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The Search for Sulfuric Acid Octahydrate: Experimental Evidence
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We have investigated the,BO,/H,O binary liquid/solid phase diagram using a highly sensitive differential
scanning calorimeter (DSC) and infrared spectroscopy of thin films. In particular we have sought to investigate
the region from pure ice to sulfuric acid tetrahydrate (SAT), including a detailed look at the sulfuric acid
octahydrate (SAO). Our studies have found that there is a unique, repeatable IR spectrum for SAO. Our
spectrum is not merely a combination of spectra of ice and sulfuric acid tetrahydrate (SAT), as has been
previously suggested could be the case by Zhang et al. (Zhang, R.; Wooldridge, P. J.; Abbatt, J. P. D.; Molina,
M. J.J. Phys. Cheml993 97, 7351). From our thermal analysis experiments, we have identified the melting
transition of SAO. We report for the first time in the literature the enthalpy of fusion of SAO. We have also
determined from our studies using the energies of fusion of ice and the various hydratSOptthat SAO

is a major component of 1$0, solutions in the range 2840 wt % when they freeze. Our results indicate

that SAO could be present in solid or partially frozen polar stratospheric and upper tropospheric cloud particles.
Finally, we make a comment based on our results regarding the stoichiometric composition of SAO.

Introduction octahydrate was not discussed, nor was it studied by Bandy
and lannd2 using density functional theory, though they studied
all the other hydrates of sulfuric acid. Zhang ef%ateported

an infrared spectrum for the octahydrate, but stated they could
not conclude their spectrum was unique from a combination of

X X ice and SAT. Clapp et &f reported a similar IR spectrum for
When stratospheric and upper tropospheric sulfate aerosols coolgerosols. Imre et 46 generated aerosols that transformed into
solids may nucleate in the droplets. This can have an impactqyjigs with a vapor pressure consistent with the octahydrate,
on heterogeneous chemistry under various conditions in thep, ;; others have not seen evidence of freezing to the octahydrate
atmosphere. It has been shown that reactions on polar stratoy, their aerosol experiments, though not all investigators
spheric clouds (PSCs) are dependent on the water content Ofanalyzed for the presence of SA®1316-18

the surfaced? The higher the water content the faster the
reaction, so, for example, reactions on sulfuric acid octahydrate HSQOyH.0 solid/liquid phase diagram over the entire range
(SAO) would be expected to be faster than reactions on sulfuric compositions, but we focused mainly on the region from ice
acid tetrahydrate (SAT). Therefore, if sulfuric acid octahydraté , SAT |y particular we have measured the transition temper-
(SAO) is a solid that forms in PSCs, this water-rich solid could 5y,re5 of sulfuric acid octahydrate (SAO), sulfuric acid hemi-

be very efficient .at prqmoting stratospheric heterogeneous hexahydrate (SAH), sulfuric acid tetrahydrate (SAT), and ice
reactions. Alternatively, if upper tropospheric sylfate aerosols using differential scanning calorimetry (DSC). We have mea-
freeze they can promote cirrus cloud formation. To bettgr sured the energies of transitions and report for the first time
understand both these possibilities, one must know which solids 1, enthalpy of fusion of SAO. Using fusion enthalpy values
are thermodynamically stable when sulfate aerosols freeze or¢ yha yarious hydrates, we have determined the amount of each
partially freeze, thus requiring an accurate knowledge of the qyjig present when a liquid sample freezes. Using Fourier
H2SQ/H.0 phase diagram, particularly in the region where ice, Tyansform Infrared Spectroscopy on thin film samples, we have

SAO, and sulfuric acid hemihexahydrate (SAH) can form.  getermined the identity of solids present in liquid samples when
~ While the hydrates of sulfuric acid have been well defined they freeze and report a unique spectrum corresponding to SAO.
in the past, conclusive evidence for the octahydrate has beenye also discuss the composition of SAO, and whether it is, in

somewhat elusive. Hulsmann and Biitfirst reported an  fact, an octahydrate or another stoichiometric composition.
octahydrate, but Gable et&found no evidence for it. Hornung

et al® reported evidence for the octahydrate, but were only able Experimental Section

to speculate about its thermodynamic properties. Later, Giaque ) . .

