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The aqueous solubility of the least soluble salts in mixtures of sodium hydrogen succinate, sodium suc-
cinate, sodium hydrogen glutarate, and sodium glutarate with and without ammonium sulfate present
has been studied. Solubility temperatures were determined in solutions of known concentration using
Differential Scanning Calorimetry. The identity of the least soluble solid was determined by a combina-
tion of X-ray crystallography and infrared spectroscopy. The identified solids included ammonium
sulfate, sodium sulfate, sodium ammonium sulfate dihydrate (lecontite), sodium hydrogen succinate,
sodium succinate hexahydrate, sodium hydrogen glutarate dihydrate, and ammonium hydrogen glu-
tarate. Of the 16 series of solutions studied, lecontite was most frequently the least soluble solid.

� 2018 Elsevier Ltd.
1. Introduction temperatures or dry conditions and contained dissolved NaCl and
Field measurements have shown that the major chemical com-
ponents of aerosols in the free and upper troposphere (UT) include
organic and inorganic compounds and mineral dust [1,2], with the
most abundant inorganic components being ammonium and sul-
fate [3]. 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 [4]. Both primary
organic and secondary organic aerosols have been found to contain
DCA [3], and their concentration in aerosols is increasing [5]. Field
measurements have shown that succinic and glutaric acids are
among the most abundant DCA in atmospheric aerosols [5–7].
Mineral dust has also been observed in aerosols, especially under
acidic conditions, where mineral dust components can be reacted
to the aqueous phase through chemical aging [8,9] The aqueous
phase chemistry of aerosols can be enhanced by metals at the sur-
face or reacted into the aerosol interior [8,10]. The presence of
organics, metals, and metal salts have been shown to be present
in large numbers of aerosols in field studies with sources of sea
spray (Na, Mg) [4,11–13], biomass burning (K) [14,15], and mineral
dusts and meteoritic material (Na, K, Ca, Fe) [1,16–19]. Metal ions
can displace hydrogen ions from organic acids to form carboxylate
salts in atmospheric aerosols as shown by field and lab studies
[11,13,20,21]. As an example, a particle that experienced UT
succinic acid could undergo the following:

nNaCl aqð ÞþH2C4H4O4 aqð Þ!NanH2�nC4H4O4 sð ÞþnHCl aq;gð Þ ð1Þ

where n equals one or two (corresponding to the number of acidic
hydrogens present in the acid). According to recent studies the HCl
product is highly volatile, and the organic salt will remain in the
particle since it has a much lower vapor pressure [13,20]. The
sodium oxalate salt could precipitate when the particle experiences
either cold or dry conditions in the atmosphere [21]. While the sol-
ubilities of NaHC4H4O4 and Na2C4H4O4 in water are well known
[22], the impact of ammonium sulfate on solubility in solutions of
the sodium succinates has not been investigated. The solubility of
NaHC5H6O4 in water has not been previously investigated to our
knowledge, and that of Na2C5H6O4 has only recently been investi-
gated [23]. In both cases the effect of ammonium sulfate on solubil-
ity in water has not been investigated. In particular, salts other than
the sodium oxalates and ammonium sulfate could form from these
complex solutions of ions as has been found for similar systems in
our lab [24,25].
2. Materials and methods

2.1. Sample preparation

Solutions studied in our experiments were made by mixing
chemicals as listed in Table 1 with deionized water. All samples
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were made such that NaOH was in very slight excess. For
NaHC4H4O4 and Na2C4H4O4 samples, 1.005 ± 0.004 and 2.004 ±
0.007 NaOH/H2C4H4O4 mole ratio solutions were made, respec-
tively. For NaHC5H6O4 and Na2C5H6O4 samples, 1.001 ± 0.001 and
2.002 ± 0.003 NaOH/H2C5H6O4 mole ratio solutions were made,
respectively. (Throughout this paper values reported as a ± b are

mean values (a) with calculated standard deviation (b) =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðx�x
�Þ2

n�1ð Þ

s
,

where x is an individual datum, x
�
is the mean value, and n is the

number of samples).
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 and infrared spectroscopy. Crystal structures
were determined at the Molecular Structure Laboratory in the
Chemistry Department at the University of Wisconsin-Madison.
Details of how these experiments are performed can be found in
the Supporting Information of Kissinger et al. [24], which is avail-
able free of charge via the Internet at http://pubs.acs.org. Briefly, a
single crystal is removed from a saturated solution at room tem-
perature and placed in the instrument for analysis. The identity
of the solid is determined by a match of the crystallographic data
in the Cambridge Crystallographic Database (CSD) or the Inorganic
Crystal Structure Database (ICSD). The identity of the following
salts was determined with these experiments: NaHC4H4O4 [26],
Na2C4H4O4�6H2O [27], NaHC5H6O4�2H2O [28], NH4HC5H6O4 [29],
NaNH4SO4�2H2O (lecontite) [30], (NH4)2SO4 [31], Na2SO4 [32].
Once the identity of these solids was determined for one concen-
tration in a series of experiments with constant concentration of
ammonium sulfate, we concluded the pattern of absorption bands
in the corresponding infrared spectra constituted the infrared
‘‘fingerprint” of that compound. The presence of the unique set of
bands in other samples in the concentration series confirmed the
presence of the same solid. In addition, consistency (non-
discontinuity) in the liquidus temperatures in the concentration
series was additional evidence for the presence of the same solid as
that identified in X-ray crystallography and infrared spectroscopy
experiments.
2.2. 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
Table 1
Chemical samples used in this study.

