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ABSTRACT: The deliquescence relative humidities (DRH) as a function
of temperature have been determined for several salts of atmospheric
importance using humidity controlled thermogravimetric analysis
(HTGA): sodium hydrogen oxalate monohydrate (NaHC,0,-H,0),
sodium oxalate (Na,C,0,), sodium ammonium sulfate dihydrate ' .
(NaNH,SO,-2H,0, lecontite), sodium hydrogen malonate monohydrate
(NaHC;H,0,-H,0), sodium malonate monohydrate (Na,C;H,0,-H,0),
and ammonium hydrogen malonate (NH,HC;H,0,). The temperature-
dependent onset DRH values (where a dry mixture begins to take up
water) were also determined for mixtures of ammonium sulfate with
malonic acid, and ammonium sulfate with sodium oxalates and sodium
malonates, respectively. We demonstrate that the onset DRH is
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independent of the ratio of solids in the mixture. In general, onset DRH
values were always lower than the pure component DRH values.

B INTRODUCTION

Aerosol—cloud interactions are a major area of uncertainty in
climate studies, and chemical composition is a significant driver
of cloud formation and cloud phase."” Field measurements of
aerosols in the free and upper troposphere (UT) have shown
that the major chemical components are sulfates, nitrates,
ammonium, organic species, and mineral dust.>* Among the
organic components, dicarboxylic acids are present in aerosols
in a range of environments especially for aerosols that have
undergone chemical aging.’ Dicarboxylic acids are found in
primary organic aerosols as well as secondary organic aerosols.’
Aerosols also commonly contain mineral dust whose
components can be leached to the aqueous phase through
chemical aging, especially under acidic conditions.”® The
metals at the surface or reacted to the aqueous phase of
mineral dust particles can enhance the chemistry that occurs in
the aqueous phase.”” Field studies have shown an abundance of
aerosols with organics and metals/metal salts from sea spray
(Na, Mg),sw*12 biomass burning (K),"*'* and mineral dusts/
meteoritic material (Na, K, Ca, Fe)."*">'7 Field and lab
studies have shown that metal ions can displace hydrogen ions
from or%anic acids to form carboxylate salts in atmospheric
aerosols.””'*'*'? For example, for a particle with dissolved
NaCl and malonic acid that experienced UT temperatures and/
or dry conditions, we would have

nNaCl(aq) + H,C;H,0,(aq)
- NanHZ_nC3HZO4(s) + nHCl(aq, g) (1)

where n equals one or two. Studies have shown that the HCI
product is highly volatile, leaving behind the organic salt in the
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particle.'”'® Recent field observations have shown that aerosols
near the surface can be rapidly and efliciently transported to
high altitudes in the UT via convective thunderstorms, which
play a large role in the formation of cirrus clouds on synoptic
and continental scales.””~** As the particles experience cold/
dry conditions in the atmosphere, the sodium malonate salt
could precipitate or contribute to glass formation of the
aqueous phase of the aerosol.'” However, there is very limited
information in the literature regarding the hygroscopic
properties of carboxylate salts including their effect on the
hygroscopic properties of ammonium sulfate. Peng and Chan
used an electrodynamic balance (EDB) to study the
hygroscopic properties of particles of several sodium carbox-
ylates at 298 K> Wu et al. used a hygroscopicity tandem
differential mobility analyzer (H-TDMA) to study the
hygroscopic properties of several sodium oxalates with and
without ammonium sulfate present at 293 K.** However, both
of these studies reported difficulty in determining DRH values
for some salts because the aerosols used in their studies could
not be dried to the point of crystallization. This may be due to
the limited residence time of particles under dry conditions that
can be achieved in these experiments. In this study we present
the temperature-dependent DRH observations for dried bulk
crystals of the sodium malonates, sodium oxalates, and
ammonium oxalates with and without ammonium sulfate
present.
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Figure 1. Plot of data from deliquescence relative humidity experiments (DRH) for Na,C;H,0,-H,O (circles) and NaHC;H,0,-H,O (triangles).
Open symbols are data before the DRH, and solid symbols are data after the DRH. In the experiments mass, temperature, heat flow, and relative
humidity are simultaneously measured. Change in mass over change in time (Am/At) is calculated for each data point and plotted vs relative
humidity. Pre- and post-DRH data are then fit to respective linear equations. The intersection of these fits is the calculated DRH as shown by the

intersecting lines in the plot. Dashed line marks Am/At = 0.

B EXPERIMENTAL METHODS

Sample Preparation. Dry samples for analysis were made
by preparing solutions with deionized water from chemical
reagents: (NH,),SO,, Fisher Certified ACS grade; NH,OH,
Fisher Certified ACS Plus; H,C;H,0,, Acros 99% ACS
Reagent grade; H,C,0,2H,0, Acros 99+%; H,C,0,, Acros
989%, anhydrous; NaOH, Fisher (beads). The concentration of
all samples prepared is known to +0.40 wt %. All solutions
were made by completely dissolving solid reagents by stirring
and gentle heating. The approximately 5 mL homogeneous
solution was then placed in a Petri dish at room temperature
and open to air for drying. Measured lab room temperature
averaged 295.5 K and 64% relative humidity; however, there is
significant variability about these values. Samples appeared
completely dry within 24 to 48 h. The exception was
(NH,),S0,/H,C;H,0, mixtures where dry samples in specific
mole ratios were mixed and ground together with a mortar and
pestle.

