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Experimental Determination of the NH4sNO3/(NH4)>SO4/H>0 Phase Diagram
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We have studied the thermodynamic properties of the ammonium nitrate/ammonium sulfate/water system
using differential scanning calorimetry and infrared spectroscopy of thin films at low temperatures. This is
the first study focused on low temperatures, as previous experimental work on this system has been at 273
K and above. We have combined our experimental results with melting point data from the literature at high
temperatures to create a solid/liquid phase diagram of the ammonium nitrate/ammonium sulfate/water system
for temperatures below 343 K. Using phase diagram theory and Alkemade lines, we predict which solids are
stable at equilibrium for all concentrations within the studied region. We also observed the decomposition of
a solid at low temperatures which has not previously been reported. Finally, we have compared our predicted
solids and final melting temperatures to the Aerosol Inorganics Model (AIM).

Introduction However, primary phase fields of these solids in the aqueous
ternary system have not been studied at low temperatures.
sAdditionally, there is a possibility that unknown ternary solids
exist at low temperatures. The lack of experimental work at

. 2 . !
ranging fr_om ?]_t(;] 2:2 Also, :ct has bes%r:@sbhown t_hat %erQSOIS low temperatures, which reflect those of the upper troposphere,
can contain a high content of nitrate ion®bservations during - jjtes investigation of the thermodynamics of this ternary
the subsonic aircraft: contrail and cloud effects special study ¢\ ctam

(SUCCESS) revealed free tropospheric aerosols containing
significant amounts of Nk, NO;~, and SQ? including
conditions where cirrus ice was preséfiso, theoreticat®and
laboratory—? studies have shown the importance of ammoniated
sulfate aerosols in cirrus cloud formation. Thus, the entire range

of concentrations from dry NHNOs/(NH,).SQy particles (of new solids. The phase diagrams of the g¢80Qy/H,0 and NH-
varying ratios) to very dilute solutions may be possible in the NOy/H,O systems are well-knowt¥-17 Also, limited melting

; . i
Stmoszhe;é. Thefﬁ part;]cles atl;]sorb antdlsc?ttertsotlsr rao(ljlattlpn point data exists for the (NJLSOy/ NHsNOs binary systent®1°
ependent upon theirphase, thus contributing 1o e radialion o e '\ye report the results of our investigation of the,NBy/

1'12 . . . .
ba:%ncé i _'ll;htterefct)re,_tthe bplhtaS(te of thg aerozol E)aqugousl or (NH4)2SOy/H,0 system, primarily consisting of low-temperature
solid) contributes to its ability to scatter and absorb solar data. We have coupled our experimental data with literature

radiation. The particlles may also play a significap't role in data to construct a ternary phase diagram, parametrize our
heterogeneous chemistry in the tropospH&More specifically, melting point data, and compare our results to the predictions

the probability of_N_Og, h)_/droly_S|s occurring on the surface of of the Aerosol Inorganics Model (AIV
an aerosol containing nitrate is a magnitude smaller than that

of an aerosol composed of ammonium sulfdtin all of these
cases, understanding the thermodynamic properties at low
temperatures is critical to knowing which phases may be present Sample Preparation. Ternary samples were prepared by
when particles crystallize and at what temperature solids will mixing 99 wt % ACS reagent grade (NJ4SOs and 99.5 wt %
melt or dissolve into solution. However, it is understood that ACS reagent grade NfNIO3 supplied by Aldrich with deionized
the phase diagram applicability to atmospheric aerosols assumesvater. The concentration of all samples is knownti0.40 wt
equilibrium has been established, and that the aerosols are no%. The 3ANAS salt was prepared by following the technique
in metastable states. Equilibrium phase diagrams can be usedpecified in method | found in Smith. This method called for
as a starting point in predicting which phases may be presenta salt mixture with an NENO3s/ (NH4),SOs molar ratio of 6 to
when aerosols freeze, because they give the most thermody-l. The salt mixture was placed into a test tube with scratched
namically stable state for a given set of equilibrium conditions. walls, and water was added while maintaining a saturated
The phase diagram of the NNOs/(NH4),SOu/H,0 ternary mixture. The mixture was slowly heated until the water began
system has been previously studied above 273 K; it has beento boil. More water was then added until all of the salt crystals

Tropospheric aerosols are predominantly made up of agueou
ammonium and sulfate ions with the molar ratio of ;NF8O2~

To study ternary systems, one must know the binary systems
that comprise the ternary system well to effectively identify
solids that may form. Additionally, ternary solids may form,
which then makes knowledge of the stable binary solids
extremely important in order to discern between known and

Experimental Section

constructed from solubility dat& 17 Two double salts, 2Nk had completely dissolved. The test tube was placed into a beaker
NOs3*(NH4)2SO; (2AN-AS) and 3NHNOz+(NH,),SO; (3AN- filled with cool water and was allowed to sit overnight. The
AS), exist as part of the NNOs/(NH4),SO;4 binary system. next day, the crystals were vacuum filtered from the solution

and placed into a desiccator to dry. The dried salt was then

*To whom correspondence should be addressed. E-mail: Beyer.Keit@ US€d for ion and spectral analysis for comparison _With the
uwlax.edu. crystals that formed from NHNOs/(NH4).SO/H,0O solutions.