Chemical name Chemical Formula So

Succinic Acid C4H6O4 Si
Glutaric Acid C5H8O4 Ac
Ammonium Sulfate (NH4)2SO4 Fi
Sodium Hydroxide NaOH Fi
Sodium Hydrogen Succinate NaHC4H4O4 in
Sodium Succinate Hexahydrate Na2C4H4O4�6H2O in
Sodium Hydrogen Glutarate Dihydrate NaHC5H6O4�2H2O in
Ammonium Hydrogen Glutarate NH4HC5H6O4 in
Sodium Ammonium Sulfate Dihydrate NaNH4SO4�2H2O in
Sodium Sulfate Na2SO4 in
Water H2O M

a As reported by the supplier.
b As determined by titration of NaOH samples with potassium hydrogen phthalate.
c These compounds were synthesized from mixtures of commercial compounds in de
d Crystals of these compounds did not appear to have impurities from X-ray crystallo
e Water from the municipal source was purified with a Culligan B-Series Reverse Osmo

as reported by Culligan using conductivity measurements.
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 [33].

Samples sizes were typically (20 ± 5) mg using 40 lL alu-
minium 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 tem-
perature 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.

2.3. Infrared spectroscopy

Infrared spectra were acquired using a temperature controlled,
air sealed cell. Temperature control was achieved by resistive heat-
ing from an Omega temperature controller 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 compressed with a sec-
ond ZnSe window. These windows were then placed in the cell and
held in the IR beam path. Moisture was kept from the sample and
windows by placing glass purge tubes on either side of the IR cell
and sealed to the cell with Teflon coated o-rings. KBr windows
were used on the open ends of these tubes to create an air-
sealed environment. The tubes were then purged with dry nitrogen
gas. 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 [34].

A Bruker Tensor 37 FTIR with a DTGS detector at 4 cm�1 resolu-
tion was utilized for data acquisition. In a typical experiment, sam-
ples were cooled from room temperature to a point where it was
observed all liquid had crystallized. In cases where all liquid did
not crystallize, the lowest temperature of any experiment was
approximately 185 K, due to limitations of the sample cell. Warm-
ing of the samples to observe melting transitions occurred at
approximately 1 K per minute.

3. Results

3.1. Binary systems

3.1.1. NaHC4H4O4/H2O
The solubility of NaHC4H4O4 in water has been known for some

time and values appear in standard compilations [22,35], though
these are based on the work of Marshall and Bain [36]. Two crystals
urce Mass fraction purity Purification Method

gma-Aldrich >0.99a None
ros Organics >0.99a None
sher Scientific >0.99a None
sher Scientific 0.995 ± 0.008b None
situc d None
situc d None
situc d None
situc d None
situc d None
situc d None
unicipal �0.9999995 R.O. + D.I.e

ionized water as described in the text.
graphic analysis.
sis (R.O.) system and polished with two Culligan mixed-bed deionizers (D.I.) Purity is

http://pubs.acs.org
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form from solution dependent on the concentration of the precip-
itating solution. For solutions with sodium hydrogen succinate
concentration w � 0.39 (where w is defined as mass fraction
solute), NaHC4H4O4�3H2O is the stable solid. At concentrations of
w � 0.39 NaHC4H4O4, NaHC4H4O4 solid forms from solution. Thus,
a NaHC4H4O4 concentration of w = 0.39 at 311.9 K constitutes a
peritectic point. The phase diagram for this system is given in
Fig. S1 in the Supplementary material along with the selected con-
centrations we studied for this system to confirm the literature val-
ues. The ice melting points in this system had not been previously
studied, and these values are shown in Fig. S1 and listed in Table S1
in the Supplementary material. We determined the eutectic con-
centration to be w = 0.198 NaHC4H4O4 by a fit to our ice melting
points and the solubility values for NaHC4H4O4�3H2O from Linke.
The two equations were solved simultaneously to yield the eutec-
tic concentration. The eutectic temperature was determined to be
265.3 ± 0.8 K from an average of our DSC measurements. A glass
transition was observed on warming our samples with an average
onset temperature of 210 ± 1 K. Since crystallization events were
observed upon warming our samples, it was clear that they had
only partially crystallized on cooling, which is confirmed by the
observation of constant glass transition temperatures.

