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Ammonium Sulfate: Equilibrium and Metastability Phase Diagrams from 40 to —50 °C
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The temperature-dependent phase diagrams, from 46bM°C, of the binary (NH),SO/H,O system are

derived from data collected in a low-temperature, single-levitated-particle apparatus. The conditions of vapor
pressure, temperature, and composition, at which particle phase transitions occur along the path of increasing
relative humidity, define the equilibrium phase diagram, whereas the set of conditions that induce transitions
in the reverse direction defines the metastability phase diagram. A new, stable crystalline phasg)sf (NH
SO4H,0 is identified. Below—19.354+ 0.05°C, the anhydrous (NpL,SO,—ice eutectic point, ammonium

sulfate does not deliquesce as the RH is increased but instead undergoes-addialiphase transition to

form a tetrahydrate phase. (MRSO,-4H,0 incongruently melts at19.35°C. Equilibrium phase transition,

as well as metastable to stable phase transitions, for this system are mapped out, and the derived phase diagrams
allow for prediction of the composition and phase of ()30, aerosols under the full range of atmospheric
conditions and paths. Present observations are in excellent agreement with previous data.

1. Introduction 30 +——t+——+t——+——+—

Atmospheric aerosols play important roles in visibility
degradation and climate chanyeAerosols impact the global [ _ ]
climate directly, by the scattering of significant portions of solar 25 + © solution growth 1
radiation to space, and indirectly, as they control cloud optical A anhydrous evaporation T
properties and formatioh. The indirect effect of aerosols on
cloud coverage and cloud optical properigstill remains the
largest uncertainty in the estimate of anthropogenic emissions
and their impact on climate. Aerosols and cloud droplets also
provide sites for important heterogeneous reaction pathways,
which alter atmospheric chemistry and composifioRor these
reasons, processes related to atmospheric aerosols have recently
taken center stage in atmospheric science research.

Sulfates are the most important class of anthropogenic
atmospheric aerosols. They are the product of the oxidation of
SO, to HySO.5>¢ In the remote atmosphere, where aerosol
concentrations are low, sulfuric acid molecules nucleate to form
new particled. In polluted environments, where particles are
abundant, sulfuric acid molecules tend to condense on preexist- [ (5 )
ing particles. In the polluted lower troposphere, where ammonia I %
concentrations tend to be high, sulfuric acid particles can be 0 (P —
neutralized all the way to ammonium sulfate, while at higher o
altitudes and in the presence of lower ammonia concentrations, 0 20
aerosols may be only partially ammoniafedRecent experi-
mental results, however, which study contrail and cirrus cloud
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formation, show that ammoniated sulfate aerosols can be Figure 1. Ammonium sulfate growth and evaporation cycle at’25

transported to the upper troposphere by conveétion. (reproduced from Tang and Munkeliz Open symbols designate
In this paper we present the ammonium sulfate water hasethe growth phase; filled symbols designate evaporation. The growth
pap P P cycle starts at point 1 with an anhydrous ammonium sulfate crystal

diag_ram which we derived from observations of single levitated it remains in that phase up to the deliquescence point 2. Path 2 to 3
particles over a broad range of temperatures and vapor pressuresepresents the deliquescence process, during which the particle absorbs
Droplet growth and evaporation studies of single levitated the exact amount of water required to form a saturated solution phase
aerosol particles, including (NpbSQy, have been carried out  (in this case 9.56) to point 3. The droplet continues to grow as RH
in our laboratory since 1976 by Tang ef&i24 A reproduction further increases beyond the deliquescence point (3 to 4). During the

) : GO reverse cycle (4 to 3) the solution droplet passes the deliquescence
of one of these room-temperafure experiments on4 point 3; there, instead of undergoing a transition back to the solid phase,

particles is illustrated in Figure 1. The change in particle mass, e particle remains a homogeneous solution phase to point 5. At point
as a res_ult Of_ water vapor C_ondensatlon (open symbols) or s it effloresces suddenly and loses of all its water to return to anhydrous
evaporation (filled symbols), is expressed as moles of water crystal form. The region 35 represents the supersaturated solution.