10.1021/jp0760859 CCC: $37.00 © 2007 American Chemical Society
Published on Web 11/10/2007




NH4NO3/(NH4),SOy/H,0O Phase Diagram

Infrared Spectra. The sample cell used for infrared spectra
is shown schematically and explained in detail in previous
literature?2 Briefly, a small drop of ternary solution was placed
between two ZnSe windows, which were held in the center of
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at that temperature for 5 min, and then warmed at a rate of 1 K
per minute to a temperature at le&sK above the predicted
melting point.

lon Chromatograph. lon composition measurements of the

an aluminum block by a threaded metal ring. Sample volumes 3AN-AS double salt formed by following method | in Smith et

were approximately 2L. On each side of the aluminum block,
a Pyrex cell was purged with dry nitrogen gas. KBr windows

al.2 were carried out using a Dionix ICS-90 ion chromatograph.
All solutions were prepared using the salts dissolved in 18.2

were placed on the end of each cell, sealed with O-rings, and MQ Millipore filtered water. A column for anion analysis was
held in place by metal clamps. Heat tape was wrapped aroundutilized to measure the concentrations of N@nd SQ?~ in

the purge cells to prevent condensation on the KBr windows.
The sample was cooled by pouring liquid nitrogen into a circular
aluminum cup attached to the top of the main cell. The cell

solution. Standard curves were produced for bothsN@nd
SO~ using solutions with known N§ and SQ?~ concentra-
tions and their respective peak areas in the chromatogram. The

block was warmed by resistive heaters connected to a temper-3AN-AS salt was then used to prepare a solution to be run in
ature controller. Temperature was measured by a copper constarfl€ ion chromatograph. The calibration plots for NCand
and thermocouple placed at the edge of the ZnSe windows andSCs*~ were utilized to determine the concentrations of NO
connected to the temperature controller. The temperature of the2nd SQ°~ in the 3AN'AS solution in order to calculate the

cell was calibrated using Culligan purified water and high purity

NO3~/ SO2 ratio in the salt.

organic solvents (Aldrich): decane, octane, and acetic anhydride

of which the melting points are 243.5, 216.4, and 200.2 K,
respectively?® The IR cell temperatures are known on average
to within 1.3 K, i.e., the temperature we measured in the IR
cell of a specific transition is within 1.3 K of the transition

Results

NH4NO3/H,0 and (NH4)2SO,. To construct the NENO4/
(NHg4)2SOy/ H,0 ternary phase diagram, both aqueous binary
systems, NENOs/H,O and (NH,).SOy/H,0, needed to be well-

temperature we measure (of the same transition) using the DSCynown. We have previously studied the (WpBO/H,0 system

Spectra were obtained with a Bruker Tensor 37 FTIR with
an MCT-B detector at 4 cmi resolution. Each spectrum was

and found excellent agreement with literature détaddition-
ally, we experimentally investigated the WWO3/H,O system

the average of 10 scans. Before spectra were taken of a sampleand are in good agreement with the literatté The eutectic
a background scan was obtained from a dry, purged samplemelting temperature for the NfNOs/H,O system was found

cell. Samples were cooled to 195 K at 3 K/min, and then allowed
to warm to room temperature without resistive heating; typically,
this was 1 K/min. Reference spectra for ammonium nitrate,
ammonium sulfate, and 3ANMS were obtained by making KBr

to be 255.56t 0.59 K, which compares well with the literature
value of 256.35 K/

NH4NO3/(NH4)>,SO4/H,0. Figure 1 shows the concentrations
of the data points from our experiments and the literdttivat

pellets, 7 mm in diameter, containing each respective salt. Thewere used to construct the temperature contour ternary phase

KBr used to make the salt pellets was 99 wt% FT-IR grade
KBr supplied by Aldrich. Our spectra compare well for #e,
ammonium sulfat@> and ammonium nitrat&®. Our spectra are
not in full agreement with peak assignments for 3AS that
have been made in a previous st#flyLhese differences are
more extensively explained in the “Identification of Solids with
FTIR” section.

Differential Scanning Calorimeter. Thermal data were
obtained with both a Mettler Toledo DSC 822e with liquid
nitrogen cooling and a Mettler Toledo DSC 822e cooled via an

intra cooler. Each DSC utilized an HSS7 sensor. Industrial grade
nitrogen gas was used as a purge gas with a flow rate of 50

mL/min. The temperature reproducibility of these instruments
is better thant0.05 K. Our accuracy is estimated to t€.9

K, with a probability of 0.94 based on a four point temperature
calibratiorf” using indium, HPLC grade water, anhydrous, high
purity (99%ft+) octane, and anhydrous, high purity heptane
(99%+) from Aldrich, the latter three stored under nitrogen.
The sensitivity of our instrument to thermal signals is high.
Previously, we calculated our sensitivity to detecting a com-
ponent undergoing a thermal transition to$80 ppm by mass,
using the FRS5 sensor. Tests in our lab have shown the HSS
is about seven times more sensitive.

Samples were contained in a 40 aluminum pan and

7

diagram. We studied a total of 175 samples, and a list of all of
the samples with their respective concentrations and melting
points can be found in Table 1S (see Supporting Information).
We are unaware of any experimental data in the literature for
temperatures below 273 K; therefore, the primary focus of our
study consisted of mapping the unknown ice region and focusing
on low-temperature transitions. The solubility data found in
Silcock® ranges from 273 to 343 K; therefore, the ternary phase
diagram reported here should be accurate from 343 K to low
temperatures which reflect those of the upper troposphere. The
temperature contour phase diagram for this system is found in
Figure 2.

