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Equilibrium Partial Pressures, Thermodynamic Properties of Aqueous and Solid Phases,
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Equilibrium total pressures have been measured above aqueous (fN®@.82, 15.73, and 35.99 mol kY
solutions from 294.6 to 224.7 K) and aqueous HCI (9.45 and 10.51 md| kom 289.4 to 199.5 K) using

a capacitance manometer. Equilibrium partial pressures of the acids have also been determined, by mass
spectrometry, from 274.8 to 234.6 K for both HCI solutions, and from 265.0 to 240.1 K for 15.73 miol kg
HNO:s. Results are generally consistent with model predictions, though with sriR) systematic deviations

for the total pressure measurements over aqueous HCI at about 220 K. Mixtures ©HNO—H,O
composition yielded measured total pressures orders of magnitude greater than predicted for the@ases H
HNOs;, and HCI. Mass spectrometric determinations and equilibrium thermodynamic calculations suggest
that CL and NOCI were produced by the reaction: 43 + NO3 (aq) + 3Cl (aq) == NOCliag) + Claag) +

2H,O(, which is known to occur in aqua regia (a mixture of concentrated hydrochloric and nitric acids).
Calculations for aqueous solutions of stratospheric aerosol composition suggest, purely on equilibrium grounds
(and neglecting kinetics), that the reaction could be a source of active chlorine in the stratosphere. The
correlation of Clegg and Brimblecombé. (Phys. Chem199Q 94, 5369-5380; and1994 96, 6854) of the
thermodynamic properties of aqueous HN\ARtivities has been revised, and vapor pressure products (for the
reaction HNQ-nH2Oc;) == HNOg(g) + NH20(g), where kn=3) assessed from literature studies. The activity
product for the reaction HNE2H,Ocry == H (ag) + NOs™(aq) + 2H20() has also been determined. The model

of Carslaw et al. {. Phys. Chem1995 99, 11557-11574) has been revised for the solubility of HBr in
aqueous BBO, to stratospheric temperatures.

1. Introduction calculated from available thermodynamic data, and the implica-

o ) . tions for production of Clin agueous stratospheric aerosols
Predicting the behavior of stratospheric aerosols at low gy explored.

temperature requires a knowledge of the thermodynamic proper-  \ye have also determined equilibrium constants for the

ties of SO, —HNOs;—H20 mixtures, including the solubilities  frmation of the solid HN@2H;O(er), and the partial pressure

of trace gases such as HCl and HBr. These gases are 'mportanﬁroductspHNOg,pHZO” over nitric acid hydrates HNEnH,O

because they react with other species on aerosol droplets Of1 < n < 3), based upon currently available measurements.

particles to produce active £and Bp.! The model of Carslaw et &l.has been revised for HBr
A thermodynamic model of the system has been developed solubilities in aqueous $$Qs, and predicted equilibrium partial

by Carslaw_ et aP, bas_ed upon measurements for the pure pressures of HCl above HEHNO;—H,SO;—H,0 mixtures
aqueous acids and their mixtures. The data at low temperatureshave been compared with recent literature data.

are extensive for aqueous HN®and especially EBO,,* but
are largely restricted ta 273.15 K for aqueous HCI and HBr. 2. Theory
The mixed system $O,—HNOz;—H,0 has been relatively well

studied at stratospheric temperatures (see Table 11 of Carslawa ig(.)uiqsuoallgggﬁ.i:hr?er?aOIrL(JebIrlgie%fte?jnbailﬁegr2:1c|t-i|;<n'm an
et al?), but measurements of HBr solubilities in aqueous q P y '

H,SQ4, and of HCI in ternary BHSO,—HNOs;—H,O mixtures, HX,  <=HT .+ X (1)
have been sparse until recently. @ (aq) (aa)
In this study we have measured total and partial pressures Ky (HX) = a,a,/pHX = X,f X, f, ¥ pHX )

above HC+H,O and HNQ—H,0 to 199.5 K to improve our

understanding of their behavior. The results are presented hergyhere*Ky(HX) (atm™2) is the Henry’s law constang; is the

and compared with predictions of the model of Carslaw ét al. activity of ion i, and pHX (atm) is the equilibrium partial
Experiments were also carried out to determine equilibrium pressure of HX. Aqueous phase activities are expressed on a

and total pressures above HEINO;—H,0 solutions for 203.3 mole fraction basis, thus is the mole fraction of species i,

< T =< 264.8 K. Chlorine and, it is thought, NOCI were andfi*is its activity coefficient (with a reference state of infinite

produced in significant quantities in the solutions, probably by dilution with respect to the solvent, water). Expressions for

the reaction long known to occur in aqua regitne highly calculatingx and activity coefficient$* are given by Clegg et

concentrated mixture of hydrochloric and nitric acids. The re- alf and by Carslaw et &l for the mixed acid solutions being

sults for this system are compared with partial pressures studied here.
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Solid—liquid equilibrium is represented by the reaction
— o+ -
MV+XV_-nHZO(Cr)~—v+MX @t v XY @q T NHO,  (3)
"KM, X,_-nH,0) = a,"" a," ay "
— + + Vf xV—
=X T xR aHzon (4)
whereXKs is the equilibrium constant for the dissolution of solid
M,+X,-+-nH20, and is equal to the activity product of the ions
and solvent in a solution saturated with respect to the solid.

Solid—gas equilibria for acids (H;) and their hydrates (HX
nNH2On) are given by

(6)
whereKp (atnm™1) is the equilibrium pressure product over the

solid. It is related to the solubility and Henry’s law constants
by the following expression:

Kp = pHX pH,O"

Kp = (K Kp)*(pH0°)" (7)

wherepH,0° (atm) is the vapor pressure of pure water at the
temperature of interest.

The general expression for an equilibrium constdrdas a
function of temperature is given below:

IN(K ) = IN(Kry)) + (AH /R, — 1/T)

+ (AaR)(TJT — 1+ In(T/T,))

+ (AbR2RY(T(T/T— 1)+ T—T)

+ (AC/6R)(2TAT/T— 1)+ T°— T2

+ (A12R)GBTHTIT- 1)+ T =T

+ (AeB.7R)AST(T/T— 1)+ T° - T -
whereT (K) is the temperature of interes; (K) is a reference

temperature A;H° (J mol?) is the enthalpy change for the
reaction at the reference temperature, &8.3144 J mol!
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Figure 1. TemperaturesT) for which equilibrium pressures were
measured for each of the test solutions. (a) Aqueous H¥pPAqueous

HCI. Vertical lines show the range of measurement of total pressure
for each composition, and horizontal arrows indicate the smaller range
of temperatures over which the partial pressures of the acid vapor were
determined (three compositions only). The saturation curves with respect
to ice and the acid hydrates are also shown.
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Figure 2. Schematic diagram of the apparatus: (A) capacitance
manometers (only one shown), (B) connections to the vacuum line,
(C) liguid nitrogen cooled trap, (D) diffusion pump, (E) rotary pump,

K1) is the gas constant. Equation 8 implies that the heat (F) inlet for test solutions and connection to quadrupole mass

capacity change for the reactiof,C, (J mol't K™2), is given
by the functionA,C, = Aa + AbT + AcT? + AdT® + AeT?2
2.2. Thermodynamic Model. The model of Carslaw et &l.

is used in this study to calculate aqueous phase activity

coefficientsfi*, and solid formation and equilibrium acid gas

spectrometer, (G) fine control needle valve, (H) differentially pumped
quadrupole mass spectrometer, (I) thermally insulated test cell, (J)
connections to refrigeration unit, (K) magnetically stirred test solution,
(L) platinum resistance thermometer.

sively revised for solubilities of HBr in aqueous,;&0, in

partial pressures using the equations given above. Rece”tAppendix .

experimental studies of low-temperature equilibria involving
aqueous solutions of the acids$0,, HNOs;, HCI, and HBr

have increased the amount of data compared to that availabl

at the time the model of Carslaw et?alvas developed. Based

3. Experiments

e

Equilibrium pressures were measured over aqueous HNO

upon such studies, several different equations also now existand agueous HClI test solutions by capacitance manometer, using

for stratospherically important quantities such as equilibrium

the method described by Massucci et Al modification to the

partial pressure products above solid acid hydrates. In Appendixapparatus enabled the composition of the vapor to be determined

I we first of all revise the correlation of Clegg and Brimble-
combé (used by Carslaw et 8).for activities of water and
HNOs in pure aqueous nitric acid. In Appendix Il, data for
equilibrium partial pressures above three HN@drates are

using a quadrupole mass spectrometer. The compositions and
temperature ranges measured are shown in Figure 1, superim-
posed on the phase diagrams of the two acids.