TAlso at Institute for Terrestrial and Planetary Atmospheres, State P€r moles of solute and plotted as a function of relative humidity
University of New York. (RH). As RH increases, the solid (N}4SOy particle remains
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unchanged_ (1 to 2), until RH reaches 80%. At this point the GASIn —— ]
particle deliquesces spontaneously (2 to 3) to form a saturated —
solution droplet that contains 9.6 water molecules per molecule
of solute. Point 2 defines the deliquescence point of ammonium
sulfate at room temperature. The droplet continues to grow as
RH further increases beyond the deliquescence point (3 to 4).
During evaporation, the solution droplet passes the deliquescence
point without a phase change and becomes a highly supersatu
rated metastable droplet (4 to 5). Finally, crystallization occurs
at 37% RH (5 to 6). Similar results were also reported by
Richardson et al. (1984%,Rood et al. (1989)¢ Cohen et al.
(1987)17 and Chan et al. (19925.

A low-temperature, single-particle levitation system, recently
developed in our laboratory, allowed us to extend earlier
studied® and explore the behavior of this binary system over
an expanded temperature range. In this paper, we report the
first, complete single-particle-derived (NHSOy/H,0 equilib-
rium and metastability phase diagrams, as well as the discovery
of a new, low-temperature crystalline (MASOs-4H,0 phase.

A brief description of the experimental system is provided in :
section 2. Section 3 discusses the experimental results. Sectior -
4 is devoted to the phase diagrams and also provides some : l

. . GAS out
thermodynamic parameters for the saturated solution.

HeNe laser

2. Experimental Section

A detailed description of this low-temperature single-particle | 1, @  Temperature monitor
apparatus will be given in a separate publication, here We | gr . Heat traster straps
provide a brief outline of its principal components.

a. The Chamber. Figure 2 is a schematic representation

of the low-temperature apparatus. The single-particle levitation _ ) .
cell is constructed of copper, to ensure thermal equilibration, F19uré 2. Schematic representation of the low-temperature cell. The
. L. . . particle, shown at the intersection of the two laser beams, is levitated
and is suspended inside an insulating vacuum shroud. The celly; the center of the electrostatic trap created by the fields generated by
maintains thermal contact with a liquid nitrogen bath through the AC electrode (ac) and balanced against gravity by the DC field
heat-transfer straps (ST). Two resistive heating elements (H) created between the top (t) and bottom (b) electrodes. The interaction
allow for precise temperature control in the range-df40 to chamber, shown in solid, made of copper, is thermally connected by
30 °C. The system can be operated in fixed or scanning heat-transfer straps (ST) to the liquid nitrogen res_ervoirgg_[LNeaters
temperature modes. Cell temperature is monitored on the(H). are used to control the temperature, which is monitored at three
outside, in contact with the cell wall, and inside, above and points, above, below, and outsidex}.
below the particleTm). All reported data points correspond to  to the laser path. Phase transitions (seliduid) are readily
conditions in which the temperatures, above and below the detected from changes in Mie scattering. Since this single-
particle, are within 0.28C. The system is calibrated against particle levitation system is capable of operating over a wide
ice pressure at an estimated absolute accuraeyOo2 °C. temperature range and under controlled gas phase conditions,
b. The Particle Trap. A DC potential is impressed it provides a very powerful tool for the study of physical and
symmetrically on the top (t) and bottom (b) sheets of the two chemical properties of particles under realistic atmospheric
hyperboloidal electrodes. The symmetry of the DC potential conditions.
is maintained by a series of variable potentiometers over arange (NH,).SOy/H,O patrticles were generated and captured Hd
up to 20 V. An AC potential is impressed upon the hyperbo- °C. The system was then closed and pumped to a pressure lower
loidal conductor (ac). The AC potentialvaries over a range  than 107 Torr. For constant temperature experiments, the
of 500 V. Under optimal conditions, an electrically charged chamber temperature was set, the chamber was filled-with
aerosol particle can be contained for over a week at the null Torr of dry nitrogen, and the DC voltage/d) required to
point in space by an alternating electric field, where the particle position the dry particle at the null point was noted is the
is balanced against gravity by a DC potenti&c. The theory voltage corresponding to the mass of pure NBO;, particle.
and design of the single-particle levitation cell, also known as After V; was measured, the buffer gas was removed, water vapor
an electrodynamic balance, have been treated fully by was slowly introduced into the system, and the particle’s mass
otherstt—14.19-21 and its phase were monitored as a function of water vapor
A charged particle is obtained from a doubly filtered, 4 wt pressure. No buffer gas was used at pressures lower than ice,
% solution of known composition. That solution is loaded into and the total pressure was assumed to be that of water.
a particle gun, from which a single particle is produced by In the present study we also conducted a set of experiments
impact and injected into the trap. The particle is captured in designed to establish the properties of the system at temperatures
dry nitrogen at the center of the cell by the tweaking of AC and water pressures where the solution is in equilibrium with
and DC voltages applied to the electrodes. The diameter ofice. Here (NH),SO, particles were deliquesced at a constant
the dry particle is typically between 5 and Lén. A linear, temperature below OC, and the water vapor pressure was
vertically polarized HeNe laser beam penetrates the cell throughincreased, until ice plated on the cell walls. To facilitate
a side window and is focused on the particle at all times. The equilibrium 5 Torr of nitrogen was added as buffer gas. At
intensity of the scattered light is continuously monitored &t 90 this point the cell was sealed and the particle composition was