et al® reported it as an unstable phase between 37 and 58 wt % __Sample Preparation.Acid samples were prepared by diluting
H.SOs. Mootz and Merschenz-Quatkreported the crystal 98 Wt % ACS reagent grade,BO, supplied by Fischer with
structure of the octahydrate, but the region of thermal stability Culligan purified water. The concentrated acid was standardized

was not defined. In a comprehensive review by ZeleZrtike y acid—base titration and the concentration of all samples is
known to+0.40 wt %.

* Author to whom correspondence should be addressed at Department. Infrared Spectra. The sample cell used for infrared spectra

of Chemistry, Wisconsin Lutheran College, 8800 W. Bluemound Rd., 1S Shown schematically and explained in detail in previous
Milwaukee, WI 53226. E-mail: Keith_Beyer@wlic.edu. literature?? Briefly, a small drop of HSQ, solution was placed

Many researchers have investigated th&S6,/H,O liquid/
solid phase diagram over the past 110 yéa?dNucleation in
H,SOW/H,0 aerosols has also been studied with respect to the
formation of ice or other hydrates in laboratory studied?®

In the experiments described here, we have reinvestigated
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between two AgCl windows, which were held in the center of experiments. Data in red are samples from experiments using
an aluminum block by a threaded metal ring. Sample volumes the 173 K method and data in blue are from experiments using
were -2 uL. On each side of the aluminum block a Pyrex the 138 K method. A summary of the eutectic and peritectic
cell was purged with dry nitrogen gas. KBr windows were transitions measured is given in Table 1 with a comparison to
placed on the end of each cell, sealed with O-rings, and held inliterature data. As can be seen from Figure 1, samples were
place by metal clamps. Heat tape was wrapped around the purgaifficult to freeze in the composition range 585 wt % H,-

cells to prevent condensation on the KBr windows. The sample SOy (region of SAT, SATri, SAD, and SAM stability), and for
was cooled by immersing the end of the aluminum block in afew samples around the ice/SAT eutectic. This is in agreement
liquid nitrogen and warmed by resistive heaters connected to awith bulk and aerosol studies that had difficulty freezing aerosols
temperature controller. Temperature was measured by a copperéf composition greater than 35 wt %80,.41912.14n general,
constantan thermocouple placed at the edge of the AgClitis seen that our data are in good agreement with the historic
windows and connected to the temperature controller. The work. We will now discuss specific transitions that are relevant
temperature of the cell was calibrated using Culligan purified to atmospheric aerosols.

water and high purity organic solvents (Aldrich): decane, |ce/SAT Eutectic. This eutectic spans the composition range
octane, and acetic anhydride of which the melting points are from 0 to 57.7 wt % HSO (SAT stoichiometric composition).
243.5, 216.4, and 200.2 K, respectivéfyThe IR cell temper-  powever, we have observed this transition up to 65 wt %,
atures are known on average to withifl.3 K of the transition  jndicating small amounts of ice can form up to this composition.
temperatures measured with the DSC. An average of all samples with this transition yields the
Spectra were obtained with a Mattson Instruments Galaxy temperature to be 199.32 0.43 K. There has not been
4020 FTIR with 16 cm' resolution. Each spectrum is the agreement in the literature on this eutectic temperature (see
average of 4 scans. Befo_re spectra were taken of a sample, araple 1). The most recent work on this system did not even
reference scan was obtained from a dry, purged sample cell.measure this eutectic, but rather calculated it to be 19886 K.
Samples were cooled to 192 K & K per minute and then  Other earlier workers assigned this eutectic a value between
allowed to warm to room temperature without resistive heating, 198 and 201 K- The rationale for assigning this eutectic will
typically this was~1 K/min. If acid samples did not freeze  pe given below since it is very close to the SAO transition.
while cooling, they were held at145 K for up to an hour and Sulfuric Acid Octahydrate. As indicated above, there has

the stamples would ﬁr]cystglllzg:'gogp\\/\_/rarmIl?g.. In 6.‘3 tcff%s ct)ur been much disagreement over whether the octahydrate even
spectra compare wetl for Ice, ’ » SUTIUNC acid nnydrate - g yiqiq \we provide here strong evidence for the existence of a