3.1. Apparatus The experimental setup is shown in Figure

critically compared, and new equations are presented. Formation2 and consists of a twin walled glass cell connected to a vacuum
of the solid HNQ-2H,O(cy is also included in the model of  line, thermostatic bath, pressure gauges, and a quadrupole mass
Carslaw et af. (Appendix 1), and the model is comprehen- spectrometer. Total vapor pressures were measured using a pair
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of capacitance manometers (Edwards Barocell model 655)tance manometers were opened. The vapor pressure in the cell
covering the ranges 0.001 and 0.£10°° Torr. Both were was allowed to stabilize. Values of temperature and pressure
internally heated to 45C to minimize the effects of fluctuations  were continuously recorded on the PC. Using 5 or 10 K steps,
of ambient temperature on the measurement of pressure and téemperature equilibration was achieved in approximately 1 h,
ensure that vapors did not condense within the gauges. except at the lowest temperatures where the response of the
The contents of the cell were degassed using a rotary and arefrigeration unit was slowest. Stabilization of the vapor pressure
diffusion pump, protected by a liquid nitrogen filled cold trap, took about 2 h, after which the temperature was reset. The onset
capable of evacuating the vacuum line to~40rorr. The of freezing of the solution was monitored visually through a
temperature of the solution in the cell was controlled by passing removable section of the thermal insulation enclosing the cell.
ethanol from a refrigeration unit (Julabo F81 bath and VC  Partial pressures of HNOand HCI were determined over
circulator) between the cell walls. Temperature was controlled solutions of 15.73 mol kgt HNOs;, and 9.45 mol kg* and 10.51
to a precision 0f+0.025 K. The temperature of the cell was mol kg™t HCI, respectively. After a series of total pressure
monitored by a platinum resistance probe mounted between themeasurements were made, the stopcock to the capillary line to
cell walls, in contact with the inner wall. the mass spectrometer was opened and the vapor in the cell
The capacitance manometers and thermometers monitoringvas sampled though the needle valve. Mass spectra fragments
the cell and the refrigeration unit were connected to a personaldue to water (for the main peak a¥z = 18 for H,0") and
computer via a 16 bit A/D converter (Pico Technology ADC- HNO;3 (atm/z= 30 for the NO" fragment) or HCI (atwz = 36
16). Measurements were recorded at 1 min intervals. The A/D for the main peak for HCI) were recorded at 1 min intervals
converter was operated at 14 bit resolution when recording for between 30 and 100 min. Expected peaks for HHOWz
temperature, resulting in a indicated resolution of 0.015 K. A = 63 (due to HN@") and m/z = 46 (due to NQ") were
higher resolution (16 bits) was used for recording the outputs unresolved. The minor peaks for HClratz = 38, 35, and 37,

from the manometers so that pressure measurements could bé\ order of relative Signal size, were observed and recorded but
resolved to 0.015% of the full scale reading in each case. notused in the determination of HCI partial pressure. The needle

Corrections for thermal transpiration were made. valve was then opened further and another series of signals were

The composition of the vapor in the cell was analyzed using recorded. This was repeated until the pressure in the mass
a quadrupole mass spectrometer (Vacuum Generators SpectraladPectrometer approached the threshold operating pressure or
200D) pumped down below the 10Torr threshold operating ~ When the needle valve was fully open. A plot was then made
pressure using a rotary and a diffusion pump. A liquid nitrogen ©f the signal due to HN@or HClI relative to that of KO, and
filled trap was used to protect the spectrometer from pump oils. PHNOs or pHCI were calculated using the equilibriupt20
The vapors were sampled through a glass capillary tube via aPredicted by the model of Carslaw etas the reference.
fine control needle valve. The sampling rate was kept low so  Only a few measurements were made on_Fhe_ vapor apove
as not to disturb the static equilibrium within the cell. Mass the HCHHNO;—H;O mixture, not under equilibrium condi-
spectra were recorded at one minute intervals on the PC whichtions, to avoid corrosion damage to the equipment that might
controlled the operation of the mass spectrometer. be caused by the relatively high pressures encountered. For
3.2. Materials. Aqueous HN@test solutions were prepared chlorine species the mass spectrum was again recorded for peaks

from 69 mass % acid stock (BDH, Aristar grade) diluted with V2= 3538, butinstead of the four peaks previously seen for
distilled water. Similarly, HCI test solutions were prepared from HC','n this region only two peaks were observedmét = 35 )

35 mass % acid stock (BDH, Aristar grade). The molalities of (major peak) and 37 (minor peak). Two smaller peaks, which
the acid solutions were determined, before and after each'VE'® Not present in the earlier experiments on pure agueous

experiment, by titration against aqueous sodium hydroxide HCI, were also ”Ot?d anz =70 an(_JI /2. It was cp_nc_luded
(Aldrich Volumetric Standard). The uncertainty in the molality from these observations, and calculations of the equilibrium state
of each test solution was better tha9.02 mol kg of the system (section 4.3), that the spectrum observed was due

The test solution containing 15.70 mol KgHNOs and 2.15 to Cl, and the signal for the major peak afz = 35 was

mol kg~ HCl was prepared as follows. Starting with the 15.73 th(?rrﬁfo:\leolised t|? C?rlr?/u'afgg' found 1o b i
mol kg~! HNO;s test solution in the cell from the previous N peak atmz = was found to be many imes

experiment, weighed amounts of 69 mass % HNSock higher than predicted for HN§Dand our calculations (section
solution foliowed by 35 mass % HCI stock solution were 4.3) suggest ‘_h?‘t NOCI _has_ a partial pressure higher than the
transferred into the cell. Aligots of test solution in the cell were other _lt\l-gont_al}lhnlng_spelczlael;/mihe?,gystemttr)]y a?out 2 orgetrs of
titrated against aqueous NaOH volumetric standards after eacHagnitude. the signa zZ= was therelore used 1o

addition of acid to ensure that the molalities matched cal- calculatepNOCI, and no_t PHNG as 't. was for the HNf@_
culated values. H,0 system. (Note that in the determinationp&l, a fraction

. . of this signal was subtracted from the peaknalz = 35 to
33 Procedure A 50 crrﬁ aliquot of freshly prepared acid account for the Cl fragment arising from NOCI.)
solution was transferred into the cell at room temperature and
then cooled to 200 K. The cell was then opened to the vacuum
line and the solution was degassed slowly to prevent explosive
release of dissolved air. The cell was then warmed to room The measured total and partial pressures above {30
temperature and the cycle of cooling, evacuating, and warming and HCHH,0 solutions are listed in Tables—B. The results
was repeated until there were no changes in the observed vapofor the HCHHNO3;—H,O mixture are not tabulated, but are
pressure at low temperature over several cycles, ensuring thadiscussed in section 4.3.
the solution was air free. 4.1. HNOs—H,0. Equilibrium total pressurespt,O +
Following degassing, the total vapor pressure of the magneti- pHNOsz, from Table 1) above 7.82, 15.73, and 35.99 motkg
cally stirred solution was measured. After the temperature of HNOgz(ag)are compared with predictions of the model of Carslaw
the refrigeration unit was set and the temperature in the cell et al2 in Figure 3. The inset to Figure 3a shows the calculated
had stabilized, the stopcocks between the cell and the capacipartial pressure fraction of HN{n the gas phase, and indicates

4. Results
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TABLE 1: Equilibrium Total Pressures (pH,O + pHNO3) above Aqueous HNQ Solutionst

MHNO; MHNO; MHNO;

