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Phase equilibria in aqueous systems of 1:1 and 2:1 KOH and the following dicarboxylic acids have been
studied: malonic, succinic, and glutaric. The temperature of thermal transitions was determined in solu-
tions of known composition using Differential Scanning Calorimetry. The identity of the least soluble
solid was determined by a combination of X-ray crystallography and infrared spectroscopy. Combining
these data facilitated construction of a partial phase diagram for each system. In general, the potassium
salts of carboxylic acids studied here are at least as soluble as their sodium salt analogs, and generally
more soluble than the parent acids with some temperature dependent exceptions. While the single
potassium salts readily formed in the respective systems studied here, we did not observe the formation
of any of the double salts.

� 2021 Elsevier Ltd.
1. Introduction

The phase equilibria of aqueous dicarboxylic acid salts have
been little studied and their solubilities are missing from standard
compilations [1–3], and online databases [4]. However, knowledge
of their physical chemical properties has received renewed interest
as their constituent species are found in environmental systems.
Field measurements have shown that the major chemical compo-
nents of aerosols in the free and upper troposphere (UT) include
organic and inorganic compounds and mineral dust [5,6]. With
respect to the organic fraction, dicarboxylic acids (DCA) have been
found in a range of environments, particularly for aerosols that
have undergone chemical aging [7]. Organics, potassium ions,
and potassium salts have been shown to be present in large num-
bers of aerosols in field studies due to biomass burning [8-10].
Field and lab studies have shown that metal ions can combine with
the conjugate bases of dicarboxylic acids to form carboxylate salts
that can crystallize in atmospheric aerosols in dry atmospheric
and/or low temperature conditions [11,14]. For example:
nKþ aqð Þ þ Hð2�nÞC4H4O
�n
4 aqð Þ ! KnHð2�nÞC4H4O4 sð Þ ð1Þ

where n equals one or two. According to recent studies the organic
and potassium ions will remain in solution since their possible
compounds have low vapor pressures [12,13]. Thus, potassium
oxalate salts could crystalize in solution when the aqueous parti-
cles experience either cold or dry conditions in the atmosphere
[14]. We previously studied the solubilities of the sodium salts of
dicarboxylic acids [15,16] and this work is a continuation of that
work with metal organic salts.
2. Experimental

2.1. Sample preparation

Solutions studied in our experiments were made by mixing
chemicals as listed in Table 1 with deionized water. Typically, solu-
tions of increasing composition solute were made in roughly 0.05
mass fraction (w) increments until solids would no longer dissolve
after 24 h of stirring and heating to 323 K. Samples were main-
tained in glass stoppered containers to avoid water evaporation.
The average ratio of KOH to dicarboxylic acid in the systems stud-
ied are as follows: KHC3H2O4 (1.002 ± 0.002), K2C3H2O4 (2.003 ± 0.
004), KHC4H4O4 (1.002 ± 0.006), K2C4H4O4 (2.004 ± 0.005), KHC5-
H6O4 (1.000 ± 0.001), K2C5H6O4 (1.9999 ± 0.0004). Throughout this
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Table 1
Chemical samples used in this study.

Chemical name Chemical formula CAS registry Source Mass fraction purity Purification method

Malonic Acid C4H6O4 141–82-2 Acros >0.99a None
Succinic Acid C4H6O4 110–15-6 Sigma-Aldrich >0.99a None
Glutaric Acid C5H8O4 110–94-1 Acros Organics >0.99a None
Potassium Hydroxide KOH 1310–58-3 Fisher Scientific 0.995 ± 0.008b None
Potassium Hydrogen Malonate KHC3H2O4 926–71-6 in situc d None
Potassium Hydrogen Succinate KHC4H4O4 34717–22-1 in situc d None
Potassium Trihydrogen Disuccinate KH3(C4H4O4)2 51658–28-7 in situc d None
Potassium Hydrogen Glutarate KHC5H6O4 37013–85-7 in situc d None
Water H2O 7732–18-5 Municipal �0.999995 R.O. + D.I.e

a As reported by the supplier.
b As determined by titration of KOH samples with potassium hydrogen phthalate.
c These compounds were synthesized from mixtures of commercial compounds in deionized water as described in the text.
d Our analysis could not determine the purity of the crystals formed in solution.
e Water from the municipal source was purified with a Culligan B-Series Reverse Osmosis (R.O.) system and polished with two Culligan mixed-bed deionizers (D.I.) Purity is

as reported by Culligan using conductivity measurements (0.055 mS/cm).
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paper values reported as a ± b are mean values (a) with calculated

standard deviation (b) =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
x�x

�ð Þ2
n�1ð Þ

r
, where x is an individual datum,

x is the mean value, and n is the number of samples.
2.2. Species identification

Infrared spectroscopy was used to identify when ice formed and
melted in our samples. The identity of the salt that precipitates
from our sample solutions was confirmed by a combination of
X-ray crystallography (unit cell determination) and infrared spec-
troscopy. The unit cell determination was performed at the Molec-
ular Structure Laboratory in the Chemistry Department at the
University of Wisconsin-Madison. Details of how these experi-
ments are performed can be found in the Supporting Information
of Kissinger et al. [15], which is available free of charge via the
Internet at http://pubs.acs.org. Briefly, a representative single crys-
tal is removed from a saturated solution at room temperature and
placed in the instrument for unit cell determination, also at room
temperature. The identity of the solid is based on a match of the
unit cell parameters reported to the Cambridge Crystallographic
Database (CSD) or the Inorganic Crystal Structure Database (ICSD).
(X-ray crystallography was utilized for all systems studied in this
paper except the K2C5H6O4/H2O system, which is discussed in the
Results section.) Once the identity of a solid was determined for
one composition, we concluded the pattern of absorption bands
in the corresponding infrared spectra constituted the infrared ‘‘fin-
gerprint” of that compound, which is shown for each system where
salts formed in the Results section. The presence of the unique set
of bands in other samples confirmed the presence of the same
solid. In addition, consistency (non-discontinuity) in the liquidus
temperatures in the composition series was additional evidence
for the presence of the same solid as that identified in X-ray crys-
tallography and/or infrared spectroscopy experiments.