(SATri), and sulfuric acid monohydrate (SAM) with those low-temperature hydrate, though our evidence suggests that it
previously publisheﬂ((_Jletailed_compa_lrisor) of SAQ spectra V\.'ith is at Ieazt a nonah);drate, rathefyr than an octahydrgtgtle; however,
thos_e prewpusly publ_lshed will _be given in the results section.) for simplicity we will refer to this hydrate throughout as “SAO.”
D|_fferent|_al Scanning Calorimeter. Ther_mal_ d_ata_ WaS e have seen transitions in the DSC and IR experiments
obtamed with a.MettIer Tol_edo DSC 822e with liquid nitrogen corresponding to SAO. The average temperature of this transi-
cooling. Industrial grade nitrogen gas was used as a purge gasjon from DSC experiments is 200.370.36 K. This transition
with a flow rate of 50.0 mL per minute. The temperature oo s over a range of concentrations, from our most dilute
reprodu0|b|llty (.)f this instrument is _better tham'_(_)S K. Our sample at 2.2 wt % up to 60.4 wt %, thus showing the broad
accuracy is estimated to k0.9 K with a probability of 0.94 concentration region where this hydrate can occur (see Figure

based on a three-point temperature calibr&@fiaising indium 1). Th :

; . ’ . That the signals for several hydrates can be clearly seen
:'PLC l%rgdhe V;’]at?r’ and anhydrgus glgh-purlty (%};{mctane_ . and identified is illustrated in Figure 2. The various transitions
rom Aldrich, the latter two stored under nitrogen. The sensitiv- observed in this thermogram will be discussed below.

ity of our instrument to thermal signals is high. Previously, we . .
have calculated our sensitivity to detecting a component In Figure 3 we demonst_rate the uniqueness of the SAO IR
undergoing a thermal transition to be50 ppm?28 spectrum. [I;rewously published spectrzljor SAO are those of
. . ) . Zhang et af3for thin films and Clapp et ai*for aerosols. The
Samples were contained in a0 platinum pan and typically published spectra of both groups are quite similar; however,

had a mass 022 mg. In cases where samples did not freeze - .
. hang et al. stated that they could not differentiate between the
upon repeated runs, we used larger samples ranging from 60 tOéAO spectrum and a spectrum of ice mixed with SAT. Our

130 mg contained in 7@L platinum pans. Each sample was S . .
weighed before and after the experiment using a Mettler-Toledo ?Ipect;ul_m f%r S'?‘ho in F'guff_ 3 v:\;agszge?eo/rated by_freezmg ?thm
AT20 microgram balance. The average mass loss from evapora-I m ot liquid with composition 59.2 Wt 7o '2504 (in general, .
tion during the experiment was less than 1%. A typical sample we observed an identical spectrum for f_llms in the concentration
was cooled to 173 K at 10 K/min, held at that temperature range 26-45 wt %). Our ice spectrum is that of a frozen film