The identity of the solid that precipitates from our sample
solutions was confirmed by X-ray crystallography. 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.”* Briefly, a single crystal is removed from a
saturated solution 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). The identity of the following salts was
determined with these experiments: 1:1 NH,OH/H,C,0, =
NH,HC,0,-0.5H,0,”° 2:1 NH,0H/H,C,0, = (NH,),C,0,-
H,0,”” and 1:1 NH,OH/H,C;H,0, = NH,HC;H,0,.”"

We made NaNH,SO,2H,0 (lecontite) following the
method of Kloprogge et al”’ by mixing equal moles of
(NH,),SO, and Na,SO, in water and allowing to dry in air at
room temperature. The dried crystals were placed in an ATR
accessory and an infrared spectrum acquired, which is shown in
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Figure S1 in the Supporting Information. We found the IR
spectrum was a match for lecontite as reported by Kloprogge et
al.

Humidity Controlled Thermogravimetric Analysis
(HTGA). The experimental apparatus and methods used to
determine DRH with HTGA are described in detail in previous
literature.® Here, we outline the main aspects of the DRH
experiments. In thermogravimetric analysis (TGA) the mass of
a sample is monitored to microgram accuracy as a function of
temperature. With HTGA, humidified air is introduced into the
sample chamber at the sample. We utilize a Mettler-Toledo
TGA/DSCI1 coupled to an RH-200 M humidity generator
(VTI Corporation, now L&C Science and Technology.)
Humidified air can be supplied in the range of 2 to 95%
relative humidity (RH) at 278 to 353 K with humidity control
of +1%. RH is measured in the humidity generator with an
EdgeTech dew point hygrometer, which can measure dew
points in the range 233—333 K with an accuracy of +£0.2 K. To
perform an experiment, a sample is placed in a 30 L crucible
made of platinum and inserted into the sample chamber along
with an empty reference pan. Sample sizes were 1—15 mg with
a baseline noise typically on the order of 10 ug. We did not
observe any difference in DRH values as a function of sample
mass for any of the pure or salt mixtures we studied. A
temperature program is utilized within the software to initiate
an isothermal sequence for the HTGA sample chamber. The
balance temperature is maintained at 295 K by a Julabo
circulator. The sample chamber temperature is controlled by a
second Julabo circulator capable of achieving temperatures in
the range 233—473 K, with a temperature stability of +0.02 K.
The sample temperature reading of the HTGA instrument was
calibrated with an Omega Type T thermocouple (TMTSS-
0326-12) connected to an Omega CSC32 readout. Both the
thermocouple and readout were calibrated by Omega Engineer-
ing using instrumentation and standards traceable to the
National Institute of Standards and Technology. Calibrated
temperatures have an accuracy of 0.3 K
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Figure 2. Theoretical dry concentration vs RH phase diagram. The various labels and regions are described in the text. Solid curves mark phase
boundaries between solution, saturated solutions, and dry mixtures as labeled. Points with lower case letters are as follows: (a) dry mixture of solid A
and B with a dry mass fraction of B = 0.3; (b) onset DRH, saturated solution of concentration (d) in equilibrium with solid of concentration (c); (e)
saturated solution at $5% RH with concentration of (g) in equilibrium with solid of concentration (f); (h) complete DRH with solution of
concentration (h); (i) solution with a dry mass fraction of B/A = 0.3 at 70% RH, no solid is present.

To determine the DRH, sample mass, heat flow, temper-
ature, and RH are monitored simultaneously as the RH is
increased stepwise. For RH values lower than the DRH, no
mass change is observed (other than a small change in the mass
signal as the air buoyancy changes with RH). For RH values at
and higher than the DRH, the sample mass is observed to
increase due to water uptake, and the rate of increase grows as
the RH increases. The raw data is then plotted as RH vs Am/
At (change in mass divided by the time interval between RH
readings, 1 min in our experiments). Each data set is then fit
separately to a linear equation, and these equations solved
simultaneously to determine the DRH. If no water uptake was
observed at 95% RH (the limit of the humidity generator), we
concluded the DRH for the salt to be higher than this value.
Two types of experiments were performed to establish the
DRH of a compound. First a method was used covering the
range 10—90% RH in 10% RH steps at the selected
temperature. This experiment allows us to find the range
where the DRH occurs. Then subsequent experiments are
performed with RH values above and below the expected DRH.
Typically, data is collected at four RH values above and below
the DRH (eight RH values total). So, for example, for an
expected DRH at approximately 60%, data would be collected
at 52, 54, 56, 58, 62, 64, 66, and 68% RH. Each RH is
maintained for 10 min during data collection or 15 min for the
first RH steps pre- and post-DRH. Example plots of the data
are given in Figure 1 for DRH experiments involving
NaHC,;H,0,-H,0 and Na,C;H,0,-H,0. The same process is
used to determine DRH for mixtures of compounds, such as
ammonium sulfate with sodium oxalate, etc. However, in these
experiments what is determined is the onset or initial DRH of
the mixture.