Infrared spectra were acquired using a temperature controlled,
air sealed cell, which is described elsewhere [16]. Temperature
control of the sample was achieved by resistive heating with the
cooling source being liquid nitrogen in contact with the cell. Two
mL of the liquid sample was placed on a ZnSe window and com-
pressed with a second ZnSe window placed in the beam path of
a Bruker Tensor 37 FTIR with a DTGS detector at 4 cm�1 resolution.
Temperature calibration of the cell was achieved by observing the
melting phase transition of several substances: HPLC grade water,
decane, octane and acetic anhydride all supplied by Aldrich, and
covering the range 273–200 K [17].
2

2.3. Differential scanning calorimetry

Thermal data were obtained with a Mettler Toledo DSC1 instru-
ment. The instrument was purged with high purity nitrogen gas.
Our accuracy is estimated to be ± 0.9 K with a probability of 0.94
based on a four point temperature calibration using indium, HPLC
grade water, anhydrous, high purity (99%+) octane, and anhydrous,
high purity heptane (99%+) from Aldrich, the latter three stored
under nitrogen. The details of standard temperature calibration
and instrument reproducibility can be found in Schubnell [18].
The average value of the melting point and standard deviation of
HPLC grade water in seven experiments after DSC calibration is
273.3 ± 0.2 K.

Samples sizes were typically (20 ± 5) mg using 40 lL aluminum
pans with sealed lids. A typical experiment consisted of initially
cooling the sample from 298 K to 183 K at 10 K per minute. The
sample was then held at 183 K for five minutes, and then temper-
ature increased 1 K per minute to 298 K or a temperature that was
expected to be at least five degrees above the last phase transition.
3. Results and discussion

3.1. KHC3H2O4/H2O

For this system we made samples that covered a range of com-
positions 0.10 to 0.65 w KHC3H2O4. Raw DSC data are provided in
Table 2. In our DSC experiments, we observed some general trends
when cooling and heating the samples. All samples had a glass
transition (measured in the warming segment) with an average
value for the onset temperature of (224.8 ± 0.8) K. This indicates
the samples did not completely crystallize when cooled to 183 K.
This observation is further confirmed by crystallization events in
the warming segment subsequent to the glass transition. Several
endothermic and exothermic events were observed in many sam-
ples, indicating solids formed, thermally decomposed, followed by
recrystallization of the melt. A typical thermogram for a solution in
this system is given in Fig. S1 (w = 0.5998 KHC3H2O4). This sample
undergoes the series of thermal transitions we described (see fig-
ure caption for detail). However, we note that the relative size of
the melt/recrystallization transitions (which is proportional to
mass of sample undergoing transition) is very small compared to
the large transitions for ice melting and salt dissolution. Thus,
the fraction of the sample undergoing these transitions is very
minor. The identity of the species undergoing the major transitions
is confirmed by the IR spectra of a sample of the same composition
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Table 2
Phase transitions in the system KHC3H2O4/H2O as determined by DSC experiments.
Composition is given in mass fraction (w), Tg is the onset glass transition temperature,
Te is the eutectic temperature, and Tl is the liquidus temperature of the indicated
phase, at pressure 99.2 kPa.a.

w KHC3H2O4
b Tg/Kc Te/Kc Tl/Kc Phase fieldd

0.1000 224.3 264.3 271.8 Ice
0.2000 224.6 264.3 269.2 Ice
0.2999 224.3 264.3 267.4 Ice
0.3498 224.4 264.2 265.8 Ice
0.4000 224.7 264.2 267.4 KHC3H2O4

0.4500 224.8 264.2 271.0 KHC3H2O4

0.4998 224.4 264.1 273.0 KHC3H2O4

0.5502 224.4 264.0 276.4 KHC3H2O4

0.5998 226.9 264.0 279.5 KHC3H2O4

0.6499 225.0 264.1 281.6 KHC3H2O4

a Experimental pressure was not controlled beyond the typical range of atmo-
spheric pressure, (99.2 ± 2.9) kPa (station pressure).

b Mass fraction uncertainty, U = 0.001 (0.95 confidence level).
c Temperature uncertainty, U = 0.9 K (0.94 confidence level).
d Melting of ice was identified by infrared (IR) spectroscopy of thin films as

described in the Experimental Section. Identity of salt phase field is given by a
combination of X-ray crystallography and IR analysis.
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Fig. 1. Temperature series of infrared spectra for a w = 0.5998 KHC3H2O4 sample
(same composition as for the thermogram shown in Fig. S1), where E represents
energy in units of wavenumbers (cm�1). Temperature of each spectrum is given in
the figure in Kelvin. For clarity, spectra are offset as follows: 295 K (0); 236 K (+0.3);
246 K (+0.5); 265 K (+0.7); 282 K (+0.9). Cooling series: sample is initially all liquid
at 295 K, as the sample is cooled ice crystallizes at 236 K as indicated by the
appearance of the large, broad band centered at 855 cm�1. Minimum temperature
reached was 218 K. The sample was then warmed with crystallization of KHC3H2O4

at 246 K as indicated by the changes in the bands marked by arrows (see Section 3.1
for details). Ice melted at the eutectic at 265 K as the broad band at 855 cm�1

disappears. KHC3H2O4 continually dissolved upon further warming until charac-
teristic absorption bands for the salt had disappeared by 282 K.
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Fig. 2. Partial solid/liquid phase diagram of the KHC3H2O4/H2O system constructed
from our DSC data. Solid lines are phase boundaries, horizontal dashed line is the
eutectic line calculated from the intersection of the two liquidus lines, and wPHM is
the mass fraction KHC3H2O4. Symbols are: s ice melt, h KHC3H2O4 dissolution, 4
eutectic transition, x glass transition. Shown for comparison are the solubility of
NaHC3H2O4 from Kissinger, et al. [15] (}), and fit of the aqueous solubility of
H2C3H2O4 [20] (dotted line).
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as shown in Fig. 1. We have noted the most significant shifts due to
crystallization of KHC3H2O4 with arrows in the figure. In all cases,
appearance of these band shifts indicated formation of solid KHC3-
H2O4, and their disappearance indicated dissolution of the solid. On
the high energy side, we observed a band at 1719 cm�1 shifts to
1708 cm�1 and broadens slightly. At 1313 cm�1 we observed a
small, broad band that shifts to 1317 cm�1 while increasing in
intensity and sharpens. Third is a very small band at 1249 cm�1

that increases to a medium band intensity and sharpens to
1257 cm�1. Last is a medium, sharp band at 1169 cm�1 that bifur-
cates with maximum absorbances at (1176 and 1168) cm�1. We
observed other, smaller shifts as well, but these changes in the IR
spectrum were the easiest to see. Thus, it was clear when eutectic
and final melt (ice) or dissolution (salt) were observed in the IR
3

spectra, which were then correlated with the transitions observed
in the thermograms. This facilitated the construction of a phase
diagram as given in Fig. 2. Additional evidence for the formation
of KHC3H2O4 from our solutions was X-ray crystallographic unit
cell determinations; a single crystal that precipitated from a
0.5640 w KHC3H2O4 solution was analyzed with this method (we
did not perform a DSC experiment on this sample). The solid was
determined to be KHC3H2O4 by a match of the crystallographic unit
cell parameters [19] in the Cambridge Crystallographic Database
(CSD), which are tabulated in Table S1.