' of distilled water, and our SAT spectrum is that of a frozen

between 5 and 30 min, warmed to 183 K at 10 K/min, and held film of liquid with ition 4:1 HO/HbS h L
there for G-30 min, and then finally warmed at a rate of 1 K/min llm ofliquid with composition 4:1 HO/H,SQ, each consisting
of the same volume of sample. Spectrum A in Figure 2 is that

until 298 K. We will refer to this as the 173 K method. When fice + SAT whil B f SAO. F
samples did not freeze using the 173 K method a second method?' '¢€ T while spectrum B Is our spectrum o - ror
was attempted where samples were cooled to 138 K and thenc0MParison purposes, an initial spectrum was generated using

warmed using the same procedure as described in the 173 Kfsgemfs:tlao‘fl;lci)r;ge Tg::&g;[e? ttg%rlg\c;iiéu;er:i;:r%i:ﬁg A"_?md
method. We will refer to this method as the 138 K method. . -
the solid would be composed of 70.2% SAT and 29.8% ice,

thus the SAT/ice ratio would be 2.35. However, when we
produced a spectrum by multiplying our SAT spectrum by 2.35
Phase Diagram.Figure 1 shows the phase diagram of the and adding it to ice, it was found to be identical to our spectrum
H.SOy/H,0 system with the following data plotted: historic for SAT. Therefore, to enhance the ice features, we produced
data of Hulsman and BiltZ,Gable et al% and Kunzler and spectrum A by a 1:1 addition of the SAT and ice spectra. Even
Giauque® We have also plotted our data from two types of in this case, it is readily seen that our spectrum for SAO is not

Results
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Figure 1. Phase diagram of sulfuric acid/water. Data points in gold are from Hulsmann ané| Bitble et al?, and Kunzler and GiaqueAll
other data points are from our DSC work. Red data are samples cooled to 173 K, blue data are samples cooled to 138 K to induce nucleation by
passing through the glass transition. For concentrations less than 70 w&@&, ldymbols are: triangles, ice/SAT eutectic melting; crosses, SAO
transition; diamonds, ice/SAH eutectic; squares, SAH peritectic melting; circles, final melting. Letters refer to transitions listed in Eabtall; v
lines indicate exact composition of each hydrate.

TABLE 1: Summary of Transition Temperatures and Enthalpies of Fusion

area in Figure 1 phase transition this work literature values
a ice—SAT eutectic 199.32 0.43 K 198.15-201.15 KR
b SAO melting 200.3Z 0.36 K 200.6-200.8 K
c ice—SAH eutectic 211.26 0.56 K 21+211.28 K
d SAH-SAT peritectic 219.38: 0.28 K 219.15-220.28 K
AH¢ (SAH) 32.77+ 3.75 kJ/mol 31.9934.15 kJ/maol
AH; (SAO) 31.76+ 0.37 kd/mol n/a

aRefs 1-4,8.° Refs 3,8.°Refs 3,4,89Refs 8,21.

merely a mixture of the spectra of SAT and ice. While the peaks periods of time below the SAO transition at 200.4 K. However,
at~626,~1079, and~2351 cnt! match reasonably well, there  other samples did not first pass through this “metastable” state,
are significant differences among all the other peaks in the but rather immediately formed the “stable” state shown in
fingerprint region. Especially of note are the peaks at 845 and spectrum B. Also, the state of frozen SAO did not appear to
1313 cnttin our SAO spectra where there are minimum values depend on the freezing temperature of the sample, or the
in the SAT + ice spectrum. We have also performed spectral composition of the liquid it formed from. We cannot rule out
subtractions of ice and SAT from our SAO spectrum and the possibility that spectrum C represents another hydrate that
compared them to SAT and ice spectra, respectively. They alsois less stable than, but similar to, SAO such that it reverts to
do not match. It should be noted that our spectrum of SAO is SAO over time.