3.1.2. Na2C4H4O4/H2O
This system has also been previously studied with the most

complete dataset found in the compilation of Linke [22]. Here,
we find the data of Taft and Welch [37] for ice melting points,
and Marshall and Bain [36] for salt solubilities, where they
determined two salts form from aqueous solution. At Na2C4H4O4

concentration w � 0.455, Na2C4H4O4�6H2O is the stable solid, while
at higher concentrations it is Na2C4H4O4. The solubility data yields
the conclusion that a Na2C4H4O4 concentration w = 0.455 and a
temperature of 330.1 K is a peritectic point. We measured the ice
melting and salt dissolution temperatures for several concentra-
tions of Na2C4H4O4 and found good agreement with the literature
data as seen in Fig. S2 in the Supplementary material. The eutectic
temperature in this system was found to be 264.3 ± 0.5 K from an
average of our DSC samples. We fit literature and our experimental
ice melting data as well as literature and our experimental
Na2C4H4O4�6H2O solubility data to polynomial equations and
solved them simultaneously to determine a eutectic concentration
w = 0.162 Na2C4H4O4. Our raw data is given in Table S2 and plotted
in Fig. S2 in the Supplementary material along with data from
Linke and that of Rozaini and Brimblecombe [23]. It is seen that
the solubility temperatures of Rozaini and Brimblecombe are gen-
erally lower than those from Linke and our DSC results. This is
likely the result of how the experiments of Rozaini and Brimble-
combe were performed. They determined solubilities by cooling
solutions and noting when crystals appeared. However, supercool-
ing is likely to occur in such experiments, thus leading to lower
solubility temperatures than observed when saturated solutions
are warmed as in our DSC experiments. We also observed a glass
transition on warming our samples with an average onset temper-
ature of 204.6 ± 0.8 K. This represents a glass transition for a con-
centrated liquid in a partially frozen solution.

3.1.3. NaHC5H6O4/H2O
It appears this system has not been previously studied. We were

able to make samples that covered a range of concentrations w =
0.05 to 0.40 NaHC5H6O4. A single crystal from a solution that was
saturated at room temperature was used for X-ray crystallography
analysis. The solid was determined to be NaHC5H6O4�2H2O by a
match of the crystallographic data in the Cambridge Crystallo-
graphic Database (CSD). This solid was reported in the literature
as having the formula (C5H11O5Na)n indicating a polymeric config-
uration [28]. A sample DSC thermogram is given in Fig. S3 in the
Supplementary material for a w = 0.30 solution, and in Fig. S4 in
the Supplementary material we show the infrared spectra of a
solution with the same concentration as it is cooled and warmed
showing the changes in the infrared absorbances when ice and
NaHC5H6O4�2H2O form. The characteristic shifts in the IR spectrum
when the salt crystallizes are given in FTable S3 in the Supplemen-
tary material. In both experiments we observe that ice crystallizes
on cooling, but the salt does not crystallize until the sample is
warmed and just before eutectic melting can occur. This pattern
occurred in all of our samples and leads to the conclusion that a
significant barrier exists to nucleation of NaHC5H6O4�2H2O from
solution. The observed transitions in DSC experiments are plotted
in Fig. 1 and listed in Table 2. These data were also fit to second
order polynomials and solved to determine the eutectic concentra-
tion, w = 0.249 NaHC5H6O4. The eutectic temperature of 266.2 ±
0.1 K was determined from an average of the eutectic temperatures
of samples in DSC experiments. We observed a glass transition in
all samples in the warming segment, with an average value of
(208.6 ± 1.7) K.

3.1.4. Na2C5H6O4/H2O
Solubility data for this system have been reported by Rozaini

and Brimblecombe [23] and are given in Fig. S5 along with our
ice melting data from DSC experiments, with raw DSC values given
in Table S4 in the Supplementary material . The samples we stud-
ied covered the range of w = (0.05–0.40) Na2C5H6O4, but in our IR
and DSC experiments we were unable to crystallize Na2C5H6O4 in
any of our samples. In contrast Rozaini and Brimblecombe
observed crystallization in their solutions upon cooling with agita-
tion (w = (0.37–0.57) Na2C5H6O4 solutions); however, their sam-
ples sizes were greater than 2.00 mL while ours were 0.02 mL.
This gives strong evidence that Na2C5H6O4 has a significant barrier
to nucleation and the probability of its formation from solution is
strongly volume-dependent. We observed a glass transition in
our partially crystallized solutions, with an average onset Tg value
of (205.0 ± 0.4) K.

3.2. Ternary systems

We explored the effect of ammonium sulfate (AS) on solutions
of the sodium salts of succinic and glutaric acid. Solutions were
made adding NaOH and the respective acid in a 1:1 or 2:1 ratio
to aqueous solutions, which were also wAS = 0.1000, 0.2000,
0.3000, or 0.4000. Multiple crystallization and melting/dissolution
transitions were observed in these samples in DSC and IR experi-
ments (an example thermogram for each organic salt studied with
ammonium sulfate is given in Fig. S6 in the Supplementary mate-
rial), although generally the typical melting pattern for a ternary
system was observed: ternary eutectic melting, phase boundary
melting, and melt (dissolution) of the least soluble solid in its pri-
mary phase field. However, in many cases additional thermal tran-
sitions occurred; some of which could not be identified as to their
source. In this study our focus was on the final melting or dissolv-
ing solid (solubility) in solution. Crystals from a solution saturated
at room temperature at each ammonium sulfate concentration
studied with each organic salt were used for X-ray crystallographic
analysis. The results of this analysis are given in Table 3 along with
the NH4

+/Na+ mole ratio of each sample.