Ar ion laser
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Figure 3. Ammonium sulfate growth and evaporation cycle-2.4
°C. Symbols are identical to those used for the’@5cycle shown in WATER VAPOR PRESSURE (torr)

Figure 1. The deliquescence point 2 at this temperature is slightly higher _. . . . .
than that observed at 2&, and the saturated solution is composed of Figure 4. Composite cycle, designed to obtain information along the
11 waters for each ammonium sulfate molecule. The highest RH data ic&/Solution equilibrium line. The constant temperature growth path (1
point (4) corresponds to ice pressure. Note that while the deliquescence?) carried out at-13.5°C is analogous to that shown in Figures 1 and
RH at this temperature is onkz2% higher than that at 25C, the 3 To bring the water pressure in the chamber into (_aqumbrlum with
efflorescence point is 9% higher. ice, the chamber temperature was lowered 1%.0°C wh|!e t_he water
inlet valve was kept fully open. Constant pressure is indicative of
. . equilibrium with ice, and the path 5 to 6 represents the cooling cycle
monitored as the temperature was reduced. This procedure,jong the ice line. At a temperature 687.5°C (point 6), the solution

ensured that the system was maintained at equilibrium with ice droplet suddenly transforms to a solid particle composedb waters

throughout the entire path. for each ammonium sulfate molecule. At constant temperature and
pressure, the composition of this solid changes gradually by a loss of
3. Results water (path 6 to 7), until it reaches its final tetrahydrate state. The

The data reported here is a product of a large number of tetrahydrate phase is stable to any further temperature changes up to
experiments on many particles. In Figures 3 and 4 we provide —19.35 °C. Here the particle melts and absorbs water to form a

le of tw h . t t tant t homogeneous solution at point 9. To close the cycle the temperature is
an example o 0 such experiments, one at constant lemper-gayated to-17.5°C (point 10) and kept constant, while the chamber

ature and the second a hybrid experiment, consisting of apressure is decreased. The evaporation cycle (10 to 11) produces the
constant temperature hydration followed by a temperature scanoriginal anhydrous crystal by efflorescence (point 12).
along the ice line.