different from that of Zhang et al. We found that a spectrum  As seen in Figure 1, there are two transitions quite close
similar to that of Zhang et al. is generated upon the initial together (199.3 and 200.4 K). The question arises, which
freezing of a sample in the range-200 wt % HSO, (spectrum transition is SAO melting and which is the ice/SAT eutectic?
C in Figure 3). However, over a period of 5 to 15 min at We have assigned the higher transition to SAO melting based
temperatures between 173 and 200 K, the spectrum slowlyon the DSC and IR experiments. From 2.25 to 32 wt % the
changes into spectrum B. Spectrum B persists for indefinite 199.4 K transition is a very weak signal in the DSC experiments
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Figure 2. Thermogram of 25.5 wt % $$0O, sample cooled using 173 K method. Thermogram is an energy flow vs time (temperature) sequence.
The thermogram illustrates two freezing events on cooling to 173 K. Upon warming a small melt at 199.4 K (SAT) is followed by a larger melt
at 200.4 K (SAO) and then a recrystallization of this melt. At 211 K the eutectic melting of SAH in contact with ice is seen followed by the final
melting of ice at 248 K. A portion of the thermogram from 198 to 204 K is expanded for ease of observing the small SAT peak.

(see Figure 2) and is absent for some samples in the concentraenly solid present as indicated by a single melting peak in the
tion range 32-40 wt %. This indicates that the corresponding thermogram corresponding to the melting temperature of SAO.
solid is a very minor phase in the sample, whereas the 200.4 KThis was confirmed by our IR experiments indicating SAO as
signal grows to be a major fraction of the phases present in thethe only phase detected for samples of the same concentration.
DSC samples (the fraction of solid in each phase is discussedAn average of the thermal melting signature from these samples
below). In fact it is the only peak present for some samples in gives an enthalpy of fusionAH; = 31.76 4+ 0.37 kJ/mol for
the concentration range 337 wt %. Throughout this concen-  SAO.
tration region our IR samples indicate that the only major phases Finally, we wish to discuss the evidence for the stoichiometric
present are ice (018 wt %) and SAO (840 wt %, see Table  composition of this hydrate. Our evidence to discern the
2 for a summary of phases present in our IR experiments.) In stoichiometry comes from the DSC experiments. When a
some IR samples the only phase present was SAO, in agreemensolution is prepared of the exact composition of the hydrate,
with our DSC results. Thus, the larger thermal transition at 200.4 there theoretically will be only one solid formed upon freezing,
K must correspond to the melting of SAO, and the minor thus only one melting signal should be observed corresponding
transition at 199.4 K corresponds to the eutectic melting of SAT to the melting of the pure hydrate. For SAO this should occur
below~37 wt % or ice above-37 wt % in contact with each  at 40.50 wt %, but we do not observe this to be the case. Our
other. This assignment also agrees with Hornung &tvetio samples atv40 wt % show transitions corresponding to SAO,
calculated the SAT/ice eutectic to be 198.6 K. The most recent SAT, ice, and SAH. Several samples in the range 36wt %
DSC work on this system did not discern between these two composition, had a single melting transition corresponding to
transitions but rather interpreted a single transition at 200 K in the SAO melting temperature. If we take this to be an indication
20 and 50 wt % samples to be the conversion of octahydratethat these samples are very near the hydrate stoichiometric
with either ice (20 wt %) or SAT (50 wt %) into hemihexahy- composition, then we note that 35.3 wt % corresponds to 1:10
drate?® Most likely their instrument did not have the sensitivity H,SO;:H,0 and 37.7 wt % corresponds to 1:930,/H,0. The
to observe the small thermal signal due to melting of ice or most plausible composition between 36 and 37 wt % is 36.4
SAT at the ice/SAT eutectic. Also, they did not correlate their wt % corresponding to 1:9.5 4804/H,0. A strong piece of
IR studies with the DSC experiments to determine the identity evidence for the existence of SAO would seem to be the crystal
of phases present. We feel the SAO transition at 200.4 K is not structure determined by Mootz and Merschenz-Qué¢kow-
a true eutectic (melting of SAO with another phase) as we do ever, they did not use a 1:8,80,/H,0 solution to make single-
not have evidence of a SAO melting envelope and the 200.4 K crystal SAO. Instead they used a 37.7 wt % solution to produce
transition exhibits very little temperature variation over a wide the crystals used in their experiments. This corresponds exactly
composition range. Therefore 200.4 K is likely the temperature to 1:9 HbSOy/H,0 as stated above. Their explanation for using
at which SAO becomes unstable and thermally decomposes tol:9 H,SO,/H,O was to prevent the formation of SAH which
the liquid. they felt was more stable than SAO. They indicated observing
We have also measured and report here for the first time theice formation along with SAO in their experimertsOther
enthalpy of fusion for SAO. Our value is the average of 5 observers have reported evidence for an octahydrate. The first
samples in the range 3®8 wt %. In each case SAO was the was Hulsmann and BiltZhowever, they mistakenly assigned
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Figure 3. Infrared spectra of thin films: (a) spectral addition of iteSAT spectra; (b) SAO produced from 39.2 wt %3y, (c) “metastable”
SAO spectrum similar to that observed by Zhang e€al.