3.2.1. NaHC4H4O4/(NH4)2SO4/H2O
Raw DSC data for this system are given in Table S5 in the Sup-

plementary material. We observe that three salts form from these
solutions dependent on the NH4

+/Na+ mole ratio: NaHC4H4O4 (low
ratio), NaNH4SO4�2H2O (moderate ratio), (NH4)2SO4 (high ratio).
We have plotted our complete DSC solubility data in Fig. 2. For a
0.1000 wAS (0.61 NH4

+/Na+ mole ratio), NaHC4H4O4 is the least
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Fig. 1. Partial phase diagram for the NaHC5H6O4/H2O system constructed from our DSC data, wSHG is the mass fraction NaHC5H6O4.

Table 2
DSC data for phase transitions in the NaHC5H6O4/H2O system, wSHG = mass fraction
NaHC5H6O4, Tg = glass transition temperature, Te = eutectic temperature, TL = liquidus
temperature, at pressure 99.2 kPa. a

wSHG
b Tg/Kc Te/Kc TL/Kc

Ice primary phase regiond

0.0500 212.4 266.0 273.1
0.1000 210.2 266.3 271.3
0.1500 211.1 269.8
0.2000 208.3 268.1

(NaHC5H6O4�2H2O)n primary phase region
0.2500 207.1 266.4
0.2500 208.8 267.3
0.2750 209.1 266.4 283.1
0.3000 208.6 266.4 290.6
0.3000 207.1 290.7
0.3250 206.6 266.1 297.2
0.3500e 207.4 266.1 301.8
0.3750 207.6 266.1 305.5

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 = 0.0002 (0.95 confidence level).
c Temperature uncertainty, U = 0.9 K (0.94 confidence level).
d Melting of ice was identified by infrared spectroscopy of thin films as described

in the Materials and Methods section.
e A solution of this concentration was used for X-ray crystallography experiments

to determine the identity of the solid that is present at room temperature.
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soluble salt. However, we see from the figure that the solubility
data nearly coincide with those for NaHC4H4O4�3H2O in the binary
system over a short concentration range. Thus, the presence of
ammonium and sulfate ions in solution may prevent the trihydrate
from forming because of strong ion-water attractions, allowing the
anhydrous NaHC4H4O4 to precipitate from solution as the least
soluble salt. As the concentration of NaHC4H4O4 decreases in the
0.1000 wAS series, we note that the 0.1000 and 0.2000 wAS data
series become coincident at approximately 0.25 w NaHC4H4O4

(0.85 NH4
+/Na+ mole ratio for 0.1000 wAS and 1.7 NH4

+/Na+ mole
ratio for 0.2000 wAS). Lecontite was determined to be the least sol-
uble salt for a 0.2000 wAS sample (1.4 NH4

+/Na+ mole ratio). In a
constant (NH4)2SO4 data series the NH4

+/Na+ mole ratio increases
as the concentration of NaHC4H4O4 decreases. Thus, the formation
of NaNH4SO4�2H2O and subsequently (NH4)2SO4 become more
favorable from equilibrium considerations as the NH4

+/Na+ mole
ratio increases:

NaHC4H4O4 sð Þ�Naþ aqð Þ þHC4H4O4
� aqð Þ ð2Þ

NaNH4SO4 � 2H2O sð Þ�Naþ þ NH4
þ aqð Þ þ SO4

2 - aqð Þ þ 2H2O lð Þ
ð3Þ

NH4ð Þ2SO4 sð Þ�2NH4
þ aqð Þ þ SO4

2� aqð Þ ð4Þ
As seen in Eqs. (2)–(4), increasing ammonium ion concentration

favours the left hand side of Eqs. (3) and (4). We believe this is
what is observed in our 0.1000 wAS data series. NaHC4H4O4 is the
least soluble salt at low NH4

+/Na+ mole ratios (0.61–0.85); however,
as the ratio approaches unity, lecontite becomes less soluble. This
interpretation is in agreement with the observation that the solu-
bility data of 0.1000 and 0.2000 wAS series become coincident at
approximately unity NH4

+/Na+ mole ratio. We were not able to anal-
yse crystals with solubilities below room temperature to confirm
this conclusion because the temperature needed to maintain the
precipitate is too low for transportation to the crystallographic
facility we utilize.