B RESULTS AND DISCUSSION

DRH for Two Compounds. For a single crystalline
compound, the DRH is a single value at a specific temperature.
However, when two different crystalline compounds are in
contact there will be two values for the DRH at constant
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temperature. We illustrate this with a theoretical dry mass
fraction vs RH plot in Figure 2. Here we consider two
compounds with different DRH values at a given temperature.
Compound A has a DRH = 70% and compound B has a DRH
= 60%. Now, consider a dry mixture of these two compounds
with dry mass fraction B = 0.3 at 35% RH (point a in Figure 2).
When the RH is increased to 40%, point b in the figure is
reached. At this point the dry mixture begins to take up water
or deliquesce. This is considered the initial or onset DRH. The
crystal mixture will continue to take up water at this RH until
one of the compounds completely dissolves in solution (in this
case compound B). When this happens equilibrium has been
achieved, and the system will consist of a solution with the
eutonic concentration (point d) and undissolved solute of the
major compound (point c). As RH is increased the solution
with undissolved A continues to take up water and the
concentration of the solution follows the curve between points
d and g. Note that the ratio of A to B in the system does not
change, and as RH is increased to 55% (point e), the system
consists of solid A of composition f in equilibrium with a
solution of composition g. As RH is increased the solution
composition moves along the curve from g to h and solid A
continues to dissolve into solution until point h, which is the
final or complete DRH of the original dry mixture. At RH above
this (such as point i), no solid remains, and the ratio of
compound A to B remains constant while the water content
may increase or decrease as a function of RH. One can see from
the diagram if a different dry mass fraction mixture were used,
the onset DRH would not change. The uptake of water would
begin at 40% RH until a solution of eutonic composition were
formed at point d (assuming RH were held constant). Thus,
the onset DRH is independent of dry mass fraction of a
mixture. However, the complete DRH is clearly dependent on
the initial dry mass fraction and thus will change with
composition. (Also, water uptake by a particle over a range
of RH is likely an indication of either a nondry particle or the
presence of more than one deliquescing compounds.) The
interpretation of this diagram is very similar to that of a solid/
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Figure 3. Dry mass fraction vs RH phase diagram for mixtures of (NH,),SO,/H,C;H,0,. Symbols for onset DRH are open red squares, results from
HTGA experiments; open black circle, electrodyanamic balance experiments of Choi and Chan.*® Symbols for complete DRH from RH
measurements of saturated bulk solutions are black cross, Brooks et al.;*! open black square, Wise et al,;** solid blue diamonds, Salcedo.** Symbols
for complete DRH from video microscopy experiments are solid green squares, Parsons et al;** solid orange triangles, Treuel et al.** Solid black circle
is for complete DRH from electrodynamic balance experiments of Choi and Chan. Regions of phase stability are as labeled in the diagram. Blue
curves connecting the points of Salcedo are fits to the data as described in the text. Dashed line is the average of the HTGA data: 47.5 + 1.9% RH.

liquid phase diagram where composition and temperature are
the axes, and the lever rule can similarly be used to determine
the amount of substance in each phase. However, the
experimental determination of a dry composition vs RH
phase diagram is much more challenging than a similar
composition vs temperature solid/liquid phase diagram. From
this example, we also see that the onset DRH is an important
atmospheric value, as it is the point at which dry particles will
begin to take up water and form a solution. The complete
DRH, where all solid has dissolved, will be at a higher RH
dependent on the dry mass fraction of the mixture. However, at
the eutonic concentration and for a single compound the onset
DRH is equal to the complete DRH. Several different
experiments are able to measure the complete DRH (discussed
below); however, there are few experiments that have measured
the onset DRH.

Ammonium Sulfate/Malonic Acid. In our experiments,
we are able to measure the onset DRH. As a test case, we
measured the onset DRH for dry mixtures of ammonium
sulfate and malonic acid, a system for which there is literature
DRH data. Brooks et al,”' Wise et al,>* and Salcedo™
determined the complete DRH by measuring the RH or water
vapor pressure over saturated solutions. Parsons et al.** and
Treuel et al.” determined the complete DRH using video
microscopy of particles deposited on slides, and Choi and
Chan®® determined complete DRH from the growth of
particles in an electrodynamic balance. The results of these
studies are all plotted in Figure 3 along with our results for the
onset DRH in this system with the raw data listed in Table S1
in the Supporting Information. Only Choi and Chan
determined both the onset DRH and the complete DRH in
this system, though only for one concentration: 1:1 dry mole
ratio of (NH,),S0,/H,C;H,0,. Several features are seen in
Figure 3. First, there is good agreement for the DRH of pure
(NH,),SO, and H,C;H,0, using very different techniques.
There is also reasonable agreement among the different
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techniques for complete DRH at low dry mass fraction of
malonic acid. However, disagreement becomes significant at dry
mass fractions of malonic acid greater than about 0.4, where
differences in complete DRH are as large as 30% RH. With
respect to the onset DRH, there is some scatter in the onset
DRH from our HTGA measurements with an average value of
47.5 + 1.9% RH, though not outside the accuracy of our RH
measurements.”’ In contrast, Choi and Chan report an onset
DRH of 57.8%. These onset DRH values should also correlate
with the lowest complete DRH, which would occur at the
eutonic composition (theoretical point d in Figure 2). In the
data of Treuel et al. this occurs at 0.84 dry mass fraction
malonic acid and 59.3% RH. This is in good agreement with the
onset DRH value of Choi and Chan, but much higher than our
value from HTGA experiments. In general the complete DRH
values of Treuel et al. are higher than those of Salcedo in the
region of 0.5 to 0.8 dry mass fraction malonic acid, so this result
is not surprising.