(mol kg™ T (K) P (atm) (mol kg™ T (K) P (atm) (mol kg™ T (K) P (atm)
7.82 287.6 1.15¢ 1072 15.73 294.6 1.16¢ 1072 35.99 275.1 1.7& 1073
7.82 286.6 1.1% 102 15.73 291.9 9.66¢ 103 35.99 275.0 1.86< 103
7.82 284.7 9.7« 1078 15.73 291.9 9.56 1073 35.99 275.0 1.8& 1073
7.82 284.6 9.84 1072 15.73 289.6 8.1& 1073 35.99 274.9 19k 103
7.82 284.4 9.6« 10°3 15.73 289.6 8.1% 103 35.99 274.9 1.9k 103
7.82 279.8 6.94 1073 15.73 289.4 7.7% 1078 35.99 274.8 1.8 1073
7.82 279.5 6.9« 1072 15.73 284.6 5.9% 1073 35.99 269.9 1.1% 103
7.82 274.9 4.8% 10°3 15.73 284.5 5.75% 1073 35.99 265.0 8.46¢ 104
7.82 274.7 4.94¢ 10°8 15.73 284.5 5.7% 1078 35.99 265.0 8.3% 104
7.82 274.7 5.0« 1072 15.73 279.6 4.0% 1072 35.99 264.9 7.5% 10
7.82 269.9 3.4« 1072 15.73 279.6 4.0% 1072 35.99 264.8 8.04 104
7.82 269.6 3.3% 1073 15.73 279.5 4,18 108 35.99 254.9 3.8k 104
7.82 265.0 2.34 1078 15.73 2747 2.9% 1073 35.99 254.6 3.4k 10
7.82 264.6 2.33% 10°3 15.73 274.7 2.8 103 35.99 254.6 3.34 104
7.82 260.1 1.406< 1073 15.73 2747 2.8 103 35.99 244.7 1.0& 10*
7.82 260.0 1.40< 1078 15.73 269.7 1.9k 1073 35.99 244.7 1.26< 1074
7.82 259.9 1.6 1078 15.73 269.6 1.9x 10°3 35.99 244.6 1.1k 10
7.82 259.6 1.55¢ 1072 15.73 269.5 1.9% 103 35.99 244.6 1.1k 10*
7.82 255.3 9.2% 1074 15.73 269.5 1.9% 10°° 35.99 239.7 7.3% 10°°
7.82 255.2 9.0% 104 15.73 264.8 1.26¢ 10°3 35.99 239.7 7.1% 10°°
7.82 255.1 9.1 10 15.73 264.7 1.26¢10°3 35.99 234.8 3.96 10°°
7.82 254.8 1.0 1078 15.73 264.4 1.3% 1078 35.99 234.8 3.64 10°
7.82 254.8 1.0 1072 15.73 264.4 1.36 1073 35.99 234.8 3.8% 10°°
7.82 254.6 1.0% 102 15.73 264.4 1.34 10°3 35.99 234.4 3.65 10°°
7.82 250.2 6.00« 104 15.73 259.8 8.5% 104 35.99 230.3 2.65 10°
7.82 250.2 5.8% 1074 15.73 259.8 8.6k 10 35.99 230.3 245 10°°
7.82 250.2 5.98 104 15.73 259.4 8.6k 1073 35.99 225.8 1.2& 10°
7.82 250.2 5.98 104 15.73 254.7 5.2% 104 35.99 225.1 1.6 10°
7.82 250.2 6.0« 1074 15.73 254.7 5.2% 10 35.99 225.0 1.1% 10°°
7.82 249.6 6.53 104 15.73 254.7 5.2% 10+ 35.99 225.0 1.1& 10°
7.82 249.6 6.75 104 15.73 254.4 5.4% 104 35.99 225.0 1.24 10°
7.82 245.3 3.7% 10 15.73 254.4 5.5% 104 35.99 225.0 1.1k 10°°
7.82 245.2 3.75 10 15.73 254.4 5.58& 104 35.99 225.0 1.16¢ 10°°
7.82 245.2 3.7x 10 15.73 249.6 3.4k 104 35.99 225.0 1.1& 10°
7.82 245.1 3.6% 104 15.73 244.6 2.2 104 35.99 224.9 1.3k 10°
7.82 245.0 3.74 1074 15.73 239.7 1.46 104 35.99 224.9 1.2k 10°°
7.82 244.8 418 104 15.73 239.7 1.44 10 35.99 224.9 1.4& 10°
7.82 244.7 4.25¢ 104 15.73 239.7 1.3% 10 35.99 224.9 116 10°°
7.82 2447 4.4% 10 15.73 239.7 1.3% 10 35.99 224.8 1.0& 10°°
7.82 240.4 2.36< 1074 15.73 239.7 1.4 10 35.99 224.8 1.2k 10°°
7.82 239.8 2.75% 10 15.73 234.6 8.4k 10°°
7.82 239.7 2.9% 10 15.73 234.6 6.9% 107
7.82 235.6 1.3% 104 15.73 229.7 4.1k 10°°
7.82 235.5 1.38& 104 15.73 224.7 2.5% 10°°
7.82 234.9 1.76< 1074 15.73 224.7 2.54 10°°
7.82 234.8 1.7 104
7.82 234.8 1.65¢ 104
7.82 234.8 1.8k 10
7.82 234.6 1.95 10
7.82 230.8 8.1 10°
7.82 230.6 8.0« 10°°
7.82 230.4 7.94 1075
7.82 230.4 7.9% 10°°
7.82 229.9 1.04 104
7.82 229.9 1.04 1074
7.82 229.9 1.05 104
7.82 229.8 1.0% 104
7.82 226.1 4.706< 10°°
7.82 226.1 4.45¢ 10°°
7.82 225.6 4.34 10°°
7.82 225.5 4.33% 10°°
7.82 225.2 6.5 10°°
7.82 225.1 6.5% 10°°
7.82 225.1 6.5% 10°°
7.82 225.1 6.9 10°°
7.82 225.1 6.4% 10°°
7.82 225.1 6.5% 10°°

a Equilibrium total pressures above the 7.82 motkgolution were made on two separate occasions coinciding with a small modification of the
cell lid. The resulting series of measurements, when combined, showed slightly more scatter at low temperatures than was observed in other
experiments.

that pHNO;3 is more than 50% of the total pressure above the dilute solutions. Agreement with the model is satisfactory over
35.99 mol kg? solution, but is less than 4% for the two more the full temperature range (294 K& to 224.6; K), though there
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TABLE 2: Equilibrium Total Pressures (pH,O + pHCI)
above Aqueous HCI Solutions

MHCI MHCI 10F
(molkg™®) T (K) P(atm) (molkg™) T(K) P (atm) E

9.45 279.7 4.88 10° 10.51 289.4 1.1k 10?2
9.45 279.7 4.86< 1072 10.51 284.5 7.86 1073 i
9.45 2749 3.3& 103 10.51 279.7 5.44 10°3 1073
9.45 2749 3.3% 10° 10.51 2747 3.7k 103
9.45 2748 3.38% 107 10.51 2745 3.6% 103
9.45 274.8 3.40< 1073 10.51 269.8 2.5k 1073
9.45 274.8 3.36<10°° 10.51 264.8 1.5% 103 i
9.45 274.7 3.36<10°° 10.51 264.6 1.66 103 1074
9.45 2746 3.3k 10°° 10.51 264.6 15% 1073
9.45 272.1 2.7x% 103 10.51 259.7 1.06 103 [
9.45 272.0 2.7%10° 10.51 259.7 1.05% 1032 H
9.45 264.8 15X 10°° 10.51 254.7 6.4% 10

P/ atm

9.45 264.8 15k 103 10.51 249.9 4.2& 104 10‘5_ i

9.45 264.7 1.5k 1073 10.51 249.9 4.1& 10 2 s . L A A

9.45 2647 15k 10°% 1051 2448 2.7% 10% 33 37 41 45

9.45 264.7 15k 103 10.51 2447 2.5% 104 10‘/7' /K?

9.45 264.7 1.5k 1073 10.51 244.4 25% 104

9.45 261.3 1.13% 103 10.51 239.9 1.44 10* T T T Y r T T

9.45 261.2 1.1 10°3 10.51 239.9 146104 L0F ° T

945 2567 7.6k 10¢ 1051 2301 5.2k 10° (b °

9.45 256.0 7.15< 10 10.51 230.1 5.3% 10° [ 8

9.45 255.0 6.5k 10* 10.51 230.1 5.2k 10° o % o .

9.45 2549 65k 10% 1051  230.0 5.2% 10° 20 g8 " 9

9.45 2549 6.5 10 10.51 225.0 2.9x 10°° s 9o5°%0 Q

9.45 2549 6.4%10“4 1051 2249 3.06 10° - BofeSB8so8 e .

945  250.7 4.45 10*% 1051 2249 3.0k 105 P 0L L g e t o, . s

9.45 2449 2.66< 104 10.51 219.7 1.6% 10°° Q\. 0 - g e L...q :

9.45 2449 2.65 104 10.51 215.0 8.5k 10°¢ < M 9 g9 § o. . s

9.45 2449 2.66< 104 10.51 2149 1.0x 10° A ‘e ° % c; '

9.45 2449 2.66< 104 10.51 214.9 9.2% 10°® . . 8 J

9.45 2449 2.65% 104 10.51 209.8 4.84 10°¢ -20F é ]

9.45 2449 2.6k 104 10.51 205.0 2.44 10°°¢ o

9.45 241.3 1.8& 104 |

9.45 241.2 1.8% 10 A A A 1 .

9.45 240.3 1.7k 10* 33 37 Al 45

9.45 235.2 9.2« 10° 097 /K'1

9.45 234.6 8.65 10°°

9.45 234.6 8.83% 10°° Figure 3. Equilibrium total pressuresPj above aqueous HNO
9.45 2346 8.5% 10° solutions to low temperature. Data are from Table 1. (a) Symbols: (open
9.45 234.6 8.60< 10°° circle) 7.82 mol kg?, (plus) 15.73 mol kgt, (dot) 35.99 mol kg™.
9.45 2309 5.6%10° Lines: predictions of the model of Carslaw e€dlhe inset shows the
945 2296 49x10° calculated fraction of the total pressure due to Hpydor the three
945 2254 3.03 10 test solutions. (b) Percentage deviations, calculated a®3Q0¢ Pead/
322 %gig ggi igs Pca. Symbols as in (a) above.