The average eutectic value from the thermograms is (264.1 ± 0.
2) K. We determined the eutectic composition to be 0.3671 w
KHC3H2O4 by a fit to our ice melting points and the solubility val-
ues for the salt following the equation:

T ¼ A2w2 þ A1wþ A0 ð2Þ

where w is the mass fraction of salt in the aqueous solution, T is
temperature in Kelvin, and the values of A2, A1, and A0 are given
in Table 3 for each equation. The two equations were solved simul-
taneously to yield the eutectic composition. With this composition
determined, we then calculated the predicted eutectic temperature
from the fit equations to be 265.4 K. This value is 1.3 K higher than
our average eutectic value from the thermogram data. This results
from the observation that the onset of the eutectic transition was
immediately followed by a partial, small recrystallization event in
all of our samples, thus making an onset temperature difficult to
determine from the thermograms (see example thermogram in
Fig. S1). Therefore, we recommend the value calculated from the
intersection of the liquidus curves as closer to the correct eutectic
temperature.

We previously studied the NaHC3H2O4/H2O [15] and H2C3H2O4/
H2O [20] systems and determined that the least soluble solids were
NaHC3H2O4�H2O and H2C3H2O4, respectively. The solubility data
are shown as diamonds for NaHC3H2O4�H2O and as a dotted line
for H2C3H2O4 in Fig. 2 for comparison to the KHC3H2O4 data. It is
readily seen KHC3H2O4 is much more soluble than NaHC3H2O4�H2-
O. However, there is a crossing point for the solubility of KHC3H2O4

and H2C3H2O4 at 275 K. Therefore, at T > 275 K malonic acid is the
least soluble compound, whereas at lower temperatures, KHC3H2-
O4 is less soluble. Thus, in solutions (such as atmospheric aerosols)
where both Na+ and K+ may be present with hydrogen malonate



Table 3
Fit parameters for solid/liquid equilibria.

Region A2 A1 A0

KHC3H2O4/H2O
Ice �16.28 �15.36 273.2
KHC3H2O4 �21.03 79.23 239.1
K2C3H2O4/H2O
Ice �176.8 24.22 272.1
KHC4H4O4/H2O
Ice �298.4 6.165 273.2
KH3(C4H4O4)2 �273.6 320.9 227.4
K2C4H4O4/H2O
Ice �56.93 –22.64 273.3
KHC4H4O4 �492.7 525.2 167.2
KHC5H6O4/H2O
Ice �21.51 273.2
KHC5H6O4 253.3 190.1
K2C5H6O4/H2O
Ice �28.36 26.98 273.2

Table 4
Glass and ice melting transitions in the system 2:1 KOH:H2C3H2O4 in H2O as
determined by DSC experiments. For simplicity, composition is given in equivalent
mass fraction K2C3H2O4 (weq), Tg is the onset glass transition temperature, and Ti is the
liquidus temperature for ice, at pressure 99.2 kPa.a.

weq K2C3H2O4
b Tg/Kc Ti/Kc,d

0.097 272.2
0.1883 193.8 268.7
0.2001 194.6 268.5
0.2998 192.6 262.9
0.3003 193.8 262.0
0.4003 193.3 253.5
0.5003 192.6 240.9
0.5003 195.1 242.6
0.5006 193.7 241.8
0.5981 223.1

a Experimental pressure was not controlled beyond the typical range of atmo-
spheric pressure, (99.2 ± 2.9) kPa (station pressure).

b Mass fraction uncertainty, U = 0.001 (0.95 confidence level).
c Temperature uncertainty, U = 2 K (0.94 confidence level).
d Melting of ice was identified by infrared spectroscopy of thin films as described

in the Experimental section of the paper.
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ions, we would expect NaHC3H2O4�H2O to precipitate before
KHC3H2O4. However, at low pH either KHC3H2O4 or malonic acid
will be the least soluble solid depending on temperature.
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Fig. 3. Ice/solution phase equilibria in aqueous solutions containing a 2:1 ratio of
KOH:H2C3H2O4 constructed from our DSC data. Solid curve is the ice/liquid phase
boundary, and weqPM is the equivalent mass fraction K2C3H2O4. Symbols are: s ice
melting, ✕ glass transition. Shown for comparison are the solubility of Na2C3H2-
O4�H2O from Kissinger, et al. [15] (}), and fit of the aqueous solubility of H2C3H2O4

[20] (dotted line).
3.2. K2C3H2O4/H2O

This system was a challenge to study. We made solutions with
predicted K2C3H2O4 composition in the range 0.097–0.7 w
K2C3H2O4. We did not observe any evidence for salt formation in
either DSC or IR experiments. Thus, we refer to the composition
of samples in this system as the ‘‘equivalent” mass fraction
K2C3H2O4 (weq). We did observe that potassium hydroxide (KOH)
and H2C3H2O4 readily dissolved in water at lower compositions
(weq < 0.5), but at higher mass fractions solutions had to be heated
to ensure dissolution. For the lower mass fractions (weq � 0.6), we
observed ice formation and a glass transition, but again, no evi-
dence for salt formation. Raw DSC data for glass transition and
ice melting temperatures are provided in Table 4. We also studied
larger sample masses in DSC experiments (to increase nucleation
probabilities) up to 133 mg, but we observed no salt formation
in these larger samples. For a solution at 0.6993 weq K2C3H2O4

we did not observe either ice or salt formation in our DSC or IR
experiments. Thus, there appears to be either a significant hin-
drance to salt formation in this system, or the solubility of
K2C3H2O4 is extremely high. Colleagues at the Molecular Structure
Laboratory at the University of Wisconsin-Madison performed
exhaustive searches of the CSD, ICSD, and crystallography litera-
ture, and found no record of structures for K2C3H2O4 [21]. In two
of the higher mass fraction samples (0.5981 weq and 0.6998 weq)
we observed crystal formation after storing the approximately
5 mL solution at room temperature for several weeks. A single
crystal from each of these samples was used for unit cell determi-
nation by single crystal X-ray crystallography. The solid was deter-
mined to be KHC3H2O4 by a match of the unit cell data [19] in the
CSD for both samples, which are given in Table S1. This is an unex-
pected result, and points to the difficulty in forming the expected
K2C3H2O4 crystal in a solution that is 2:1 in K+:C3H2O4

2� on a mole
basis. We considered the possibility that HC3H2O4�may be a signif-
icant fraction of the ion composition in solution due its equilibria
with the malonate ion in water. The pKa of HC3H2O4�is 5.69 result-
ing in a pKb value for malonate ion of 8.31 [17]. Given the initial
malonate ion concentrations in our solutions due to its stoichio-
metric neutralization with KOH, the malonate ion would be only
0.003–0.009% reacted to HC3H2O4