The lowest complete DRH value of Salcedo is at 0.67 dry
mass fraction malonic acid and 43.7% RH. This is much closer
to our value for the onset DRH of 47.5%, but still outside the
uncertainty in our onset DRH value. In Salcedo’s experiments
she started with a solution that was unsaturated in both salts.
The RH was measured above this solution and then the
concentration of one solute was increased, while the
concentration of the other solute was held constant, and the
RH measured after each addition of solute. In this method, it is
possible to supersaturate the solution with respect to the solute
held constant. If the point at 43.7% RH is a eutonic point, then
it represents equilibrium between both series of DRH points,
which constitute solubility curves for malonic acid and
ammonium sulfate, respectively. Salcedo determined that
polynomial equations were equally accurate at fitting her data
as the AIM III or UNIFAC models (see her Figure 1). Thus, we
also use polynomial fits to her saturation data for our analysis.
When the data point at 43.7% RH is included in the solubility
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curve for malonic acid in this system (right side of Figures 3
and S2 in the Supporting Information), the data can reasonably
be fit to a second order polynomial (Figure S2). However,
including this point with the DRH data along the ammonium
sulfate solubility curve (left side of Figures 3 and S2) leads to a
poor fit for second or third order polynomial equations.
Without this data point the DRH data constituting an
ammonium sulfate solubility curve is reasonably fit to a second
order polynomial, and an excellent fit to a third order
polynomial, which is the fit we present in Figures 3 and S2.
This analysis leads to the possibility of Salcedo’s DRH value at
43.7% being a state of supersaturation with respect to
ammonium sulfate.

Salcedo did not state which solute was added and which was
held constant in her experiments; however, we plotted the dry
mass fraction of malonic acid vs RH in the mixtures she studied
(see the Supporting Information to her paper) in our Figure S2.
For the series of experiments where the lowest DRH was
measured, the concentration of ammonium sulfate was held
constant while increasing malonic acid (constant 28 wt %
ammonium sulfate as seen in Figure 1 of Salcedo). We have
connected the concentration of samples in this series with a red
curve in Figure S2. In this interpretation, it is seen that the
concentration of the series crosses the ammonium sulfate
solubility curve and terminates at the “DRH” Salcedo
determined at 43.7% RH, which lies on the malonic acid
solubility curve. As mentioned above, this series of observations
is possible where one solute (malonic acid) is added to a
solution that contains a second dissolved solute (ammonium
sulfate). The added solute dissolves until it reaches its
saturation point in the solution; however, the second, dissolved
solute may supersaturate as its concentration changes without
overcoming the nucleation barrier to precipitate from solution.
We believe this is a plausible explanation for the results of
Salcedo with respect to the lowest DRH data point. It is then
seen in Figure 3 that the intersection of the two fitted solubility
curves connecting the DRH values of Salcedo falls directly in
line with the average of our onset DRH value. The calculated
eutonic from the equations fit to Salcedo’s data is 47.2% RH at
a malonic acid dry mass fraction of 0.690, which is in excellent
agreement with our average onset DRH value of 45.7% RH.

It is unclear why there are such large differences in the
complete DRH values at moderate to high dry mass fraction
malonic acid in this system from various groups and techniques.
Were solids other than (NH,),SO, or H,C;H,0, forming in
solution, the DRH could be affected. However, Beyer et al.”’
studied solubility in the (NH,),SO,/H,C;H,0,/H,O system,
and found no evidence (from infrared spectroscopy experi-
ments) that other solids were forming at room temperature.
Thus, we observe that our interpretation of the data of Salcedo
for complete DRH combined with our HT'GA results for onset
DRH most closely match the theoretical DRH behavior for a
two compound mixture as illustrated in Figure 2.