The least soluble solid in a 0.3000 wAS solution (2.5 NH4
+/Na+

mole ratio) is also lecontite, and its solubility is much lower than
in the 0.2000 wAS solutions. We do note a discontinuous change
in slope of the solubility data for the 0.3000 wAS solutions at
0.15 w NaHC4H4O4 (NH4

+/Na+ mole ratio �4.2). This may be due
to a change of the identity of the least soluble salt to ammonium
sulfate as the NH4

+/Na+ ratio increases. Finally, for a 0.4000 wAS

solution (8.5 NH4
+/Na+ mole ratio), ammonium sulfate is the least

soluble salt, and it is seen to be much less soluble than the other
possible compounds at this concentration. Thus in general we find
that increasing (NH4)2SO4 in NaHC4H4O4 solutions has a ‘‘salting
out” effect, with the identity of the salt precipitated dependent
on the NH4

+/Na+ mole ratio.

3.2.2. Na2C4H4O4/(NH4)2SO4/H2O
Raw DSC data for this system is given in TableS6 in the

Supplementary material and shown in Fig. 3. From these results



Table 3
Identity of the least soluble solid in each ternary solution as determined by X-ray crystallographic analysis, wAS = mass fraction (NH4)2SO4, and wOS = mass fraction of the organic
salt as indicated, at pressure 99.2 kPa. a

wAS
b Organic Salt wOS Mole ratio NH4

+/ Na+ Least soluble solid

0.1000 NaHC4H4O4 0.3500c 0.61 NaHC4H4O4

0.2000 NaHC4H4O4 0.3000c 1.4 NaNH4SO4�2H2O
0.3000 NaHC4H4O4 0.2500c 2.5 NaNH4SO4�2H2O
0.4000 NaHC4H4O4 0.1000c 8.5 (NH4)2SO4

0.1000 Na2C4H4O4 0.3000b 0.41 Na2C4H4O4�6H2O
0.2000 Na2C4H4O4 0.2250b 1.1 NaNH4SO4�2H2O
0.3000 Na2C4H4O4 0.1501b 2.5 NaNH4SO4�2H2O
0.4000 Na2C4H4O4 0.1000b 4.9 NaNH4SO4�2H2O
0.1000 NaHC5H6O4 0.3500d 0.67 NaHC5H6O4�2H2O
0.2000 NaHC5H6O4 0.3000d 1.6 NaNH4SO4�2H2O
0.3000 NaHC5H6O4 0.2000d 3.5 NH4HC5H6O4

0.4000 NaHC5H6O4 0.0900d 10.4 NH4HC5H6O4

0.1000 Na2C5H6O4 0.2500b 0.53 Na2SO4

0.2000 Na2C5H6O4 0.2000b 1.3 NaNH4SO4�2H2O
0.3000 Na2C5H6O4 0.1500b 2.7 NaNH4SO4�2H2O
0.4000 Na2C5H6O4 0.0700b 7.6 NaNH4SO4�2H2O

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 = 0.0001 (0.95 confidence level).
c Mass fraction uncertainty, U = 0.0008 (0.95 confidence level).
d Mass fraction uncertainty, U = 0.0002 (0.95 confidence level).
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we conclude that for NH4
+/Na+ mole ratio �0.41 the least soluble

solid is Na2C4H4O4�6H2O, which is the salt that precipitates from
saturated Na2C4H4O4/H2O binary solutions at temperatures below
319 K. However, for higher concentrations of (NH4)2SO4, NH4

+/Na+

mole ratio � 1.09, the least soluble solid is NaNH4SO4�2H2O (lecon-
tite). Referring to Fig. 3, for 0.1000 wAS solutions at high sodium
succinate concentrations, we observe the salt solubility follows
that of the binary solubility of Na2C4H4O4�6H2O in water. However,
a significant change in solubility is observed for solutions with
[Na2C4H4O4] � 0.2000 w. One of two conclusions could be drawn
from this observation. Either (NH4)2SO4 begins to have a ‘‘salting
out” effect on Na2C4H4O4�6H2O at low Na2C4H4O4 concentrations,
or at low Na2C4H4O4 concentrations a compound other than
Na2C4H4O4�6H2O is precipitating from solution. The 0.2000 wAS
data may provide some clue. Here we observe the least soluble
solid for a 0.2250 w Na2C4H4O4 sample is lecontite. At lower
Na2C4H4O4 concentrations (increasing NH4

+/Na+ mole ratio) the sol-
ubility data are coincident with that of the 0.1000 wAS series. An
interpretation of these results that would be consistent for both
0.1000 and 0.2000 wAS data series would be that as the NH4

+/Na+

mole ratio increases in the 0.1000 wAS series, the least soluble salt
changes from Na2C4H4O4�6H2O to lecontite at a NH4

+/Na+ mole ratio
of approximately 1. Thus, the salt solubility in the two data series
are coincident at this and higher NH4

+/Na+ mole ratios. Lecontite is
again the least soluble salt in both the 0.3000 and 0.4000 wAS ser-
ies. However, here we note the solubility of lecontite is much less
soluble than in the 0.2000 wAS series. This is as expected since
lecontite and ammonium sulfate have common ions (see Eq. (2)).
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3.2.3. NaHC5H6O4/(NH4)2SO4/H2O
Raw DSC data for this system is given in Table S7 in the Supple-

mentary material and shown in Fig. 4. From these results we
conclude that for NH4