�. Thus, presence of significant
HC3H2O4

� is unlikely to be the explanation for KHC3H2O4 crystals
in our samples.
4

In some samples where ice was observed (0.1883–0.5006 weq

K2C3H2O4), we also observed a glass transition. The average onset
of the glass transition on warming was (193.7 ± 0.9) K. A typical
DSC thermogram for this system (0.3003 weq K2C3H2O4) is shown
in Fig. S2. Raw data for this system is provided in Table 4 and plot-
ted in Fig. 3 in units of equivalent mass fraction K2C3H2O4 (since
the compound did not form in our solution) along with solubilities
for Na2C3H2O4�H2O [15] and H2C3H2O4 [20] for comparison pur-
poses. We fit the ice melting data to Eq. (1), and the parameters
are listed in Table 3. We note that the disodium monohydrate salt
of malonic acid is less soluble than malonic acid itself, similar to
the case for the monosodium salt. We also note that the crystal
structure of the disodium salt of malonic acid had not been known
previously to our study [15]. Thus, it may not be surprising that the
dipotassium salt structure has not been reported. Given that the
monopotassium salt of malonic acid is much more water soluble
than the monosodium salt, it seems reasonable to predict the same
for the dipotassium salt as compared to the disodium salt. Also, we
feel the fact that we formed KHC3H2O4 from two high composition
solutions that were 2:1 in K+:C3H2O4

2- indicates the likely large bar-
rier to nucleation of K2C3H2O4 in aqueous solution. Thus, in an
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environment where Na+ and K+ are present with malonate ions at
pH above 7 (sea spray aerosols), the sodium salt would be much
more likely to form under dry conditions than the potassium salt.
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Fig. 4. Phase equilibria in aqueous solutions of 1:1 ratio of KOH:H2C4H4O4

constructed from our DSC data; weqPHS is the equivalent mass fraction of KHC4-
H4O4. Symbols are:s ice melting,h salt liquidus,4 eutectic transition, x onset glass
transition temperature. For comparison,◆ are solubility data from the NaHC4H4O4/
H2O system from Linke [1] plotted as mass fraction NaHC4H4O4 (see text). Dotted
line is a fit to the solubility of succinic acid also from Linke, and plotted as mass
fraction of H2C4H4O4.
3.3. KHC4H4O4/H2O

We studied solutions with predicted composition ranging from
0.057 to 0.53 w KHC4H4O4 for this system. In our DSC experiments,
we observed crystallization occurred in both the cooling and
warming segments for all samples. This was followed by a general
pattern of eutectic and liquidus transitions in the warming seg-
ment. A typical thermogram for a solution in this system is given
in Fig. S3 (predicted 0.3846 w KHC4H4O4). In order to identify the
solid being formed we utilized X-ray crystallography. Crystals
made from a predicted 0.4938 w KHC4H4O4 solution were utilized,
and two distinctly different crystal morphologies were present in
the sample; therefore, a crystal of each type was used for unit cell
determination. One crystal was determined to be polymeric with
the unit formula KH3(C4H4O4)2 named potassium trihydrogen dis-
uccinate by a match to the CSD [22]. The second crystal was deter-
mined to be KHC4H4O4 by a match to the CSD [23]. Unit cell
parameters for our crystals and those from the literature refer-
ences are given in Table S1. It is unclear whether these two crystal
forms are polymorphs with an interconversion temperature, or
whether they coexist in a natural state. Given that the crystals
were in coexistence in the mother solution in our sample for sev-
eral weeks before being removed for analysis, it seems the latter
state is possible, or at least one compound is in a long-term meta-
stable state. We observed differences in several properties between
this system and 2:1 KOH:H2C4H4O4 where evidence points to
KHC4H4O4 formation in that system as detailed in the next section.
Those differences were: solubility, eutectic temperature and com-
position in aqueous solution, and IR spectra of crystallized samples.
Details of these differences are given in Section 3.4. Based on these
we propose KH3(C4H4O4)2 as the major crystal forming in our solu-
tions or possibly a solid solution of KH3(C4H4O4)2 and KHC4H4O4 in
solutions of 1:1 KOH:H2C4H4O4. However, the latter would need
extensive further investigation to confirm. Therefore, data for this
system will be presented as ‘‘equivalent” mass fraction KHC4H4O4

and utilize the symbol weqPHS and the compound formed will be
presented as KH3(C4H4O4)2.
Table 5
Phase transitions in the system 1:1 KOH:H2C4H4O4/H2O as determined by DSC
experiments. Composition is given in equivalent mass fraction KHC4H4O4 (weqPHS), Tg
is the onset glass transition temperature, Te is the eutectic temperature, and Tl is the
liquidus temperature of the indicated phase, at pressure 99.2 kPa.a.

weqPHS
b Tg/Kc Te/Kc Tl/Kc Phase fieldd

0.0571 267.0 272.7 Ice
0.1138 216.4 268.0 271.2 Ice
0.1566 217.9 267.1 270.3 KH3(C4H4O4)2
0.2028 216.8 268.0 279.6 KH3(C4H4O4)2
0.2499 217.0 268.0 289.0 KH3(C4H4O4)2
0.2767 267.4 292.1 KH3(C4H4O4)2
0.3012 215.2 268.0 296.5 KH3(C4H4O4)2
0.3846 205.6 267.4 307.1 KH3(C4H4O4)2
0.4938 267.4 317.0 KH3(C4H4O4)2
0.5300 265.9 319.8 KH3(C4H4O4)2

a Experimental pressure was not controlled beyond the typical range of atmo-
spheric pressure, (99.2 ± 2.9) kPa (station pressure).

b Mass fraction uncertainty, U = 0.001 (0.95 confidence level).
c Temperature uncertainty, U = 0.9 K (0.94 confidence level).
d Melting of ice was identified by infrared (IR) spectroscopy of thin films as

described in the Experimental Section. Identity of salt phase field is given by a
combination of X-ray crystallography and IR analysis, though X-ray data indicate
KHC4H4O4 may also be present.
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Raw DSC data are provided in Table 5, and the transitions for
this system observed in DSC experiments are plotted in Fig. 4.
The liquidus data for each primary phase region were fit to Eq.
(1) with the polynomial coefficients given in Table 3. The two
equations were simultaneously solved to determine the eutectic
composition, 0.1437 weqPHS and temperature of 267.9 K. The exper-
imental eutectic temperature was determined to be 267.4 ± 0.6 K
based on the average onset temperature of the eutectic transition
from DSC data. We have labeled the phase region on the phase dia-
gram in Fig. 4 accordingly with the caveat that more information is
needed regarding the thermal stability of the two compounds that
may form in this system.