9.45 2246 2.8« 10: TABLE 3: Equilibrium Partial Pressures of HCI and HNO 3
3-22 3%9 i-gg igs above Their Pure Aqueous Solutions

9.45 2156 9.7 10°® mHCI MHNO3 PHNOs
9.45 2149 8.90« 10°® (molkg™) T(K) pHCI(atm) (molkg™) T(K) (atm)

9.45 2149 8.58 10°®
9.45 211.2 564 10°¢
9.45 210.0 4.5% 10°
9.45 204.6 2.54 106
9.45 204.6 2.44 108

9.45 274.8 4.2% 104 15.73 265.0 2.4k 10°
9.45 264.7 2.38& 10 15.73 264.6 2.2% 10°
9.45 2549 9.3% 10°° 15.73 255.2 6.9% 106
9.45 2449 2.80« 10°° 15.73 255.0 5.0 106

6 9.45 2346 12%10°5 1573  250.7 4.2k 107

oas  1ss Taeine 1051 2841 32410° 1573 2505 4.6% 10°°

' coT 1051 2745 13x%10°% 1573 2504 53X 10°

is a large scatter in the data for the 7.82 motkgolution for 1051 2645 43&10* 1573 2401 1.7k 10°

. . . 10.51 259.4 3.8% 104
which the measurements were carried out in two stages (see 1051 2546 104 10-4

notes to Table _1). Deviations are plotted in Figure 3b. Asmall 75’51 2494 1.1%k 104
positive offset is apparent for the 7.82 and 15.73 motlkg 10.51 244.8 1.3% 10°%
solutions at high temperatures, and scatter increases at low 10.51 239.4 4.6k 105
temperatures, but overall there is no apparent trend.

MeasuredoHNO;3; over 15.73 mol kg! HNO;3 (Table 3) are measurements of Hanson and Mauersbé&igeheir correlation.
compared with calculated values in Figure 4. The model appearsThe present results, in broadly confirming the model for the
to predict the partial pressures well, though data are scatteredconcentrations and temperatures studied, are therefore also
by about+10% to—50% (see inset to Figure 4). consistent with the earlier data.

The model of Carslaw et &lis based, for HN@-H,O 4.2. HCI—H0. Total pressures above 9.45 and 10.51 mol
solutions, on the earlier work of Clegg and Brimblecombe. kg=! HCI determined in this study are compared with predictions
These authors included the low temperature partial pressureof the model of Carslaw et al. in Figure 5. These relatively
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Figure 4. Equilibrium partial pressures of HN@pHNOs) above 15.73
mol kg! aqueous HN@ Symbols: measurements from this study
(Table 3). Line: predictions of the model of Carslaw et #hset:
deviations from the model.
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Figure 5. Equilibrium total pressure$j above aqueous HCI solutions
to low temperature. Data are from Table 2. (a) Symbols: (open circle)
9.45 mol kg, (plus) 10.51 mol kgt. Lines: predictions of the model
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Figure 6. Equilibrium partial pressures of HObCI) above aqueous
HCI solutions to low temperature. Data are from Table 3. Symbols:
(open circle) 9.45 mol kgt, (plus) 10.51 mol kg'. Lines: predictions

of the model of Carslaw et &l.The inset shows the percentage
deviations, calculated as 1@B{Clmeas— PHClcad/pHClcai. Symbols

as in the main plot.

partial pressure fraction of HCI ranges from about 0.09 to 0.38
for the two solutions. Deviations in the total pressure are plotted
in Figure 5b, which shows a small negative trend with
decreasing temperature for both solutions, the measured pres-
sures being about 10% lower than the calculated value220

K. The experimentally determined partial pressures of HCI over
the two solutions are compared with model predictions in Figure
6. No clear trend is seen in the deviations, although it is possible
that the calculate@HCI are up to 40% too low at the lowest
temperatures. In terms of aqueous activities this implies that
the calculated activity coefficient produfi*f*c is too low,
with an opposite (though probably smaller) error in the water
activity. As water is calculated to contribute about 90% to the
total pressure above the 9.45 molkgolution, such an error
might account for at least some of the observed differences
between calculated and measured total pressure.

Tests were carried out to determine whether differences be-
tween the activity coefficient model parameterization of Carslaw
et alZ and the data to which the model was fitted could account
for the deviations shown in Figure 5. HowevpHCI calculated
using activity coefficients directly from the model of Carslaw
et al. differed by<2% from values determined using measured
activity coefficients at 298.15 K together with partial molar
enthalpies and heat capacities. Differences in the water activity
(hencepH;0) were also very small.

The only other measurements pH,O and pHCI at low
temperature are those of Millé},for HClI mole fractions of
0.0411 (2.379 mol kgl) to 0.2145 (15.16 mol kob). Miller
obtained 1.23% 10~* atm total pressure and@dCl fraction
of 0.12 for a mole fraction of 0.1545 (10.14 mol Ky at 238.15
K, compared to 1.35% 10~4 atm (HCI fraction equal to 0.20)
predicted by the model. The deviation in total pressured<$%,
and is consistent with that shown by our own measurements in

of Carslaw et af.Note the use of two pressure scales. The inset shows Figure 5b. However, theHCI determined by Millel® above

the calculated fraction of the total pressure due to ji@ir the two
test solutions. (b) Percentage deviations, calculated a®1Q0¢ Pcag)/
Pcai. Symbols as in (a) above.

10.14 mol kgt HCl at 238.15 K is 1.45% 1075 atm compared
with a predicted value of 2.694 10> atm, close to a factor
of 2 different. ThepHCI determined in this study for 9.45 mol

concentrated solutions were chosen, first, to generate partialkg™* and 10.51 mol kg* solutions agree with the model

pressures of HCI that would make a significant contribution to

predictions more closely than does the value of Mifl@t this

the total pressure and, second, to be representative of solutionéemperature.

with the strong H—CI~ interactions that would be expected in

It is concluded that, at least for the molalities of about 10

highly acidic stratospheric aerosols. Figure 5a shows that theremol kg~ studied here, the model of Carslaw e ahay predict

is reasonable agreement to 200 K with the model of Carslaw et total pressures up to about 10% too high at low temperature. If
al.2 which we note is based chiefly upon data for temperatures so, then most of this is likely to be due to positive errors in the
>273.15 K (see section IV of Carslaw et?l.The calculated predicted water partial pressure, implying that the calculated
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pHCI (which constitutes a relatively small fraction of the total 05 T r . , :
equilibrium pressure) may be too low. However, the fact that 3 (@
the trend in the deviations between measured and calculated
pressures (Figure 5b) begins at about 273.15 K is surprising,
as the activity coefficients of aqueous HCI are well defined over
a large range of temperatures from 273.15 K>t823.15 K.

4.3. HCI-HNO3—H,0. The model of Carslaw et &lis not
parameterized for H-CI~—NOj3~ interactions, due to a lack
of data. Measurements of total and partial pressures above an
acid mixture containing 15.7 mol k§ HNO3 and 2.15 mol kg*

HCI were therefore attempted. However, after the test solution 101 . e s
had been degassed to remove dissolved air, a continuously rising Thel TN 3
total pressure was observed (to more than 10 times the expected s Thel e ‘ L;‘;NE)\_‘_ ]
value), with small bubbles of gas being generated in the solution. B Sel T -
The reaction in the test cell is believed to be that occurring 107 ~N0

in agua regia, a mixture of concentrated HNmMd HCI usually ~ ]

repared as one part HN@nd two to four parts HC: L L 1 L
prep part HN P 38 40 42 4k 46 48

1047/ K’

3HCIl+ HNO; = NOCI + CI, + 2H,0 9)

o ! T T T T T
In a closed system the reaction is reverstiéth an equilibrium 10 i, E

pressure of 2.84 atm at 273.15 K. The equilibrium pressure of (b)
the system diminishes with dilution with water. The reaction
has been studied conductimetrically in dilute solutions by
Oishill at a concentration of about N/10. This author obtained
results consistent with the above reaction, combined with
hydrolysis of NOCI:

NOCl g+ H,0y == HNO,,+ HCI (10)

(aq)
yielding a net overall reaction 2Hgd) + HNOs3@g= HNOx(aq)

+ Cla@g + H20q). In the more concentrated solutions studied -
here, reaction 10 would not be expected to go to completion, 106 Sl ]
thus both NOCI and HN®might exist as products. We have
estimated the equilibrium compositions of the HNGICI—