As shown in Figures 1 and 2, there are significant gaps in
the solubility data of SilcockS especially at high temperatures
and low ammonium sulfate concentration. Therefore, uncertainty
in the salt saturation temperature is greater in this region than
in the rest of the phase diagram. No solubility data exists above
343 K; therefore, the region with temperatures above 343 K is
unknown. We are unable to perform DSC and FTIR experiments
at these high temperatures because of the significant water
evaporation rate, which makes it difficult to prepare bulk
samples with known concentrations. We also observe significant
mass loss from DSC samples at these high temperatures, making
the thermal data inaccurate. It was also difficult to determine
the salt saturation temperature of samples that consisted of a

typically had a mass of approximately 5 mg. We found that the significant ammonium sulfate weight fraction using DSC, as
best thermograms for determining final dissolution temperatures the dissolution enthalpy of ammonium sulfate is low. However,
consisted of samples with solution volumes of 2 qil5 Each the dissolution enthalpy of ammonium nitrate is larger than that
sample was weighed before and after the experiment using afor ammonium sulfate; therefore, we had much more success
Mettler-Toledo AT20 microgram balance. The average mass determining the salt saturation temperatures of samples that
loss from evaporation during the experiment was less than 1%. consisted of 20 wt % ammonium nitrate and above. The
A typical sample was cooled to 183 K at 10 K per minute, held concentrations used for experiments were chosen to maintain a
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Figure 1. Data used to construct the NNOs/(NH,4).SOy/H-0 ternary phase diagram. The blue and red circles represent our experimental data
points (the red circles are samples that displayed an additional solid decomposition of undetermined identity); the green triangles cob#itt of solu
data found in Silcock® Concentrations on ternary phase diagrams in this paper are read the following way: water concentrations are read horizontally
using the scale on the right side of the diagram,sN8; concentrations are read 12@fom horizontal using the scale on the left side of the
diagram, (NH).SO, concentrations are read 6fom horizontal using the scale at the bottom of the diagram.

TABLE 1: Phase Boundary Concentrations (wt %) and concentration of ammonium nitrate held constant. A typical plot
Temperatures as Determined from DSC and IR Experiments  of this analysis is given for three cases in Figure 3. The constants
phase phase for the parametrization in eq 1 are found in Table 2.
wt % wt % wt % boundary  boundary Our parametrization in the ice primary phase field models
NH,NOz ~ (NH.).SO; ~ H:0 melt (K) solids' our experimental observations well, with an average deviation
5.0 355 59.5 254 ice/AS of £1.0 K. The parametrizations provided for regions where
10.0 30.0 60.0 254 ice/AS the dissolution of a salt is the final transition have an average
%g'g %g g;? ggg 5 Iiizlléims deviation 0f+0.9 K from our experimental data; therefore, our
250 15.9 50.1 2534 ice/3ARS parametrizations are within the experimental accuracy of the
30.0 14.0 56.0 250.3 ice/3ANS data. Although it was not the aim of this work, we did study 10
35.0 8.6 56.4 254.1 ice/AN samples which had concentrations that matched those found in
40.0 2.0 58.0 256.6 ice/AN Silcock®in order to compare our observed saturation temper-
45.0 10.1 44.9 272.4 AN/BAPAS atures with theirs. From the samples we ran, five had thermal
50.0 10.0 40.0 280.7 ANISADAS signals strong enough to determine the final dissolution tem-
2 AS=(NH4)>SOy, AN = NH4NOs, 3AN-AS = 3NHsNOs*(NH4)>SOs. perature. These data, with a comparison to Silcock, are given

in Table 3. We found an average difference of #00.7 K
constant weight fraction of NiNOs; consequently, we mapped  petween our data and those of Silcock, thus showing good
the ternary phase diagram with constant weight fraction cross agreement with the historical data.
sections. These cross sections allowed the ice and salt primary Ternary Eutectics. The phase boundary analysis described
phase fields to be mapped. Additionally, the cross-sections weregpove leads to the discovery of invariant points in the phase
used to map the location of the ice/salt phase boundary, sincegiagram. These points are labeled with capital letters in Figure
it appears as a temperature minimum in the cross section plots4 and identified in Table 4. Two ternary eutectics are identi-
[see Figure 3 for examples]. The phase boundary compositionsfieq: NH,NOy3AN-AS /H,O (point A in Figure 4) and 3AN
that were determined from the constant ammonium nitrate Crossas /(NH,),SOy/H.0 (point B in Figure 4). The temperature of
sections are found in Table 1. These compositions were usedeach ternary eutectic is close to the temperature of the two binary
to draw the phase boundary in Figure 2 (indicated by a solid eytectics and to each other as shown in Table 4. However, the
black line). We fit the final melting points of each cross-section meiting paths of ternary samples can be used to determine the

to a second-order polynomial with the form: location of both ternary eutectic points. Their composition was
determined using the temperatures of phase boundary transitions
T=AX+AX+A (1) of many samples. Ternary eutectic points are temperature
minimums on intersecting phase boundaries; thus, the temper-
whereT is the final melting or saturation temperature, atis$ ature depression of the ice/salt phase boundary can be used to

the concentration (wt %) of ammonium sulfate with the locate ternary eutectic compositions. An investigation of the
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Figure 2. Temperature contour ternary phase diagram of thaN\#/(NH,).SO/ H,O system constructed from our experimental data and the
solubility data found in Silcock® The thin colored lines are isotherms for the temperatures as labeled. The thick black line indicates the phase
boundary between ice and the respective salts as given in the figure. The dashed lines speculate the location of the phase boundary that exists
between NHNOs/3AN-AS, 3AN-AS/(NH4),SOs, 3AN-AS /2AN-AS, and 2ANAS/(NH4)2SOs.
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Figure 3. Plot of final melting/dissolution temperatures and concentrations of 25 (green diamonds and lines), 30 (red squares and lines), and 35