TABLE 2: Summary of Infrared Thin Film Experiments indicate that SAO is really at least a nonahydrate, or possibly
concentration of concentration of samples as high as a decahydrate, or some composition between these
samples in which in which phase was the two. We feel this water-rich, low-temperature hydrate needs to

phase phase was detected only solid detected be investigated further.

ice 0-17.6 0-5.11 Sulfuric Acid Hemihexahydrate. In agreement with previous
SAO 7.7-45.6 20.4-36, 38-40, 4G, 45.6' investigator$;20 we have not observed the formation of SAH
SAH 37-45.6 37,45.6 exclusive of all other solids in any of our experiments. Because
SAT 40-65 57.6 . . . . i .

SATH 65 this solid has a peritectic transition with SAT, we always observe
SAM 82-85 82-85 SAT in samples more concentrated in sulfuric acid than the

peritectic concentration. Additionally, we also observe a signal
corresponding to the eutectic melting of ice in contact with SAH,
small signals due to the SAO transition at 200.4 K, and the

the octahydrate transition as a peritectic at 211 K. This transition €Utectic melting of ice in contact with SAT at 199.3 K. We
is in fact the eutectic between ice and SAH as was first pointed have observed transitions of SAH in the concentration range
out by Gable! The second finding is that of Hornung etéal. 2755 Wt % HSQs. Average temperatures for the ice/SAH
They reported the observation of two temperatures, 200.60 K, eutectic and SAH/SAT peritectic are given in Table 1. For
which they assign to the eutectic of ice and octahydrate, and S@mples below 35 wt % in the DSC experiments, we have
201.03 K, which they assign to a peritectic transition between observed that in every case where a recrystallization event
SAO and SAT. We have no evidence for a transition at 201.03 occurred after the melting of SAT and SAO at 199.4 and 200.4
K. Based on thermodynamic data, they calculate the ice/SAT K, respectively, there was also a eutectic melting of SAH at
eutectic to be 198.6 K, but did not measure this temperature. 211 K. Likewise, where this recrystallization event was lacking,
We speculate that a correct interpretation of their data is that there was no SAH eutectic meltingience, no SAH in the
their measured temperatures are slightly too high; therefore, theirsample (down to our detection limit 6f50 ppm.) This leads
transition at 200.6 K is actually a high measurement of the ice/ us to conclude that for solutions below 35 wt %S®,, SAH
SAT eutectic, and likewise the 201.03 K measurement is actually is most likely to grow from the melt of SAT/SAO (either from
a high measurement of the melting of SAO. As stated above, nucleation from the liquid or growth on nuclei formed at lower
we have no evidence for a meltirmgwelopeof SAO. temperatures) and seems unlikely to grow in the initial crystal-
Hence, we are unable to confirm that SAO is exclusively an lization of the liquid. Possibly this is because SAH has a higher
octahydrate. Our results disagree with the crystal structure barrier to nucleation or crystal growth than SAQO, ice, or SAT
measurements of Mootz and Merschenz-Quéand seem to at these concentrations. We also report the enthalpy of fusion

