commonly used than the ST unit (Sander, 1999), and to
keep consistency with our previous work (Compernolle and Miiller, 2014) and
the compilation of Sander (1999).

Reviewer #1. Table 4: State the temperature for which the quantities are
listed.

Author’s response. “at 298.15 K” added in the caption.

1.3 Technical corrections
Reviewer #1.
e p. 13534, line 17: delete “(see Eq. 13)”.
e p. 13540, Eq. (20): RT should be math mode (RT).

Author’s response. The technical corrections have been implemented.

2 Reply to reviewer 2

2.1 General Comments

Reviewer #2. The authors report the calculation of Henry’s law constants
(HLC) for several polyols from literature data for water activity and vapour
pressure and calculated/ estimated data for infinite dilution activity coefficients
(IDACs), sublimation vapour pressures and activity coefficient ratios. These
HLC values and those from a previous work are used to assess the partitioning
of polyols, diacids and hydroxyacids into aqueous aerosol. The paper would be
improved by a more detailed description of how exactly the authors did their
calculations and more analysis of the effect of errors in their input values on
the HLC values they calculate. This reviewer recommends that this paper is



published in Atmospheric Chemistry and Physics after the following issues have
been resolved.

Author’s response. We thank the reviewer for the many suggestions to
improve the manuscript. We include now more detail about the calculations,
also including more references. A detailed error analysis concerning all relevant
quantities is now included in an appendix.

2.2 Specific Comments

Reviewer #2. Introduction:-In their previous paper (Compernolle and Muller
2014) the authors provide an excellent critique of the available ’experimental’
HLC values for diacids and hydroxyl polyacids from the literature. Although
the data for these polyols is much more limited than that for the polyacids, it
would be a useful addition to the introduction if the authors could summarise
and critique the literature data for HLC values for polyols in this paper in a
similar way.

Author’s response. To provide more context, we add now a short para-
graph:

“HLC data on polyols is limited. Data is available e.g. in the often-cited
compilation of Sander (1999). In this compilation however, most values are es-
timated by a group-contribution method, while only for three molecules exper-
imental values are included, and some of the data was evaluated as unreliable.”

Reviewer #2. p. 13531-line 6:- References needed for E-AIM

Author’s response. We changed the sentence into:

“.. making use of a model presented at the site E-AIM (Extended AIM
Aerosol Thermodynamics Model), available at http://www.aim.env.uea.ac.uk/aim/aim.php,
(see e.g. Clegg and Seinfeld; Friese and Ebel, 2010) to calculate the acid disso-
ciation.”

Reviewer #2. p. 13531-Eq. 2:- what is the significance of the superscript
'px’? What is its meaning?

Author’s response. The ’px’ subscript was introduced by Sander (1999)
(to which we refer) to specify that vapour pressure p is used for the gas phase
concentration, and mole fraction x for the aqueous phase concentration. This
is now specified in the text:

“The px superscript specifies that vapour pressure p is used for the gas phase
concentration, and mole fraction x for the aqueous phase concentration.”

Reviewer #2. p. 13531-line 23:- Might be helpful to remind the reader
Cw =55.5 Moles/Litre.

Author’s response. We appended “(equal to 55.5 mol/L at 298.15 K)”

Reviewer #2. p. 13532- Eq 5-7:- A reference for this use of the Van’t Hoff
equation is required.

Author’s response. We inserted a reference to the handbook of Atkins
and de Paula (2006).

Reviewer #2. p. 13532-Eq 5. An 'R’ is missing from in front of the
derivative.



Author’s response. This has been inserted. Likewise for equations (6),
(7), (11) and (12).

Reviewer #2. p. 13532-Eq 8. A reference is required for the derivation of
this equation?

Author’s response. A reference to our previous paper (Compernolle and
Muller 2014), where this equation is derived, is included.

Reviewer #2. p. 13533-Eq 10-12. A reference is required for the derivation
of these equations.

Author’s response. References and some extra explanation is provided:

“Eq. (11) is the Clausius-Clapeyron equation for sublimation (Atkins and de
Paula, 2006). Eq. (12) can be derived by combining Egs. (8), (6) and the van’t
Hoff relation for the activity of the solid (see e.g. Nordstrom and Rasmuson,
2008) «

Reviewer #2. p. 13534 line 1:- Methods to estimate activity coeflicients
considerably pre-date the references quoted here. The original paper defining
UNIFAC (Fredenslund et al. 1975) should be included in this set of references.

Author’s response. This reference is included.

Reviewer #2. p. 13534-Section 3.1:- lines 3 to end of page:- The authors
need to clarify how exactly they derived their values for IDAC and the activity
coefficient ratio as discussed in Section 3.3.

In its present form this section is very confusing. Eq. 13 is an integral form
of the Gibbs-Duhem relationship which can provide an IDAC for the solute.
Did the authors use Eq. 13 to get the IDAC values for any of their compounds
(if the methods given in Appendix A in Compernolle and Muller 2014 were
followed then probably not)? Activity coefficient expressions such as Margules,
Van Laar, Wilson, or UNIQUAC obey the Gibbs-Duhem relationship (ie. Eq
13) and, once the relevant parameters have been fitted to the data, the IDAC
value can be obtained directly. Is there an advantage to using Eq 13 to get the
IDAC values rather than fitting the available aw data to (say) the Margules
equation and obtaining the IDAC values from the Margules equation directly?
Do the authors combine an activity coefficient expression with Eq. 13 in some
way to get the IDAC values? In which case they should explain in more detail
how they do this. If the authors do not use Eq. 13 to calculate IDAC values
then perhaps it should be removed to avoid confusion. Either way the authors
should make it much clearer how they calculated their IDAC values. If Eq. 13
is retained then Mansoori 1980 should be quoted as a reference (as this provides
the derivation) and the authors should provide an explanation of what ’t’ is. If
an activity coefficient expression was used to calculate the IDAC values then
which equation was used for each compound should be provided either in this
section or in Table 1. Also Table 1 should include some information about
the composition range of the data that was fitting to the activity coefficient
expression.

Also the use and validity of Eq. 14 is unclear. Do the authors have a
reference or any other evidence that this equation is valid? The whole point of
using something like the Margules equation (or Eq. 13) is that the same equation
(with the same fitted parameters) is used across the whole composition range



to ensure that Gibbs-Duhem is obeyed. If the authors use one equation for
part of the composition range and a different equation for the rest then Gibbs-
Duhem will not be satisfied. However fitting one set of data to one equation
and a second set to a different equation would be fine (using different Margules
parameters which would give two different IDAC values- as seen in Table 1) so
is Eq 14 really describing the method used by the authors to fit two or more
sets of data for the same organic solute?

Author’s response. We tried to be concise in our description; we re-
gret if this led to confusion. We removed some explanation from Section 3.1
(e.g. Eq. (14) and its discussion). Instead, we inserted now a more detailed ex-
planation in the Appendix. It is integrated in the error analysis, as the derived
uncertainty in IDAC depends on the a,, data and how these are used. We prefer
to keep the Gibbs-Duhem Equation (Eq. 13) as it is generally valid, both if the
integral is solved numerically or analytically, while e.g. the Margules equation
has a more limited scope. Instead of ¢ we use now z,, as integration variable,
to improve clarity. The reference to Mansoori (1980) is included. The activity
coefficient expressions (Margules, Van Laar, etc.) are given in the Appendix,
and also the specific parameterisations. The composition range is not included
per experiment, but described in the appendix in a general way: mole fraction
of 0.1-0.95 for the Marcolli data, 0.93-0.996 for the other data.

Regarding the reservations that the reviewer has about Eq. (14). Let us
restate here the integral form of the Gibbs-Duhem equation (e.g. Mansoori,

1980).
Iny° = /1 Iy (@w) wa(xwg dzy,
) 0 (1—zy)
If sufficient fine-grained data would be available over the whole composition
range, it would be most straight-forward to solve the integral numerically. How-
ever, this is not the case here. An alternative is to fit the In~,, data with a
function f(zy), and then applying the integration on this function. If f(zy))
is e.g. a Margules expression the integration is well known and In~J° can be
directly evaluated from the fitting parameters of f(zy)), but in general f(¢)
could be an arbitrary function; it should merely provide a good fit to the In s
data. In many cases, a single activity expression (Margules, Van Laar,...) was
enough to fit all data.
It is of course true that
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Suppose now that none of the activity expressions we use can give a good fit
of all In~, data over the entire range. However, as f(xy) can be a general
function, there is nothing that prevents us from defining
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with f)(2y), f®(2y) different Iny expressions. This leads us to Eq. (14):
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Of course if e.g. f(1) is a Margules expression and f(?) is a Van Laar expression,
then the parameters of either expression do not correspond directly to In~2°.
But that does not prevent us from evaluating both integrals.

We hope this makes clear the approach we followed. As noted above, we've
put now a more detailed explanation in the Appendix.

Reviewer #2. p. 13535 line 5-9:- Using two sets of data to get two different
IDAC values for the smaller diols gives an idea of the sensitivity of the IDAC
values to errors in the aw data. However, as the authors correctly point out, as
the IDAC values increase for the more hydrophobic diols the uncertainty will be
larger and for some of these diols there is only one value for IDAC because there
is a single set of aw data. It might be suspected for (say) 1,7 heptane diol or
1,2 hexane diol, that any fitted parameters in an activity coefficient expression
may be poorly constrained and consequently the IDAC values sensitive to small
errors in aw . Could the authors do a sensitivity analysis using one of the above
compounds and applying- 1) a small random error (do the authors providing the
experimental data quote an error for their aw values?), and 2) a small systematic
error to the aw data to see what effect this has on the calculated IDAC value.

Author’s response. This is a good suggestion. In the newly-included error
analysis in the appendix, systematic and random errors are applied to the ay
data and the impact on IDAC investigated. Moreover, also the impact of choice
of the fitting function is analysed.

Reviewer #2. p. 13535 line 25 to p. 13536 line 10:- Equations 15-17 need
a reference. Also it might help to make your nomenclature in these equations
clearer if you state that ASg,, and AHg,p are weak functions of temperature.

Author’s response. The temperature correction is now stated as Kirch-
hoff’s law, with a reference to Atkins and de Paula (2006). “with AHg,p and
ASgup weak functions of temperature” is added after Eq. (16).

Reviewer #2. p. 13537:- Discussion of the results for sublimation pres-
sures.

p- 13537 lines 1-2:- The authors should provide some figures about the
agreement for fusion data between different data sources (were they all within
5% of each other or 3% or 1%7).

Author’s response. Comparison of fusion data of the polyols with 4 or
more OH groups is now included in a paragraph. Also an error analysis regarding
the impact of uncertainty in fusion data on kj is included in the Appendix.

Reviewer #2. The authors make a convincing case that the integrals
involving the heat capacity integrals are important to the calculation of pOCr but
they have nothing to say about the effect of error in the heat capacity values
and the AH /AS values in Eq. 16 and 17 on the calculation of pQ, . The authors
should do a sensitivity calculation for some of the compounds in Table 2 (in
particular for sorbitol or mannitol where the extrapolation is large) where the



effect of (say) a 5% error (or if the data suggests a more representative estimate
of the error use that) in heat capacity values and the AH/AS values and its
impact on pg, can be evaluated. From this the authors should be able to draw
some conclusions about the relative importance of errors in these quantities and
how this varies with the temperature difference (Tieas — Tref)-

Author’s response. In the error analysis in the appendix, uncertainties on
p%r are derived based on an intercomparison of p°, A H. vap/subs Cps Trus and A Hpyg
between different data sources, and a sensitivity test is performed based on this.
We also investigated the impact of stereo-chemistry on C, 1, and C), cr(as in some
cases we had to use C,, of a stereo-isomer) and tried to quantify the error on C), ¢
(made difficult because this quantity is estimated). For this intercomparison
exercise, new data is included, e.g. from Lopes Jesus et al. (2005); Parks and
Huffman (1926); Parks and Anderson (1926). As can be expected, for a large
(Timeas — Tret) difference the error is the largest.

Reviewer #2. The authors should include T}, values in Table 2 and also,
rather than a single point for Ti,cas , they should indicate the temperature range
of the data which they have used to derive their AHg,p, and AHy,p at Theas-

Author’s response. In Table 2, we have replaced Tieas with the temper-
ature range. The T},s values we did not include in this Table, but in a Table in
the error analysis section in the Appendix.

Reviewer #2. p. 13537 line 21-22:- "The high temperature p) and p%r
data of erythritol and pentaerythritol is comparable among the data sources. .
. this is too vague. In what way are these three sets of data comparable |[...]?

Author’s response.

To clarify this, we added the following part to the sentence:

“ if the p? parameterisations presented in these works are evaluated at mid-
points between their respective Tiyeas, differences ranging from 4% up to 40%
are obtained.”

Reviewer #2. [...] and if they are so similar why do they give different
AH,,, or AHgy,, and different estimates for p2, at 298.15K? Doesn’t this high-
light one of the difficulties with this method (as defined by equations 15-17) of
deriving sublimation pressures at 298.15K from high temperature vapour pres-
sure data. The high temperature data needs to be very accurate and over a
substantial temperature range to provide an accurate slope of the vapour (or
sublimation) pressure. [...]

Author’s response. It is true that the uncertainty in AHya, or AHgyp
dominates the error in p%r at 298.15K (and also in ky,), at least for the polyols
with 4 or more hydroxyl groups. This is now shown in the error analysis in
the Appendix, and discussed in Section 6.1. However, one must also take into
account that the old studies of Nitta (1950, 1951) and Bradley (1953) were done
over a smaller temperature interval, and for much less data points, compared to
the Barone (1990) study. Therefore, we think the slopes of Nitta and Bradley
are less reliable, and their data is not retained for the final kj; calculation.