(blue triangles and lines) wt % NINOs, respectively. These are typical analyses which were performed for constaNYdoncentrations in the
range from 0O to 40 wt % (NE)2SO;.

ice/salt phase boundary around points A and B provides insightboundary temperature should increase on both the ammonium
into their existence and location. If points A and B are both sulfate poor and rich sides of each point. This increase in phase
ternary eutectic compositions, then the following should occur boundary temperature around each point indicates that it is a
on the phase boundary around points A and B: the phaseminimum and therefore a ternary eutectic.
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TABLE 2: Melting Point Polynomial Coefficients for Eq 1

Bothe and Beyer

the phase boundary temperature decreases as point B is
approached along the phase boundary when comparing the phase

[NH4N03] Az A1 AQ valid [(NH4)28Q1] .
- - boundary melts of the blue and red thermograms. Finally, the
Ice Primary Phase Region P . o

5 -0.0078 -02233 27152 0.:635.0 gray thermogram in Figure 5, with a composition of 5.01/36.02
10 —-0.0101 —0.2407  269.13 0.027.5 wt % NH4NOs/ (NH4):SQu, has ternary eutectic and phase
15 —0.0038 —0.4207 267.33 0:025.0 boundary temperatures of 250.7 and 254.3 K, respectively. The
20 —0.0107 —0.3774 266.73 0.620.0 phase boundary temperature of the gray thermogram is greater
gg :8-8}182 :8-2812 %gf-é; 8-‘318-8 than that of the red thermogram; thus indicating that a
35 0 066 259.83 0.675 temperature minimum, point B, exists between the points where
40 0 11 258.85 0.620 the melting paths of samples with concentrations of 10.01/10.01

0 ) .
Salt Primary Phase Region and 5.01/36.02 wt % NENO3/(NH,4).SOy intersect the ice/salt

20 0 1.3837 22533 25481.0 phase boundary.
25 0 1.8868 223.47 23:27.0 It was a challenge to identify the location of the phase
30 0 3.2529  204.86 17-23.0 boundaries between the salts (dashed lines in Figures 2 and 4).
35 0 22123 236.52 10-20.0 As explained above, thermal signals in the DSC were quite weak
40 0.0669 0.6195 256.58 237.0 . . . . T .
45 00591 16155 262.51 0-010.0 in this region, which made it difficult to accurately determine
45 ~0.1728 0.168 197.92 10-05.0 the temperatures of phase boundary transitions and compositions
50 —0.0618 1.8397 268.45 0-4.0.0 between two salts. Also, the temperature difference between

TABLE 3: Our Experimental Data Compared to Solubility
Found in Silcock!®

the aqueous binary eutectics and the ternary eutectics is very
small, as shown in Table 4. This “flat” slope from the binary
to ternary eutectic makes it difficult to discern the ternary

wt % wt % wt % i~ i ; ;

. eutectic signal from the melting signal along the phase boundary.

NHaNOs (NH4).SQy Hz0 exp. (K) Silcock (K) It is difficult to determine which solids, other than 3AAS,

56.18 8.5 35.32 300 298 are present in the sample using spectroscopy becauseABAN
28.05 8.22 33.73 304 303 shares peaks with both ammonium nitrate and ammonium sulfate
49.8 13.27 36.93 303 303 is di d in the Identificati f Solids with ETIR i
4913 6.00 44.87 273.81 573 as is discussed in the Identification of Solids wi R section.
24.00 26.65 49.35 274.28 273 The result of these challenges is that the uncertainty of the

composition of solution at the two ternary eutectics is higher

The_ thermograms ir_‘ Figure 5 are u_s_ed to show that ternary y,,, we reported for other ternary systems and than we typically
eutectic point A exists in Figure 4; additionally, the correspond- yatermine for binary eutectics in binary systeths

ing location of where each sample reaches the ice/salt phase
boundary is indicated by the colored dashed lines in Figure 4.
The green thermogram in Figure 5 with a composition of 20.00/
7.50 wt % NHNOs/(NH,)>,SOs has ternary eutectic and phase
boundary temperatures of 252.8 and 255.0 K, respectively. The

Alkemade Lines. Once the phase boundaries are known in
a ternary system, Alkemade lines can be drawn between
molecular solid compositions that share a phase bourfdary.
These Alkemades, which can be viewed as binary cross-sections,

phase boundary temperature of the green thermogram indicate§Onsttute elthe_r atrueora pgeudo-bmary syste m._The Alkemade
the phase boundary is approaching a minimum by the decreaséN'” be a true binary system if the Alkemade I!ne intersects the

in temperature from the NdMOs/H,O binary eutectic temper- common phase bounqary bgnNeen thg binary solids. The
ature of 255.6 K; also, the ternary eutectic temperature of the Alkemade is a pseudo-binary if it does not intersect the common

green thermogram corresponds to the temperature of ternaryg_ d i ; o “subsvst » which
eutectic point A in Figure 4. The brown thermogram in Figure Ivide a ternary system Into ternary “subsystems:, which can