@ Phase indicated was initially the only one present, but converted
to a mixture of phases upon melting.
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Figure 4. Content of frozen samples expressed as mass fraction in each solid phase. Each set of columns ®laxig tlepresents a single
sample with the concentration given. Columns represent solids as follows: blue, SAO; yellow, ice; red, SAH; green, SAT.

for SAH as given in Table 1. It is seen that our value is within kinetics. As various phases nucleate they begin to grow and

the range of that previously measured. Our error bars on thecompete for liquid molecules to add to their crystalline lattice.

value are large because we were unable to get good separation

of the SAH peak from the peaks of other transitions, thus leading c . ith A | E . N

to uncertainty in the energy values for SAH. The value listed omparison wi €rosol Expenments

Is the average of thrge samples. . A number of investigators have attempted to determine the
Content of th'e Solid Phase.ThQ content of.the solid pha§e freezing temperatures of .80/H,O aerosols using flowing

can be determined from the fusion enthalpies of the various L or sinal ficl imeld2.14.1517. 18y hile oth

solids present. The mass fraction of each phase in a sample Geroso’ or singie particle experim e others

calculated using the following equation: studied aerosols deposited on a surf&dé . However, results
have been mixed. Generally, aerosols more concentrated in
Ex M, sulfuric acid than 35 wt % did not freeze even at the lowest
Vi = e 1) temperatures. This leaves only the region under the ice melting
AH;” x my;

envelope where crystallization has been detected, and we shall
limit our discussion to aerosols that may freeze in this
concentration regime. All studies that explored this region have
detected the nucleation of ice. However, conclusive evidence

; ' . regarding sulfuric acid hydrate formation cannot be garnered
mr is the to.tal mass of the sample; whareepresents SAO, . from these experiments. Martin etdlsaw evidence of SAT
?ﬁr—rbgté g)'(%lérr?md'e;]Stsaiﬁl?:]é)fr;hnz:;gltjvtfakefbcshojamﬁ)le N formation. They detected formation of SAT by observing the

- ) . . ; . sulfate peak at 1060 cri; however, SAO and SAH also have

possible solids did not appear in each sample since nucleatlon,[his peak in their respective specira. Imre eaind Clapp et
is a stochastic process. Also note there is more than one sampleIl4 d evid for SAO formation in lab |
at many concentrations. Figure 4 demonstrates several thingsa' _reporte evidence for ormation in laboratory aeroso
about the content of frozen samples. Ice is initially the dominant part!cles based on vapor pressure measurements of a single
phase at low K5O, concentration, but then diminishes with part|cle_and IR spectra measurements of flow tube ae_rosols,
SAO becoming dominant throughout the range-2% wt %. rgspectlvely. Anthony et. aP could not rule out the crystalliza-
The amount of SAT present is minimal until the concentration tion of H.SO, hydrates in small amounts; however, they had
reaches about 43 wt %. Finally, for various samples SAH NO indication of homogeneous freezing or heterogeneous
concentration is significant; however, it must be remembered freezing on ice at temperatures down to 193 K. Prenni &t al.
that for samples more dilute than 35 wt %, SAH was only seen did not have temperatures below the SAO or SAT melting points
to form from the recrystallization of melted SAT and SAO. At in this region, thus they only detected ice in coexistence with
~45 wt % SAH is the dominant phase as expected since this H2SO; liquid. Koop et al*® did not report the onset of melting
corresponds to the 6.5:1,8/H,SO, exact composition. Clearly  in their particles, only temperatures of freezing and the final
the extent of growth of a phase is dependent on its nucleation melting of ice, thus we do not know if they detected a melting