+/Na+ mole ratio �0.67 the least soluble solid
is NaHC5H6O4�2H2O, which is the salt that precipitates in the
NaHC5H6O4/H2O binary system. When the concentration of
(NH4)2SO4 is increased to 0.2000 wAS with a NH4

+/Na+ mole ratio
of 1.6, the least soluble solid is NaNH4SO4�2H2O (lecontite). At
higher concentrations as seen in the 0.3000 and 0.4000 wAS series,
the least soluble salt was found to be NH4HC5H6O4 (at 3.5 and 10
NH4

+/Na+ mole ratios). As seen in Fig. 4., for 0.1000 wAS solutions
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at high sodium hydrogen glutarate concentrations (low NH4
+/Na+

mole ratios) the solubility data are close to the solubility of
NaHC5H6O4�2H2O in the binary system, thus showing no effect
from the presence of (NH4)2SO4 on the solubility of this salt.
However, as the NH4

+/Na+ mole ratio increases along the 0.1000
wAS data series, the solubility clearly decreases as compared to
the NaHC5H6O4/H2O binary data, and in fact becomes essentially
coincident with the 0.2000 wAS data at 0.2000 w NaHC5H6O4. At
this point in the 0.1000 wAS series, the NH4

+/Na+ mole ratio equals
1.2 and continues to increase as the concentration of NaHC5H6O4

decreases. At this point in the 0.2000 wAS series, the NH4
+/Na+ mole
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ratio is 2.3. Since lecontite was found to be the least soluble solid at
a NH4

+/Na+ mole ratio of 1.6 (see Fig. 4), is seems likely that the
least soluble solid in the 0.1000 wAS series changes from
NaHC5H6O4�2H2O to lecontite at a NH4

+/Na+ mole ratio of approxi-
mately 1. For the 0.3000 and 0.4000 wAS series (3.5 and 10.4
NH4

+/Na+ mole ratio, respectively) the least soluble solid was deter-
mined to be NH4HC5H6O4, and this salt becomes less soluble with
increasing (NH4)2SO4 concentration, which is expected since NH4

+ is
a common ion:

NH4HC5H6O4 sð Þ�NH4
þ aqð Þ þHC5H6O4

� aqð Þ ð5Þ
3.2.4. Na2C5H6O4/(NH4)2SO4/H2O
Raw DSC data for this system is given in Table S8 in the Supple-

mentary material and shown in Fig 5. From these results we con-
clude that for NH4

+/Na+ mole ratio �0.53 the least soluble solid is
Na2SO4. However, for higher concentrations of (NH4)2SO4, NH4

+/
Na+ mole ratio �1.3, the least soluble solid is NaNH4SO4�2H2O
(lecontite). This is very similar to the (NH4)2SO4/Na2C4H4O4 system
where lecontite was the least soluble solid at 0.2000, 0.3000, and
0.4000 wAS. However, we note that Na2C5H6O4 does not form even
at 0.1000 wAS, which indicates it remains very soluble even in the
presence of additional ions in solution. This is not surprising; since
it is the most soluble of the four organic salts we studied. Referring
to Fig. 5, for 0.1000 wAS solutions at high sodium succinate concen-
trations sodium sulfate is the least soluble solid; however, as the
NH4

+/Na+ mole ratio decreases in that series, the solubilities of the
0.1000 and 0.2000 wAS series coincide. It seems likely the least sol-
uble solid in the 0.1000 wAS series quickly becomes lecontite as the
NH4

+/Na+ mole ratio drops (likely around a NH4
+/Na+ mole ratio

equal to one). As ammonium sulfate concentrations increase (and
NH4

+/Na+ mole ratios) lecontite becomes correspondingly less
soluble. However, since NH4

+ is a common ion between ammonium
sulfate and lecontite, less Na+ ions will remain in solution (from
NaC5H6O4) and thus the solubility of lecontite appears to decrease.