5, with a composition of 19.99/9.00 wt % NNOy/(NH2);SOs, be studied independently qf the overall system. Since these
has ternary eutectic and phase boundary temperatures of 252. Ikemadg supsystems constitute true ternary systems, each must
and 254.6 K, respectively. The sample in the brown thermogram ave an invariant lpomt, elthgr within the Alkemade subsystem
e th prase bounday o i cpposte e of pot A% 1A SUECIEn ulse e Akeriade siberen (o
with respect to the green thermogram and shares the eutecti :
melting temperature corresponding with point A; yet, it also n the NH“NO3/(N_H4)ZSO4 system: 2ANAS and ?’ANAS'
shares the phase boundary temperature of the green thermograrr:[heremre’ theoretically, there could be Alkemade lines between
This similarity in phase boundary temperature, between the each salt, 2ANAS or 3ANAS, and water.
green and brown thermograms, indicates that a minimum exists e have experimentally shown that two invariant points, both
on the ice/salt phase boundary between the points where theof which are ternary eutectics, exist in this system. The presence
melting paths of samples with concentrations of 20.00/7.50 and Of these two invariant points indicates that two unique Alkemade
19.99/9.00 wt % NEHNO5/(NH.),SOy intersect the ice/salt phase ~ Subsystems exist; therefore, an Alkemade line must exist
boundary. between 3ANAS /H,O or 2AN-AS/H,O. From our data and
The blue thermogram in Figure 5, with a composition of Phase diagram theory, we have determined that Z¥&Nand
14.99/9.99 wt % NEHNOg/(NH,).SO;, has ternary eutectic and ~ Water constitute a true binary system. The binary character of
phase boundary temperatures of 250.9 and 253.6 K, respectivelythe 3ANAS /H,0 system indicates that an Alkemade line exists
The phase boundary temperature of the blue thermogram isbetween 3ANAS and water.
lower than that of the brown thermogram; thus indicating that ~ Samples were analyzed using DSC and infrared spectroscopy
another minimum is being approached along the ice/salt phasewith concentrations that fell on the 3ANS /H,O Alkemade
boundary. Also, the blue thermogram'’s ternary eutectic melting line. Both DSC and infrared spectroscopy experiments indicated
temperature corresponds to the temperature of point B. The redthat 3AN-AS is a true binary system. Each technique showed
thermogram in Figure 5, with a composition of 10.01/10.01 wt two transitions: the melting of ice and the dissolution of 3AN
% NH4NO4/(NH,4)2S0Oy, has ternary eutectic and phase boundary AS. DSC thermograms of samples that are on the Z¥gNH,O
temperatures of 250.8 and 252.4 K, respectively. Once again,Alkemade line can be found in Figure 6. The transitions in the
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Figure 4. Ternary phase diagram that shows the Alkemade (blue) line betweerABABNd water. The large colored dots correspond to the
concentration of samples for which thermograms are given in Figure 5 (same color). The corresponding colored dotted lines represent the liquid
concentration path as the sample melts while heating. Thermal signals along this path are given in Figure 5.

TABLE 4: Phase Diagram Invariant Points as Given in Figure 4

type of
label in solids at invariant
wt % NH;NO3 wt % (NH4)2SOy T (K) Figure 4 invariant point point
32+2 13+ 2 252.53+ 0.37 A NH;NO3, 3AN-AS, H,0O ternary eutectic
16+2 26+ 2 251.11+ 0.48 B 3ANAS, (NH,);SO;, H,O ternary eutectic
C 3AN-AS, 2AN-AS, (NH,),SO, tributary reaction point

41.52+0.4 0 255.56+ 0.59 D ice, NHNO; binary eutectic

0 38.9+0.4 254.714+ 0.88 E ice, (NH).SO, binary eutectic

blue thermogram are the melting of 3AAS and ice at 252.5  binary or ternary eutectic point) is given by tbasettemper-

and 262.5 K, respectively. The transitions in the green thermo- ature of the first endotherm in a heating process, any interfering
gram are the melting of 3AMS and ice at 252.6 and 258.4 K, contamination in a binary sample to produce ternary charac-
respectively. As is seen by the final melting temperatures of teristics disallows the determination of the binary eutectic
the blue and green thermograms, the melting point of ice is temperature when the two eutectics are close in temperature,
depressed as the concentration of 3AN increases. The as is the case here. We observed this contamination in all of
transitions in the red thermogram consist of the melting of ice our binary samples; therefore, we were unable to determine the
and the dissolution of 3AMS at 252.5 and 281.9 K, respec- exact temperature of the ice/3ANS binary eutectic. However,
tively. The binary phase diagram for 3ANS/H,O is included from phase boundary temperatures near the icef3&NAlke-

in Figure 7, and the eutectic temperature (average of 17 samples)nade, we have determined the eutectic temperature +®2b8.6

is 252.524 0.10 K. The binary eutectic temperature in Figure K. Theoretically, the Alkemade line should be a temperature
7 is very close to the ternary eutectic temperature of ice/NH maximum on the phase boundary. Therefore, the true binary
SO/3AN-AS (point A) in Figure 3. This similarity in temper-  eutectic of the 3ANAS/H20 system is a maximum along the
atures is very likely due to the great difficulty in making samples ice/salt phase boundary.