Reviewer #2. [...]. The authors should discuss the limitations and advan-
tages of their method against alternative methods for calculating values for pg,. .
For example it is known that for some vapour pressure estimation methods that



require normal boiling point (Tb ) as an input (eg. Nannoolal et al. 2008) the
vapour pressure correlation is relatively accurate and most of the error (for low
volatility compounds) comes from the estimation of Tb .

Hence an alternative method to obtain p2. would be to use one of the
standard vapour pressure estimation methods; fix the boiling point to give
the experimental vapour pressure or sublimation pressure at Tieas ; and es-
timate the subcooled liquid vapour pressure at 298.15K which can then be con-
verted to the crystal sublimation pressure using the equation for the ratio of the
solid /supercooled liquid fugacities (Prausnitz et al 1986), with the simplification
that the gas phase is ideal and T}, is a good approximation to the triple point
temperature). This is the same equation as Eq. 1 in Compernolle et al., 2011.

Author’s response.

We have reservations concerning this alternative approach proposed by the
reviewer. While the Nannoolal et al. (2008) vapour pressure method (and
similarly, the Moller et al. (2008) vapour pressure method) are successful espe-
cially for monofunctional compounds, there can be issues for highly polyfunc-
tional compounds. From the theses describing the development of both methods
(Nannoolal, 2006; Moller, 2007, p. 127), it is clear that only compounds were
considered where a normal boiling point is available. This excludes the polyols
with 4 or more OH groups. Therefore, these methods may not be well-suited to
calculate the vapour pressure of these kind of compounds. In fact, the original
version of the Moller method contained a bug that we pointed out (Compernolle
et al., 2010), showing up only for highly polyfunctional compounds, and giving
very unrealistic values. While this bug has been corrected since then, it does
indicate that the method was not devised for highly polyfunctional compounds.

We did some test calculations using the vapour pressure estimation methods
available on-line at the site of E-AIM (http://www.aim.env.uea.ac.uk/aim/aim.php)
for the polyols with 4 or more hydroxyl groups. The three methods provided
(Nannoolal et al., 2008; Moller et al., 2008; Myrdal and Yalkowsky, 1997) all
calculate p? and require a normal boiling point T}, as input. As suggested by
the reviewer, we adjusted 7}, until the high-temperature data of p? Barone et
al. (1990) could be reproduced. Then, the p? (298.15K) was calculated using
this boiling point. The results are given in a separate appendix. The method
of Myrdal and Yalkowsky (1997) gave much higher p? (298.15K) than the other
two methods, e.g. for sorbitol it was higher by a factor 200-400. The final
pY (298.15K) result of the Nannoolal method and of the Moller method are in
closer agreement (e.g. for sorbitol within a factor 2), however, the T}, value
that had to be used was very different (for sorbitol: 674 K for the Nannoolal
method, 789 K for the Moller method). This also points to problems with this
methodology.

Reviewer #2. p. 13538:- Section 3.3:- Similar issues to those raised in
Section 3.1. Do the authors need to quote Eq. 187 Was it used to calculate
the ratio of the activity coefficients? If not should it be removed it to avoid
confusion to the reader? From figure 1 and the text in this section it is clear
that the ay data was correlated using the Margules equation. The form of
the Margules equation should be provided, either in this section, or in Section

10



3.1. If Eq. 18 is to be retained can the derivation of Eq. 18 from Eq. 10 in
Compernolle and Muller 2014 be provided (perhaps in an Appendix).

Author’s response. The Margules equation (along with other activity
coefficient expressions) is now presented in the Appendix. To be more explicit
on how we derived the activity coefficient ratios, we include now in the text:

“The precise procedure is described in Appendix A of Compernolle and
Muller (2014) and the resulting parameters are shown in Fig. 1.”

We prefer to keep Eq. (18) because it is generally valid. We don’t see the
added value of a separate derivation of Eq. (18). It was already presented in Eq.
(15) of Compernolle and Muller (2014) and can be derived in one step from Eq.
(10) of Compernolle and Muller (2014), simply by evaluating In~s at infinite
dilution and at saturation, and then taking the difference.

Reviewer #2. The authors need to comment on the impact of likely errors
in their input data on the activity coefficient ratio. How sensitive is the activity
coefficient ratio to errors in the solubility limit? How reliable are the solubility
limits provided with the a,, data? Would small errors in the a,, data have a
significant impact upon the calculated activity coefficient ratio?

Author’s response.

Reliability of solubility limits and impact on activity coefficient
ratio

Solubility limits were not taken from the same source as the a,, data, because
it was not always clear if ay, was measured up to the solubility limit. Rather,
we took the solubility limit from works where solubility was the focus (see Table
3). Based on the uncertainties that are reported, and by comparing solubility
limits for the same compounds from different data sources, it can be concluded
that the error on solubility measurement is generally very small. A discussion
on this is included in the error analysis in the appendix. Moreover, these small
uncertainties in 25** do not affect the integration region in Eq. (18) significantly,
and therefore also not the activity coefficient ratio.

Impact of aw errors on activity coefficient ratio

If the solubility limit is low, the activity coefficient ratio is necessarily close
to unity and will not be affected much by errors in ay. The situation is of
course different if the solubility is large, and therefore the integration region in
Eq. (18) becomes large. We applied random shifts to the ay, data, based on
the precision of the data. This resulted in small uncertainties for the activity
coefficient ratio. This is also included in the error analysis in the appendix.

Reviewer #2. p. 13538 line 16-17:- 'For adonitol and arabinitol * .... the
simple but successful one parameter Margules fittings of Chirife et al.” This is
a bit subjective (on what basis is it successful?). Can the authors please delete
’simple but successful’.

Author’s response. This is deleted.

Reviewer #2. p. 13538 linel9 ’. . .but reasonable assumptions [for
the activity coefficient ratio] could be made.” This demands more explanation,
which you provide in Table 3, so suggest you insert ’(see Table 3)’ after 'made’.

Author’s response. Reference to the table inserted.
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Reviewer #2. p. 13539 linel:- The first line should read “Using Eqs. (4),
(5), (8) and (9). . .7

Author’s response. It should have been “Using Eqs. (4), (5), (8) and
(10)”. This is now corrected.

Reviewer #2. p. 13540 Eq. 20:- need a reference for the derivation of this
equation.

Author’s response. The equation has been explicitly derived instead.

Reviewer #2. p. 13540 line 10:- need a reference for the range of k* in
clouds. Also for the calculation of k* for clouds and aerosol- what temperature
is used?

Author’s response. The k* range is derived from the LWC range for cloud
and aerosol given at p. 13539, and the reference temperature 298.15 K. This is
now indicated in the text.

Reviewer #2. p. 13541 Eq. 21/22:- Need references for the derivation of
these equations (or provide their derivation in an Appendix). Also the form of
Eq 21 should be made clearer by putting brackets around f p,s /(1-f p,s).

Author’s response. The steps needed to derive these equations from Eq.
2 have been mentioned and the brackets have been added.

Reviewer #2. p. 13542 line9-10:- What is the range of xag used and what
were the corresponding RH values?

Author’s response. xag was varied between 0.43 and 0, corresponding to
an RH between 30 and 100%. This is now mentioned in the text.

Reviewer #2. p. 13542 line 26-28:- Sentence beginning:- ’Glycerol. . .
needs to be reworded. . . Suggest:- ’At RH=90% glycerol, with three hydroxyl
groups, is 95% in the gas phase while sorbitol, with six hydroxyl groups, is still
50% in the particulate phase at RH=44%." The authors should comment that
this may be due to glycerol being much more volatile than sorbitol.

Author’s response. We changed the sentence into:

“At RH=90% glycerol, with three hydroxyl groups, is 95% in the gas phase
while sorbitol, with six hydroxyl groups, is still 50% in the particulate phase at
RH=44%. This is due to the large difference (8 orders of magnitude) of their
kp, values.”

Reviewer #2. p. 13545:- Section 6.1:- in this section the authors discuss
some of the uncertainties in their HLC values. However they really need to
have discussed in the earlier part of the work the expected uncertainties in key
inputs to HLC values such as solid state pressures and IDAC values to make
this meaningful. Once they have provided some information on the sources and
magnitude of likely errors for their p2, values and IDAC then the authors should
be able to comment authoritatively on the impact on their HLC of different
sources of error for different compounds. In its present form without the error
estimates to back up the statements in this section are quite devoid of meaning.

Author’s response. We have now performed a more quantitative er-
ror analysis in the appendix, deriving uncertainties for a, v°, p?, p%r, st
,ysoo/,.y:at7 AI—Isub or AI—Ivap7 Tfusa AI—Ifus> Cp,Cra CV;D,L and Cp,g~

Based on this, we are able to make a more solid discussion of the errors. We
rewrote the discussion of this section:

)
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“An error analysis is performed in Appendix A. The compounds that are
liquid at room temperature (most diols and glycerol) have a relatively low un-
certainty in kj, (relative standard error 6-28%). For some compounds, further
improvement is possible with more precise p? data and/or more fine-grained
and precise ay, data in the dilute region.

The compounds that are solid at room temperature, especially the polyols
with four or more hydroxy groups, bear a much larger uncertainty in k; (rela-
tive standard error 34-82%). This is mainly due to the use of high-temperature
liquid or solid state vapour pressures. More specifically, it is due to the uncer-
tainty in AHyap or AHg,p in combination with the extrapolation over a large
temperature interval. For the hexols, also the uncertainty in heat capacity be-
comes important, although we note that the error in C), , is speculative as this
property is estimated. Measuring the (solid or liquid state) vapour pressure
closer to room temperature will lower these uncertainties.

As noted above, the C), , values are estimated. Improvement here is possible
by using C} derived from experiment or from ab initio calculations rather
than using a group contribution method. For nonane diol and decane diol, only
solubilities from a secondary reference (Merck Millipore) could be retrieved, for
which it is difficult to estimate the reliability. New solubility measurements are
desirable to obtain a more reliable kj, estimate.”

Reviewer #2. Tables:- The authors should provide the chemical structures
for the compounds in Tables 2 and 3.

Author’s response. We have inserted a new table with an overview of the
polyols with 3 or more hydroxyl groups, together with their molecular structure.
For the diols, we did not do this, as straightforward IUPAC names are used in
the text. Note that some info from Table 2 (number of OH groups, synonyms)
is transferred to this new table.

2.3 Technical Corrections

Reviewer #2. p. 13532-linel5:- insert ’solute’ after ’liquid’ to improve clarity.

Author’s response. ’solute’ inserted.

Reviewer #2. p. 13533-line 2:- The sentence should read 'In the case that
the solubility is small. . .

Author’s response. Sentence adapted.

Reviewer #2. p. 13536 line 2 and line 6:- The authors might consider
using 'temperature correction’ rather than 'transformation’ to improve clarity.

Author’s response. Sentence adapted.

Reviewer #2. p. 13538 line 15:- suggest 'underestimates =, of these
polyol/water mixtures.’

Author’s response. Sentence adapted.

Reviewer #2. p. 13541 line 12:- to improve clarity insert 'polyol’ so that
it reads ’. . .the amount of polyol solute is infinitesimally small.’

Author’s response. As in the subsequent lines we treat also diacids and
hydroxy acids, we put instead: ’... the amount of organic solute is infinitesimally
small.’

13



3 Reply to reviewer 3

3.1 General

Reviewer #3. This is a good contribution for assessing the Henry’s law con-
stants of polyols some of which are of strong interest in atmospheric chemistry.
Some of the derived Henry constants are extremely high, especially for the sugar-
related compounds. Here, I am missing a discussion in view of other available
Henry constants and a evaluation as the final outcome of this discussion. I think
some of the data listed here are not compared towards, other, existing data and
I feel the manuscript should be revised accordingly. Otherwise a contribution
fitting well to ACPD and throughly done.

Author’s response. We thank the reviewer for this positive evaluation.

In section 6.2 a comparison with the literature was already done. We have
not found any other experimental HLC data for these molecule types. Given
that in the (necessarily limited) comparison with the literature the data was
mostly within a factor 2 or 3, we think that the agreement is reasonable. This
is now reflected more clearly in the text. We added at page 13545, line 24:

“In conclusion, for five out of six HLC values, we have a reasonable agreement
with literature values.”

3.2 Details:

Reviewer #3. Abstract, line 5: What does ’'intermediary results’ stand for
here ?

Author’s response.

We meant that in the process of deriving the Henry’s law constants, also
other quantities have been derived. We replaced the sentence with

“While deriving HLC and depending on the case, also infinite dilution ac-
tivity coefficients (IDACs), solid state pressures or activity coefficient ratios are
obtained as intermediate results.”

4 Other changes

Unfortunately two mistakes regarding units were present in the discussion paper.
Correction 1. Bradley and Cotson (1953) reported their vapour pressure
measurements of pentaerythritol in cm Hg, while we assumed incorrectly that
it was in mm Hg. Therefore, the derived pOCr(Tref) should have been 9.2 x 10713
atm (or 9.3 x 10~® Pa), instead of 9.2E-14 atm. This is now corrected in Table
2. As a consequence, we rewrote the text starting from p. 13537, line 21:
“However, due to differences in A Hy,j, or A Hg,p, the extrapolated pg, (298.15 K)
is a factor 7 to 50 higher if the older data of Nitta et al. (1950, 1951); Bradley
and Cotson (1953) is used, compared to when the more recent data of Barone
et al. (1990) is used. In the older studies the enthalpy was determined using
much less data points (6-11, compared to 25-30 for the data of Barone et al.
(1990), and specifically for the data of Nitta et al. (1950, 1951), over a quite

14



narrow temperature interval (~12 K, compared to 30-40 K for the other stud-
ies). Therefore, we consider the p¢, derived from the high-temperature data of
Barone et al. (1990) as more reliable.”