4. Discussion and atmospheric implications

The solubilities of the sodium salts of oxalic and malonic acid
have previously been studied in our lab [24,25]. In both of those
cases, we determined the order of solubility to be H2A > Na2A >
NaHA, where A represents the organic anion. In this work we find
glutaric acid and its sodium salts follow the same pattern, whereas
succinic acid and its sodium salts follow the reverse ordering. We
have compared the data sets in Fig. 6 where we plot the various
solubilities. As an example, if we consider a temperature of 293 K,
we observe that the order of solubility is H2C3H2O4 > Na2C3H2O4 >
H2C5H6O4 > NaHC3H2O4�H2O > Na2C5H6O4 > NaHC5H6O4�2H2O >
NaHC4H4O4�3H2O > Na2C4H4O4�6H2O > H2C2O4�2H2O > H2C4H4O4 >
Na2C2O4 > NaHC2O4. Thus when a range of dicarboxylic acids is
present in atmospheric aerosols, with sodium ions, it is clear the
sodium oxalates are the least soluble and will precipitate first.
However, considering succinic acid, which is the least soluble of
the four dicarboxylic acids we have studied, we observe that suc-
cinic acid will precipitate from solution before either of its sodium
salts. Thus, partially or fully dissociated succinic acid in aerosols
will be more soluble as sodium or disodium succinate. However,
the impact on glutaric and malonic acid will be the opposite (but
the same as oxalic acid) in the presence of sodium ions. Clearly
sodium salt solubility does not follow the ‘‘even-odd” pattern of
solubility of the dicarboxylic acids where even numbered carbon
acids are less soluble than odd numbered ones [38,39]. In fact,
there is overlap in the solubilities of NaHC4H4O4�3H2O and
NaHC5H6O4�2H2O, even though their acid solubilities are very
different. Saxena and Hildemann [40] expected dicarboxylic acids
in atmospheric aerosols that were neutralized by strong alkaline
ions such as Na+ and K+ would be more soluble than their parent
acids. However, they based this expectation on the solubility of
the sodium succinate salts, which we now know is the exception
rather than the rule. Thus, the explanation for a broader pattern
of sodium salt solubility of the dicarboxylic acids remains
uncertain.

Introducing ammonium and sulfate ions significantly alters the
physical chemistry of these aqueous systems. At minimum the for-
mation of additional solids is now possible: (NH4)2SO4, Na2SO4

(Na2SO4�10H2O), and NaNH4SO4�2H2O (lecontite). Additionally,
the presence of ammonium and sulfate may have a salting in or
salting out effect on compounds that can form. We have plotted
the solubility of ammonium sulfate [35], sodium sulfate, sodium
sulfate decahydrate [22], succinic acid [38], and its sodium salts



Fig. 6. Solubilities of oxalic acid dihydrate [38], malonic acid [41], succinic acid [38], glutaric acid [41], sodium hydrogen oxalate monohydrate [22], sodium hydrogen
malonate monohydrate [24], sodium hydrogen succinate trihidrate [22], sodium hydrogen glutarate (this work), sodium oxalate [35], sodium malonate monohydrate [24],
sodium succinate hexahydrate [22], and sodium glutarate [23] as a function of temperature, x represents the mole fraction of each solute. Dotted line is at T = 293 K. The
legend is divided into three groups from top to bottom: organic acids, monosodium organic salts, disodium organic salts. Compounds with the same root organic anion have
the same symbol shape and same color group in the figure.
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[22] in Fig. 7. In terms of water solubility, (NH4)2SO4 is significantly
more soluble than succinic acid or its sodium salts while the solu-
bility of sodium sulfate and its decahydrate salt lie between that of
succinic acid and its sodium salts. Referring to Figs. 2 and 3, we
observe that a low concentration of ammonium sulfate has little
impact on the solubility of NaHC4H4O4 or Na2C4H4O4�6H2O. How-
ever, in both cases, moderate amounts of ammonium sulfate cause
NaNH4SO4�2H2O (lecontite) to be the least soluble solid. Thus it
would appear that the solubility of lecontite must either lie some-
where to the left of the solubility data of the sodium salts of suc-
cinic acid in Fig. 7, or ammonium sulfate has a salting in effect
on these salts such that they become more soluble than lecontite,
which in turn must be less soluble than ammonium sulfate. This
seems to be the case for all concentrations of Na2C4H4O4 we stud-
ied, since lecontite was found to be the least soluble solid at mod-
erate to high ammonium sulfate concentrations. However,
ammonium sulfate becomes the least soluble solid in the presence
of NaHC4H4O4 (Fig. 2) at high (NH4)2SO4 concentration, which sup-
ports the theory that ammonium sulfate is having a salting in effect
on the sodium salts of succinic acid. These observations are not
what would be expected from the binary aqueous solubility data
alone as shown in Fig. 7. Here we see that at high sodium and sul-
fate ion concentrations, the least soluble salts over a wide temper-
ature range are Na2SO4 at T > 305 K, and Na2SO4�10H2O at T � 305
K. However, we did not observe the formation of sodium sulfate or
its hydrate in any of our ammonium sulfate/sodium or sodium
hydrogen succinate samples. What we did observe in solutions
with both 1:1 and 2:1 Na:succinate ratios in the presence of
ammonium sulfate is the mineral lecontite (NaNH4SO4�2H2O). This
is similar to what we observed in our study of the effect of ammo-
nium sulfate on solutions of the sodium salts of malonic acid [24],
where we discussed in greater detail the conditions under which
lecontite can form. Lecontite has no actual solubility equilibrium
in aqueous solution without other species present and thus can
not be represented on Figure 7. High concentrations of ammonium
ions and moderate to high concentrations of sodium and sulfate
ions are necessary for lecontite to form from aqueous solution as
shown by the Na2SO4/(NH4)2SO4/H2O solubility data (Fig. S1 in
Supporting Information of Kissinger et al. [24]). Thus at moderate
to low ammonium concentrations in atmospheric aerosols in the
presence of sodium, sulfate, and hydrogen succinate or succinate
ions we would expect the formation of one of the sodium succinate
salts as droplets evaporate or cool. However, as ammonium and
sulfate ion concentrations increase, it is possible to move into a
concentration region where lecontite is the least soluble substance,
an observation that would not be predicted from theory alone.