NaHC,0, with and without (NH,),SO,. DRH experi-
ments as a function of temperature were performed for sodium
hydrogen oxalate monohydrate (NaHC,0,-H,0, the solid that
forms at room temperature from an aqueous solution that is 1:1
NaOH/H,C,0,*) both with and without ammonium sulfate
present. The DRH for NaHC,0,-H,0 was determined to be
greater than 95% for 298 and 308 K (and by implication 288 K
since DRH increases with decreasing temperature), which is the
RH limit of our experimental technique. The average DRH
values for the pure salts we studied are given in Table 2. We
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then determined the onset DRH of solids completely dried
from mixtures of NaHC,0, and (NH,),SO,. Buttke et al.*®
determined that the ratio of (NH,),SO,/NaHC,0, in
saturated solution determines which solids form. For high
(NH,),S0,/NaHC,0, ratio, ammonium hydrogen oxalate
hemihydrate (NH,HC,0,-0.5H,0) is the least soluble solid
at room temperature, while at low (NH,),SO,/NaHC,0, ratio,
NaHC,0,-H,0 is the least soluble solid at room temperature
(see summary in Table 1). Thus, we made samples at both low

Table 1. Summary of Solids Predicted to Be Present in
Completely Effloresced Samples as a Function of the
Composition of the Mother Solution for Aqueous Solutions
of (NH,),SO, and Sodium Oxalates

[organic  (NH,),SO,/
[(NH,),S0,] salt% (wt  oxalate salt
(wt %) %) mol ratio solids
NaHC,0,
10 7 12 NaHC,0,H,0 + (NH,),S0,
20 3 57 NH,HC,0,0.5H,0/
(NH,),S0,/Na,80,,-10H,0
OR NH,HC,0,0.5H,0/
NaNH,S0,2H,0/(NH,),SO0,
Na,C,0,
3 59 0.86 Na,C,0, + (NH,),S0,
20 6 34 (NH,),C,0,-H,0/(NH,),80,/
10 5 <1 Na,50,-10H,0 OR

(NH,),C,0,-H,0/NaNH,SO,-
2H,0/(NH,),S0,

and high (NH,),SO,/NaHC,0, ratios: 1.2 and S.7, respec-
tively for onset DRH experiments. At low (NH,),SO,/
NaHC,0, ratios, the solids present in a completely dry mixture
should be simply NaHC,0,-H,0 and (NH,),SO,. Thus, the
temperature-dependent onset DRH we measured is for a
mixture of these two solids. The results are given in Figure 4,
and the raw data is given in Table S2 in the Supporting
Information. Average DRH values for the salt mixtures we
studied are given in Table 3. In Figure 4 we see the onset DRH
of the mixture is lower than that of ammonium sulfate, as
expected, and there is slightly higher temperature dependence
to the onset DRH than observed for ammonium sulfate.

At high (NH,),SO,/NaHC,0, ratios, NH,HC,0,-0.5H,0 is
the least soluble solid.** Ammonium and sulfate ions are in
large excess in the solution such that upon further drying
(NH,),SO, will likely be one of the precipitates. However, one
or two solids can form with the sodium ions that remain:
NaNH,SO,2H,0 (lecontite) and/or NaSO,-10H,O. Differ-
ential scannin§ calorimetry (DSC) experiments performed by
Buttke et al.”® showed that the sulfate-containing solid(s)
dissolves at the ternary eutectic; thus, it is not possible to
separate the solid for analysis from solution. Therefore, our
results for high (NH,),5SO,:NaHC, O, ratio represent the onset
DRH for a mixture of NH,HC,0,-0.5H,0, (NH,),SO,,
Na,S0,-10H,O or a mixture of NH,HC,0,-0.5H,0,
NaNH,S0,-2H,0, (NH,),S0, (listed in the order each salt
could precipitate from solution). Temperature-dependent DRH
values for Na,$O,-10H,O are known,” but those for
NH,HC,0,-0.5H,0 or NaNH,SO,2H,0 have not been
previously published to our knowledge. In our experiments
we determined that dry crystals of NH,HC,0,:0.5H,0 did not
take up water at 95% RH at 298 or 308 K; thus, the DRH >
95%. Crystals of lecontite were used for DRH experiments as a
function of temperature, and the results are given in Figure 4
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Figure 4. DRH as a function of temperature for several salts as described in the text involving or for comparison to NaHC,0,-H,0. Symbols for the
DRH of pure salts are as labeled in the figure. Salt mixtures are (red squares) solids dried from a mixture with a (NH,),SO,/NaHC,0, mole ratio =
5.7 and (blue triangles) solids dried from a mixture with a (NH,),SO,/NaHC,0, mole ratio = 1.2.