H,O test solutions, and the partial pressures of the volatile 3l8 LIO [:2 4'4
species, as follows. First, reactions 9 and 10 are rewritten on 047 / K
the basis of stoichiometric dissociation of the strong acids EINO

and HCl in order to use the model of Carslaw et tal.calculate Figure 7. Calculated equilibrium partial pressures of gases above a

pressure fraction

L6 48

ion activities: solution containing 15.7 mol k§ HNOs and 2.15 mol kg* HCI, taking
into account the reactions given in eq 11 to eq 13. (a) Partial pressures
+ - - = of each gas. (b) The fractional contribution of each gas to the calculated
AH (g T NO;3 (g + 3Cl ) total pressure above the solution.
NOCI(aq)—F Clz(aq)+ 2H20(,) (11)

total pressure above the solution, NOCI abott7%, and all
(12) other gases<0.4%. The calculatedCl, at 264.8 K is 0.27 atm
for an equilibrium molality of 0.054 mol kg
The weak acid HN@will exist only as the neutral molecule in An equilibrium total pressure of 5.7% 1073 atm was
the test solutions, though it could undergo the further reaction: determined at 205.4 K. This was the only stable pressure
observed. The predicted pressure from reactiorslBlis 3.45
2HNO, (5= NO(5g) T NO,(5y + H,0, (13) x 1073 atm, which agrees well with the measured value
considering the lack of thermodynamic data needed to calculate
Gibbs energies and heats of formation at 298.15 K for all accurately equilibria in the test solution at very low temperature.
species were taken from available sources of data (see AppendiAlmost all of the pressure (98%) is calculated to be due to Cl
IV), and used to calculate equilibrium constants for reactions with the total partial pressures of ,8, HNO; and HCI
11 to 13 and Henry’s law constants for the gases RDCI, amounting to only 2.5¢< 1076 atm.
HNO,, NO, and NQ. The water activity in the test solutions, Some partial pressures of Cl-containing gases and N-
and activities of the ions H NO5;~, and CI- were calculated containing gases were determined for non-equilibrium conditions
using the model of Carslaw et alAll other species were in the test cell (during degassing). As described in section 3.3
assigned unit activity coefficients. The three equilibrium equa- these measurements are based upon counts of the fragments
tions for reactions 11 to 13 above were then solved for the m/z= 30 (NO") andm/z = 35 (CI*), and the assumption that
molalities of the aqueous species. The results are shown inthe gases were NOCI andCThe ratiopCl,/pNOCI was found
Figure 7. to decrease with increasing temperature, from abet® &t 205
Over the measured temperature range of 20364.8 K, K to <0.7 at 264 K. In contrast, the calculated equilibrium
Cly) is predicted to make up more than 90% of the calculated partial pressure of NOCI is less than that ob 6% more than

- + -
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a factor of 10 at all temperatures (Figure 7), though the predicted
trend in the ratio is similar to that observed: from about 48 at
205 K to 16 at 264 K (a decrease of a factor of 3).

How rapid is the reaction in the HEHNO;—H,0 solution?
While no direct measurements were made, it was noted that
the increase in total pressure in the test cell following de-
gassing (to remove dissolved air) occurred slowly: typically at
a rate of about 5¢< 107% atm minmt. By contrast, the rise in
total pressure to the equilibrium values for the pure aqueous
HCI and HNQ solutions was close to instantaneous. This
suggests that the time scale of reactions 11 to 13, including
the transfer of Gland NOCI to the gas phase is of the order
of minutes to hours. If so, this might explain why,@enera-
tion was not observed in experiments involving solutions
containing both HCI and HN®and carried out using flow
tubest?13

5. Discussion

Reactions 11 and 12 have been shown to produce significant
partial pressures of gl or Cl-containing gases, above the
HNO3;—HCI—H,0 solutions studied here. Could the reaction 107 7
be important in liquid stratospheric aerosols, where dissolved ICE NAT ™
HNO3z and HCI are present at much lower concentrations? An 1051 N g
important factor in the atmosphere is the rates of the reactions 1185 90 195 200 2(')5 0
compared to others that consume HCI within or on the surface K
of aerosols. Our experiments give no quantitative information N
on the kinetics of the reaction. However, it is worth estimating Figure 8. Calculated composition of an aqueous aerosol at 50 mb

P . . altitude, in an airmass containing 0.5 ppbyS@, 5 ppmv HO, 10
the equilibrium composition of the aerosol with respect tg Cl pbv HNQ,, and 2 ppbv HCI. The temperatures at which the liquid

and othgr volatile regction prpducts in order t(? determ.ine aerosol becomes saturated with respect to NAT and ice are marked by
whether it could potentially contribute to the production of active vertical arrows.

chlorine. We have done this for an atmosphere containing 0.5

ppbv HSO;, 5 ppmv HO, 10 ppbv HNQ, and 2 ppbv HCI at 107°F" ' j ' ' '

50 mb pressure over the temperature range-28% K. This

composition corresponds closely to a case in the northern polar 10°%L

stratosphere observed by Dye ef‘ahnd previously modeled

by Carslaw et al® Figure 8 shows calculated molalities of 1oL B
H,SO4, HNOs, and HCI in the supercooled liquid aerosol € <
droplets. Note that all p8O, resides in the aerosol phase, and %10-11_

its decreasing molality is due to the simultaneous uptake of water
and HNQ as temperature falls. The concentration of HCI in
the aerosol increases with falling temperature, partly due to the
increase in its Henry's law constant but mostly due to the 1
decrease in acidity caused by dilution by the condensing water 10
vapor. Figure 9 shows calculated equilibrium partial pressures

and mlx]r)g ratios of G NOCI, NO. and. NQ for the aerosol . _Figure 9. Calculated equilibrium partial pressurgy 6f trace gases,
compositions and temperatures in Figure 8, and assuming g equivalent mixing ratios at 50 mb altitude (in ppbv), for the aqueous

reactions 1313 to occur. Above 190 K the equilibriupcCly aerosol compositions and temperatures shown in Figure 8.
varies relatively little, even though the HCI concentration falls.

This is because the activity of the'tbn in the aqueous aerosol 6. Summary and Conclusion

rises steeply with temperature, and reaction 11 depends on the |, this work we have measured equilibrium total and partial
activity of H' raised to the power 4. The calculated equilibrium pressures above aqueous HCl and HN@lutions to low
partial pressure of Granges from about-25 x 10~% atm. This temperature. The results of the experiments for aqueousHNO
would correspond to a mixing ratio of up to about 80 ppbv at gre consistent with predictions of the model of Carslaw €t al.,
50 mb. within experimental uncertainty.

On equilibrium grounds, and neglecting kinetics, it appears  In Appendix | the correlation of Clegg and Brimblecoribe
possible that reactions 11 and 12 could produce significant of HNOz; and HO activities in aqueous HNghas been revised
amounts of Gl even if our calculations are in error by an order to take into account recent measurements of the heat capacities
of magnitude. Furthermore, this could apply even at tempera- of the solutions. However, this results in differences in predicted
tures above 210 K due to the relatively low sensitivity of partial pressures of HNand HO of less than about 10%,
calculatedpCl, to temperature. It is important, therefore, to even at stratospheric temperatures. These are smaller than the
investigate the rates of reactions 11 and 12 for aqueous solutionerrors introduced by the parameterization of the results into the
at very low temperature and for the compositions expected in model of Carslaw et af. which is necessary in order to enable
aqueous stratospheric aerosols. calculations for multicomponent solutions to be carried out.

10—12_

W 90 195 200 205 210
TIK
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In Appendix Il the vapor pressure producks of the three
(solid) nitric acid hydrates have been evaluated from literature

J. Phys. Chem. A, Vol. 103, No. 21, 1994217

These differentials were then combined with values for con-
centrated solutions obtained from the results of Mishch&hko

data, and best fit equations are presented. These equations ar® produce the following expression f6fC,/dT at 298.15 K,

based upon the values &% and the enthalpy change for the
reaction at the melting point of the solid, and the known heat

valid over the entire composition range:

capacity difference between the solid and gas-phase water and”C /9T = 1.622+ 1.004377,/~12.2274%* +

HNO; as a function of temperature. The aqueous activity product

(*Kg) of nitric acid dihydrate has also been determined, and
included in the model of Carslaw et @llhe model has been
shown to predict partial pressures and effective Henry’'s law
constantskl*) of HCl and HNG; that agree satisfactorily with
the few available data for multicomponent acid solutions.
Literature data for HBr solubilities in aqueous$0,, and
equilibrium partial pressures of HBr above HBH,SO,—H,O

9.830074, (Al)

where?C, (J mol K1) is the apparent molar heat capacity, and
I« is the mole fraction ionic strength of the solution, equivalent
to mHNO3/(2mHNO; + 55.508681). This expression replaces
eq 28 of Clegg and Brimblecomband is used to calculate the
following equations for the differentials with respect to tem-
perature of the partial molar heat capacities of wakg) and

solutions, have been used to improve the model of Carslaw etHNO; (T,) in solution:

al? for this system (Appendix Ill). The changes involve a
revision to the equation for the Henry’s law constant of HBr
and the introduction into the activity coefficient equations of
parameters to account for interactions between HSQ,™,

= —1,%(9.830074+ 0.5021885, *~9.17055, )
(A2)

I

SO, and Br ions. The revised model agrees well with I,=19.660148(1 — I,) + 1.004377 (15— 1) —

experimental data from several sources and should yield

improved predictions of HBr solubility in stratospheric aerosols.