Correction 2. By mistake we inserted the solubility mass fraction of pen-
taerythritol (Cheon, 2005), without converting to mole fraction. This made
following corrections necessary:

e 2% in Table 3 is now 0.00946 instead of 0.067.

e Due to the low solubility, 75° /752" can be approximated as 1 (Table 3).

S

The UNIFAC-MP calculation gives now 0.97.

e kj becomes 7.4 x 10'2 instead of 6.7 x 103 (Table 4). In Figs. 2b, c, the
curve belonging to pentaerythritol has moved closer to that of erythritol.
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Abstract

Henry’s law constants (HLC) are derived for several polyols bearing between 2 and 6 hy-
droxyl groups, based on literature data for water activity, vapour pressure and/or solubility.

Depending-While deriving HLC and depending on the case, also infinite dilution activity co-
efficients (IDACs), solid state vapour pressures or activity coefficient ratios are obtained as

intermediary results—intermediate results. An error analysis on the intermediate quantities and
the obtained HLC is included. For most compounds, these are the first values reported, while
others compare favourably with literature data in most cases. Using these values and those from
a previous work (Compernolle and Miiller, [2014), an assessment is made on the partitioning of
polyols, diacids and hydroxy acids to droplet and aqueous aerosol.

1 Introduction

Henry’s law constant (HLC) describes the partitioning of a compound between the gas phase
and a liquid, highly dilute solution. In the atmosphere, such dilute solutions, with water as
the solvent, can be reached in cloud droplets. Aqueous aerosols are another example where
liquid water is important, but in this case the solvent must be regarded as multicomponent,
with significant inorganic and/or organic contributions. In a previous work (Compernolle and
Miiller], |2014) we determined additional HLC data for diacids and hydroxy polyacids, from
water activities, solubilities and vapour pressures, employing thermodynamic relationships. We
follow the same approach in this work, but with a focus on polyols: compounds with two or more
hydroxyl groups, but no other functional group. Polyols such as 2-methy] tetrols were identified
as important secondary organic aerosol (SOA) constituents (Claeys et al., 2004). HLC data on

olyols is limited. Data is available e.g. in the often-cited compilation of |Sander| (1999) . In this
compilation however, most values are estimated by a group-contribution method, while onl

for three molecules experimental values are included, and some of the data was evaluated as
unreliable.
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In Sect. 2] we first briefly review the thermodynamic relationships employed to derive HLC

(kp) and the associated enthalpy of gﬂ%phﬂﬁ&di%:}@%uﬁﬁfr&é%dissoluﬁon of a gas phase
species (AH,,q)- In Sect. |§| we derive intermediary-intermediate results, namely infinite di-

lution activity coefficients (IDACs), solid state vapour pressures and activity coefficient ratios,
which are necessary components in deriving HLC but not as such available in the literature for

all compounds. Next (Sect. EP, we present kj, and Aﬂ%éﬁﬁg’;ﬂgpusing the data from the

previous Section and other literature data. An error analysis is presented in Appendix [Al In

Sect. [5] we discuss the implications for partitioning to cloud droplets and aqueous ammonium
sulfate aerosol, making use of the activity coefficient model AIOMFAC (Aerosol Inorganic-
Organic Mixtures Functional groups Activity Coefficients) (Zuend et al., 2011]). We extend this
also to dicarboxylic acids and hydroxy polyacids, making use of the-medet-a model presented at
the site E-AIM (Extended AIM Aerosol Thermodynamics Model), available at http://www.aim.

PP D AL OO N DDA AP

culate the acid dissociation.

Note that in this work, non-IUPAC names are used for polyols with 3 or more hydroxyl
roups. Their structures are presented in Table

2 Thermodynamic relationships between HLC and other quantities

For HLC, several definitions exist. We will follow here the convention used by [Sander]| (1999).

kp= lim & (1)
¢s,ps—0 PDg

with c¢g the solute molar concentration of the solution and py its partial pressure above it. Note

that we assume ideal gas behaviour for the solute. With this convention, a larger k; means

a higher partitioning of the solute to the solution. At some point, we will employ also another

definition of HLC, following again the notation of |Sander| (1999)),

x
Y= lim =2 2
h xsﬂlgiri’o Ps ( )
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with x4 the solute mole fraction. The pz superscript specifies that vapour pressure p is used for

the gas phase concentration, and mole fraction x for the agueous phase concentration.
The relation between both quantities is

kh/kix =Csol 3)

with ¢g the total molar concentration of the solution, (or solvent, since we assume that the
solute is infinitely diluted). In ease-the case that the solvent is pure water, we write Cs] = Cyw
(equal o 55,5 mol /L. at 298,15 K).

If the solute is a liquid at the temperature of interest and the solvent is water, kj, can be
obtained by Eq. ()

Cw
with v°° the infinite dilution activity coefficient (IDAC) of the solute (mole fraction based and
with the symmetric convention v> =1 for pure liquid solute) and p{ its euie-pure liquid
state vapour pressure. The corresponding enthalpy ehange—tof dissolution of an infinitesimal
amount _of gas phase species (AHZ7,,,) can be derived from the van’t Hoff equation
(see e.g.|Atkins and de Paula, 2006) and (neglecting the small temperature dependence of cy,)

is-equal-to-

B
= AHP,  —AHy
AMitw= i
with—AH5related to _the enthalpy of vaporisation I 5ag (AHyap) and the en-

thalpy of solution of the liquid ;—solute at infinite dilution —(AH°, ) using Hess’s law
4
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(Atkins and de Paulal, [2006) ,

dlnky,
- =AH®
d(1)T) ~ ~&2m

SAH g 7 Al ®

since the dissolution of a gas in a solvent can be considered as first a condensation of
the gas to the pure liquid (corresponding to —AH followed by a dissolution of this

liquid in the solvent (corresponding to AHX . ). AH,,, and AH> . can themselves be

derived from the van’t Hoff equation or, for Eq. , from the Clausius-Clapeyron equation
(Atkins and de Paulal 2006) .

. dIn~*>
A =Ry ©)
A,y ——R- 07 ™
—oovap d(1/T)

If the solute is a solid at room temperature, as is generally the case for polyols with
more than three hydroxyl groups, the following equation can be applied instead of Eq. (@)

(see/[Compernolle and Miiller, 2014}, for the derivation) .

,.YSat cwwsat
kn =575 ®)
v Pcr

with 2% the solute mole fraction at the solubility limit and v** the corresponding activity
coefficient. In ease-the case that the solubility is small, v°° /v**" ~ 1 and Eq. (8) reduces to

xsat
kp = cw o ©)
Dcy
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The corresponding enthalpy ehange-of dissolution of gas phase species, derived from the van’t
Hoff equation, can be related to (again neglecting the temperature dependence of cy) isequal

to-
o0 — o dlnk’h
A g—aq Rd(l/T)
= AHE,. —AHg
sat__ sat
din 125
o) _ >
AI_ICr—mq - ~d(1/T)
o dlnpgr
A];[sub — T d()T)

with-AH-the sublimation enthalpy
solid at infinite dilution ~(AHX using Hess’s law (Atkins and de Paulal, 2000) ,

W dink,
Ay == RO

=2 — 2T

with
dlnp?
AHgp =—R——Xt
2 dsub = d(l/T)
. dln,yi;l/lo‘,l::at
AHe g =Ry

=AHps + AI_Il(fo—mq

aﬂd é llOO

(A Hgyp) and the enthalpy of solution of the

(10)

(11)

(12)
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Eq. is the Clausius-Clapeyron equation for sublimation (Atkins and de Paulal [2006) .

Eq. can be derived by combining Eqgs. and the van’t Hoff relation for the activity of

the solid al" (see e.g.Nordstrom and Rasmuson, [2008)

dlnystzst  dinal"  AHp, (13)
(1/T) “d/T) R

The data required for Eqs. (@), (3), (8) and (T0) is not always available as such in the literature.
In Sect. [3] data for IDACs, solid state pressures and activity coefficient ratios is derived.

3 Intermediary Intermediate results

3.1 Infinite dilution activity coefficients

In ease—the case that the compound is a liquid at room temperature, Eq. (#) applies
and the IDAC is required Estimation methods to calculate activity coefficients exist

experimental data is preferred |Sule1man and Eckertl ( 994) pr0V1de IDAC data for d101s but

only for compounds with up to four carbon atoms. For many other polyols, the IDAC of the
solute is not reported, but instead data is available on the water activity a., ever-the-entire
concentrationrangein function of mixture composition. In that case, s can be obtained by the
integral-form-of-the-Gibbs-Duhem relation (Prausnitzet-al1999)—(here stated in its integral

1
InA / e () In iy (2w) Sdt, (14)
0

(1—1)? (1 —zy)®

with vy = aw /Ty the activity coefficient of water and z, the water mole fraction. Note that we
added the subscript “s” to v to distinguish clearly the activity coefficient of the solute and the
activity coefficient of water. A#n-

7
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If sufficient precise, fine-grained a,, data over the whole composition range would be
available, numeric integration of the integral in Eq. would be the most straightforward.

If this is not the case, an alternative is to fit the In v,, data with an activity coefficient expression
Jfean-be-used, e.g. Margules, Van Laar, Wilson or UNIQUAC (Prausnitz et al. [1999; |Carl-

son and Colburn, |1942) —to-fit-the tn-y—data-of-a-binary-system—(see_Appendix [A2] for the

expressions).
Marcolli and Peter| (2005) provide a, data for 14 diols and two triols over the—whele

compeosition—range-a broad composition range (z ically between 0.1 and 0.95.), but the
data is rather coarse grained. This is especially crltlcal in the dilute region; from Eq. (I4) it can

be concluded that a small change in In~, leads to a comparatively large change in In~sfsee-Eq-
[H)-. Therefore, where posmble we included also more ﬁne gralned data in the dilute region

SFCOY TR

rn»(LBorghesanl et al L 98 I;JRomero and PaezL 006], Ty t 1call between 0, 93 and 0. 996) In

Table the resultin are presented. For 8 diols we present also the
estimation without taking the available dilute region data into account, i.e. based on the

Marcolli and Peter| data only. This can then be compared with the 7 based on all data.
In most cases, the difference in the resulting IDAC is rather small (see Appendix [A2)). This in-

dicates that even in those cases where only the coarse grained data of Marcolli and Peter| (2005))

is available, the derived v2° are still quite reliable;-atdeast-for-the-smaller->>-However,for
8
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Often, we were able to fit an activity expression to all In~,, data. In other cases, where the
broad ranged but coarse grained data of Marcolli and Petelj\( 2005) was comblned with the more

fine grained data in the dilute regione
witkbe farger, WWM@&MMMW&%
to derive v>° are provided in Appendix Also included in Appendix [A2]is an uncertaint

analysis in the derived ¢ values by applying systematic and random shifts to the ay data, by
testing alternative activity expressions and by comparing 5% derived with and without dilute

region data.
, 7$° for pentane and hexane diols, derived from surface tension data, are reported by

et al| (2007); [Paez et al| (2011). These are considerably higher than the data presented in Ta-
ble 2| However, as explained by [Brocos et al.| (2007), very accurate surface tension data is
a prerequisite to derive v°; 75° of diols, derived from surface tension data, are all overesti-
mated compared to the literature data in their analysis. Moreover, it is not clear to us if the
applied approximation (the Volmer surface equation of state, see |Gracia-Fadrique et al., [2002)
is valid in this case.

3.2 Solid state vapour pressures

e liquid state vapour pressure of organic compounds can be estimated (e.g. Pankow
The liquid pour p f organic compounds can be estimated (e.g. [Pank
and Asher, 2008; [Nannoolal et al., 2008}, Compernolle et al., 201T)), but for polyfunctional

compounds the result is often not accurate. Solid state vapour pressure is even more difficult
to estimate, due-to-the-erystal-contributionas this depends on the molecular arrangement in
the crystal structure which is compound-specific. Therefore, experimental data is preferred.
Solid state and/or liquid state vapour pressure data for polyols with four or more hydroxyl

groups is available (Barone et al.,[1990; Bradley and Cotsonl [1953}Nitta et al.,[1950,195T)), but

obtained at temperatures considerably above room temperature. The solid state vapour pressure
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at Tier = 298.15K is given by

1
1np(ér (Tref) = 1/R <ASsub (T}ef) - TfAHsub (Tref)> (15)

If at the temperature of measurement Tieas, the compound is a  solid,

the following transfermation—is—applied——temperature _ correction _is _ applied
Kirchhoft’s law, see e.g.|Atkins and de Paulal, [2006])

Tet

Che—C,
ASsub (Tref) - ASsub (Tmeas) + / p,g#p,CrdT (16)
Tmcas
T;'ef
AI_Isub (Tref) = AI'Isub (Tmeas) + / (Cp,g - Cp,Cr) dr
Tmeas

with A Hyp and A Sy, weak functions of temperature. If at Ti,eqs the compound is a liquid, the
transformation-fusion point must be taken into account, and the temperature correction is

Tfus Tre[
Cpe—C, Cpe—C
ASsub (Trer) = ASyap (Timeas) + / p’g#“dT + ASus (Ths) + / p’g#p’&dT (17)
Tmeas ,Tfus
Tfus ,Tref
AI{sub (Tref) - Affvap (Tmeas) + / (Cp,g - Cp,L) dT + AI_Ifus (Tfus) + / (Cp,g - C’p,Cr) dT
Tmeas Tfus

with C, ¢, Cp 1,,C) cr the constant pressure heat capacities for respectively gas, liquid and crys-

talline phase, Tj,s the melting temperature, A Sg,s, A Hyys the entropy and enthalpy of fusion, and

ASyap, AHy,p the entropy and enthalpy of vaporisation. In most cases, the high temperature p°

data is not measured at one temperature but in a temperature interval. Tipess then corresponds to
10

todeq uorssnosyq | Jedeg uwoissnostq | Iodeq uorssnosyq | 1edeq uorssnosi(q



210

215

220

225

230

235

Fusion data was taken from Barene-etal

Experimental heat capacity data for solid and liquid was taken from Tong et al. (]m m

2009\, 20104, |b); [Zhang and Yang| (1989); [Della Gatta et al. (1999), while for the gas it was
calculated by the method of (1976), available in-from the NIST Chemistry Webbook
(Stein and Brown). In Table E| the derived solid state vapour pressures and sublimation
enthalpies at room temperature are presented.