The solubility of NaHC4H4O4 and succinic acid in water are
available in standard compilations [1], and we have plotted these
data on our phase diagram in Fig. 4 for comparison purposes. In
the NaHC4H4O4/H2O system NaHC4H4O4�3H2O forms from solu-
tions with w � 0.39, and NaHC4H4O4 forms from solutions with
w � 0.39. It is seen in Fig. 4 the solubility of NaHC4H4O4�3H2O is
strikingly similar to that of KHC4H4O4, while both are much more
soluble than succinic acid. Thus, it is possible in aqueous systems
with HC4H4O4�, K+, and Na+ present, both salts may precipitate;
whereas at low pH where succinic acid is present, it is by far the
least soluble salt. Clearly the presence of metals significantly
increases the solubility of succinates in water as compared to suc-
cinic acid.

We then utilized infrared spectroscopy to identify spectral fea-
tures in our samples due to salt formation. These experiments also
allow us to identify the formation and melting of ice. A series of IR
spectra taken at different temperatures is shown in Fig. 5 for the
same sample used for crystallographic analysis (0.4494 weqPHS.)
Several spectral features appear to be characteristic of the salt
and are indicated by arrows in the figure for a completely frozen
sample: an absorption band centered at 1652 cm�1 in solution
bifurcates to (1673 and 1636) cm�1; a small shoulder at
1343 cm�1 changes to a small, broad band; a very small band at
1295 cm�1 increases to a broad, medium band; and a very small
band at 877 cm�1 on top of the broad OH absorption band of water
shifts to 893 cm�1 and greatly increases in intensity. Other shifts in
the spectra were smaller or had significant overlap with water
bands. The spectral features we noted were used as the signature
for salt formation in our other solutions. We found these features
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Figure 5. Temperature series of infrared spectra for a 0.4938 weqPHS sample.
Temperature of each spectrum is given in the figure in Kelvin. For clarity, spectra
are offset by the following: 297 K (-0.2); 266 K (+0.1); 272 K (+0.4); 304 K (+0.7).
Sample is initially all liquid at 297 K. Upon cooling it completely crystalized at
241 K after which warming was commenced. The bands we identified as
characteristic of the salt (assumed to be KH3(C4H4O4)2 – see Section 3.3 and 3.4)
are indicated by arrows in the 266 K spectrum, which is just before the eutectic
melt (see Section 3.3 for details). Ice melted at the eutectic (the broad band at
855 cm�1 disappears) as seen in the 272 K spectrumwhich is just above the eutectic
temperature of 267 K. KH3(C4H4O4)2 continually dissolved upon further warming
until characteristic absorption bands for the salt gradually shift to those observed in
solution (304 K). It is difficult to determine the liquidus point for the salt in IR
experiments as spectral changes become very subtle.

Table 6
Phase transitions in the system 2:1 KOH:H2C4H4O4/H2O as determined by DSC
experiments. Composition is given in equivalent mass fraction K2C4H4O4 (weqPS) since
this salt was not observed to form but rather KHC4H4O4, Tg is the onset glass
transition temperature, Tet is the DSC software calculated onset temperature of the
first endothermic transition, and Tl is the liquidus temperature of the indicated phase,
at pressure 99.2 kPa.a.

weqPS
b Tg/Kc Tet/Kc Tl/Kc Phase fieldd

0.0462 192.3 260.6 272.4 Ice
0.1113 196.2 260.2 270.0 Ice
0.1554 196.5 258.8 268.2 Ice
0.2005 260.3 266.6 Ice
0.2500 257.5 267.3 KHC4H4O4

0.2945 193.6 253.5 278.6 KHC4H4O4

0.3000 253.3 282.5 KHC4H4O4

0.3505 249.9 289.0 KHC4H4O4

0.3959 193.8 245.7 297.7 KHC4H4O4

0.4011 194.7 243.7 e KHC4H4O4

0.4496 195.3 239.6 e KHC4H4O4

0.4503 238.7 303.3 KHC4H4O4

0.4503 194.4 233.9 e KHC4H4O4

0.4505 265.1 305.5 KHC4H4O4

0.5008 237.9 e KHC4H4O4

0.5008 198.4 236.9 306.1 KHC4H4O4

a Experimental pressure was not controlled beyond the typical range of atmo-
spheric pressure, (99.2 ± 2.9) kPa (station pressure).

b Mass fraction uncertainty, U = 0.001 (0.95 confidence level).
c Temperature uncertainty, U = 2 K (0.94 confidence level).
d Melting of ice was identified by infrared (IR) spectroscopy of thin films as

described in the Experimental Section. Identity of salt phase field is given by a
combination of X-ray crystallography and IR analysis.

e The shape of the liquidus signal did not lead to a clear value for the liquidus
transition.
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present in all other samples we studied with transition tempera-
tures corresponding to those identified in DSC experiments.

3.4. K2C4H4O4/H2O

For this system, we studied solutions with target composition
ranging from 0.05 to 0.5 w K2C4H4O4. In our DSC experiments,
we observed crystallization occurred in both the cooling and
warming segments for all samples. This was followed by a general
pattern of eutectic and final melts in the warming segment. To
determine the identity of the least soluble salt in our samples,
we utilized X-ray crystallography. A single crystal from two sam-
ples of composition 0.4505 and 0.5008 w K2C4H4O4 were used for
unit cell determination. In both cases the crystals were determined
to be potassium hydrogen succinate by a match of the unit cell data
in the CSD [23], which are listed in Table S1. This is an unexpected
result for solutions that are 2:1 K+:C4H4O4

2� where we would
expect a compound of the same ratio to form. However, it is con-
sistent with the other double potassium dicarboxylate systems
we studied. Therefore, data for this system will be presented as
‘‘equivalent” mass fraction K2C4H4O4 and utilize the symbol weqPS.
We considered the possibility that HC4H4O4

� may be a significant
fraction of the ion composition in solution due its equilibria with
the succinate ion in water. The pKa of HC4H4O4

� is 5.61 resulting
in a pKb value for succinate ion of 8.39 [17]. Given the initial suc-
cinate ion concentrations in our solutions due to its stoichiometric
neutralization with KOH, the succinate ion would be only 0.006–
0.013% reacted to HC4H4O4

�. Thus, presence of significant HC4H4O4-
� is unlikely to be the explanation for KHC4H4O4 crystals in our
samples.