Total and partial pressures of water and HCI above aqueous

HCI measured in this study agree satisfactorily with model

predictions, though there is a systematic deviation between
measured and calculated total pressure of about 10% at 220 K
This appears to be consistent with the results of the only other

study that has been carried out at low temperati€zalculated
equilibrium partial pressures above HEHNO;—H,SO;—H,0O

solutions at stratospheric temperatures also agree with the

available literature data (Appendix Ill), though the number of

measurements are few. Our own experiments to determine total

and partial pressures above an HEINO;—H,O solution
showed that HCI and HNfreacted, yielding a total pressure
orders of magnitude greater than predicted fe©DHHNO; and

12.2274.3%1.75-1.5,) (A3)

The infinite dilution value oB?C,/aT implied by eq Al (1.622

J mol1 K2 then replaces the second and third terms in eq 36
of Clegg and BrimblecomBe(for the variation of*C,° with
temperature), yielding a new expression for the Henry's law
constantKy:

K,, = 6.74888— 72.3x 10°(U/T, — 1IT)/R—
577.8992T,/T — 1+ In(T/T,))/R+
1.508666(T/T— 1)+ T—T)/2R+

0.0310414x 10 32TAT/T — 1)+ T> — TA/6R (A4)

HCI alone. Mass spectrometric measurements showed that the 1he revised equations for activities are compared, in terms
vapor phase contained mostly Cl-containing gases, almost©f calculated equilibriunpHNO;, with the original work of

certainly Ch. Equilibrium thermodynamic calculations support
this, and show that reactions yielding@nhd NOCI, known to

occur in aqua regia, could account for the experimental obser-
vations. Further calculations for aqueous solutions of strato-

Clegg and Brimblecomi3én Figure 10a. The predicted partial
pressures differ by up to 10% at the lowest temperatures, with
the revised correlation giving lower values. The model of
Carslaw et al?in which aqueous activities are calculated using

spheric aerosol composition suggest, solely on an equilibrium the Pitzer-Simonson-Clegg modef fitted to activities calcu-
basis, that the reaction might be a source of active chlorine in !ated from the work of Clegg and Brimblecombs compared
the atmosphere. However, the experiments imply that the with the revised correlation in Figure 10b. Differences remain

reactions are slow.

Appendix |

Osmotic and Activity Coefficients of Aqueous HNQ. The
model of Carslaw et &for this system is based upon the earlier
study of Clegg and BrimblecomiSeThese authors used
measurements of equilibriupH,O andpHNO;, and thermal
and solubility data to derive equations for solute and solvent

below +10% to —15% for concentrations below 70 mass %.
The increase at higher concentrations is due to the restricted fit
by Carslaw et at.to <72 mass% foll < 219 K and<85 mass

% at higher temperatures. Calculated water partial pressures
agree more closely: the original correlation of Clegg and
Brimblecombé and its revision differ by<1% where the same
expression for the vapor pressure of pure widteused. Figure

11 compares water partial pressures calculated from the revised
correlation with those from the model of Carslaw et?al.

activities and partial pressures over the entire composition rangeDifferences only exceed 1% for concentrations>@0 mass

as a function of temperature. Equilibrium constartt&s) for

the solids HNQ@-3H2Ory and HNQH2O(cr) were derived from
solubility and partial pressure product data. Clegg and Brimble-
combé noted the publication by Hovey et &lof heat capacities

0f 0.1116 to 1.1115 mol kg HNO;3 over the temperature range
283.15-328.15 K, though these data were not used in their
work. Here, the correlation of Clegg and Brimblecomb®
revised for the Henry’s law constant of HN@nd differentials

of the partial molar enthalpies)y( and J) with respect to
temperature. The data of Hovey et'&lwere first used to
determine values af*C,/dT from 0.1116 to 1.1115 mol kg.

%, where accuracy is limited by the fit of the Pitz&imonson-
Clegg activity model.

Equilibrium partial pressures of HNOand HO above
supercooled aqueous HN®ave not been measured to low
enough temperature, or with sufficient precision, to determine
whether the revised activity correlation is more accurate.
However, it is clear that, first, differences remain small at all
but the lowest stratospheric temperatures. Second, the differ-
ences are less than the inaccuracies introduced by the param-
eterization of the results into the model of Carslaw étahich
is used to estimate the properties of mixtures. At present a
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Figure 11. Difference between equilibrium water partial pressures
above aqueous HN®@alculated using the revised correlation of Clegg
and Brimblecombe (see Appendix I), and the model of Carslaw%t al.
(ApH20 is positive where the revised correlation yields a higher partial
pressure). Lines: (solid) 190 K, (dashed) 210 K; (dotted) 230 K, (dash/
dot) 250 K. The truncation of the lines at the two lowest temperatures
corresponds to the maximum molality to which the model of Carslaw
et al? was fitted.

obtained from the aqueous solubilities of Kuster and Krefen,
and Pickering; together with the revised correlation of activities
in aqueous HN@presented in Appendix |. There is satisfactory

0 20

mass % HNO;

consistency overall. Heat capacities of the solid have been
measured by Forsythe and Giauégfuas a function of temper-
ature, and those of HN§) and HO(q) are also availablé:

These heat capacities have been fitted as functions of temper-
Figure 10. (a) Difference between equilibrium HN@artial pressures  ature, and used to calculate theCp, element of the expression
above aqueous HNQcalculated using the revised correlation of for Ks(NAT) (termsAato Aein eq 8). Forsythe and Giaucfide

Clegg and Brimblecombe (see Appendix 1), and their original work.  aye also determined a melting temperature of 254.63 K for
(ApHNO; is positive where the revised correlation yields a higher par-

tial pressure.) Lines: (solid) 190 K, (dashed) 210 K; (dotted) 230 K, N’Afll— Aft this te.mperature, and for a molality of 18.503 mol
(dash/dot) 250 K. (b) Difference between equilibrium HiN@artial kg™* (1:3 HNO;H,0), we calculateKp(NAT) equal to 1.2429
pressures above aqueous HN@lculated using the revised correla-  x 107%° atnf. Using 254.63 K as a reference temperature we
tion of Clegg and Brimblecombe (see Appendix 1), and the model of can now compare all data in termsaH° , the enthalpy change

Carslaw et af.(ApHNO; is positive where the revised correlation yields  for the reaction at the melting temperature. Valued®{°® are
a higher partial pressure.) Lines: temperatures as in (a) above. Theqg|culated as:
truncation of the lines at the two lowest temperatures in corresponds

to the maximum molality to which the model of Carslaw et alas o
fitted. AH® = (RIn(Kp) — R'”(KP(T,)) -

A&(T/T — 1+ In(T/T)) —
ADT(T/T-1)+T-T)2—
ACRTATIT— 1)+ T = T?/6 —
AA@BTX(T/T- 1)+ T = T2)/12—
Ae(L.5T (T/T— 1)+
T — T19/3.75)/(1T, — 1/T) (A5)

change to the parameterization of the model for HN&,0
interactions is therefore not needed. We have, however, used
the revised activity correlation and Henry’'s law constant
expression in the evaluationsi$ for HNOs hydrates presented
below.

Appendix 11

Vapor Pressures of the Solid HNQ Hydrates. Values of
Kp for the HNG; hydrates can be calculated from the aqueous where InKp(n) is the experimental value of the partial pressure
activities of solutions in equilibrium with the solid, and should product at temperaturd, and InKp,)) (—34.321) is the
agree with partial pressure produptdNOs-pH,O" determined reference value at the melting temperatiiyeThis approach,
directly over the solids at the same temperature. In the using the melting temperature as reference for the equilibrium
evaluations of availablekp data presented below, partial constant and enthalpy change, is the same as that used in the
pressures of HN@and HO above the saturated solutions are earlier study of Wooldridge et 4?.The value ofA,H° obtained
calculated using the revision of the correlation of Clegg and from eq A5 should be a constant, though errors can be expected
Brimblecombé together with the corresponding Henry's law  to increase at higher temperatures where the difference between
constant (see Appendix I). Sources of solid/vapor equilibrium the experimental In{pm) and InKp(r,)) becomes small relative
data for HNQ hydrates are listed in Table 4. to the precision of the measurement. Calculated values of

First we consider nitric acid trihydrate (NAT), the most A(H° derived from all data sources are plotted in Figure 13,
extensively studied and atmospherically important of the together with contours showing the effect of 10 % errors in
hydrates. Figure 12 shows K{NAT]) for 190 < T < 255.71 the experimentaKp. There is generally good agreement, with
K, distinguishing those values (in the upper left of the plot) no overall trend with temperature, thougfs calculated from
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TABLE 4: Sources of Thermodynamic Data for Solid—Vapor Equilibrium of HNO 3 Hydrates?

hydraté used data typé T (K) source

NAT yes pHNO;, pH,0° 190-205 Hanson and Mauersbergfer
NAT no pHNO3, pHO 191-197 Hanson and Ravishank#ra
NAT no pPHNO;3 x pH03 190-230 Worsnop et a?