TFhere—is—Fusion data_of [Tong et al(2007,/2008,[20104,/2009) on _one hand and of
Barone et al.|(1990) on_the other hand could be compared for erythritol, xylitol, adonitol,
sorbitol and mannitol. There is generally a good agreement between the-fusion-data-(both data
sets: Trys was always within 6 K and A Hy,s »-between-different-data-sources—within 4 %, with
the exception of xylitol where the deviation is 11 %. Interchanging both data sets had an impact
of a factor 1.3 on pg, at room temperature at most. Where available, the more recent data of
Tong et al. was preferred over that of Barone et al| (1990) .

Cp1, and C), ¢ were not always available. In that case, the data of a stereo-isomer was taken
instead. ForIn Appendix[A5.2] it is shown that liquid phase heat capacities ;-this-can-bejustified
by-(i)-the-similar-Cj1-of xylitel-and-adenitol-and-(it)-of polyol stereo-isomers are very close.
This is in agreement with the similar ASy,, and AH,,, of stereo-isomers-stereo-isomers re-
ported by Barone et al.| (1990) -indicating-and indicate similar thermodynamic properties of
the liquid phase. Regarding C, ¢y, differences between stereo-isomers are larger (see Appendix

but still the approximation of using a stereo-isomer seems reasonable.
Neglecting the integrals involving the heat capacity differences in Egs. (I6)) and (I7) can lead

to serious error: while for the tetrols the change is only minor, there is a factor 5 to 7 increase in
p2.(298.15K) for the pentols and most hexols, and a factor 40 increase for sorbitol. Estimating
Cp,¢ with the method of Joback and Reid| (1987) instead of the method of led
to changes in p2 (298.15K) smaller than a factor two. Note that these two methods do not
take the intramolecular hydrogen bonding into account. The group contribution C), ; estimation
method of [Paraskevas et al.| (2013); [Sabbe et al.| (2008), based on quantum chemical data, does
include corrections for intramolecular hydrogen bonds. However, it is not clear how to apply
these correction terms for species with 3 or more hydroxyl groups. Using one HOCCO term
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(NNIS5 in the terminology of [Paraskevas et al.|(2013))) per hydroxyl group for the linear polyols,
one obtains a factor 2 to 3 higher pgr(298.15 K) for the pentols and hexols, compared to the
case where this term is neglected.

In most cases the high temperature pg or pgr data is obtained from a single reference
(Barone et all [1990); only for erythritol and pentaerythritol is a comparison possible be-
tween different data sources. The high temperature p(ﬂ or pgr data of erythritol and pen-
taerythritol is roughly comparable among the different data sources (Barone et al. [1990;
Bradley and Cotson, [1953; Nitta et al., 1951, [1950)but—; if the p’ parameterisations

resented in these works are evaluated at mid-points between their respective 7eus,

differences ranging from 4% up to 40% are obtained. However, due to differences in
AHvap or AHsub, the extrapolated Pcr(298 15K) is a factor 7 to 50 hrgher if the data—of

red-older data

of [Nitta et aI mmuhadley and Cotsonj is used, com ared to when the more
recent data of [Barone et al|(1990) is used. In the older studies the enthalpy was determined
using much less data points (6—11, compared to 25-30 for the data of Barone et al.|(1990) ),

and specifically for the data of [Nitta et al. m 95 1), over a qulte narrow temperature
interval (~ 12 Ky—Fh :

over-a—30-te—40, com ared to 30—40K mterva}ﬂﬂdﬁ%ﬁaerefer&emmderedﬁﬂerﬁe}rab}efor

the other studies). Therefore, we consider the 5, derived from the high-temperature data of
Barone et al| (1990) as more reliable.

Uncertainties in the derivation of p¢,(Zir) are analysed in Appendix A3l The largest
uncertainties are encountered for the polyols with 4 or more hydroxyl groups; due to the large
difference between Tineys and Try, relatively small changes in AHyyp or AHy, lead to large
changes in pg,(Trer). Uncertainty in heat capacity becomes important for the hexols. Uncertainty
in fusion data is relatively unimportant.
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3.3 Activity coefficient ratios

The ratio v5° /45" can be obtained from water activity data in the subsaturation range (Comper-
nolle and Miller, 2014).

1
n ,.yso _ 1— wgat + / ]11"/“ (t) ln’yw(xw)df

18
1—f)2 1—xw) ()

The polyols with more than three hydroxyl groups considered here are solid at room temper-
ature. Their water activity is only measured up to the solubility limit, if measured at all. Sim-
ilarly to our previous work (Compernolle and Miiller, [2014)), activity coefficient expressions
(Margules, Van Laar, Wilson (see e.g. [Prausnitz et al.,[1999; |Carlson and Colburn, (1942))) were
fitted to ay, data in the subsaturation range, and the fitting parameters were used to obtain the
solute activity coefficient ratio y5° /5. The precise procedure is described in Appendix A of
Compernolle and Miiller| (2014) , the resulting parameters are shown in Fig. [l This was done
for erythritol, xylitol, sorbitol and mannitol (Fig. [T). The UNIFAC (UNIQUAC Functional-
Group Activity Coefficient) method of Marcolli and Peter| (2005) (UNIFAC-MP, identical to
AIOMFAC for polyol-water systems) underestimates ~y, of these pelyoelspolyol/water mixtures.

For adonitol and arabinitol, we calculated 75°/~5* from the simple-but-sueeessful-one pa-
rameter Margules fittings of [Chirife et al| (1984) (see Appendix [A4]). The results are presented
in Table[z_f} For nonane diol, decane diol, pentaerythritol and dulcitol, no a, data was found, but
reasonable assumptions for 45° /45 could be made (see Table ). As expected, the polyols with
a lower solubility (erythritol, mannitol) have 5° /75 close to unity. We included estimations
of the activity coefficient ratio by UNIFAC-MP. This method gave lower 72° /v5* as compared
to our results.

13

TodeJ UOISSNOSI(]

TodeJ UOISSNOSI(]

TodeJ uOISSNOSI(]

TodeJ UOISSNOSI(]



290

295

300

305

4 Henry’s law constants and enthalpies of gas dissolution

Using Eqgs. @), @), (@B) and @]), the data provided in the previous Tables, as well as literature
data, the Henry’s law constants and gas dissolution enthalpies can be derived. The values are
tabulated in Table 3l

The expected order hexols > pentols > tetroltetrols > tritoltriol > diokdiols in ky, is generally
followed. Diols have kj, between 10° and 107 M atm™—!. The diols with longer hydrophobic
chains have considerably lower kj, than their o, w counterparts (e.g. an order of magnitude dif-
ference between 1,2- and 1,5-pentanediol). For the linear polyols, k;, and AHZ?,,, are roughly
comparable among the different stereo-isomers. Clearly, the large differences in 2% and pgr
of the hexols are mainly due to their different crystal structure, which does not affect kj. Al-
though pentaerythritol has the same number of hydroxyl groups as erythritol, its &y, is +0-7 times
larger. Probably the tetragonal arrangement of the hydroxyl groups of pentaerythritol facilitates
bonding with the water molecules.

5 Impact on gas-particle partitioning

Similarly as for the diacids and hydroxy polyacids (Compernolle and Miiller, 2014)), we assess
the importance of the partitioning to the particulate phase for polyols in clouds and aqueous
aerosol, approximating the liquid phase as a dilute aqueous solvent. Moreover, we also perform
a sensitivity test, aiming at determining the particulate fraction of polyols, diacids and hydroxy
polyacids in the case of an aqueous ammonium sulfate aerosol. We note that this discussion,

based on Henry’s law, is only applicable if the organic compound is present in a tiny amount,
and this may not be justified for all situations encountered in the lower atmosphere.

5.1 Pure water as the solvent

For clouds, the liquid water content (LWC) varies between typically 0.1 and 1 gm™3, and for
aqueous aerosols between 1076 and 10~% gm =3 (Ervens et al.| [2011). The particulate fraction
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of organic solute is equal to

Nps
= 19
os Np,s + Ngs (19

with n, 5, ng s the moles of solute in particulate and gas phase respectively. Using the ideal gas
law, Eq. can be transformed into

1 1
- i | (20)
RE T+ ngs/np,s 1+%T‘%”ﬁ

with Vi, a unit volume of air and V;, the particle volume. If partitioning between gas and

aqueous phase is governed solely by Henry’s law (Eq. (), and the solvent is considered pure
water, f5sean-be-ecaleulatedfrom-Eq. (20) becomes

1 1 Vair 1 w 1 1
fos with ek = ~20 = P @1

T kx k1R R+ 1 V. RT _LWCRT RT

with py, the density of pure water. Forelouds;%+From the LWC range given above, and fixing 7’
to the reference temperature of 298.15 K. it follows that for clouds, k* varies between 4 x 10*
and 4 x 10° M atm~'. From Table |5} it can be deduced that all polyols with three or more
hydroxyl groups will be almost completely partitioned to the aqueous phase. Diols will be
completely or partially in the aqueous phase, depending on the case. For aqueous aerosol, if
one (falsely) assumes the aerosol phase to be pure water, %it is obtained from the LWC range
given above that at the reference temperature k* varies between 4 x 108 and 4 x 10'® M atm ™!,
With this assumption, diols will not partition appreciably to the aqueous phase, glycerol will
partition to some extent, and only at the highest water content, while all polyols with four or
more hydroxy groups should reside almost completely in the particulate phase.

5.2 Aqueous ammonium sulfate aerosol as the solvent

An aqueous aerosol is not a dilute aqueous solution, but is instead a concentrated mixture of
organics and/or inorganics. HLC determined for a pure water solvent are less applicable to such
15
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mixtures. We present here a sensitivity test for a simple aerosol mixture of water and ammonium

sulfate (NH4)2504, AS). Note however that this test is only applicable to a situation with a
tiny amount of organics. If e.g. a separate organic phase is present, less hydrophylic compounds
may partition substantially to the particles, even if the HLC based analysis suggests otherwise.
It is more convenient to use here the alternative HLC definition k)" instead (Eq. EI) ki eanbe

equated-to-

pr 7. Np, s/np tot __ .fpﬁs Vai
Ry =limp, o, 0 ol

n&” RT - ]7fp,s np,totRT

with-hgsrrpsLet us define ng « and ny, ¢ as the number of moles of solute in gas and particulate
phase respectively:-, and n, (o as the total number of moles of the solutionand-V-a-unit-volume
of air-Conversely, the-particulate-, As the particulate solute mole fraction is equal to 7, ¢/ 7p g0t
and using the ideal gas law, Eq. (2) can be transformed into

LT — 1 i np,s/np,tot . fp,s Vair o)
Toshy, = Vi g0 SEERT | 1— RT 2)
T 1 + kTu RT np tot Mg;sMp,s Vair W\pr\}i B\B\’/t?/tvvv\,
In the last step Eq. was used. Eq. can be rearranged to
1
hs= T 1T 23)
kzl RT nyp ot

Note that in the particular case of the AS—water system
Np ot = Np,w + 3Np AS + Nps = Np w + 3Np As (24)

as each molecule of AS dissociates in three ions, and the amount of selute-is-infinitesemally
organic solute is infinitesimally small.
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The organic solutes considered are the polyols discussed in this work, and the diacids and
hydroxy polyacids treated in our previous work (Compernolle and Miiller,[2014)). k:flm of asolute
for a solvent consisting of water and a mole fraction x5 of dissolved AS can be calculated from

> =0 1
@A =0) ey gy L (25)

*

1% (zas) ge
with 7 the activity coefficient of the organic solute using the asymmetric convention (i.e. v* =
1 if the solute is infinitely diluted in pure water). k" (xas = 0) was taken from Tableor Table 3
of Compernolle and Miiller| (2014) (recommended values only), after the appropriate conversion
kYT = cwkp. 75°(was) and A5°(zas = 0) were calculated with the model AIOMFAC (Zuend
et al., |2011), available online (http://www.aiomfac.caltech.edu). This model calculates activity
coefficients taking interactions between water, organics and inorganics into account. A very
small organic mole fraction (zory = 107'?) was chosen to ensure that 72°(zas) and 2°(zas =
0) represent IDACs. As a consequence, the impact of the organic solute on the activities of
water and the ions is negligible. Although the activities are estimated and not measured, we note
that activity data sets of several AS—water—organic mixtures (organic being a polyol, diacid or
hydroxy polyacid) are used to determine AIOMFAC’s parameters (Zuend et al., 2011)).