Figure 3 illustrates a hydration/dehydration cycle as a plot that at 25°C, the efflorescence RH has increased from 37% to
of mole ratio HO/(NH,4)>S0Oy vs relative humidity at a constant  46%. This large temperature effect on efflorescence RH is a
temperature 0f~9.4 °C. The cycle shown in this figure is  consistent feature in this system.
qualitatively very similar to the room-temperature cycle shown  Figure 4 illustrates a hybrid cycle that was designed to study
in Figure 1. In the path 1 to 2 in Figure 3, the particle exists the properties of this system along the watiee frost line. This
as anhydrous (NSO, which is the stable phase up to RH cycle starts with the hydration of an anhydrous particle (path 1
= 82.2% (point 2), the deliquescence RH-&2.4 °C. At this to 2), at a constant temperature-6£3.5°C. At this temperature
point, the particle rapidly absorbs water and forms a saturatedthe deliquescence point (2 to 3) is at 1.35 Torr (RH82.4%)
(NH4)2SO, solution droplet (path 2 to 3), with about 11 water and the saturated solution droplet composition is 11.6 water
molecules per (NB>SO;, solute molecule. As RH is increased molecules per (Ng,SO, solute molecule. The path 3 to 4
beyond the deliquescence point, the particle takes up water,produces a dilute solution where the water pressure is that of
which causes the (NPJLSOy concentration drop (point 4). On  ice at—13.5°C. To ensure that the system is at the ice frost
the reverse path, where RH is decreased, the particle remaingoint, the temperature is decreasedt6.0°C while the water
in the liquid phase far beyond the deliquescence point and vapor source remains open. A waiting period of a few hours
produces a supersaturated solution. The dehydration path (4allows the system to reach equilibrium, as noted by constant
to 5) exhibits typical hysteresis, and from point 3 to 5 the particle temperature and water pressure equal to that of ice. At the end
is in a metastable supersaturated state. At this temperatQré (  of the waiting period the chamber walls are coated with ice,
°C), the efflorescence point (5) is at RH46% and the particle  and as long as the temperature is not allowed to rise ab@sed
suddenly crystallizes to form anhydrous (W$$Qs, by shedding °C the water vapor pressure in the cell is equal to and thereafter
of all excess water. Note that while the deliquescence point of controlled by the vapor pressure of ice. To facilitate thermal
the present run, at9.4 °C, is only 2.2% different in RH from equilibrium the cell is filled with 5 Torr of nitrogen. The
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temperature-dependent composition of the NSO, solution particular, the persistence of crystalline hydrates at water vapor
that is at equilibrium with ice is determined by the expression pressures far below the equilibrium pressure appears to be
of particle mass as a function of temperature (path 5 to 6). As commonplace. Similar observations were made in the case of
shown in Figure 4, the (Np,SO, particle in this run remained ~ NH4HSO4-8H,0 and LiClIO;H,0.2223 The persistence of
as a homogeneous supercooled solution droplet dowrB#5 water-rich phases deep into the metastable region may have
°C (point 6). At that temperature it suddenly transformed into important implications for a variety of atmospheric pro-
a solid particle composed of approximately 7.5 water molecules cesses.
per molecule of ammonium sulfate. When maintained for over ~ The combination of data as presented in Figures 1, 3, and 4
0.5 h at constant temperature and pressure, the particle losiof the vapor pressure temperatures and compositions where
additional water and attained its final stable composition of deliguescence occur with an increase in RH provides an
(NH4)2S04-4H,0 (path 6 to 7). While the path 4 to 6 is equilibrium phase diagram. Similarly, the conditions of phase
perfectly reproducible, the efflorescence temperatures of the transformations that are induced with a decrease in RH provide
particles were found to vary betweerd1 and—36.5°C. the data for the construction of a metastability phase diagram.
The tetrahydrate phase, once formed, remains stable as thd3oth types of phase diagrams are presented below.
temperature is varied along the ice line upt49.35°C (path
7t0 8). At—19.35°C the particle incongruently melts into the 4. Discussion
anhydrous phase and its saturated solution. Sint@.35°C
is the eutectic point between ice and the anhydrous phase, it is
also the anhydrous deliquescence temperature at ice pressur
which is the water vapor pressure throughout this experiment.
Consequently, the melt composed of the anhydrous particle and
its (NH;).SO, saturated solution promptly deliquesces to form
a single-phase droplet (8 to 9). (NESO-4H,O was also
observed to melt at-19.35°C under lower-than-ice pressure.