Raw DSC data are shown in Table 6. A typical thermogram for a
solution in this system is given in Fig. S4 (weqPS = 0.3959). For
nearly all samples, we observed warming crystallizations had sub-
stantial overlap with the eutectic melting, affecting its thermal sig-
nal and the calculated temperature of onset of the eutectic
(tangent at half height of the eutectic endotherm extrapolated to
6

the calculated baseline.) Additionally, for nearly all samples the
shape of the eutectic melting endotherm (sloping thermal signal
and significant difference between the ‘‘onset” and ‘‘peak” temper-
atures of the transition) indicated the sample had not completely
crystallized. In some cases (higher composition samples) this
may be partially due to the overlap of the warming crystallization
that did not complete before melting began. In lower composition
samples where the sample fell in the ice primary phase region, the
warming crystallization had significant separation from the peak of
the eutectic melt, thus overlap of the two transitions was unlikely
the issue. In either case, the thermal evidence indicates that some
liquid was always present in our samples along with ice and crys-
talized salt. Since the definition of a eutectic transition is onset of
melting, the shape of the eutectic transitions in our thermograms
necessarily led to lower calculated eutectic temperatures than
would be expected. The liquidus and eutectic transitions deter-
mined from DSC experiments are shown in the constructed phase
diagram of Fig. 6. It is seen that the ‘‘eutectic” transitions in the fig-
ure are much lower than those expected by an intersection of the
liquidus curves, except for one. The liquidus data for each primary
phase field were fit to Eq. (1) and the polynomial coefficients are
given in Table 3. The two equations were solved simultaneously,
and the eutectic point was calculated to be 0.2392 weqPS and
264.6 K. This is shown as a horizontal line in the phase diagram.
For only one sample (0.4505 weqPS) the warming crystallizations
did not overlap the eutectic melt, and it appears the entire sample
froze before the eutectic transition. Thus, as seen in Fig. 6, the
eutectic temperature determined from the thermogram (265.1 K)
is in excellent agreement with the calculated value given above.
We also observed glass transitions in many of our samples with
an average onset value of (194.5 ± 1.6) K. In several cases the glass
transition signal was too weak to determine quantitative tempera-
ture data.

Solubility in the analogous sodium salt system (Na2C4H4O4) has
been reported by Linke [1], and we have included solubility data
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Fig. 7. Temperature series of infrared spectra for a 0.3959 weqPS sample where E
represents energy. Temperature of each spectrum is given in the figure in Kelvin.
For clarity, spectra are offset as follows: 290 K (0); 242 K (+0.1); 260 K (+0.45);
296 K (+0.65). Sample is initially all liquid at 290 K. Upon cooling it completely
crystalized at 224 K with ice and KHC4H4O4 forming (see text), after which warming
was commenced. The bands we identified as characteristic of the salt and are
indicated by arrows in the 242 K spectrum, which is during warming. The large OH
absorption band at 855 cm�1 has moved back to the liquid position by 260 K. (see
text for explanation of this transition). The salt continually dissolved upon further
warming until characteristic absorption bands for the salt gradually shift to those
observed in solution (296 K). We note it is difficult to determine the liquidus point
for the salt in IR experiments as spectral changes become very subtle.
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for this system as well as for succinic acid [1] in Fig. 6. The reported
solid that forms in the Na2C4H4O4/H2O system at lower tempera-
tures is Na2C4H4O4�6H2O, and it is seen in Fig. 6 this salt is less sol-
uble than KHC4H4O4. Both salts are more soluble than succinic
acid. Thus, the presence of potassium ions in aqueous systems
(where the pH is above 7 without sodium ions present) would
allow succinate to remain in solution at much higher compositions
than would be seen in acidic solutions or in the presence of sodium
ions.

We utilized infrared spectroscopy to identify spectral features
in our samples due to the formation of KHC4H4O4. These experi-
ments also allow us to identify the formation and melting of ice
and thus corroborate transitions occurring in DSC experiments. A
series of IR spectra taken at different temperatures is shown in
Fig. 7 for the same sample used for the DSC experiment shown in
Fig. S4 (0.3959 weqPS). Several spectral features appear to be char-
acteristic of the salt as observed in many of our samples, and are
indicated by arrows in the figure for a completely frozen sample:
a shoulder at 1420 cm�1 grows and sharpens into a maximum cre-
ating a bifurcated band with maximum absorption at 1420 and
1399 cm�1; a small band appears at 1208 cm�1 upon formation
of the salt; a medium band appears at 807 cm�1 on top of the large,
broad OH absorption band of ice. For samples in the salt primary
phase region, these distinct bands appear upon crystallization of
the salt and slowly fade as the salt dissolves into solution at the liq-
uidus point when the sample is warmed. Thus, we take these
absorption bands as characteristic of the presence of KHC4H4O4

in this system, and we observed these features in our samples at
other compositions.

We now note the differences in the characteristic data for KHC4-
H4O4 formed in 2:1 KOH:H2C4H4O4 solutions and the solid(s)
formed in 1:1 KOH:H2C4H4O4 solutions. As noted in Section 3.3,
X-ray crystallographic unit cell data indicate two different crystals
formed in a single solution: KH3(C4H4O4)2 and KHC4H4O4. A com-
parison of the eutectic temperature and concentration data for
each system is given in Table S2 in the Supporting Information. It
is seen the eutectic temperature is lower in the 2:1 system by
2.8 K, and the composition is higher by 0.0955 mass fraction (or
7

0.00936 mol fraction succinate ion). In addition, the most signifi-
cant differences in the IR spectra for the solid formed in each sys-
tem are listed in Table S3 and shown visually in Fig. S5 in the
Supporting Information. Given these multiple differences and the
evidence that KHC4H4O4 forms in 2:1 KOH:H2C4H4O4 solutions,
we conclude the compound forming from 1:1 KOH:H2C4H4O4 solu-
tions is most likely not KHC4H4O4, since the characteristic data do
not match that for KHC4H4O4 in 2:1 KOH:H2C4H4O4 solutions.
Thus, we feel it is likely the predominant solid forming in 1:1
KOH:H2C4H4O4 solutions is KH3(C4H4O4)2, and this conclusion is
reflected in our analysis in Section 3.3.