with concentrations exactly along the Alkemade to produce a According to our analysis, an Alkemade line does not exist
pure binary system. Hence, any variation from a true binary between 2ANAS and water. First, we experimentally found
composition leads to “ternary contamination” in samples with that 2AN-AS/water does not constitute a true binary system.
compositions along the 3AMS /H,O line: samples will show  Therefore, if 2ANAS and water shared a phase boundary, an
ternary character unless they are composed of an exact 3 to JAlkemade did not intersect it. Second, we only observed
molar ratio of NHNOs; and (NH;),SO,. As a result, a very small two invariant points in our experiments. If an Alkemade
endotherm appears in the thermograms of Figure 6 correspondiine had existed between 2ANS and water, then we would
ing to the temperature of one of the ternary eutectics. This is have experimentally observed another invariant point in at
seen either by the smaller slope of the first endotherm, or by a least one of the samples run in Figure 1. Our experiments probed
change in slope of the first endotherm, both indicating overlap- the whole ice/salt phase boundary, and we did not observe
ping endotherms. Since the indication of first melting (either a 2AN-AS. Therefore, an Alkemade line cannot exist between
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Figure 5. Thermograms used for eutectic analysis. The compositions of the thermograms are as follows: green thermogram, 20.00/7.50 wt %
NHsNO3z/(NH4).SOy; brown thermogram, 19.99/9.00 wt % MNRIOs/(NH4).SOy; blue thermogram, 14.99/9.99 wt % NNOz/(NH.).SOy; red

thermogram, 10.01/10.01 wt % NNO3/(NH4).SOs; gray thermogram, 5.00/36.02 wt % NNOs/ (NH4).SO.. The gray thermogram was divided
by 5 for clarity. Colors of thermograms correspond to colored points and dotted lines in Figure 4 (see figure caption for details).

2AN-AS and water because ice and 24 do not share a  eutectic melting temperature of 252.6 K and a final melting
phase boundary. We did not identify 2AAS in the region of temperature of 258.4 K.
the system that we studied; however, we predict that the:2AN | an effort to confirm that the salt we observed in the FTIR
AS stability region is at temperatures greater than 313 K. As spectra was in fact 3AMS, we produced solid 3AMS to
2AN-AS does not share a phase boundary with ice, its phaseacquire a spectrum of the pure solid. As previously stated in
boundary must intersect the 3ANS phase boundary at a the experimental section, 3ANS was produced following the
temperature greater than 313 K. The intersection of the phaseprocedure of Smith et &} Before taking a spectrum of the salt,
boundaries of 3ANAS, 2AN-AS, and (NH).SO, forms a  we determined its anion ratio. Anion analysis using an ion
tributary reaction point. Point C in Figure 4 is considered a chromatograph showed that the molar ratio of JSO; 2 in
tributary reaction point because two phase boundaries meetthe crystals was 3.1 0.17. Therefore, the salt we crystallized
(3AN-AS/2AN-AS and 2ANAS/(NH,)2S0O) with a third phase  had the right N@/SO,2~ molar ratio to be 3ANAS. The salt
boundary (3ANAS/(NH4)4SOy) approaching from a lower tem-  was then used to acquire an infrared spectrum in order to
perature than either of the other two. As a result of the tributary confirm that the peaks at 835 and 826 ¢nin the 3AN-AS/
reaction point, 2ANAS cannot coexist with ice in equilibrium.  H,O samples also appeared in our crystallized 3ASIsample.
When in equilibrium, 2ANAS can only exist with liquid water.  The resulting spectra in the region of interest of solid 3AN
Identification of Solids with FTIR. In our samples, crystal- ~ AS, ammonium nitrate, and ammonium sulfate (all in KBr
lization and melting of ice and the various salts was detected pellet) are found in Figure 9. Additionally, the relevant region
using FTIR. An example of a typical infrared experiment of a of a frozen 31.0/17.1 wt % NHNO3/ (NH4)>SO, sample is
sample with a composition on the 3ANS Alkemade line is shown in the figure. The pure crystal 3AAS (blue) spectrum
given in Figure 8. As can be seen, at room temperature, theagrees with our frozen sample spectrum (with a composition
liquid has a peak at 829 crh most likely due to nitrate (red  along the 3ANAS/H,O line [red]) not only in the energies of
spectrum)® This sample was cooled to 230 K where both ice the peaks observed (832 and 826 ¢rws 835 and 826 crt),
and 3ANAS crystallized (black spectrum). The spectrum with but also the ratio of the peak amplitudes. (We believe there is
the crystalline film containing ice and 3AKNS has a doublet @ slight shift in the 832 cmt peak of the pure 3AMS crystals
composed of peaks at 834 and 826 émJpon warming, the to 835 cnt?in our spectrum due to the presence of ice.) Also,
3AN-AS melted at 253 K, as indicated by the disappearance of it is seen that the salt we made could not have been a mixture
the 834 and 826 cnt doublet and the return of the aqueous Of solid ammonium nitrate and ammonium sulfate in a ratio of
nitrate peak (blue spectrum). After the melt of 3488, ice 3 to 1 because the spectra of each solid cannot be added to
began to melt until it completed its conversion to liquid at 258 match the observed 3ANS spectrum.
K (green spectrum). Both of these transitions match the green Recently, the infrared spectrum of each double salt, 3AN
thermogram with the same composition in Figure 6 with a AS and 2ANAS, has been characterized by Schlenker ét&.
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Figure 6. Thermograms for the 3AMS/H,O binary system and thermal decomposition of the unknown solid. The compositions of the samples
are as follows: blue thermogram, 17.49/9.63 wt %/NB4/(NH4),SOs; green thermogram, 22.78/12.52 wt % MHD3/(NH.).SO;; red thermogram,
34.70/19.09 wt % NENO3/(NH4).SOy; black thermogram, 39.98/5.00 wt % MNOs/ (NH4).SOs. The black thermogram shows the decomposition

of a new solid and was multiplied by 2 for the purpose of clarity.