a. Phase Diagram. 1. Equilibrium Phase Diagram Figure
5a shows the (NkEJ>,SOy/H,0 equilibrium phase diagram in the
%omposition/temperature domain. The pure solution region is
indicated by horizontal lines. The observed deliquescence points
(open circles) define the (NHLSO,—solution coexistence line.
The ice-solution coexistence line down t637.5°C is labeled
with filled diamonds. The data points extending beyond the
Under these conditions the melting particle promptly transforms Z,I[J fggﬁlgﬁbﬁ(&,m ?(Zl_gfﬁerig{;shi,rggi ?#Ec?r:;?g:aeni ig)tleLljgilr?g

into the anh){dr.ous phase. ~ point at—19.35°C is represented by the horizontal line (IM).
The two distinct pathways that the system takes following The gata points labeled with filled squares represent the

incongruent melting at ice and lower-than-ice pressures delineatéiemperatures in which the tetrahydrate is formed.

some of the sharp differences between bulk and particle Figure 5b shows the same phase diagram as in Figure 5a,

behavior. In particle form the system must make a choice yregented in the water vapor pressure/temperature domain as a
between an all liquid statefor pressures equal to or higher than plot of log(P,) vs 1000T. The symbols in this figure are

ice, and a purely solid statdor pressures lower than ice. In cqngistent with those in Figure 5a. Also shown in Figure 5b
contrast, when a bulk sample of (WASQr-4H.0 incogruently 516 the waterice frost line and the liquid water vapor pressure

melts at—19.35°C, it produces a mixed phase of an anhydrous ¢ fynctions of 1. The anhydrous deliquescence points form
precipitate in a saturated solution. a nearly straight line in this plot.

As part of our routine quality assurance, we require that all  The observed anhydrous to tetrahydrate sefidlid phase
reported data derive from experiments in which closure was transitions are labeled as checkered squares. These transitions
demonstrated. To ensure that the data is free from artifacts suchyere induced at temperatures belew9.35°C through a rapid
as charge loss or contamination, we end every experiment atincrease of water pressure to above that of ice. The data,
its starting point. To close the cycle presented in Figure 4, aithough not as precise as the rest of the measurements in this
melting and deliquescence were followed by a slight increase study, suggest that this transition occurs along the anhydrous
in temperature to-17.5°C (path 9 to 10) and a dehydration at  geliquescence line. The light scattering pattern during this
constant temperature (path 10 to 11 to 12). At point 11 the transition indicates a partial solid-to-liquid transition that is
particle effloresces to complete the cycle at the anhydrous phas§mmediately followed by the formation of a new solid, whose
(point 12). composition is consistent with that of the tetrahydrate. The

The tetrahydrate phase can also be produced by a directincongruent melting point (IM) is shown as a vertical line in
anhydrous to tetrahydrate transition. These experiments arethis representation, and the tetrahydrate stability region lies to
carried out under nonequilibrium conditions, in which the the right of that line. It is interesting to note that the hydrated
temperature is maintained at less that©.35°C and the water solid forms for ammonium sulfate as well as for ammonium
pressure momentarily increased above the equilibrium ice vaporbisulfate, tetrahydrate, and octahydrate, respectively, form upon
pressure. At the point where the water pressure is increased tacooling a solution droplet along the ice line, as well as through
the expected deliquescence point of the anhydrous phase, wesolid—solid phase transitions.
observe a phase change. It can be described qualitatively as a 2. Metastability Phase DiagramBecause phase metastabil-
partial deliquescence, the end result of which is the absorptionity in aerosols is the “rule”, rather than the exception, the phase
of four water molecules by the anhydrous phase and the diagram above is a map in pressure, temperature, and composi-
formation of (NH;)2SO,-4H;0. tion of the conditions at which phase transitions take place with