(raw data is given in Table S3 in the Supporting Information
with average values listed in Table 2) along with the literature

Table 2. Average DRH of Each Pure Salt as a Function of
Temperature from Our Experiments

data for Na,SO,-10H,O and the onset DRH data for the
NH,HC,0,-0.5H,0/(NH,),SO,/lecontite and/or Na,SO,-
10H,O dry mixture. The onset DRH values for this mixture
are nearly coincident with those of the NaHC,0,H,0/
(NH,),SO, mixture. Therefore, even though the ammonia
content affects whether NaHC,0,-H,0 or NH,HC,0,-0.5H,0

temperature (K 288 298 308 . .
perature (K) forms from solution, the onset DRH values for dry mixtures of
NaHC,0,-H,0 >95 >95 >95 these solids with ammonium and sodium sulfate salts are not
II:]IH‘&HSZO4'O'5HZO >95 >95 >92 affected. This is likely because the sulfate salts dominate the
(I\?;-I 2) C4 OLH.O 73‘: 7253 7;5 DRH values since they are present in much larger amounts than
. > > >
N H"CZHZO“ HZO 870 cas 819 the oxalate salts. Also, we note that the DRH of both
a N o X . .
Na.C 13_[ 20 4H (2) 665 €53 chr NaHC,0,H,0 and NH,HC,0,0.5H,0 is >95% at the
N}i I:ICZH402 ; 4'3 69.1 p 6.5 temperatures we studied. Thus, we conclude they will have
NaI\"IH 5302‘2;1 o 85‘ p 82.8 80. p the same effect on the onset DRH of a mixture involving either
e salt, as seen in our results. Even though the mixture with
100
—
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Figure 5. DRH as a function of temperature for several salts as described in the text involving or for comparison to Na,C,0,. Symbols for the DRH
of pure salts are as labeled in the figure. Salt mixtures are (red squares) solids dried from a mixture with a (NH,),SO,/Na,C,0, mole ratio = 5.1 or
3.4 and (blue triangles) solids dried from a mixture with a (NH,),SO,/Na,C,0, mole ratio = 0.86.
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NH,HC,0,:0.5H,0 will have other sulfate salts present
(lecontite and/or Na,SO,-10H,0), these salts are present in
much smaller quantities than ammonium sulfate and thus likely
have a very minor influence on the onset DRH.

Na,C,0, with and without (NH,),SO,. DRH experiments
as a function of temperature were performed for sodium oxalate
(Na,C,0,, the solid that forms at room temperature from a
solution that is 2:1 NaOH/H,C,0,**) both with and without
ammonium sulfate present. It was found that the DRH for
Na,C,0, varied little with temperature (average values as a
function of temperature are listed in Table 2), and values are
plotted as red squares in Figure 5 with raw data given in Table
S4 in the Supporting Information. Given that the DRH values
for NaHC,0,-H,O are >95% while those of Na,C,0, are
~75%, we see there is a dramatic difference in the DRH
dependent on whether the sodium/oxalate ratio is 1:1 vs 2:1.
This implies a significant difference in the crystal structures
where Na,C,0, is able to accommodate water molecules more
readily than NaHC,0,-H,0. There is likely additional water
affinity in Na,C,0, due to the additional sodium ion in the unit
cell.

We also determined the onset DRH for Na,C,0,/
(NH,),SO, mixtures. Buttke et al.’® determined that the ratio
of (NH,),S0O,/Na,C,0, in saturated solutions determines
which solids form; however, they determined that only at the
lowest (NH,),SO,/Na,C,0, ratios (<1) did Na,C,0, form as
the least soluble solid (see Table 1 for a summary). For higher
ratios, the least soluble solid was (NH,),C,0,-H,0. With this
solid removed from solution, Na*, NH,*, and SO,>” ions
remain. Which solids form from solution will depend on the
next least soluble solid. If ammonium sulfate precipitates first,
the remaining ions are Na" and SO,*” in a 2:1 ratio. Thus,
Na,SO,-10H,0 is the third salt that could form. The reverse is
also true, if Na,SO,-10H,0 forms second, then the remaining
ions (2:1 NH,*:SO,*7) can form (NH,),SO,. However, if
NaNH,SO,-2H,0 were the least soluble solid after
(NH,),C,0,-H,0, then the ions that remain would be NH,*
and SO,*” in a 2:1 ratio. Thus, (NH,),SO, is the third salt that
can form in this scenario. Both of these scenarios would be
possible for both of the (NH,),SO,/Na,C,0, ratios we studied
(3.4 and 5.1). These two possible combinations of precipitating
salts are summarized in Table 1. We were not able to determine
which solids precipitated upon further drying of our solutions.
However, our onset DRH values are likely for (NH,),C,0,
H,0 with some combination of (NH,),SO,/Na,SO,-10H,0 or
NaNH,SO,2H,0/(NH,),SO,. Temperature-dependent DRH
values for (NH,),C,0,-H,0 have not been previously
published to our knowledge. In our experiments we found
that dry (NH,),C,0,-H,O crystals did not take up water at
95% RH at 298 or 308 K; thus, the DRH > 95%. We made two
solutions with high (NH,),SO,/Na,C,0, ratios as given in
Table 1 and performed DRH experiments on the crystals that
remained after completely drying these solutions. All data
points are plotted in Figure S with raw data given in Table SS in
the Supporting Information and average values listed in Table
3. No difference was observed in the onset DRH values as a
function of which ratio was used. This is in agreement with our
results described earlier for the (NH,),5O,/H,C;H,0, system
and theory that the onset DRH is independent of the ratio of
crystals in mixtures with the same solids present.