300

290

280 1

Ice + Liquid 3AN'AS + Liquid

1 o | | o | Bormm | I o T |
= == L™= == | B O | g = =
250
Ice +3AN'AS
240
0 5 10 15 20 25 30
Wt% (NH,),SO,

Figure 7. Experimentally determined 3ARS/H,O Binary Phase diagram. The symbols are as follows: squares, eutectic melt; diamonds, final
melt or dissolution.

using an aerosols flow tube technique. They assigned uniqueto be+3 cm 1, and ours is likely of the same magnitude. These
peaks characteristic of 2A4MS to be 825 and 834 cm, while uncertainties may account for the difference between their
the unique peak for 3AMS was found to be 821 cm. observations of 821 versus ours of 826 @énfor 3AN-AS;
However, we observed 826 and 832 @mto be peaks however, it does not account for our observation of a peak at
characteristic of anhydrous 3ANS, not 2ANAS, and we have 832 cn for 3AN-AS, which they assign to 2AMS. Schlenker

not observed a peak at 821 chfor 3AN-AS as Schlenker et et al. do not give justification for their assignments or how they
al. have. They state the uncertainty in their peak measurementgdetermined the exact composition of the solids they observed
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Figure 8. IR spectra of a 22.78/12.52 NNO3/(NH,4).SO, sample: red, completely liquid sample at 284 K; black, crystallization of both ice and

3AN-AS occurs at 230 K; blue, the eutectic melt of 3/ occurs while at 253 K; green; the melting of ice has completed and only liquid
remains at 258 K. Red spectrum is offset .05 absorbance units for clarity.
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Figure 9. Infrared spectra of salts: black, (NJZSOs; green, NHNOs; blue, 3ANAS crystallized according to the method of Smith et?ated,

solid ternary sample (31.0/17.1 wt % NWKO3/(NH4).SOy). The spectra were offset for clarity as follows: Black0.35 units, Green: Divided by
8, Blue: +0.3 units, Red: Multiplied by 6 and-0.14 units. Additionally, ice was subtracted from the ternary spectrum.

in their studies. As stated above, we obtained a referenceby ion chromatography. Therefore, we are confident in our
spectrum for 3ANAS by producing crystals of the solid using conclusion that the doublet at 826 and 8323 cm! is
the procedure of Smith et &t,and confirmed the composition  characteristic of 3ANAS.
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Figure 10. Infrared spectra of a new solid before and after thermal decomposition at 250 K in a 39.98/10.00 wiNiBNNH,4),SO, sample.
Red, new solid present in frozen sample at 247 K; blue, after solid decomposed at 250 K.

Mixed Solid. We have observed the thermal decomposition
of a previously unreported solid in 42 of our samples at a
temperature of 250.82 0.31 K, as determined by DSC. The
black thermogram, in Figure 6, with a concentration of 39.98/
5.00 wt % NHNO3/(NH,4).SO, shows an example of the
decomposition of this solid. The thermal decomposition is
immediately followed by a recrystallization, because the liquid

There is a known solid/solid-phase transition of /Ni; from
tetragonal to orthorhombic configurations at 256.2 K with an
enthalpy of transition of 473 J/ mél.The average enthalpy of
the transition we observe is 5.6 kJ/mol and occurs at a
temperature of 250 K, well over a factor of 10 larger in energy
and 6 K lower in temperature than the pure D3 transition.
Also, we note that the amount of solid in this phase scales with

is unstable at a temperature below the ternary eutectic. As three(NH,4)>SO, concentration, and the IR spectrum contains shifts
endotherms follow in the thermogram at the predicted temper- in sulfate peaks when this solid decomposes. Neither of these
atures, it is apparent that the recrystallization returns the solidsobservations would be seen if the transition we observe were
in the sample to those that compose the Alkemade region insimply due to the solid/solid-phase transition of ammonium

which the sample is present.

nitrate. Therefore, we conclude it is highly unlikely that the

We also observe a peak in the infrared spectrum that appeardransition we observe is the tetragonal to orthorhombic transition
to be characteristic of the new solid (see Figure 10.) Samplesof ammonium nitrate.
that undergo the thermal decomposition at 250 K have a peak Comparison to AIM. We have compared our experimentally

that disappears at 1043 cinas is seen in Figure 10. Addition-
ally, the amplitude of the Nkt peak at 1426 cmt typically
decreases, the NO peak at 1350 cmt' shifts slightly to 1342
cm~1, the SQ? peak at 1089 crit shifts slightly to 1084 cm,
and the SGF~ peak at 619 cm! changes shape upon thermal

determined melting points to the predictions made by the
Aerosol Inorganics Model (AIM$° The model is based on solid/
liquid equilibrium data for the NENO3/H,O and (NH,),SOy/

H,0 binary systems down to the eutectic temperatures. How-
ever, for ternary components, the model is based on literature

decomposition of the solid. Each sample that underwent this data from 273.15 K and above. Therefore, we expect the model

thermal decomposition is labeled in Figure 1.

to perform best at low ternary solute concentrations, which fall

From our DSC and IR experiments, we observed that all but within the ice primary phase field.
one of the samples that underwent the thermal decomposition The results of the comparison between our final melting point

were located in the NHNO3s/3AN-AS/ H,O Alkemade region
(no samples with NEFNO3 concentration below 30 wt % had
this transition, whereas most samples above 40 wt %N\
exhibited this transition.) Additionally, the amount of sample
undergoing this transition increased with increasing {N&0,

data and those predicted by the AIM are found in Figure 11.
The range of the difference in temperature between our data
and that calculated by the AIM modelis44 to+8 K; however,
very few predictions deviated from our data as significantly as
the maximum and minimum of the range. We calculated the

concentration in the stated region. However, there does notaverage absolute difference in final melting and dissolution
appear to be a more specific trend such that we could assign a@emperatures to b&£2.6 K; thus, the model performs quite well

possible composition and mole ratio of K¥O3/(NH,4).SO, to
the solid. Given the range of NNO3/(NH4),SO, ratios in the
NH4NO3/3AN-AS/H,O Alkemade region, we believe the solid
could be 4ANAS or a combined salt that is richer in ammonium

at lower temperatures even though it is based on data at higher
temperatures. Inside the ice primary phase field, the majority
of the predictions made by the AIM are withil K of our
experimentally observed final melting points. The area of the

nitrate than the known combined salts. Further investigation of phase diagram with the largest deviation between our data and
this solid is needed to more precisely determine its nature andthe predictions of the AIM model is outside of the ice primary

properties.

phase field.