Given a particular xag, the water activity and hence the relative humidity (RH) are fixed by
the AIOMFAC model. Note-that-AS-has-xag was varied between 0.43 and 0, corresponding
to a RH range between 30 and 100 %. Note that pure AS particles have a deliquescence RH
(DRH) of 79.5% and an efflorescence RH (ERH) of ~35% (Martin, 2000). The DRH is
the equilibrium _point below which solid AS is the thermodynamically stable phase and this
corresponds to the solubility limit of AS in water. However, depending on the RH history of the

article, a metastable supersaturated solution may instead be present below the DRH. Below
the ERH, only solid AS is present in the particulate phase.

The particulate fraction f, s of the organic solute depends on the amount of solvent (wa-
ter + AS) per volume of air. A fixed AS mass concentration of 4 ug m~2 was chosen, typical for
inorganic aerosols at mid-latitudes over continents (http://vista.cira.colostate.edu/improve/). As
a consequence, upon increasing RH from the ERH to 90 %, the LWC varies between 10~ and
10~° gm™3, a typical range for aqueous aerosol.
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Polyols. Due to their low ky, diols do not partition significantly to aqueous aerosol and
hence are not included in this analysis. Stereo isomers of xylitol and sorbitol were also not
included, given their similar k; and the fact that AIOMFAC does not distinguish between
stereo isomers. For the polyols, AIOMFAC predicts an activity increase with lowering RH (or
equivalently increasing the salt concentration) (Fig. [2). The effect increases with the number
of hydroxyl groups. However, this is more than compensated by the concomitant increase in
kn(xas = 0) (Table . The particulate fraction of polyols decreases with decreasing RH both
due to the increase in solute activity, and the decrease of total absorbing mass. GlycerolAt

RH=90% glycerol, with three hydroxyl groups, hasleft-the-particulate-phase-foris 95already-at
RH=90(Fig-Zp)-Ontheotherhand-% in the gas phase while sorbitol, with six hydroxyl groups,
is still for-50% _in the particulate phase at RH==44-%. This is due to the large difference (8
orders of magnitude) of their %j, values.

Linear diacids. Diacids with two (oxalic) up to ten (sebacic) carbon atoms are considered. Let
us neglect acid dissociation for the moment. AIOMFAC’s interaction parameters are negative
(stabilising) between the carboxylic acid group COOH on the one hand, and the ions NHZLIr
and SO?[ on the other hand. For the group CHg, these interaction parameters are positive
(destabilising). As a consequence, the activity of the linear diacids with 4 carbon atoms or more
increases with decreasing RH. The activity of oxalic acid, on the other hand, decreases with
decreasing RH, while the activity of malonic acid stays roughly constant. Even without taking
acid dissociation into account, it is clear that these diacids partition appreciably to the particulate
phase (Fig. [2b). Note that for malonic acid, we chose the lower of the recommended kj, values
from Table 3 of Compernolle and Miiller| (2014)); the higher value would lead to f}, near unity
even without acid dissociation.

Hydroxy polyacids. Citric and tartaric acid exhibit a modest activity increase upon decrease
of the RH. On the other hand, they have extremely high kj,(zas = 0) values (Compernolle
and Miiller, 2014)). Therefore, they will reside almost completely in the particulate phase from
RH =100 % to the ERH.
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Impact of acid dissociation. The effective HLC, kiz’eff, of a polyacid is larger than k}* due
to acid dissociation. For a diacid one has

kil‘,eﬁ‘ — lim xHQA + xHA7 + :L'A27 (26)

THy AT A— T p2— PHyA—0 PHoA

with 1,4, Tga- and z 52— the mole fractions of the undissociated acid, monodissociated acid
and twice dissociated acid respectively. Acid dissociation is governed by the acid dissociation
constants

* *
K .= YH+ TH+VHA- THA-
a,l — *
YHoA THyA
Vi THAY A2 T A2
Ka,2 == .
YHA- THA-

27)

with K, ; mole fraction based acid dissociation constants, and v* mole fraction based activity
coefficients, with the asymmetric convention (i.e. becoming unity at infinite dilution in pure
water). Combining Eqgs. (26) and (27) leads to

* 1 * 1 2
k’p;m,eff _ kﬁm <1 +Ka,1 YH2A +Ka,1Ka,2 YH2A ( ) ) (28)

YHA- " YH TH A= \Yu+*Th+

AIOMFAC does not calculate activity coefficients of ionised organic acids. To describe the
ionisation in the water—AS—diacid system, we used the models provided at the site of E-AIM
(http://www.aim.env.uea.ac.uk/aim/aim.php). Specifically, model IV was used, which is an im-
plementation of the parameterisations of |[Friese and Ebel| (2010) and (for the diacids) of |Clegg
and Seinfeld (2006). Solid formation was prevented, and the dissociation equilibria HoO/OH™,
NH; /NH;, HSO; / SO?[ were taken into account. At the vanishingly small acid concentra-
tion used, E-AIM calculates the same yp,A*, Yga-* and y2-* regardless of the identity of the
diacid. This is not realistic; one expects a larger v* value for a diacid with more CHy groups.
Therefore, Y, ™", equal to 7 in Eq. (23, is still calculated by AIOMFAC, to take into account
19
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the destabilising CHo—ion interaction. yg+ * g+, ;’:if * and x;fi in Eq. are determined
by the E-AIM calculation. Note that due to the vanishingly small acid concentration, v+ *xy+
is determined by the amounts of water and AS only. Acid dissociation constants were taken
from E-AIM or [Apelblat (2002). Oxalic and malonic acid are predicted to be completely in the
aqueous phase from RH = 100 % to the ERH, while the particulate fraction of the other diacids
are clearly enhanced (Fig. 2k), compared to the calculation without acid dissociation (Fig. 2p).

6 Discussion and conclusions
6.1 Assessing main uncertainties

HLC of polyols with 2—6 hydroxy groups are derived in this work, using experimental data
and thermodynamic relationships. This study complements a previous work (Compernolle and|
Miiller, |2014) where the focus was on diacids and hydroxy polyacids. Fer-the-

An error analysis is_performed in Appendix [Al The compounds that are liquid at room
temperature (most diols and glycerol) have a relatively low uncertainty in kj (relative standard
error 6-28%, see Table [7). For some compounds, further improvement is possible with more
precise py data and/or more fine-grained and precise ay data in the dilute region.

The compounds that are solid at room temperature, especially the polyols with four or more
hydroxy groups, the-Jargest-source-of-uncertaintyis-probably-bear a much larger uncertainty
in_ky,_(relative standard error 34-82%, see Table [8). This is mainly due to the use of selid
state—pressures—extrapolated-high-temperature liquid or solid state_vapour pressures. More
specifically, itis due to the uncertainty in 2 Hy,p 0r & Hyyp in combination with the extrapolation
over a large temperature interval. Reemtemperature-measurements-of-solid-state-pressure-will
lead-to-more-precise-k—values—Alternativelyimprovement-For the hexols, also the uncertainty
in heat capacity becomes important, although we note that the error in Cj ¢ is speculative as
this property is estimated. Measuring the (solid or liquid state) vapour pressure closer to room
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As noted above, the (), , values are estimated. Improvement here is possible by using C),
derived from experiment or from ab initio calculations in-Egs—F6)-and-{I7);rather than using

a group contribution method. For seme-more-hydrophobie-dio ndied-here(1;2-pentane-diok;

e-crained-aw-data-in-the-dilute regioncould-accommedate-for-this-—Fernonane diol and decane
diol, only solubilities from a secondary reference (Merck Millipore) could be retrieved;new-,
for which it is difficult to estimate the reliability. New solubility measurements are desirable to
obtain a better-more reliable k;, estimate.

6.2 Comparison with literature

HLC compilations of polyols are provided by e.g. Sander| (1999) and |Saxena and Hildemann
(1996). However, most values in these studies are estimated. Bone et al.| (1983)) provide HLC
measurements for 1,2-ethane diol and 1,3-propane diol (Table [3)). Their values are lower but
reasonably close (within a factor of 2) to ours. While the majority of HLC values of poly-
ols provided by Saxena and Hildemann| (1996) are estimated, a few are derived from vapour-
liquid equilibrium data. For 1,2-propane diol, 2,3-butane diol and glycerol, their HLC values
are within a factor 3, but for 1,4-butane diol the difference is more than an order of magnitude.
In conclusion, for five out of six HLC values, we have a reasonable agreement with literature
values.

The estimated values presented by |Saxena and Hildemann| (1996) are obtained by a group-
contribution method (Suzuki et al., [1992) (values not reproduced in Table |§[) For the diols,
overestimations by ~ 1 order of magnitude compared to our values are common. For the com-
pounds with three or more hydroxyl groups, the overestimation ranges between 3 (glycerol) and
8 (mannitol) orders of magnitude, showing the limitations of such an estimation method.

6.3 Atmospheric implications

According to the HLC derived in this and the previous work (Compernolle and Miiller, 2014),
diols will be partially er-completely—(e.g. 1,2 hexane diol, depending on the droplet size) or
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completely (e.g. 1,4-butane diol) in the aqueous phase in clouds, while polyols with three or
more hydroxyl groups, diacids and hydroxy polyacids will be completely in the aqueous phase.

Regarding aqueous aerosol, the sensitivity test performed here using aqueous AS aerosol indi-
cates that polyols with four or more hydroxyl groups are significantly or totally in the particulate
phase, depending on the RH. The same holds for the longer linear diacids (succinic and higher).
The shorter linear diacids (oxalic and malonic), and the hydroxy polyacids (citric and tartaric)
are completely in the particulate phase both at lower and higher RH, due to (i) their relatively
high acid dissociation constants and/or (ii) stabilizing or only mildly destabilizing interactions

with AS and/or (iii) very high kj, values. Note that this analysis is only applicable for aqueous
AS aerosol in the limiting case of small concentration of organics. If e.g. a separate organic

hase is present in the aerosol, partitioning to this phase should be taken into account as well.
Bao et al.| (2012) measured gas particle partitioning of diacids at a site in Japan in differ-

ent seasons. According to this study, both particulate and gaseous fractions are significant, and
RH influences the partitioning. [Xie et al.| (2014) measured gas particle partitioning of 2-methyl
tetrols at a site in Denver and found about equal particulate and gaseous fractions. Our sensi-
tivity test, based on a simple AS—water aerosol system, cannot be quantitatively compared with
these studies, but does show that partitioning to the particulate phase is important for diacids
and tetrols.

Acknowledgements. This work was supported by the project BIOSOA (SD/CS/05A, 2011-2014) funded
by the Belgian Science Policy Office.

Appendix A: Error analysis

In this section we identify the main uncertainties contributing to the k; values, as well as the
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the standard error (SE) on kj, can be derived:

SE [ky] SE [p!] ? SE[7°]\?
~ e I R (Al)
Lk py, Vs°
01\ ? a2 [SE[=T\’
SE [kp] SE [p¢,] SE 23] 7
k ~ 0 + sat + ¥$° (A2)
h pCr S ,Ygat

In Eq. (A2), the covariance between x3* and 72°/~5%" is neglected. Such covariance exists in
rinciple, as 25 enters the formula for deriving 12° /95 (Eq. (T8)). However, due to the low
error on =% (see Section , this can be neglected. Note that it also follows from the error

propagation rule (Bevington, 2003) that %™ = SE [Inu].

We tried to obtain the uncertainties from the original studies. This is hindered by the fact that
these errors are not always reported, or it is not always made clear what they exactly represent
(e.g. once or twice the standard deviation). Discrepancies between results of different research
groups are often larger than the reported errors of individual studies. Qur error analysis is mostly
based on this inter-laboratory error.

From Eqs. (A1) and (A2), it is clear that relative standard errors (i.e. SE[u] /u) are relevant.
They are cited in the text as percentages. To estimate how much data of two data sources 1 and
2 disagree, we calculated the root mean squared relative difference (RMSRD)

N

1 Ui — U2 2
RMSRD = NZ() (A3)

— \ U1, + U2,
i=1

with u representing a physical quantity and ¢ running over /N data points (obtained by varyin

e.g. the temperature, the water content, or the molecule type). If we can consider the data of
23
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source 1 as more reliable than of source 2, the RMSRD is used to assign a relative standard
error to source 2. Otherwise the RMSRD is assigned as relative standard error to both data
sources.
Sometimes the absolute error is more relevant. To quantify the difference between two data
sources, we use therefore the mean deviation (MD) and the root mean squared difference
(RMSD)

N
1
MD = |+ D (w1 — u2y) (A4)
\ i=1
N
RMSD = Z ut; — uz,)’ (AS)

An example where the absolute error is more relevant is for water activity data ay in function
course ay of both data sources was evaluated at the same water content, with interpolation of
data points if necessary.