NAT, aNAT no pHNO; x pHO? 189-210 Fox et aP®

NAT/solution no pHNO;, pH,0 256-233 Hanson and Mauersberger
NAT/ice no pHNO;, pH,0 190-230 Hanson and Mauersberger
NAT/ice yes pHNO;, pH,0° 190-230 Hanson and Mauersbergfer
NAT/NAM yes pHNOs3, pH,Of 190-230 Hanson and Mauersberger
NAT/NAM yes pPHNO3z, pH,0sf 190-230 Hanson and Mauersbergfer
NAD no pHNOs x pH,0? 190-215 Worsnop et &?

NAD yes pPHNO;3 x pH,0% 189-198 Fox et aP®

NAD yes pHNO3, pH,0¢ 191 Hanson and Ravishank#ra
NAM yes PHNO3 x pHOf 190-216 Worsnop et &2

aMost of the results referenced above were presented graphically and in terms of fitted equations. Data were extracted from the graphs in a few
cases, otherwise the equations were used over the temperature ranges of the original measbiteATentsNOs-3H,0(cn, NAD —HNO3+2H2O(cr,
NAM —HNOs3°H,O(). ¢ Used in the fit of the equilibrium constantsindividual HNO; and HO partial pressures, or partial pressure prodtEtt
of the NAT equilibrium constant{y) uses these data, together with freezing péiritgwith respect to NAT) and activity coefficients ait(HNOs)
from this study. Fit of the NAM equilibrium constantip) uses these data, together with freezing pétitgwith respect to NAM) and activity
coefficients andKy(HNOs) presented in this worlé Fit of the NAD equilibrium constant{p) uses these data, together with freezing points (with
respect to NAD) of Ji and Petftand activity coefficients antKy(HNOs) presented in this work.

the fitting equations of Worsnop et &F,and Hanson and 3F T T T T T T T
Mauersbergérfor the trinydrate/monohydrate boundary, are 3, 1
discordant to a small degree with other data. Some values of [ \_‘ ]
Kp obtained by Hanson and Mauersbefgever solutions in 40k "'i.._ -
equilibrium with solid NAT yieldAH° that appear to be low. : . 1

Upon the basis of the comparison in Figure 13, we have fitted
the data of Hanson and Mauersbef§andKp calculated from
HNOz-3H,O() solubilities to obtaimA\(H® = 229.66+ 0.14 kJ
mol~! at 254.63 K and the following expression for the
equilibrium constant;

In(KGINAT] / atm®)

IN(KJNAT]) = —34.321+ 229.66x 10(L/T, — LT)/R — -60

17.565367,/T — 1+ In(T/T))/IR +
0.6449885((T/T — 1)+ T — T)/2R —

0.0020876305(@R(T,/T — 1) + T> — TA)/6R — L
6.915704x 10 BT (T/T— 1)+ T° — TH)/12R - 40
0.00637407(1L B X(T/T — 1) + T-°> = T19/3.7R (A6)

'

4

(o]
——r—

b . 48
047 /1K!
Figure 12. Equilibrium partial pressure products above HNQ-
3HOcry (NAT). Symbols: calculated from measurements of NAT

whereT, is equal to 254.63 K. Deviations of all data from the ~Saturation in agueous HN&?and the revised thermodynamic model
: : P of Clegg and Brimblecombe (see Appendix I), or frgmdNO; and
fitted equation are shown in Figure 14. pH2O determined directly above solutions saturated with respect to

Partial pressure productsHNOs-pH,O above nitric acid  NAT.223Lines: fitted equations from sources listed in Table 4.
monohydrate (NAM) have been determined by Hanson and
Mauersbergér®and by Worsnop et &8 Values from the fitted IN(Ko[NAM]) = —21.180+ 120.82x 103(1/'I'r - 1M/R+
equations given in these studies are plotted in Figure 15, together 55.824653(/T — 1 + In(T/T,))/R —
with values calculated from the solid-phase solubilities of Kuster
and Kremeft® and Pickerind? and aqueous phase activities and 0.4827521T(T/T = 1)+ T = T)/2R+
partial pressures calculated as before. The data are consistent 0.0012382255(22(Tr/T -1+ T2 - Trz)/6R -
at the higher temperatures, but there is disagreement by up to 7T 3 _ 3_ 13 _
a factor of 2 at 190 K. Forsythe and Giaudtieave determined 6.915704x 10 BT A(T/T = 1) + T = T)/12R
a melting point of 235.48 K for NAM and have also measured ~ 0.00212469(1B*X(T/T — 1) + T° — T*9)/3.7R (A7)
the heat capacity of the solid. For a molality of 55.508681 mol
kg™ (1:1 HNOs:H0) we calculate Il{e[NAM]) equal to whereT, is equal to 235.48 K. Deviations of all data from the
—21.180 at 235.48 K. As was the case for the trihydrate, an fitted equation are shown in Figure 17.
expression for the\,C, terms in the equation for IKE[NAM]) Ji and Pet®* have investigated calorimetrically the formation
was derived, enabling the data to be compared in ternstéf of nitric acid dihydrate (NAD) in agueous solution, and present
at the melting point. This is shown in Figure 16. Agreement is the freezing curve in their Figure 9 fer230.5 K to~235.7 K.
satisfactory, with no overall trend with temperature apparent. Partial pressure products of HN@nd HO over the solid have
Data were then fitted simultaneously, yieldingH° = 120.82 been determined by Worsnop e£ahnd Fox et af® from about
+ 0.15 kJ mot* at 235.48 K and the following expression for 189-215 K, with a few additional measurements by Hanson
IN(Kp[NAM]): and Ravishankar#.
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Figure 13. The enthalpy changeA(H®) for the solid = vapor
equilibrium of HNG;*3H;O(y (NAT), calculated from experimentally
derived vapor pressure produdfs. Symbols: (dot) from data for
NAT saturation in aqueous HN{F°and the revised thermodynamic
model of Clegg and Brimblecombe (see Appendix I), (cross) Hanson
and Mauersberg@rfor aqueous solutions saturated with respect to
NAT (their Figure 3), (open circle) Hanson and Mauersbefger
solid NAT at four temperatures (their Figure 1). Lines: (solid) Hanson
and Mauersbergé&tfor the NAT/NAM boundary, (dash/dot) Hanson
and Mauersberg@ifor the NAT/NAM boundary, (dash/double dot)
Hanson and Mauersberdéor the NAT/ice boundary, but usingH,0
over ice calculated using the equation of Clegg and Brimblecdmbe,
(dashed) Worsnop et &.for solid NAT, (dotted) Hanson and
Mauersbergé? for the NAT/ice boundary, but usingH.O over ice
calculated using the equation of Clegg and BrimblecofrBiee solid
lines indicate the change i\\H° caused by errors i of 1%, 2%,

5%, and 10% (marked). Note the steep increase as the melting point is
approached.

AIR(KGINATY / atmé)
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i 57
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Figure 14. Deviations of the fitted equation for IKE[NAT]) (eq A6)
from experimentally derived values. Symbols: (dot) from data for NAT
saturation in aqueous HN&*°and the revised thermodynamic model
of Clegg and Brimblecombe (Appendix I), (cross) Hanson and
Mauersbergérfor aqueous solutions saturated with respect to NAT
(their Figure 3), (open circle) Hanson and Mauersbéfgler solid
NAT at four temperatures (their Figure 1). Lines: (solid) Hanson and
Mauersbergé? for the NAT/NAM boundary, (dash/dot) Hanson and
Mauersbergérfor the NAT/NAM boundary, (dash/double dot) Hanson
and Mauersberg@ifor the NAT/ice boundary, usingH.O over ice
calculated using the equation of Clegg and Brimblecofnfaiashed)
Worsnop et af? for solid NAT, (dotted) Hanson and Mauersbefger
for the NAT/ice boundary, usingH,O over ice calculated using the
equation of Clegg and Brimblecombe.

CalculatedKp from the solubilities of Ji and Pefit,and values
from Fox et aP> (their Figure 4) and Hanson and Ravishankara
(their Figure 1) were found to be consistent with one another.