12116 J. Phys. Chem. A, Vol. 111, No. 48, 2007 Bothe and Beyer

Water
0% »,100%
AlM = 10 K Low
9%
a5% AIM 5 to 10 Low
AM 1 1lo 5 Low

AlM -1 to 1 K Different
Al 1 1o 8 K High
Al 5 to 10 K High

iy

+ 4 O 8 8 @

- Wi% Water

Ammonium Nitrate 10% 15;5 209‘5 25% 30;& ; 350, 40:96 45% 5[5% Ammonium Sulfate
Wit% Ammonium Sulfate
Figure 11. Difference between AIM predictions and our experimental data in K (our-dalisl prediction). The thick red line is the ice/salt phase
boundary predicted by the AIM model while the black lines are our experimentally determined phase boundaries. The large solid blue and black
points are the AIM’s predicted ternary eutectics composed ofNPY/3AN-AS/H,O and 3ANAS/(NH,).SOy/H;0, respectively.

The discrepancies in the salt primary phase fields are the mostThe solid found in the 3ANAS/H,O absorption spectrum was
significant. This is most likely due to the difference in the matched to solid 3ANAS that we crystallized following the
locations of the primary phase fields predicted by the AIM. The procedure of Smith et a1, and we report a unique peak due to
AIM predicts 2AN-AS to be a stable solid inside our defined 3AN-AS at 832-835 cntl. The thermal decomposition of a
3AN-AS primary phase field, whereas the only salts that we new solid at 250.82= 0.31 K has been reported. We observed
observed in this region were NNOz and 3ANAS. However,  this decomposition in both our infrared spectroscopy and our
the AIM model agrees with our experimental results as it DSC data. The transition was observed in all samples with
predicts that ice and 2AMS do not share a phase boundary. concentrations lying in the salt primary phase fields of the;NH
Additionally, the AIM predicts two ternary eutectics composed NQO,/3AN-AS/H,O Alkemade region (with one exception).
of NHsNO3/3AN-AS/H,O (13.1/29.8 wt % NENO3/(NH4)o- Samples that formed the new solid where rich in ammonium
SO;) and 3ANAS/ (NH4):SO/H20 (10.5/32.9 wt % NENOy/ nitrate and poor in ammonium sulfate; therefore, we believe

(NH,)2SQy) with melting temperatures of 252.0 and 251.3 K, e solid is another combined salt that is richer in ammonium
respectively. Although the solids of the ternary eutectics are in nitrate than 3ANAS.

agreement with our study, the predicted composition of thg-NH
NO3s/3AN-AS/H,0 ternary eutectic point differs significantly
from observation, as seen in Figure 11.

We have also compared our data to the predictions of the
Aerosol Inorganics Model (AIM¥° The AIM model is based
on solubility and electrodynamic balance data above 273 K; as
Summary a result, any predictions below 273 K are an extrapolation of
the solubility and other data. It was found that the AIM's
predictions for final melting and dissolution temperatures were
in good agreement with our experimental data, particularly in
the ice primary phase field. We also found good agreement
between our experimentally determined ice/salt phase boundary
and the AIM model’s prediction. The AIM predicts two ternary

into two Alkemade regions which act as individual ternary eutectic_points consisting of the same solids put with differing
systems. These Alkemade regions are composed oiNGh! composmon_s than our repor_ted ternary eute_ctlcs. AIso_, the AIM
3AN-AS/H,0 and 3ANAS/(NH,),SOy/H.0 with ternary eu- model p_redlcts that 2AM\S is a stable salt in the_reglon that
tectic points at 32.0/13.6c 2.0 and 16.0/26.0: 2.0 wt % € studied, although we did not observe 2AS in any of
NH.NO3/(NH,);S0; and melting temperatures of 252.530.37 ~ OUr experiments.

and 251.11 0.48 K, respectively. In addition to demonstrating It is well known that both 2ANAS and 3ANAS exist!®

the existence of these Alkemade regions, we have determinedHowever, we have experimentally shown that 2AIS does

that SAN'AS/H,0 is a true binary system, and hence it shares not form in the presence of ice when in equilibrium, and
a phase boundary intersected by the Alkemade. Additionally, therefore, they do not share a phase boundary. We have
we have directly observed 3ANS using infrared spectroscopy. determined the 2AM\S primary phase region exists at tem-

The water-rich region of the NfMO3/(NH4),SOy/H,0 system
has been investigated at low temperatures. We coupled our
experimental data with literature data to create an/NB/
(NH4)2SOy/H,0 solid/liquid phase diagram. We have demon-
strated that an Alkemade line exists between 3A8land HO;
therefore, the NENO3/(NH,4).SO/H>0 system can be broken
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peratures above 313 K; as a result, it is possible for 206
to coexist with solution, but not ice.
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