Al Liquid vapour pressure

Verevkin and co-workers (Verevkin, 2007} 2004; [Verevkin et al, 2009} [Toktonov} 2009) provide
the bulk of p; data for diols used in Table Bl (8 compounds in total). They report that their
measurements _are ’reliable within 1-3%’ and point to_a good consistency with other
literature data. An_additional advantage is_that the measurements are performed at or
near_room_temperature. We consider the data of this group the most reliable for diols
-based on our experience with other vapour pressure data of this group, e.g. on aldehydes
(Verevkin et al},[2003) and _mono-alcohols (Kulikov et al., 2001} [Verevkin and Schickl,[2007) -
and will use it as a benchmark for other py data of diols. Regarding the triol glycerol,
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Cammenga et al| (1977) reports an accuracy of ’somewhat less’ than 0.6% and the authors state
consistency with other work. Their measurements also include room temperature. We consider
this work as reliable as well. We assign to all pp data with label "a’ and 'd’ in Table[J]a relative
standard error of 2%

p?__data__of four diols used in_ Table [ is from _the compilation
Engineering Sciences Data Unit Ltd) (1995) . Comparing py,_data_of a set of 8 diols with
measurements_of Verevkin and co-workers (which we consider more reliable), we find a
label 'b’.

For_1.7-heptane_diol, we have two_data_sources: [Knauth and Sabbah|(1990a) and
Piacente et al|(1993) . Comparing room-temperature data of six diols from Knauth and
Sabbah on one hand (Knauth and Sabbahl [1990b} [c) and from Verevkin and co-workers on
the other hand (Verevkinl 2007, 2004; [Verevkin et al.l 2009: [Toktonovi 2009) ., we obtain again
a RMSRD of 25% and assign this as_the relative standard error to py. The data of
Piacente et al] (1993) could not be directly compared with those of Verevkin and co-workers
because both groups did not measure the same diols. We assign the same relative standard error
of 25% to their py data by lack of alternative.

A2 Infinite dilution activity coefficient

The_infinite dilution activity coefficient is calculated from a data using Eq. (T4). If
these data were sufficiently fine-grained, precise and cover the entire z, range from 0 to
1. a numerical integration of the integral in Eq. (T4) would be appropriate. However, if
this is not the case, it might be better to fit the a, data with a reasonable model. The
following models for In7yy were considered in this work: Margules, Van Laar, Wilson and
UNIQUAC (Carlson and Colburn| [1942} [Prausnitz et al.,[I999) , as they were derived from
physical considerations. These models are reproduced below
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Margules: f (21, A1g, Ag1) = (A1z + 2(A1 — Anz)ar) 2 (A6)
Van Laar: f (1, A12,421) = A _ Anzy 2 (A7)
e T T A+ Ay )
. Ao Aoy >
Wilson: f (1, Ay, Aoy) = —In (21 + Agws) + - A8
&wmw o
<I>1 z 91 T1
UNIQUAC: f (xl,Alg,Agl) =ln—4+-qln—+D (1 — —Is
RSO SaSe e T 2 P, T9

7A21/T 7A12/T
o _A21/T e o e
q1 [ln (01 + Oae ) + 6, (01 T Oye—A2/T g, 916A12/T>] (A9)

of the second component (here the solute). and Ay, A1 the parameters to fit. To determine
Ay, Az), a least square regression was done, minimizing the difference between experimental
and modelled In~y,. For a detailed overview of the quantities used in the UNIQUAC equation,
we refer to[Prausnitz et al] (1999) . Errors in 72° arise from uncertainty and sparsity in the ay
data, but also from a suboptimal model choice. This is especially important if no data in the
highly dilute concentration range is available.

All the 7g° derived in_this work are based -partially or totally- on_the ay_from
Marcolli and Peter| (2005) . This work presents ay, data, relatively coarse-grained, with a zy,
range typically between 0.1 and 0.95. The main limitation of this data source is that no data in
the highly dilute range is available. We present here first an error analysis for all the 14 diols
from Table 2] but using the data of Marcolli and Peter| (2005) only. The four activity coefficient
expressions were all tested, and the one that fitted the data best was chosen. The results are
presented in Table[el
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Marcolli and Peter] (2005) report that the ay, data are ’accurate within £:0.015’, as specified
by the employed instrument, but this does not make clear if the error is random and/or
systematic, or if this range corresponds to e.g. one or two standard deviations. If we assume
that the selected fitting model is correct and any systematic error in ay, is absorbed in the fitting
parameters, then any remaining deviation between modelled and experimental values should be
due to the random error in the experiment (Bevington,[2003) . Standard deviations between
modelled and observed ay vary between 0.003 and 0.009 (Table [6). We draw repeatedl]
random errors from a normal distribution with a standard deviation of 0.0075 (corresponding
to 20 = 0.015). using the python scipy.stats module (Jones et all 2001) and applied these to the
ay_data. This resulted in a distribution of 7¢® values. A relative standard error between 2%
and 14% on 7¢° is obtained in this way. We note however, that this error depends also on the
selected model, i.e. 7° based on Margules models tend to be the least sensitive to the random
shifts, while 7 based on Van Laar and Wilson models are the most sensitive.

Systematic _errors in a can be estimated by comparing with other data
sources ___(Romero and Pdez| 2006; Borghesani et al.,[1989). ~ The  a data __ of

[Marcolli and Peteri are typically higher than from the other data sources, with a MD of

0.005. We applied systematic shifts of +0.005 on the a,, data of [Marcolli and Peter] (2005)) .
This had a minor impact on v°, between 2% and 6%.
We note that we had expected that the largest v>° (from 1,7-heptane diol and 1,2-hexane diol

would exhibit the largest sensitivity on these random and systematic shifts. This turned out not

to be true, however.

Errors due to a suboptimal model choice are more difficult to quantify. Per compound, the
other three activity coefficient models (apart from the "best’ one) were also considered. If the
fitting was considerably worse, the model was rejected because it was probably not appropriate.
If_the fitting gave essentially the same 7% result, it was also not retained, because in that
particular case the models were not truly different. In this way, for 7 diols 55° from an alternative
model were selected (presented in Table [6). The RMSRD between 1° of the ’best’ model

and ’alternative’ model was 12%. The most important reason for the discrepancy between the
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activity coefficient models was their behaviour at the highly dilute region, were no data was
used to constrain them.

For 8 diols in _ Table also data  from two  other  sources
(Borghesani et al., [1989; Romero and Paez, 2006) was available. Note that

Borghesani et al| (1989) do_not provide the data points but only fitted expressions. These
two_data sources are very precise; e.g. [Romero and Pdez| (2000) report a relative uncertainty
in gy of 0.005% or less. They are also in good agreement with each other; the difference in
ay is typically 0.001 or less. These data cover the highly dilute region (zy_typically in the
range between 0.93 and 0.996) and therefore allows to largely correct for the error due to a
suboptimal model choice. Using these data as well, more accurate estimations of 7° were made
Table[2). Comparing those with the 7$° derived only from the [Marcolli and Peter] (2003)) data,
a RMSRD of 13% was_obtained, in good agreement with our above estimate of the error
due to a suboptimal model choice. Therefore, we assign to all 77 where only data from
Marcolli and Peter (2005) are used, a standard error of 13%.
Practically, the derivation of 7* when multiple data sources are available was done in the

T 1
| wl\Lw 1 AT
I — / (@) 4z, + / (@) g, (A10)
W’Vt . (1—xy) (1—xy)
= t=Tw

Ty _ marks the start _of the highly dilute region _for which data _of
Borghesani et al (1989): Romero and Pdez] (2006) is _available. For_the region [0.Zy] we
took for Inyy the corresponding activity coefficient expression from Table [6l For the region
[Zw. 1], we integrated the data from Borghesani et al.|(1989); Romero and Péez| (2006) . This
was attained either by a numeric integration, or by fitting an_activity coefficient expression
over this small region, or -if only data of Borghesani et al] (1989) was available- the analytic

expression given in this study was used. We assign to these more accurate estimations of y2° a
small standard error of 5%.
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For_the two_ triols in Table [ the data of Marcolliand Peter(2005) and  of
Ninni et al.|(2000); [Scatchard et al| (1938) was combined. There is a good agreement between
the data; e.g. Ninni et al| (2000) reports that for glycerol, there is only 0.1% relative deviation
between their ay, data and those of [Scatchard et al|(1938) . Also here we assign a small
standard error of 5% on 7%,

A3 Solubilit

As_some_solubility data_of the polyols is from literature compilations, uncertainties
are_not always available. But when reported, they are_typically very low. For xylitol,
Wang et al| (2013) reported an_error_of no_more than 0.5% on z5*'. For pentaerythritol, a
0.3%_error can be derived from the study of (Cheon et al](2005) and 0.15% from the study
of (Chianese et al.|(1995) . Higher errors are found when comparing different studies. For
erythritol, [Hao et al(2005) report a 4% uncertainty by comparing with literature data. For
pentaerythritol, we found by comparing data of [Cheon et al/ (2005) . Chianese et al.|(1995) and

sat is 5%. Compared to the estimated
errors on solid state pressure (see Section , these errors are very minor. We assign a standard

error of 5% to all solubility values, except for those of 1,9-nonane diol and 1,10-decane diol. For
these latter two compounds, there are two issues. First, the data is from a secondary reference
(Merck Millipore_(http://www.merckmillipore.com/) from which it is difficult to assess the
reliability. Second, the solubility is not reported at the reference temperature of 298.15 K but at

293.15 K instead. The temperature dependence of solubility can be described by a van’t Hoff
relation (Atkins and de Paulal, [2006))

sa vH
dinazt _ AHH AL
a(1/r) _____R___

AHE . ds _not known for these two diols. For mono-alcohols it can _be

either positive or negative and is (in_absolute value) in the range 0-30 kJ/mol
29

1odeJ uoISSNOSI(]

1odeJ uoISSNOSI(T

1odeJ uoISSnNOSI(]

1odeJ UOISSNOSI(]


http://www.merckmillipore.com/

680

685

690

695

700

based on data from [Mackay et al[2006) . Based on this, we estimate roughly the standard
error on 25 at 298.15 K as 15%.

AARARASRAAARARSAAARARSTARAARAARANARAARAAN

A4 Activity coefficient ratio

The activity coefficient ratio > /+%*" is calculated from a, data. The error on

o /~sat  denends on the solubility. If the solubility is very low, ~2°/~+%t will

necessarily be ve close to unity and the uncertainty on ~>*°/+*® will vanish
sat

(see_Eq. (18)). For all compounds with %' < (.1 we neglect the error. Xylitol,
adonitol, arabinitol and sorbitol have relatively high solubilities (2%~ 0.2) and

ay data is available (Ninni et al.,[2000; (Comesana et al., 2001; Bower and Robinsonl, [1963)) ;
e.g.INinni et al.| (2000) reports a reproducibility of £0.001 ay, units. There is a good agreement
between the data sources. For sorbitol, there is a near perfect agreement between the data sets
of Comesafia et al, (2001) and [Bower and Robinson/ (1963) (no significant MD, and a RMSD
of 0.0005). The RMSD between the ay, data of Ninni et al|(2000) on one hand, and the data
of Comesafia et al, (2001) and Bower and Robinson| (1963) on the other hand, for both xylitol
and sorbitol, is 0.003. This is similar to the standard deviation between modelled ay and
experimental ay, (0.0015 for sorbitol, 0.003 for xylitol). Therefore, we applied random shifts
from a normal distribution with a standard deviation of 0.003 to the a., data. This resulted in a

5% uncertainty on 7> /~%2t for sorbitol and a 2.5% uncertainty for xylitol. We adopted 5% as a
relative standard error for v>° /~%2t of xylitol and sorbitol (Table [8).
Chirife et al.| (1984) presented one-parameter fittings of the form ln~v,, = exp (—Azs), from

which > /7% can be derived. Using Eg. (I8), one has

(o.0]
n ’YS :7Ailjsat (2 o xsat) (A12)

sat S S
Vs

For adonitol and arabinitol, these are the only data available. v>° /32" values derived in this
way are likely more uncertain than the values given above for sorbitol and xylitol. For these two
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compounds, we compared our own 7> /752t values (in Table [d)) with the values obtained usin
the one-parameter fittings of (Chirife et al| (1984) and found a RMSRD of 16%. Therefore, we

assign a relative standard error of 16% to the v>° /75 of adonitol and arabinitol (Table ).

A5 Derivation of sublimation data

Starting from high-temperature solid state pressure data, and heat capacity data, the solid state
ressure p2. at Trer = 298.15 K is given by

Inpe, (Tier)= A+ B, with

A: hlpgr (Tmeas) -

T‘ref
1 1 1
B= — — Ol =— T
°= R / (Cp,g Cpec ) (T Tref) d

Tmeas

(A13)
1 1 1
E <Tref - Tmeas) AfIsub (Tmeas) (A14)
(A15)
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In case the high-temperature data corresponds to liquid vapour pressure p?, the relation is

Inpl, (Th)= A+ B +C., with (A16)
A=Inpd (T, )—l Lo U \am (Trmeas) (A17)
A =N Py (L meas R\ Tt Toons vap \ 4 meas
Thus Ther
1 1 1 1 1 1
Tmeas Thus
(A18)
1 1 1
S (- AHis (T Al
Q,VV R <Tref Tfus) fus ( fus) ( 9)

Uncertainties on terms A (involving high temperature vapour pressure data), B (involving heat
capacity data) and, depending on the case, C', (involving fusion data) will contribute to the error
20 on Inpl (Tep):

SE [p((]jr (Tref)]

=SE lnpor Z}ef

= SE|] + SE|B] + SE(C] (20

In the next sections these three uncertainties are analysed.