A similar comparison of solubilities for glutaric acid [41],
NaHC5H6O4�2H2O, and Na2C5H6O4 [23] is given in Fig. 8 as a func-
tion of mole fraction of solute. We see glutaric acid is more soluble
than its sodium salts, with the least soluble being NaHC5H6O4�
2H2O. However, the solubility of glutaric acid intersects that of
sodium glutarate at approximately 278 K. The affect of ammonium
and sulfate ions in the glutarate system depends on whether a 1:1
or 2:1 ratio of Na+:H2C5H6O4 is present in solution. Referring to
Fig. 4, we observe that at the lowest concentration of ammonium
sulfate there is little effect on the NaHC5H6O4�2H2O solubility at
the lowest NH4

+:Na+ ratio; however, as the ratio increases we
observe an increasing salting out effect on NaHC5H6O4�2H2O until
the point is reached at a ratio of approximately 1 to 2 where we
believe lecontite becomes the least soluble solid as discussed in
the Results section. At moderate concentrations of ammonium sul-
fate (higher NH4

+:Na+ ratios) lecontite was found to be the least sol-
uble solid. Thus, lecontite solubility must lie to the left of that for
sodium sulfate in Fig. 8. At high ammonium sulfate concentrations
ammonium hydrogen glutarate is the least soluble solid. Solubili-
ties for this salt have not been measured to our knowledge, so
we are unable to conclude whether ammonium sulfate is having
an effect on its solubility in this mixed system; however, high
ammonium concentrations clearly make this salt less soluble than
lecontite and sodium sulfate.

Finally, if we consider the effect of ammonium sulfate on solu-
tions that are 2:1 Na+:H2C5H6O4, we observe a different effect. As
seen in Fig. 5, at low ammonium sulfate concentrations the least
soluble solid is sodium sulfate. This observation may not be



Fig. 7. Solubilities of succinic acid [38], sodium hydrogen succinate trihidrate [22], sodium succinate hexahydrate [22], ammonium sulfate [35], sodium sulfate, and sodium
sulfate decahydrate [22] as a function of temperature. Curves are drawn to connect the solubility points of the inorganic salts for clarity, and x represents the mole fraction of
each solute.

Fig. 8. Solubilities of glutaric acid [41], sodium hydrogen glutarate dihidrate (this work), sodium glutarate [23], ammonium sulfate [35], sodium sulfate and sodium sulfate
decahydrate [22] as a function of temperature. Curves are drawn to connect the solubility points of the inorganic salts for clarity.
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surprising since sodium sulfate has the lowest water solubility
among the other salts present (Fig. 8). However, when the ammo-
nium sulfate concentration is increased, lecontite becomes the
least soluble solid, and this remains the case for the moderate to
high ammonium sulfate concentrations we studied. In fact, even
at low ammonium sulfate concentrations, it appears lecontite is
the least soluble solid as NH4

+:Na+ ratios approach or exceed unity,
as discussed in the Results section. Thus, in this scenario, we find
again lecontite is dominates as the least soluble solid over a wide
concentration and temperature range.
Our conclusion from these data is that regardless of the
specific dicarboxylic acid, when ammonium, sodium and sulfate
ions are present in aqueous solution, lecontite is most often the
least soluble solid. It was found to be the least soluble solid in
at least 56% of the concentration series we studied (9 of 16),
and was likely present in more samples when NH4

+:Na+ ratio
increased past unity. Thus, this is clearly a salt that needs
further study with respect to its solubility in other chemical
systems, and its impact on aerosol chemistry and other physical
processes.



198 K.D. Beyer, L.G. Buttke / J. Chem. Thermodynamics 125 (2018) 189–199
5. Conclusions

We have studied the solubility of the sodium salts of succinic
and glutaric acids with and without ammonium sulfate present.
As we have observed in other systems, we determined that the
least soluble solids are most often not the organic sodium salts
or ammonium sulfate, but rather a salt made up of the ions pre-
sent, namely lecontite. This is a mineral that has been generally
overlooked in the literature in terms of its presence in atmospheric
aerosols. However, we have determined in this study, that it is
often the least soluble salt under varying concentration conditions
(56% of samples studied). In 19% of samples the organic salt was
the least soluble compound and in 6% it was (NH4)2SO4. For the
system involving 1:1 Na+:H2C5H6O4 and ammonium sulfate, at
high ammonium concentrations NH4HC5H6O4 was the least soluble
salt (12% of samples studied). Thus, it becomes clear that salts
made up of various combinations of the ions present in atmo-
spheric aerosols must be considered when predicting compounds
that may form in these aerosols. We have also determined for
the first time the solubility and ice melting temperatures in the
NaHC5H6O4/H2O system.
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