Once produced, and as long as the temperature is kept belowan increase in RH alone. In contrast, phase transformations
—19.35 °C, the tetrahydrate phase does not revert to the along the reverse path, almost always commence from highly
anhydrous phase, even when the pressure is reduced fo 10 metastable states. This is a manifestation of a free energy barrier
Torr and maintained there for several days. This behavior that must be overcome in order to form a critical nuclus.
appears to be a unique property of aerosols. As a general rule, The value of a similar map for phase transitions along the
phase transitions induced by an increase in RH take place atpath of decreasing RH would depend on the degree to which
equilibrium, while those induced by a decrease in RH take place these metastable-to-stable phase transitions are reproducible. In
far from equilibrium, from a metastable to a stable phase. In a recent, similar study on the phase transformations of am-
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Figure 5. (a) Ammonium sulfate/water equilibrium phase diagram, expressed in temperature vs composition. The pure solution is represented by
the striped region. The ieesolution equilibrium data points are shown as filled diamonds and the anhydrous solution equilibrium points as open
circles. The eutectic point at19.35°C is labeled by EU. The composition of the tetrahydrate phase and its incongruent melting point are shown

as well. All the data points below the eutectic temperature correspond to a metastable solution whose vapor pressure equals that of ice. (b) Ammonium
sulfate/water equilibrium phase diagram as Rg(vs 1/T domain. The pure solution is represented by the striped region. Theahation coexistence

line is shown as filled diamonds and the anhydresalution equilibrium, i.e., the deliquescence points, as open circles. The eutectic point at
—19.35°C (3.94 in the figure) and ice pressure is labeled by EU. The region where the tetrahydrate is the stable phase is indicated as well. The
checkered squares represent the anhydrous to tetrahydrate transition points.
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Figure 6. (a) Ammonium sulfate/water metastability phase diagram in temperature vs composition domain. The pure solution equilibrium region

is represented by the open striped region, while the metastable solution is shown as the gray striped area. All observed efflorescence points are
indicated with tiled squares. Homogeneous ice nucleation from pure water is labeled with the octagon. The dashed line is based on an extrapolation
described in the text. X marks the lowest temperature where solution microdroplets can be found. (b) Ammonium sulfate/water metastability phase
diagram in the log®,) vs 1/T domain. The pure equilibrium solution region is represented by the open striped region, while the metastable solution

is shown as the gray striped area. All observed efflorescence points are indicated with tiled squares. Homogeneous ice nucleation from pure water
is labeled with the octagon. The dashed line is based on an extrapolation described in the text. X marks the lowest temperature where solution

microdroplets can be found.



Temperature-Dependent Phase Diagram of {i$&0/H,0 J. Phys. Chem. B, Vol. 102, No. 38, 1998467

40 T T T

I—e&'—eff. —O—del. —#—-0-4 m eff-4 O icenuc.l

—D

o other

ol o present del. i

O present ice

Temperature °C

Relative Humidity

.40 L L L
0 10 20 30 40 50

Ammonium Sulfate Wt%
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data, and latest model, all showing good agreement as far as the
saturated solution composition is concerned.
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Figure 8. Summary of all observed phase transitions in the binary
monium bisulfate, we have shown that in that system, metastable-2mmonium sulfate/water system in a RH vs temperature plot. The pure
to-stable phase transitions take place within a very narrow rangeequmbrlum solution region is represented by the open striped region,

- . -, while the metastable solution is shown as the gray striped area. The
of reproducible and therefore predictable conditiéhsThe deliquescence points form an almost straight line in this domain and

present experimental results on ammonium sulfate exhibit jndicate only a slight change in RH with temperature. The efflorescence
similar behavior. The efflorescence transitions take place along points, labeled with tiled squares, represent anhydrous formation. The
reasonably well-defined lines, repeatedly producing the samefilled squares correspond to efflorescence transitions that form the
phase within a very narrow range of pressures and temperaturestétrahydrate phase. The dashed line is based on an extrapolation