3.5. KHC5H6O4/H2O

The samples we studied in this system ranged from 0.05 to 0.5
w KHC5H6O4. Raw DSC data are provided in Table 7. In our DSC
experiments, we observed some general trends when cooling and
heating the samples. Melt/recrystallization events were observed
below the eutectic in many samples indicating solids formed, ther-
mally decomposed, and then the melt recrystallized. The average
temperature of the melt/recrystallization event was (259.2 ± 0.2)
K. The thermal signal for this sequence is shown in the thermo-
gram given in Fig. S6 for a sample that is 0.3501 w KHC5H6O4. In
addition, many samples showed evidence of a second thermal
decomposition of a solid at (264.6 ± 0.3) K. We strongly suspect
this is a hydrate that thermally decomposes; however, we do not
have clear evidence for the composition of this solid. These two
transitions are then followed by what we identified as the eutectic
melt and final melt of ice/salt dissolution by correlating the results
of DSC and IR experiments (where the identity of solids can be
determined). The average eutectic temperature from DSC experi-
ments was determined to be 266.8 ± 0.3 K. The DSC data are plot-
ted in Fig. 8 where a partial phase diagram is constructed. The
liquidus points on both sides of the eutectic were fit to Eq. (1)
and the resulting coefficients are given in Table 3. Solving these
two equations simultaneously results in a eutectic composition
of 0.3019 w KHC5H6O4 and calculated temperature of 266.7 K,
which is in excellent agreement with the experimental value.



Table 7
Phase transitions in the system KHC5H6O4/H2O as determined by DSC experiments. Composition is given in mass fraction (w), Tm1 is the onset of the first melt followed by a
recrystallization, Tm2 is an endothermic transition we identify as a thermal decomposition of an unstable solid, Te is the eutectic temperature, and Tl is the liquidus temperature of
the indicated phase, at pressure 99.2 kPa.a

w KHC5H6O4
b Tm1/Kc Tm2/Kc Te/Kc Tl/Kc Phase fieldd

0.0499 264.6 266.1 272.1 Ice
0.0975 258.6 264.3 266.2 271.1 Ice
0.1507 264.7 266.9 270.2 Ice
0.2002 259.3 264.1 267.0 268.7 Ice
0.2506 264.7 267.0 267.7 Ice
0.2737 264.6 267.0 267.0 Ice
0.2998 259.4 264.6 266.8 266.8 Ice
0.3115 259.0 264.1 266.7 271.0 KHC5H6O4

0.3188 264.6 266.8 269.4 KHC5H6O4

0.3260 259.3 264.6 267.1 e KHC5H6O4

0.3260 259.3 264.4 267.0 272.2 KHC5H6O4

0.3344 259.3 264.4 266.8 273.5 KHC5H6O4

0.3395 259.3 264.5 266.9 277.1 KHC5H6O4

0.3501 259.4 264.6 266.8 279.6 KHC5H6O4

0.3501 259.4 264.6 267.4 278.3 KHC5H6O4

0.3720 264.6 266.7 283.9 KHC5H6O4

0.3996 259.1 264.6 266.5 291.1 KHC5H6O4

0.4202 259.3 264.7 266.7 296.5 KHC5H6O4

0.4208 265.1 267.3 295.7 KHC5H6O4

0.4488 256.63 264.6 266.5 e KHC5H6O4

0.4505 265.1 266.9 305.1 KHC5H6O4

0.5000 264.6 266.5 f KHC5H6O4

0.5023 265.1 267.3 319.6 KHC5H6O4

a Experimental pressure was not controlled beyond the typical range of atmospheric pressure, (99.2 ± 2.9) kPa (station pressure).
b Mass fraction uncertainty, U = 0.001 (0.95 confidence level).
c Temperature uncertainty, U = 2 K (0.94 confidence level).
d Melting of ice was identified by infrared (IR) spectroscopy of thin films as described in the Experimental Section. Identity of salt phase field is given by a combination of X-

ray crystallography and IR analysis.
e The shape of the liquidus signal did not lead to a clear value for the liquidus transition.
f This sample was used for the X-ray crystallography analysis, but the DSC experiment was not run to a high enough temperature to determine the liquidus temperature.
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band that vanishes upon solution crystallization. The large OH absorption band at
855 cm�1 has moved back to the liquid position by 270 K. KHC5H6O4 continually
dissolved upon further warming until characteristic absorption bands for the salt
gradually shift to those observed in solution at 318 K. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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In order to identify the salt that formed in our samples we uti-
lized X-ray crystallography; a single crystal that precipitated from
a 0.5000 w KHC5H6O4 solution was used for unit cell determina-
tion. The solid was determined to be KHC5H6O4 by a match of
the unit cell data [24] in the CSD, which are also listed in
Table S1. We used the same solution before crystal formation for
IR analysis. Spectra as a function of temperature for this sample
are given in Fig. 9. We have noted the most significant shifts due
to crystallization of KHC5H6O4 with arrows in the figure. We
8

observed these same shifts in our other samples, and thus used
them to indicate formation of solid KHC3H2O4, and their disappear-
ance indicating dissolution of the solid. On the high energy side, we
observed a very small band at 1447 cm�1 increases in intensity and
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broadens slightly. The medium, broad band at 1405 cm�1

decreases and shifts to 1410 cm�1. The band at 1314 cm�1 for
the solution disappears when the sample freezes. The shoulder at
1205 cm�1 increases into a small, distinct absorption band. Lastly,
the broad bifurcated band at (1066 and 1057) cm�1 shifts to a nar-
row peak and shoulder centered at 1070 and 1057 cm�1, respec-
tively. We observed other, smaller shifts as well, but these
changes in the IR spectrum were the easiest to see. Thus, it was
clear when eutectic and final melt (ice) or dissolution (salt) were
observed in the IR spectra, which were then correlated with the
transitions observed in the thermograms. We did not observe clear
spectral evidence for the melt/recrystallization or pre-eutectic
thermal decomposition transitions we observed in DSC experi-
ments. It seems likely then, that the amount of substance undergo-
ing these transitions is small compared to the fraction of the
sample involved in the eutectic and liquidus transitions.

We previously studied solubilities in NaHC5H6O4/H2O [16] and
glutaric acid/H2O [25] systems. The precipitating solid in the
NaHC5H6O4/H2O system was identified as NaHC5H6O4�2H2O and
has a polymeric crystal structure. These data are shown on the
phase diagram in Fig. 8 for comparison. It is seen that NaHC5H6O4-
�H2O is slightly less soluble than KHC5H6O4. However, glutaric acid
is more soluble than KHC5H6O4 for T > 281 K. Thus, which com-
pound glutarate ions precipitate as will depend on pH, tempera-
ture, and metal composition of the aqueous system.

3.6. K2C5H6O4/H2O

This system was a challenge to study, and we again adopt the
unit equivalent mass fraction (weq) for this system for reasons
described below. The samples we studied ranged from 0.05 to
0.52 weq K2C5H6O4. Attempts at making higher composition sam-
ples failed as we were unable to get all component solids to dis-
solve even at elevated temperatures. We could not identify salt
crystallization or dissolution in any of our IR experiments, indicat-
ing that any non-ice solids that formed were a very minor fraction
of the crystalline phase. We observed two endothermic transitions
for samples of 0.1 and 0.2 weq K2C5H6O4 in our DSC experiments.
The thermogram for 0.2015 weq K2C5H6O4 is given in Fig. S7. It is
clear from IR experiments the large endothermic transition is ice
melting; thus, the additional endothermic transition at lower tem-
perature may be a small amount of salt dissolving. However, we
observed no characteristic absorption bands in IR experiments.
Observing the shape of the thermogram (with a long sloping onset
to the transition), it is clear there is liquid present in the sample
throughout the warming segment; therefore, we conclude none
of our samples completely froze. Thus, we have limited experimen-
tal results for this system and conclude there is a significant barrier
to formation of any crystals in these solutions. Similar observations
were reported by Beyer et al. [16] for the Na2C5H6O4/H2O system,
where no crystallization of salt was observed.