725 AS5.1 High temperature p2. and p? data

To simplify the discussion, in this section, p°, AS and AH stand for either p% , ASyy, and
AHgp or p?. AS.., and AH,,, respectively, depending on if the compound is a solid or a
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liquid at Tneqs. Term A is then given b

1 1 1
é{l,\flnpo (Tmeas) - E (T ] - T > AH (Tmeas) (A21)

The standard error of A, from the error propagation rule (Bevingtonl 2003) (neglecting the
uncertainty in 7; is equal to

In _the study of |Knauth and Sabbah|(1990a)) (T, and AH (1, are
measured separately and at one fixed temperature. In the other studies, however

(Nitta et al.,[1951} Bradley and Cotsonl [1953; Barone et al.,[1990; Nitta et al.l [1950; [Piacente et al., [I'

1odeJ uoISSNOSI(]

1odeJ uoISSNOSI(T

=

AH was derived from a linear regression of Inp’ vs. 1/7. Over the relativel
small temperature interval, the temperature dependence of AH can be neglected
Clausius-Clapeyron relation, see e.g.[Atkins and de Paula, 2006) . Eq. (A22) still applies,

if p{ is taken at the center of the measurement interval (Ramsey and Shafer,[1997) . Tjyeqs then

corresponds to the center of the temperature interval (see Table [3) and is presented in Table
Bl Most high temperature p° data is from Piacente and co-workers, covering both diols and
polyols with 4 or more hydroxyl groups (Piacente et al.L[1993|[1994; Barone et al.|[1990) .

As before (see Section , _We estimate SE[P (Tes)] as 0.25 for the data of
Knauth and Sabbah| (1990a) and Piacente et al| (19931[1994) . By comparing AH data on diols
from [Knauth and Sabbah! (1990a) and [Piacente et al.| (1994) , we find a RMSD of 3.5 kJ/mol,
which we adopt as SE[AH (Tineas )] for both data sources. As is often the case when comparing
different data sources, this error is higher than the errors reported in the individual studies
themselves (typically 1-2 kJ/mol). For large differences between Trer and Tieas, SE(A) is

determined mainly by uncertainty in the enthalpy term. This is the case for the polyols with
4 or more hydroxyl groups. The largest SE(A), about 0.6, is obtained for the hexols (Table ).
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Most data _on polyols with 4 or more hydroxyl groups is from Piacente and
co-workers  (Barone et al[1990) . There are a few other, much older studies

(Nitta et al.,[1950,[1951; Bradley and Cotson, [1953) on erythritol and pentaerythritol, with

AH_values strongly deviating (15-30 kJ/mol lower) from the data of Barone et al.(1990) .
These large discrepancies cannot be understood from the reported precisions, or from the error
of 3.5 kJ/mol adopted above. We think that this points to problems with one or more of the
experimental studies, rather than to a typical experimental uncertainty. We judge the data of
Piacente and co-workers as the more reliable, for the following reasons. (i) A relatively good
agreement in AH of diols with Knauth and Sabbah| (1990a) (Piacente et alL[19931[1994) . (ii)
Piacente_and co-workers also present p? measurements on_diols using another technique,
and_with comparable results (Piacente etal}[1993) . (iii) Consistency, in the sense that the
high temperature p? data of stereo-isomers of polyols are comparable, as one would expect
(Barone et al}[1990) . (iv) Compared to the older studies, those of Piacente and co-workers
employ more data points and a larger temperature interval. Obviously, more p” measurements

on polyols with 4 or more hydroxyl groups are desirable.

AS5.2  Heat capacity data

Assuming that the error on heat capacity is temperature independent, one derives from
Eq. (AT3) for the standard error on term B (if no fusion point is involved

_l [ Tref N L B 2 2
SBIB) = "~ o (T~ Tes) VSE[Cyl® +SE[Cy0] (A23)

If there is a fusion point, starting from Eq. (AT8), the standard error on term B becomes
1] Tfus 1 ]
SE|B] == |In - —
W"[""J’WR L Tmeas Tref

(Thus — Thneas) \/ SE[Cpq]* +SE[C,L]*+ (A24)

Tref 1

- 1 ) : :
_ln Thoe Tret (Eef Tfus):| \/SE [vag] +SE [Cp,Cr]

E
R
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Most  Cpr._and  Cpc  data  we use is  from Tong and _ co-workers
(Tong et al.,[2007,12008], 2009, 2010bl[a)) , as it covers a wide range of polyols and
temperatures. Quoted errors on the experimental values of Cpy and Cpcp are very low,
e.g. 0.2% for those of Tong and co-workers. This corresponds to about 0.5 J/(Kmol) error
on the heat capacity value. However, the discrepancy between data of different groups is
much larger. We compared the data of Tong and co-workers with other data where possible:
for erythritol (Lopes Jesus et al.l 2003; [Spaght et al.,[1931) , sorbitol (Lian et al.,[1982) and
mannitol (Lian et all[T982; [Spaght et al}[1931) . Based on the RMSD of the data, we assign

SE[Cp1]=SE[C, c:] =20 J/(Kmol), much larger than the reported errors. By takin
identical errors for Cp 1, and C, ¢ (there is not enough data to treat them separately), Eq. (A24)
simplifies to Bq. (A23).

In a few cases (arabinitol, dulcitol, liquid state mannitol) we did not found heat

capacity data_in_the appropriate temperature range and we took heat capacity data
of a stereo-isomer instead (see Table [3). To test the validity of this assumption, we
compared heat capacity data at_or above room_temperature of stereo-isomers_from
the same_research group. Regarding the liquid state, Cp;. data of the stereo-isomers
erythritol _and_threitol (Lopes Jesus et all[2005) ,_and of the stereo-isomers xylitol and
adonitol _(Tong et al.[2007, 2010b) differ by less than 2 J/(Kmol). This_justifies the

approximations  C, 1 (arabinitol) ~ C, 1 (xylitol C.,,1 (dulcitol) ~ C, 1 (sorbitol and
(), 1. (mannitol) ~ C,, 1. (sorbitol) applied in this work. Regarding the solid state, we compared

Ch.cx of stereo-isomers erythritol and threitol (Lopes Jesus et al,2005) . xylitol and adonitol
(Tong et al . 2007, 2010b) . mannitol and sorbitol (Tong et al, 2010a. 2008; Lian et al.,[1982)
only taking into account the data at 7' > T..¢ (as this is the most relevant for our work
and_found a RMSD of 9 J/(Kmol). This is larger than for the liquid state but_still
smaller_than the discrepancies between different works on the same molecule. Moreover,
for_the low-temperature (88-291 K) Cpcc data for the stereo-isomers dulcitol and

mannitol _(Parks and Huffman| [1926; [Parks and Anderson,[1926) , the RMSD was onl
2 _J/(Kmol). Therefore, also the approximations C), ¢ (arabinitol) ~ C, ¢ (xylitol) and

C dulcitol) ~ C, mannitol) seem to be justified.
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Regarding C), 4, the error is difficult to quantify as this value is not measured but obtained
by the Benson group contribution method. [Poling et al.| (2001) quote a relative error of 1%
for this method, but as polyols are underrepresented in the fitting set of this method, this is
probably not realistic. The method of Domalski and Hearing| (1993) is a very close relative to
the Benson group contribution method (although limited to room temperature), yielding very
similar results for ', o Importantly, this method also estimates Cy 1. and € ¢ Comparing C ¢y
for erythritol, xylitol and sorbitol from Tong and co-workers with estimations by the method of
Domalski and Hearing| (1993) yields a RMSD of 20 J/(Kmol). We make now the assumption
that this error is applicable to Cip g as well. Hence we assign SE[Cy ¢] = 20 J/(Kmol).

For the diols, where T, is relatively close to Ty, SE[B] is small (1-7%), but for the
compounds with 4 or more hydroxyl groups it becomes more important, over 40% for the hexols

AS5.3 Fusion data

In this section the error due to the term C = —+ — s) in Eq. (AT6) is
estimated. From the error propagation rule the standard error can be derived as

AHps \ 2 1/ 1 1 \1?
SE(C) = \/SE(Tfus) (T2 R) + SE(A Hpys) [ - (Tref Tfusﬂ (A25)

fus

Fusion data was collected from[Tong et al.| (2007, 2008], 2009 [2010b\ a); Barone et al|(1990); Badea
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The selected Tiys are presented in Table 8l Reported errors in these works are typically 0.1 K
for Ty and 0.1-0.3 kJ/mol for AHg,s. However, comparing the data between the different
references reveals larger uncertainties: a standard deviation of 2.8 K for Ttys and 2.2 kJ/mol
for AHgs. Using these errors, SE(C) ranges from 0.13 for nonane diol to 0.33 for dulcitol
(See Table[8).

A6 Overall discussion of errors
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Table ives an overview of the estimated relative standard errors on p?, ~>° and the

derived relative standard error on k. This applies to the compounds which are liquid at room
temperature, i.e. most diols discussed in this work and glycerol. The relative standard error on
ky, ranges between 6% and 30%.

Table [8 gives the different error contributions when the compound is solid at_room
temperature, and the resulting relative standard error on kj,. In all cases, SE (A) is the dominant
error contribution. For all polyols with 4 or more hydroxyl groups, this is caused by the large
difference between Tineas and Tres and the uncertainty on A Hyys. The estimated relative standard
error on ky, ranges between 30% and 80%.

Appendix B: Alternative method to estimate pQ. (Ti.¢) data from high-temperature p?

data

As is clear from section [Al using high-temperature p° data at Tine,s far above Ties contributes
the largest uncertainty to the derived room temperature p% and kj, data. One of the reviewers
suggested an alternative approach. It can be described as follows:

1. Select a vapour pressure estimation method that uses a boilin oint as input

(e.g.Nannoolal et al.| 2008) .

2. Adjust the boiling point such that the experimental high-temperature p? data at 7, 18
reproduced.

3. With this setting, estimate the subcooled p? at The.

4. Use triple oint or fusion oint data to calculate 0 at  Tier
(Prausnitz et al.,[1999; |Compernolle et al.l 2011}, Eq. (1)) .

We applied this procedure up to step 3. The selected vapour pressure estimation methods

are _those of [Nannoolal et al.|(2008); Moller et al.| (2008); Myrdal and Yalkowsky| (1997) ,
available at the site E-AIM (http://www.aim.env.uea.ac.uk/aim/aim.php), and applied to the

37

todeq uotssnosyq | Jedeg uwoissnosiq | TodeJ UOISSMOSI(]

1odeJ UOISSNOSI(]


http://www.aim.env.uea.ac.uk/aim/aim.php

855

860

865

870

875

880

compounds erythritol. xylitol and sorbitol. The boiling point was adjusted until the p)_data
at Tyess of [Barone et al] (1990) could be reproduced, and pf at Tier calculated. The results
are presented in Table 0 The method of Myrdal and Yalkowsky| (1997) gives much higher
pL(Tier) estimations than the other two_methods; for sorbitol it is more than two orders of
magnitude higher. The p; (Tier) estimations using the methods of Nannoolal et al (2008) and
of Moller et al.| (2008) are within a factor 2. However, the adjusted boiling point varies strongly
between both methods (almost 100 K for sorbitol), indicating also problems here.

From the theses describing these two methods (Nannoolal, 2006; Moller, 2007) it can be
deduced that to derive these methods, only compounds were selected where also a normal
boiling point is available. This excludes the polyols with 4 or more hydroxyl groups. Therefore,
these_methods may not be well-suited to_calculate the vapour pressure of these kind of
compounds. In fact, the original version of the method of Moller et al.| (2008) contained a bug
that we pointed out (Compernolle et all[2010) , showing up_only for highly polyfunctional
compounds. and giving very unrealistic pp_values. While this bug has been corrected since
then, it does indicate that the method was not devised for highly polyfunctional compounds.