We also made one solution with a low (NH,),SO,/Na,C,0,
ratio as given in Table 1. The least soluble solid in this mixture
is expected to be Na,C,0,, and thus, the other crystal that

9954

Table 3. Average DRH of Dry Mixtures of (NH,),SO, with
Organic Salt as a Function of Temperature from Our
Experiments

temperature (K)

(NH,),S0,/oxalate salt

mol ratio 288 298 308

NaHC,0,/ 5.7 78.5 77.2 74.5
(NH,),S0,

1.2 77.7 76.3 74.5

Na,C,0,/(NH,),S0, 34 0r 5.1 749 760 785

0.86 74.6 76.9 76.9

NaHC,H,0,/ 0.76 697 634 568
(NH,),S0,4

Na,C,0,/(NH,),S0, 1.1 or 1.7 crystals could not be

dried

precipitates upon complete drying should be (NH,),SO, We
performed DRH experiments on this dry mixture as a function
of temperature with the results given in Figure S, raw data given
in Table S5 in the Supporting Information, and average values
listed in Table 3. It is seen that the measured onset DRH values
are very similar to those of the dry mixtures at high
(NH,),S0,:Na,C,0, ratios. Thus, again (as in the case of
the (NH,),SO,/NaHC,0, mixtures), we observe that there is
little change in onset DRH when ammonium vs sodium oxalate
solids precipitate in this system.

Sodium Salts of Malonic Acid. DRH experiments as a
function of temperature were performed for sodium hydrogen
malonate monohydrate (NaHC;H,0,-H,O, the solid that
forms at room temperature from an aqueous solution that is
1:1 NaOH/H,C,H,0,”") and sodium malonate monohydrate
(Na,C;H,0,-H,0, the solid that forms at room temperature
from a solution that is 2:1 NaOH/H,C,;H,0,”). Typical
results of DRH experiments for both solids at 298 K are given
in Figure 1. A plot of DRH as a function of temperature for
NaHC;H,0,-H,0 and Na,C;H,0,-H,0 is given in Fi%ure 6
(open symbols) along with data for malonic acid® for
comparison. Raw data is given in Table S6 in the Supporting
Information with average values reported in Table 2. We
observe that NaHC;H,0,-H,0O has the highest DRH followed
by H,C;H,0, and then Na,C;H,0,H,O with the lowest
DRH. The activity of water in a solution is equal to the RH
expressed as a fraction. For an ideal solution the activity is equal
to the mole fraction, thus the lower the water content of an
ideal solution, the lower the DRH. Deviations from this
relationship can indicate the level of nonideality of a solution:

)

where g; is the activity of component i, x; is the mole fraction of
component i, and ; is the activity coeflicient of component i.
Thus, for an ideal solution the activity coefficient is unity, and
for real solutions it will be a different value. Now, we can
contrast the DRH values with the solubility of each salt over the
same temperature range. We have plotted the temperature-
dependent solubility of each salt as the mole fraction of water
present at saturation (solid symbols in Figure 6) for malonic
acid,*' NaHC,H,0,-H,0, and Na,C,H,0,-H,0.” First, we
notice that for each compound the mole fraction of water
present is higher than the DRH (thus activity value) at all
temperatures. Therefore, we can immediately state that the
activity coefhicient for each salt is less than one over the
temperature range studied, and thus the water—solute
interactions are more favorable than the water—water or

a; = ¥
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Figure 7. DRH as a function of temperature for the following: (blue) NaHC;H,0,-H,0, (red) NaNH,C;H,0,, (green) NH,HC;H,0,, (black)
onset DRH for solids dried from a mixture with a (NH,),SO,/NaHC;H,0, mole ratio = 0.76.