wherey; is the mass fraction of specig< is the energy of the
transition as measured by the DS@; is the molar mass of
solidi, AH!"® is the molar enthalpy of fusion of specigsand
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corresponding to the SAO transition or ice/SAT, ice/SAH observed by previous work and in our experiments. Therefore,
eutectic temperatures, which would indicated the presence ofwe would not expect an ice/SAH particle to undergo a selid
these solids. solid-phase transition to SAT upon warming into the SAT
The lever rule necessitates that at least two solids be presenstability region or above the SAH peritectic temperature. In our
when a binary system completely freezes except at the exactopinion, SAT at most will be a very minor component of any
composition of a molecular solid. Our results demonstrate that frozen sulfate aerosol in the atmosphere.
completely frozen samples in the composition rang&@ wt We have provided evidence for a water-rich, low temperature
% H,SO, contain some SAO, and is seen to be the major solid hydrate which has commonly been referred to as the sulfuric
present near its exact crystal composition. We surmise that someacid octahydrate (SAO). However, we are unable to provide
aerosol studies may not have analyzed specifically for the supporting evidence for the exact stoichiometry of this hydrate.
presence of SAO in their respective experimental techniques. Our calorimetry results indicate the composition may be between
For example, Bertraf noted that they did not specifically 9:1 to 10:1 HO/H,SOs, but this is in contradiction to the
analyze for SAO in their stud¥. Limits of other studies have  crystallography results on SAO indicating it is 8:3®1H,S0,.2°
been noted above. Therefore, it is possible, in light of our results, However, we have made several measurements of the physical
that SAO was present when particles froze in some of the chemistry of this hydrate (referred to as “SAO”). We observed
previous investigations, but its presence went undetected. a unique infrared spectrum for stable SAO which has not been
In our experiments with sample concentrations less than 30 previously reported in the literature. We are able to generate
wt % we observed ice freezing first as indicated by the first the spectrum reported by Zhang ef&and Clapp et at upon
crystallization temperature always beirgR15 K (see, for initial freezing of some of our samples. This spectrum then
example, Figure 2.) At these temperatures and on the water-converted to the unique spectrum we have shown over a period
rich side of the ice/SAH eutectic at 211 K, the only stable phase 0f minutes, which then persisted indefinitely. We report for the
with respect to the liquid is ice. A second crystallization occurs first time a direct measurement of the SAO melting temperature
that is always<189 K, which could be formation of SAT, SAO,  over a broad range of composition and the enthalpy of fusion
or SAH. However, our results on the content of the solid phase for SAO. We have also clarified and assigned the two very close
show that even in the presence of SAT (and possibly SAH transitions of the ice/SAT eutectic at 199.3 K and the SAO
nuclei), SAO crystals grow preferentially in samples under the melting transition at 200.4 K. We have observed that in solutions
ice melting envelope. This could be the result of heterogeneousmore dilute than the ice/SAH eutectic, SAH only grows from
nucleation on ice. We cannot determine whether heterogeneoughe re-crystallization of melted SAO and SAT. Our observations
nucleation is occurring in our samples at the interface with our also demonstrate that when samples completely freeze in the
platinum crucibles. Martin et &8 determined that a gold surface ~ concentration range 281 wt %, SAO is the major phase
enhances nucleation of ice but not of SAT and interpreted the present, and for samples in the range-368 wt % SAO is
formation of SAT in their experiments as heterogeneous essentially the only phase present. This is the same concentration
nucleation on ice. We observe the nucleation of ice, SAO, SAH, range that experiments have demonstrated freezing occurs in
and SAT in nearly all samples in the concentration range under sulfuric acid aerosols. Our final melting temperatures and
the ice melting envelope, thus any heterogeneous effect of thevarious other transition temperatures for th&By/H,O system
crucibles would seem to be enhancing the nucleation of all are in good agreement with the results of previous investigators.
solids, rather than one selectively. We know nucleation is
enhanced by the larger volumes and lower minimum temper-
atures in our experiments when compared to aerosol experiment%
as predicted by theory. But again, this should affect the
nucleation of all solids rather than one selectively. Regardless
of the nucleation mechanism, clearly SAO crystals grow
preferential to the other hydrates that may be present.
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