3.7. Water activities

In a simple binary system, the freezing point depression can be
used to determine solvent activities via the equation:

ln aw ¼ �
Z T�f

Tf

DHfus

RT2 dT ð3Þ

where aw is the activity of water at Tf, DHfus is the molar
enthalpy of fusion of ice, R = 0.008314 kJ K�1 mol�1, Tf is the
depressed melting point, and Tf* is the melting point of pure water.
To a first approximation, the enthalpy of fusion can be considered
constant as a function of temperature over few degrees; however,
for larger temperature differences DHfus needs to be expressed in
9

terms of temperature so that the integral in Eq. (2) can be solved.
Hobbs [26] lists values for DHfus of ice at temperatures between
273 K and 251 K from the International Crititcal Tables [27]. We
have fitted these data to a second order polynomial:

DHfus ¼ 6:389� 10�4
� �

T2 ��0:2534T þ 27:56 ð4Þ

where T is in Kelvin and DHfus is in kJ�mol�1. This fit is quite
good, reproducing the data in Hobbs to within 0.17% on average.
Substituting Eqs. (3) into (2) and integrating yields:

ln aw ¼ �1
R

6:389x10�4 T�
f � Tf

� �
� 0:2534 ln

T�
f

Tf

� �
� 27:56

1
T�
f
� 1

Tf

 !" #

ð5Þ
Finally, the activity coefficient (cw) can be calculated from the

relationship:

cw ¼ aw
xw

ð6Þ

where xw is the mole fraction of water. We followed this process
for determining water activities and activity coefficients for sys-
tems we previously studied with good results [28]. We have deter-
mined water activities and activity coefficients in the systems
studied here for samples where ice was the final melting phase
using Eqs. (4) and (5) at Tf. The results are given in Fig. 10 where
we have plotted mole fraction of water vs. water activity coeffi-
cient. Within experimental uncertainty, water in solutions of
KHC3H2O4 and KHC4H4O4 (equivalent) acts ideally (cw = 1) in the
ice primary phase field in each system. Water in solutions of KHC5-
H6O4 deviates modestly from ideal for xw < 0.98. The most signifi-
cant deviations from ideal are seen in solutions that were 2:1 KOH:
organic acid. It is seen in the figure that water activity coefficients
are similar in these solutions (labeled K2C3H2O4 (equivalent),
K2C4H4O4 (equivalent), and K2C5H6O4 (equivalent) in the figure
caption), with K2C3H2O4 solutions deviating less from ideal than
K2C5H6O4 or K2C4H4O4 solutions. The K2C3H2O4 solutions cover a
wider concentration range than the other systems we studied
(since no salt was observed to form, only ice), and deviations from
ideal were less than the succinate or gultarate systems over the
same xw range. Within experimental uncertainty no values of cw
were found to be greater than unity.

We previously reported the water activity coefficients for aque-
ous solutions of dicarboxylic acids. We observe that over the same
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water mole fraction shown in Fig. 10, malonic acid did not show
significant deviation from ideal behaviour [20]. Since succinic acid
is weakly soluble in water, water activity data covers a much nar-
rower composition range, and cw was found to be unity at
xw > 0.986 [25]. Glutaric acid presents a more complicated picture
and cw values in the ice primary phase field have been determined
to be greater than unity with values derived from several different
types of experiments and theoretical predictions [25]. Over the
range of water mole fraction shown in Fig. 10, the activity coeffi-
cient ranged from cw = 1.002 at xw = 0.991 to cw = 1.032 at
xw = 0.904. This is in significant contrast to the water activities in
our solutions involving glutarate ions, where cw < 1 for both 1:1
and 2:1 KOH:H2C5H6O4 solutions. In malonate, succinate, and glu-
tarate systems studied here, it appears evident that the presence of
potassium ions has a strong effect on water activity in these solu-
tions, with larger fractions of potassium ions correlating with lar-
ger deviations from ideal.
4. Conclusions

We have studied the individual phase equilibria in aqueous
solutions of 1:1 and 2:1 KOH and dicarboxylic acids: malonic, suc-
cinic, and glutaric. While we found the single potassium salts read-
ily formed in the systems we studied here (where ratios of K+/
organic anion were both 1 and 2), we had no evidence for the for-
mation of the double salts. Rather, no salt formation was observed
in 2:1 K+:C3H2O4

2- or K+:C5H6O4
2- aqueous solutions. In the case of

2:1 aqueous solutions of K+:C4H4O4
2-, XRD unit cell data indicated

the salt formed was KHC4H4O4. In 1:1 KOH:H2C4H4O4 two crystals
were identified: KH3(C4H4O4)2 and KHC4H4O4. Experimental evi-
dence led us to conclude the majority compound formed is KH3(C4-
H4O4)2, but further work on this system and the coexistence of
these two compounds in aqueous solution is recommended.

In general, we found the potassium salts to be at least as soluble
(KH3(C4H4O4)2), or more soluble (KHC4H4O4, KHC3H2O4, KHC5H6-
O4) than their analogous sodium salts. The potassium salts were
also more soluble than their parent acids except in some cases
where they were more soluble only at low temperatures (KHC3H2-
O4, KHC5H6O4), and so exhibit a temperature where the solubilities
are equal, and above which the acid is more soluble. In two sys-
tems, we were unable to determine salt solubilities as salt forma-
tion was not observed (2:1 KOH:H2C3H2O4), or no salt formation
was observed in the salt primary phase region (2:1 KOH:
H2C5H6O4). These observations indicate the difficulty of forming
double potassium salts in aqueous solution. In addition, water in
the 2:1 KOH:organic acid solutions acts much less ideal than in
the 1:1 solutions. This has significant implications for water vapor
pressure over these solutions, indicating increasing potassium ion
content will decrease the water vapor pressure, most significantly
in solutions containing succinate ion and glutarate ions.

We also report IR spectra with characteristic absorption bands
for each salt in systems where they formed. These absorption
bands can be used to identify the presence of the various solids
we observed in our experiments and confirmed via crystallo-
graphic unit cell parameter matching.
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