We interpret these observations to be indicative of a sharp onseldescridm’dlin the ti"t'fx m darkf] thi Iovll/estdtemperatur% where sholgtion

. ; R microdroplets can be found. The checkered squares indicate anhydrous-
of nucleation, as supersaturghon or undercooling 1S Ir]Creas(':'dto-tetrahydrate solidsolid phase transitions. The points labeled A, B,
beyond the threshold for the first observable nucleation to occur. ¢ x ‘and D mark boundaries along the nucleation path A to D where

The lines in these phase diagrams connect points of ap-phase changes take place. They are described in the text and listed in
proximately equal nucleation rates, which for our experimental Table 1.
system is~1 x 1 to 1 x 10° events/cc s.

We construct the (NEJ>SO/H,0 metastability phase diagram
by combining the conditions (temperature, water vapor pressure, The dashed lines in Figure 6a,b indicate the two extrapolated
and droplet composition) where the efflorescence transitions lines, and the intersection between them-ao °C is labeled
have been observed. The metastability phase diagram inby an X. This is the lowest temperature at which micron-size
temperature/composition as well as pressure/temperature dodiquid ammonium sulfate droplets can be found.
mains is shown in Figure 6a,b, respectively. The metastable The region defined by the line indicating the incongruent
solution region is represented by the gray area, and themelting point at—19.35°C (1000 = 3.94 K1) marks the
metastable solution-to-anhydrous transitions are marked by tiledstability region of the tetrahydrate. We find that once the
squares. These comprise all of the efflorescence points thattetrahydrate phase is formed and as long as the temperature
can be accessed by our current experimental system. The dataemains below-19.35°C this phase remains stable for several
suggest a slightly increasing spread in efflorescence conditionsdays even if water pressures are reduced to/ T®rr. This
with a decrease in temperature. The three lowest temperaturdinding is consistent with our previous observations on LiglO
data points are all on the ice line. H,0® and NHHSO,-8H,0 .22

The remainder of the metastable-to-stable transitions take The path taken to reach the gray region at temperatures
place under conditions that require the gas phase to bebetween—19.35 and—49 °C determines its phase; metastable
supersaturated with respect to ice formation, and these conditionssolution, ice, anhydrous, or tetrahydrate phases can all be found.
are inaccessible to our current apparatus. The well-known Figure 7 shows the good agreement between our current
homogeneous nucleation of water to ice-&88 °C is labeled observations and data obtained from past “bulk” experim&nts.
by the octagon in both figures. This section of the metastability This agreement underlines the utility of single-particle experi-
phase diagram is constructed by a linear extrapolatioiog- ments for the construction of such phase diagrams. The
(pw) vs 1IT space-of the observed efflorescence transition at advantage that single-particle experiments offer is their ability
temperatures below OC to extend the ammonium sulfate to investigate homogeneous phase transitions in an environment
nucleation line beyond the frost line. To derive the ice free of walls and impurities. Such systems also allow one to
nucleation line, we assume that it is linear in the same construct, without additional effort, pressure/temperature phase
representation and that the slope is the same as that of pure icediagrams.
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TABLE 1: Metastable-to-Stable Transitions in the 0.1 117 T T
(NH4),SO, Water System
final B o present
regiort temp,°C RH,%  phasé nucleus phasé e other
A—B 40t0—19.35 3553 AS (NH,)2.SOy -
B-C —19.35t0—38 53-68 AST (NH).SO;,  — 0.105 | .
C—X —38to—49 68-85 AST,ice (NH).SO, + S
X-D —49t0—38 85-100 ice, AST ice + Qlo
2The regions are defined according to Figure 8S, (NH,).SOy; gf,
AST, (NH4)2SOs4H,0. ¢ A + in this column indicates that the vapor b <
phase is metastable with respect to ice formation. 21E 04t -
E
n
A summary of all observed phase transitions (deliquescence, R|x