solute—solute interactions for each solution. We take particular
note that for Na,C;H,0,-H,0, the solute—water interactions
must be particularly strong as the DRH is far lower (thus water
activity) than what would be expected from the very high mole
fraction of water present at saturation. For example, at 288 K
we see DRH = 66%, and thus, the water activity is 0.66;
however, the water mole fraction at this temperature at
saturation is 0.90 leading to a y for water of 0.73. In contrast
water activity coeflicients for malonic acid and NaHC;H,0,
solutions are greater than 0.9. Possibly the low water activity
coefficients in Na,C;H,0, solutions are not surprising since
there must be very strong interactions between water and the
two sodium jons present for each solute molecule. As the
number of sodium ions decreases (NaHC;H,0O, and
H,C;H,0,), these interactions would be significantly weak-
ened.
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We also measured the onset DRH of the crystals resulting
from a completely dried mixture of 20/25% (NH,),SO,/
NaHC,H,0, solution, which has a dry mole ratio (NH,),SO,/
NaHC;H,0, of 0.76. Kissinger et al.”> determined that these
crystals are a mixture of lecontite (NaNH,SO,2H,0) and
NaHC;H,0,-H,0. They also determined Na,SO,-10H,O is
the least soluble solid at low mole ratio (NH,),SO,/
NaHC;H,0, (0.32), while ammonium sulfate is the least
soluble solid at high mole ratio (NH,),SO,/NaHC;H,0,
(2.95). Thus, which solids are present in a completely dry
sample will depend on the dry mole ratio. However, we focused
on the midrange of ratios of (NH,),5O,/NaHC;H,0, where
lecontite is the least soluble solid. With a dry mole ratio
(NH,),S0,/NaHC;H,0, of 0.76, the bisulfate ion is limiting in
our mixtures, and thus, all of the sulfate would be consumed
producing lecontite along with some of the sodium and
ammonium ions. Once NaHC;H,0,-H,O has also precipitated
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(consuming the remaining sodium ions) there will be an excess
of ammonium and hydrogen malonate ions. Upon complete
drying the solid that likely forms from the remaining ions is
NH,HC;H,0,. Thus, we conclude the onset DRH values we
report are for the dry mixture: NaNH,SO,-2H,0/
NH,HC;H,0,/NaHC;H,0,-H,0 in a 1:0.75:0.25 mol ratio,
respectively, and the results are given in Figure 7 (with raw data
given in Table S8 in the Supporting Information and average
values listed in Table 3) where a very strong temperature
dependence is seen. With respect to NH,HC;H,0,, Braban
reported that no crystallization occurred in bulk solutions or in
aerosol efflorescence experiments even after most of the
solution volume had been evaporatecl.42 However, we were able
to grow crystals of NH,HC;H,O, from a 1:1
NH,OH:H,C;H,0, aqueous solution. These crystals were
air-dried at room temperature for 1 week, and then the DRH
measured as a function of temperature. Values are given in
Figure 7. If we compare the DRH of the various samples, the
onset DRH of the dry mixture NaNH,SO,-2H,0/
NH,HC,H,0,/NaHC;H,0,-H,0 is lower than the DRH of
pure NaNH,$0,-2H,0, NaHC,H,0,-H,0, or NH,HC,H,0,,
as expected. Among these pure compounds, NaHC;H,0,-H,O
and lecontite have the highest DRH values, and their
temperature dependencies mirror each other. NH,HC;H,O,
has much lower DRH values and is likely the major influence
on the significant lowering of the onset DRH of the three
compound mixture. If we compare the temperature-dependent
DRH values with each salt’s corresponding solubility, the
expected correlation is observed: more soluble salts have lower
DRH values. However, a shortcoming to this comparison is we
do not have solubility data for the mixture (NaNH,SO,2H,0/
NH,HC;H,0,/NaHC;H,0,-H,0) or lecontite. Lecontite does
not have a solubility equilibrium in water without other species
present.

We also attempted to measure the DRH of crystals from
dried (NH,),S0,/Na,C;H,0, solutions with concentrations
30/20 and 20/20 wt % (NH,),SO,/Na,C;H,0,. The first
solution was dried in a vacuum oven at 323 K for several days,
and the latter solution was air-dried at room temperature for 2
weeks, and then dried in a vacuum oven at 323 K for several
days. We occasionally ran DRH experiments during the drying
period on both samples. In both cases a clear DRH was never
observed, but rather a smooth increase in water uptake as a
function of relative humidity. From this we conclude that our
(NH,),SO,/NaHC;H,0, samples were never completely dry,
and the mixture of solids present is quite hydrophilic.

B CONCLUSIONS

We measured the DRH of several pure solids over the range
288-308 K: NaHC,0,-H,0, NH,HC,0,-0.5H,0, Na,C,0,,
(NH,),C,0,-H,0, NaHC,H,0,-H,0, Na,C,H,0,H,0,
NH,HC;H,0,, and NaNH,SO,2H,0 (lecontite). For
NaHC,0,-H,0, NH,HC,0,-0.5H,0, and (NH,),C,0,-H,0
the DRH was found to be >95% at 298 and 308 K, while for
Na,C,0, it was found to be relatively constant with
temperature at 75.5%. For NaHC;H,0,-H,O and
Na,C;H,0,-H,0, the latter had much lower DRH than the
former even though their solubilities in water are similar. Thus,
for the sodium malonates, the number of sodium ions present
has a strong impact on DRH values for the pure salts.

We measured the onset DRH for dry mixtures of malonic
acid and ammonium sulfate for comparison with literature data.
We found reasonable agreement between our onset DRH
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values and the lowest complete DRH value reported by
Salcedo. We further demonstrated that the onset DRH is
independent of the ratio of solids in a dry mixture. We also
measured the onset DRH as a function of temperature of dry
mixtures of ammonium sulfate with sodium oxalates and
malonates, respectively. Kissinger et al.”> and Buttke et al.*®
determined that the solids present in these mixtures depends
on the (NH,),SO,/sodium oxalates and (NH,),SO,/sodium
malonates ratios, respectively. In the case of the (NH,),SO,/
sodium oxalates mixtures, we found the different ratios did not
affect the onset DRH of the mixtures even though it was likely
different solids were present. However, while we were able to
measure DRH values for mixtures of (NH),SO,/NaHC;H,0,,
we were unable to completely dry bulk mixtures of (NH),SO,/
Na,C;H,0,, thus indicating very different hygroscopic proper-
ties. In all cases the onset DRH values for mixtures were lower
than the DRH values of the salts that composed the mixtures.
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