In conclusion, we don’t think this approach is a good alternative to obtain p, at Trer..
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Table 1. Molecular structures of polyols with three or more hydroxyl groups, discussed in this wo

rk

using non-IUPAC names.

name. #OH  structure | name #OH  stucture.
OH
glycerol 3 J\ | arabinitol™ 5
OH
H  OH
. HO = W .
erythritol 4 .. | sorbitol 6
OH
OH
HO
entacrythritol 4 _ | mannitol? 4 )
HO OH
HO
xylitol 3 | duleitol?©. 6 )
adonitol™ ¢ 3 )

2 also named ribitol, ® also named arabitol, © stereo isomer of xylitol, d also named galacticol, € stereo isomer
of sorbitol.
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Table 2. Infinite dilution activity coefficients derived in this work, the sources of water activity they are

based on, and comparison with literature.

molecule e ayw source 7 (lit.)!
1,2-ethane diol ~ 0.75, 0.698 a,b 0.8
1,2-propane diol ~ 1.25, 1.08% a,b 1.0
1,3-propane diol ~ 1.23, 1.258 a,b 1.2
1,2-butane diol 3.00, 3.748 a,b,c 2.0
1,3-butane diol ~ 2.14, 1.978 a,b,c 22
1,4-butane diol 2.27,2.128 a,b,c 2.8
2,3-butane diol 2.10, 1.778 a,b;c 1.6
1,5-pentane diol ~ 5.99, 5.26& a,b

1,2-pentane diol 11.9 a

1,4-pentane diol 3.8 a

2,4-pentane diol 2.8 a

1,2-hexane diol 26.3 a

2,5-hexane diol 5.7 a

1,7-heptane diol 27.9 a

glycerol 0.52 ad,e
1,2,4-butanetriol 0.45 a,d

[Marcolli and Peter]| (2003))

(2000)

[ e T«

Borghesani et al.| (1989)
Romero and Pée7] (2006)

Scatchard et al| (T938))

-

Suleiman and Eckegl (1994)

& The second value is obtained by applying Eq. {IEI) to the data of
Marcolli and Peter| (2005) only.
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Table 3. Solid state pressure and enthalpy of sublimation of polyols, obtained from Egs. (I3)), (I6) and/or
(T7), at Trer = 298.15K, and reference to the data used to obtain them. C}, ; is estimated by the method

of Benson| (1976).

molecule P2 (Tret) AHgyp(Trer) Data source for Egs. , and/or 4
OHPa_ atm-kJ mol 1 PO AHyup (L L Tinterval  Ths, CpL (L)
or Pgﬁ A}Isub (Cn) K AHps or Cp,Cr (Cr)
nonane- %% 1410-8-148 Lb 323 g Crk, L
diol 24x107%  2:3x10-5148 Le 360-347-373 g Crk, Lo
decane- 214 %1077 +44=2151 CrP 342 Crk
diol 17x107% H7x10=2161 Le 364-351-377 g Crk, Lo
erythritol 447 %1077 46x10-12155 L4 412397428 h L, Cr
3.6x107%  35<10-1136 Cre 386-379-392 Crh
penta- 472x107°  7A<10=11166 Crd 436-416-456 Crl
erythritol 35x1077  3419-12135 Cre 404-397-410 Cr
9.3x107% 9:2<10-14147 Crf 394-380-408 Cr
xylitol 575 x1078  74x10=13162 L4 433-406-460 h L, Cr®
adonitol 2 527 x 1078 2:7x19-13166 Ld 443-418-465 b L, Crh
arabinitol - 521 x 1078 241613166 Ld 440-414-466 d L, Cr!
sorbitol 63.6x 1071 3:6x10-16198 L4 477-452-502 h L, Cr
mannitol - 66.7 x 10713 6:6x10=15206 Ld 477-458-501 b Crh,Lm
dulcitol - 61.9x 10713 191618210 Ld 482-464-500 d cr, L

a “L” (liquid) and “Cr” (crystalline) are used as shorthand to describe the phase state of the non-gaseous phase. ® [Knauth and Sabbah

Piacente et al (1993]T99%)

Tong et al.|(2007]2008]2009]2010b][a] , * |Géralski and Tkaczyk

, 4[Barone et al.|(1990} , ©|Nitta et al.|(T950][1951}

'No Cp,cr, Cp,1 data was found for arabinitol. The data for adon
™ No Cp, 1, data was found for mannitol and dulcitol in the literature; the C' 1, data for sorbitol was taken instead.

" No Cp, ¢ data was found for dulcitol in the desired temperature range. Low temperature (< 292.8 K) data (Parks and Huffman,|1926) is
comparable to that of mannitol, therefore, C, c; of mannitol was taken instead.

© No Cp, 1, data for decane diol was found in the literature. It was estimated by the method of[Domalski and Hearing|(T993] .

(1990a) , ©
(2008} , }[Zhang and Yang|(1989} , * Della Gatta et al.|(1999] .

tol was taken instead.
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Table 4. Mole fraction solubilities 5" and activity coefficient ratios 72° /5 derived from a, data.

Estimations of v$° /45 by UNIFAC-MP are also given.

molecule st YO /4 ay datasource  Y° /45 MP
nonane diol 1x 10738 1.04P - 1.06
decane diol 7.6 x 107 1.04P - 1.01
erythritol 0.074> 0.84 bk, i 0.75
pentaerythritol  ©:0670.00946¢ 0:8%-1.09 - 0-70-0.97
xylitol 0.18° 0.56 b, 0.32
adonitol 0.15¢ 0.66! ! 0.37
arabinitol 0.204 0.60" ! 0.30
sorbitol 0.196# 0.45%-° h,j,m 0.18
mannitol 0.0209° 0.962 hm 0.80
dulcitol 0.00314 1.04P - 0.97

Solubilities: * Merck Millipore (http: //Www.merckmillipore.com/ ), at 20 °C, P [Hao et al| (2003} , ©

(Cheon etal | 2005) .| Colen et al (1993).

¢ Wang et al| (2013) ,

Seidel] 1941 | s

Water activities: * [Ninni et al.| (2000) , *

Bonner and Breazeale

Romero and Paez] (2006) , ! [Chirife et al, m (one parameter fittings),
» s (1961 Bowesand Robiosonl 1963
™ For mannitol, only the a, data of (1961) was used, as the data of

[Ninni et al| (2000) led to -y > 1, which is probably wrong.
© Due to the extrapolation involved (no ay, data at x), this value is more uncertain.

P No a. data was found. v$° /95" = 1 was assumed because of the low solubility, i.e. Eq. @) is

considered valid.
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Table 5. Henry’s law constants and gas dissolution enthalpies at 298.15 K for the polyols considered in

this work, from Egs. @), , (E[), . ~<° is taken from Table , p(c)r, A Hg,, from Table and 5° / 7;“

from Table [

molecule kn AHg?,,, Datasource for Egs. ﬂ and ﬂ kn

Matm~—1! kJmol ! Py, AHE:M (L) Matm~—1!
AHyp or AHE ,, (Cr) (lit.)

1,2-ethane diol 6.6 x 10° -72.9 a Le 4.1 x 10%

1,2-propane diol 2.7 10° —~78.8 a Lf 1% 10%%

1,3-propane diol 1.6 x 10° -79.1 @ L 9.2 x 10%

1,2-butane diol 2.1 x 10° —82.1 a Le

1,3-butane diol 7.1x10° —84.5 a L#

1,4-butane diol 3.5 x 10° —89.6 @ L& 1% 10k

2,3-butane diol 1.1x10° —-822 b L& 4 x 107k

1,2-pentane diol 1.4 x10° a

1,4-pentane diol 2.3 x 109 b

1,5-pentane diol 7.1 x 108 —103.5 b Le

2,4-pentane diol 3.9 x 10°

1,2-hexane diol 1.7 x 10° a

2,5-hexane diol 1.4 x 109 b

1,7-heptane diol 4.6 x 105-8.4 x 106 c

1,9-nonane diol 2.4 % 106-4.0 x 10¢

1,10-decane diol 2.5 x 105-3.0 x 10°

glycerol 4.8 x 108 -92.6 d L» 6 x 108

erythritol 1.1 x 1012 —133 crt

pentaerythritol 67161374 x 102 133 crl

xylitol 4.0x 1013 —140 cri

adonitol 4.7x 1013 —147 Cr!

arabinitol 6.8 x 1013 —147 Cr!

sorbitol 6.7 x 10'° —181 Cr!

mannitol 1.8 x 10'7 —184 Cr!

dulcitol 9.1 % 10'¢ —181 cr!

|Verevkin et al. 2009]. P |Engineering Sciences Data__|

|Verevkin !2004],[Verevkin](2007],[Tokmnov]|20o9]. For 1,2-p
nit Lt
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© py, from either|Piacente et al. {19941993] (giving rise to the lower kj) or|Knauth and Sabbah {1990a] (giving rise to the higher
k { is corrected fo 298. using (' 1, data from|Goralski and Tkaczyk [2008] and C ; estimated with the method of

0 i . d|Cammenga et al. {1977 .
Nichols et al. {1976}, f[Matsumoto et al. {1977 2000]. " [Bastos et al. {1988].  Jasra and Ahluwalia {1982].
Bone et al. {1983], value at 203 K.

s et al.
Saxena and Hildemann {1996}, value obtained from vapour-liquid equilibrium data.
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Table 6. Activity coefficient methods that best fit the data of [Marcolli and Peter] (2003)) . For seven

compounds, an alternative fitting is presented.

molecule. fuingmethod  Ajp Ay Iy SD(ny)®  SD(a)¢ Ay’ ot
12-propanediol  Margules 00380078 0078 00098 00053 £0.03 005
1ipropanediol  UNIQUAC  -14483,20756 022 00064 00033 002 006
12buanediol  Vanlaar 040,132 132 00085 00039 0.4 008
UNIQUAC 754521772 143 00081 00044
L3butanediol  Wilson 184022 068 0010 00053 4005 013
Labuanediol  Wilson 200.018 075 00083 00035 £004 0l
UNIQUAC  -10307,19915 086, 0009 00045
23buanediol  Magules 026,057 057 00061 00030 £0.03 003
Lspenuncdiol  VanLaw 037166 166 00126 00046 £002 014
UNIQUAC  -6077,20191  L73 00121 00050
12penanediol  UNIQUAC 94015256 248 00125 00053 003 008
LA penanediol  Wilson 170,013 L33 00107 00053 £0.06 0098
Vanlaar 035129 129 00108  0005I
24penunediol  Magules 020104 104 00U 00073 4003 002
12-hexane diol  Van Laar 0.63,3.27 327 00041 00033 £0.05  0.09
UNIQUAC 134418539 319 00063 00050
25hexanediol  VanLaw 037174 L74 0013 00050 4006 010
Wilson 175007 19 00158 00089
1,7-heptane diol UNIQUAC -4.99, 206.56 3.34 0.0158 0.0072 +0.04 0.06

2Optimized parameters to use in the activity coefficient expression for In .
b Standard deviation between modelled and observed Iny.
“Standard deviation between modelled and observed ay,.

d Range for Iny2°, obtained by applying systematic shifts of +0.005 to the ay, data.
© Standard deviation on In 2, obtained by applying random shifts from a normal distribution with o = 0.0075 to the a, data.
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Table 7. Estimated relative standard errors on p? , v and the resulting relative standard error on k. See

Sections

and

0 oo
1 2-ethanediol 003 005 006
12-propanediol 003 005 006
13-propane diol 003 0.05 006
12-butane diol 003 005 006
13-butane diol - 0.03 0.05 0.06
1é4-butane diol 0.03 0.05 0.06
23-butane diol - 0.25 0.05 025
12-pentanediol 003 013  0J3
Lépentanediol 025 013 028
Lo-pentanediol 025 005 025
2é4pentanediol 003 013 0J3
12-hexanediol 003 0.3  0J3
25-hexanediol 025 0.3 028
1 Z-heptane diol 025 0.13 0.28
glycerol 003 005 006
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sat 7,
D

relative standard error on kj,. See Sections [Ad]and

s and the various parts of p2

Table 8. Estimated relative standard errors on & s

, and the derive

d

7

Igmonmediol 016 0 38 013 2 027 00l 03
3607 035 006 04l

Liodecumediol 016 0 M8 018 3927 031 003 09
o 03 007 oM

ybriol 005 0 025 02 42T ods 02 0SS
T e el 0l 0w

penerril 005 0 ©© a6l oSl 03 0
W0 05 017 03

40 04 s od

xylitol. 005 005 3o 019 a3 03l 02 ool
adonitol 005 0le 308”020 a3 032 03l 06
asinol 005 016 34T 02l 40T 052 02 06
sorbitol 005 005 63T 018 amt 03 oa 076
mamiol 005 0 4ast 030 47T 03 04 050
dutitol 05 o a03T 03wl 03 0k 0w

@ Fusion point and SE (C’) not relevant here as Tfys > Tmeas-
bh The same references as for Tableapply.
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Table 9. p? calculations for erythritol, xylitol and sorbitol, with three vapour pressure estimation methods
(Nannoolal et al.} 2008}, [Moller et al.,[2008; [Myrdal and Yalkowskyl,[1997) available at http://www.aim.

env.uea.ac.uk/aim/aim.php,

Nannoolal Tp/Kadi® 612 634 674

2 Hypothetical boiling point, adjusted such that the experimental p{ at Tincas 1990) is
reproduced. These experimental (Tineas /K, p{ /Pa) data points are (412,8.6),(433,5.5) and
(477,6.8) for erythritol, xylitol and sorbitol respectively.
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Figure 1. The In~, data for erythritol, xylitol, mannitol and sorbitol, compared with the fitting using
the Margules formula, and UNIFAC-MP results. Note that the data of |Comesana et al.| (2001)) is at 20
°C rather than 25 °C, but from their data at 35 °C, it can be deduced that the temperature dependence of
Inyy, is small.
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— glycerol — malonic - - suberic
20 = 1 — erythritol - - succinic azelaic [
N - egcerf)I T gIL!térlc (b) 4 — pentaerythritol - - glutaric - - sebacic
\ — erythritol ) o a_d'P'C_ —  xylitol - - adipic -+~ tartaric
[T AN (a) - per}taerythrltol o plmelfc i 1.2 — sorbitol -~ pimelic -~ citric
N —_ xyl|t9l - - suber.lc oxalic
\ — sorbitol azelaic
:\;J N oxalic - - sebacic 1.0
5 10\ AN — malonic -~ tartaric {
*:; - - succinic -~ citric oo 0.8
- 06
=
0.4
0.2
30 20 50 60 70 80 90 100 0g
RH
— glycerol — malonic - - suberic
[ | — erythritol - - succinic azelaic []
(c) 14 — pentaerythritol - - glutaric - - sebacic
xylitol - - adipic -~ tartaric
1.2 — sorbitol pimelic --  citric
oxalic

Figure 2. (a) Activity coefficient correction (log;, ) of the organic solute vs. RH for an AS—water par-
ticle, as calculated by AIOMFAC. (b) Particulate fraction of the organic solute vs. RH. Acid dissociation
is not taken into account. Tartaric and citric acid have f,, = 1 over the entire presented range. (c), as (b),
but taking acid dissociation into account using the on-line model of E-AIM (see text for more details).
Oxalic, malonic, tartaric and citric acid have f,, = 1 over the entire presented range.
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