efflorescence, and soligsolid) are shown in Figure 8, as a plot

of RH vs temperature. The symbols remain consistent with 0.095
those in Figure 6a,b. This is the most natural representation of

the data for atmospheric systems. It shows the deliquescence
transitions as open circles and illustrates the very slight changes

in deliquescence with temperature. In sharp contrast, ef-

florescence transitions are shown to be highly temperature- 0.00 Lelo s e L \ .
dependent. In this figure the metastable-to-stable transitions 250 260 270 280 290 300 310
occur along the line AB—C—X—D. Table 1 lists the

temperatures, RHs, and the solids that form in each of these Temperature K

sections. With the aid of Figure 8 and Table 1 below, one can Figure 9. Plot of the composition of the saturated solution, in moles
predict the phase of an ammonium sulfate particle under any of solute per mole of water, as a function of temperature. The line is
atmospheric condition. It is important to keep in mind that the a quadratic fit to the data; its coefficients are given in Table 2 and are
region G-X—D is based on an approximate extrapolation and used to derive the heat of solution (see text for details). The fit is to
that line A-D is expected to be size-dependent. the combined present and past data for a total of 35 data points.

b. Thermodynamic Properties of the Saturated Solution.
1. (NHy)>SQ—Solution Coexistence LineMeasurement of the ~ TABLE 2: Empirical Parameters for Eq 3
vapor pressure over a saturated solution provides information™ Ay /r
on the enthalpies of that solution. To derive these quantities
we follow Tang and MunkelwitZ? where the change in In RH
with respect to temperature is expressed as:

a b [
606.1 0.0778 —1.83x 10 9.21x 1077

ice—solution coexistence line. To derive this line we combine
dinRH_ % (AHS) @ our current experimental data with previously available results,

dar  x\RT? for a total of 85 data points over a temperature range from 0 to
—37.5 °C. Equation 4 describes the empirical relationship

X1/X2 is the molar ratio (solute/solvent), andHs is the integral between temperature, in degrees Kelvin, and solution composi-
heat of solution. tion (W), in weight percent:

The molar ratio at the deliquescence point can expressed as s
a polynomial inT: T (K) = 273.15— 0.282W — 5.1529x 10 °W? +

3.537x 10 “W* — 9.02x 10 *W* (4)
X%, =a+bT+cT? 2
c. Estimating Uncertainties. Figure 9 can be used to
Equation 3 below is obtained when eq 2 is substituted into eq estimate the uncertainties in the composition measurements. On
1 and the resulting expression then integrated from a referencethe scale of this figure the-0.2 K uncertainty in temperature
temperaturer*: is insignificant and the scatter in the data is, therefore, entirely
due to the composition measurements. The uncertainty is
RH(T) AHJ 11 1 T derived by calculating the rms deviation about the line given
In RH(T¥) T RIATT T_*) —bln ™ (T="m™1 O in eq 2. When translated to ammonium sulfate weight percent,
it yields £0.5%.
whereT* is defined as a fixed reference temperature, in our ~ TO estimate the uncertainty in RH measurements, we use the

caseT* = 298.2 K. deliguescence data shown in Figure 8. The spread of observed
The coefficients in eq 2 are derived from a quadratic fit to deliquescence RH about the line in eq 3 implies a random error
the observed molar ratio. A plot of the observetk; in the on the order 0t£0.2% in RH. By comparison with previous

present set of experiments (open circles) and that previously measurements, we estimate an absolute accuragypai% in
available (filled circles) is shown as a function of temperature RH. Atlower temperatures and lower water pressures the error
in Figure 9 where the solid curve represents the quadratic fit to is closer to+1%.
the combined data, for a total of 35 points, whose parameters
are given in Table 2. 5. Conclusion

2. Ice—Solution Coexistence LineThe data presented in
Figure 5a above can also be used to derive an empirical These data provide strong support for the utility of single-
relationship between temperature and composition along theparticle experiments for the generation of complete and accurate
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