Massucci et al.
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Figure 15. Equilibrium partial pressure products above HNQG-
H2Ocy (NAM). Symbols: (dot) calculated measurements of NAM

saturation in aqueous HN&*°and the revised thermodynamic model
of Clegg and Brimblecombe (see Appendix 1), (plus) frpRiNO3; and

pH2O directly determined above solutions saturated with respect to
NAM.?23Lines: (solid) Hanson and Mauersbergéor the NAT/NAM
boundary, (dash/dot) Hanson and Mauersbérfmrthe NAT/NAM
boundary, (dash) Worsnop etZlfor solid NAM.
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Figure 16. The enthalpy changeA(H®) for the solid = vapor
equilibrium of HNG;*H20ry (NAM), calculated from experimentally
derived vapor pressure produdfs. Symbols: (dot) calculated from
measurements of NAM saturation in aqueous HN®and the revised
thermodynamic model of Clegg and Brimblecombe (see Appendix I),
(plus) from pHNO; and pH,O directly determined above solutions
saturated with respect to NAM? (most points are off-scale and
omitted). Lines: (solid) Hanson and Mauersbetgfar the NAT/NAM
boundary, (dash/dot) Hanson and Mauersbérfmrthe NAT/NAM
boundary, (dash) Worsnop et %lfor solid NAM. Fine solid lines
indicate the change inH®° caused by errors iKp of 1%, 2%, 5%,
and 10% (marked). Note the steep increase as the melting point is
approached.

200

The results of Worsnop et &.agree with the other data at the
lowest temperatures measuree200 K), but show significant
deviations at higher temperatures. Using an estimated melting
temperature of 235.34 K, ani,C,, terms in eq A5 calculated
assuming a heat capacity of solid NAD equal to the average of
NAT and NAM, the data were fitted to obtain the following
expression for I{p[NAD]):
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Figure 17. Deviations of the fitted equation for IKEINAM]) (eq A7) gﬂj -
from experimentally derived values. Symbols: (dot) calculated from 21;
NAM saturation concentrations in aqueous H¥@° and the revised
thermodynamic model of Clegg and Brimblecombe (see Appendix ),
(plus) from pHNO; and pH,O directly determined above solutions |
saturated with respect to NAMmost points are off-scale and omitted). ] 5 2' T 2-50
Lines: (solid) Hanson and Mauersbef§éor the NAT/NAM boundary, 190 a TIK 3
(dash/dot) Hanson and Mauersbefgier the NAT/NAM boundary,
(dash) Worsnop et &f.for solid NAM. Figure 19. Comparison of equilibrium partial pressure produi§ts
over the nitric acid hydrates, showing the difference betweédgein(
3 T T LS S S— [HNO3°nH,0]) calculated using the model of Carslaw ef aind eqs
[ + A6—A8 in this work. Lines: (solid) HN@3H,O(, (dashed) HN@
bl . 2H,0(cr), (dotted) HNQ-H2O(c). (Aln(Kp) is positive where the model
36} R OQ‘;- of Carslaw et af.yields a higher partial pressure product.)
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Figure 18. The equilibrium partial pressure product of HM@H,O L2 AIA 1:6 L»KB sb 5} S
(Ke[NAD]). Symbols: (dot) derived from the measurements of Ji and 047 /K

Peti#* and the revised thermodynamic model of Clegg and Brimble-
combe (see Appendix 1), (open circle) Fox et?l(plus) Hanson and
Ravishankar&® Lines: (solid) eq A8, (dashed) equation of Worsnop

Figure 20. The activity product of HN@2H,O (*Ks[NAD]). Sym-
bols: (dot) Ji and Pettt (open circle) Fox et aP5 (plus) Hanson and
Ravishankar&® Line: eq A9. See text for details of how the saturated

et al? solution compositions (Ji and Pétjt and partial pressures or partial
ducts (F t &lH d Ravishanké d
In(K[NAD]) = —32.2650+ 181.0x 103(1/'I'r - 1M/IR+ fgejftgﬁﬁf,fg uets (Fox et &lianson and Ravishankafawere use
19.129657/T — 1+ In(T/T)))/R+
0.0811182((T/T— 1)+ T —T)/2R— be used to predict Hand NG~ activities for calculations of
' ' 2' 5 ' \ equilibrium NAD formation in solution mixtures. To ensure
0.0004247025(FA(T/T — 1)+ T° = T)/6R — consistency, we have calculatéds(NAD) directly from the
6.915704x 1077(31— 3(-|— IT—1)+ T T3)/12R _ solubilities of Ji and Pefit using the model, and also from
" r r r

15 15 N measuredp of Fox et al.2> andpHNO3; andpH,O of Hanson
0.00424938(1 B (T/T-1)+ T~ —T, 5)/3-75? (A8) and Ravishankar#,using eq 4 above and eq 20 of Carslaw et
al2 These values ofKs were then fitted as a function of
whereT, is equal to 235.34 K. The data and fitted model are temperature yielding:
shown in Figure 18, together with predictions from the equation
of Worsnop et af , " IN('K[NAD]) = (12.59++ 0.22)— (3320.2+ 45)/T (A9)
Although Carslaw et @did not present equilibrium constants
Kp for the HNG; hydrates, these are implicit in their results
and can be calculated using eq 7. In Figure 19 we compare
their effective Kp with the fitted values determined here.
Differences are mostly less than 10%, which is similar or lower
than the uncertainty in the partial pressure product data shown

The result is shown in Figure 20. A part of the calculated
freezing curve of aqueous HNQIincluding the formation of
NAD, is plotted in Figure 21.

above Appendix Il

The Solubility Constant *Ks) of HNO3:2H,O(cy. Values Model Revisions and Comparisons with Recent Datan
of *Ks(NAD) consistent with the expression fp(NAD) given this appendix partial pressures of HCl and HN®Bedicted using
above can be calculated using eq 7, the expressioriKigr the model of Carslaw et 8lare compared with recent measure-

(HNOg3) in Appendix | andpH,O° as given by Clegg and ments, and the model is also revised for the calculation of
Brimblecombée* However, the model of Carslaw et amust activity coefficients and solubilities of HBr in aqueougSD,.
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Figure 21. Calculated solid/liquid phase diagram of agueous HNO
showing the formation of nitric acid dihydrate.
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Figure 22. Equilibrium partial pressures of HChKCI) above HCH
HNO;—H,SO,—H,0 mixtures at low temperature. Symbols: data of
Hansor® (plots a-c), and Elrod et al? (plot d). Lines: model of
Carslaw et af.(a) mH,SQ, = 7.69 mol kg*, mHNO; = 2.39 mol kg%;
(b) mH,SQ, = 5.75 mol kg?, mMHNO; = 5.01 mol kg?; (c) mH,SO,
= 3.83 mol kg?, mHNO; = 7.51 mol kg?; (d) (dot) 48 mass %
H,SQy, 3.5 mass % HN@ and 3.9x 103 mol dn12 HCI; (open circle)
36.2 mass % B0y, 12.5 mass % HNE 6.2 x 1072 mol dnr3 HCI.

HCI—HNO3—H>S0O,—H0. Equilibrium pHCI andpHNO3
above these mixtures have been measured by Elrod'€aat]
by Hanso#? (see Table 5). PredictggHCI are compared with
measured values for the compositions studied by Hadson

Massucci et al.
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Figure 23. Equilibrium partial pressures of HN@bove HCHHNO;—
H,SO,—H,O mixtures at low temperature. Symbols: data of HariSon.
Lines: model of Carslaw et &l(a) mH,SO, = 7.69 mol kg, mMHNO;

= 2.39 mol kg?; (b) mMH,SO, = 5.75 mol kg?, mMHNO; = 5.01 mol
kg™%; (c) mH;SO, = 3.83 mol kg, mHNOz; = 7.51 mol kg™
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Figure 24. The effective Henry’s law constantif) of trace HBr in
aqueous K5O, at 298.15 K. Symbols: (dot) Abbatt and Now&Kppen
circle) Abbatt and NowaR?® extrapolated from measurements at low
temperature; (cross) Abba&ftextrapolated from measurements at low
temperature; (plus) Williams et &8 extrapolated from measurements
at low temperature. Line: predicted values, this study. Vertical lines
associated with data points from equilibrium partial pressure measure-
ments show the extent of the (positive) correction for the HBr
concentration in the test solution. The inset shows the calculated change
in H* with mHBr, for a fixed LSO, molality of 15.3 mol kg?
(equivalent to 60 mass % wheneHBr = 0).

Figure 22. There is reasonable agreement overall. Although it
is difficult to draw firm conclusions from such a small data
set, it may be that the predict@tiCl are too low for solutions
containing mainly HSQy (Figure 22a), but too high for solutions
containing mostly HN@ (Figure 22c). However, the measure-
ments of Elrod et al? are in generally close agreement with
the calculated partial pressures (Figure 22d).

Robinson et at” have recently studied the uptake of HCI by
aqueous KSO, at stratospheric temperatures and determined
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TABLE 5: Sources of Thermodynamic Data for HCI Partial T T T ' T T T T
Pressures above HCFHNO3;—H,SO,—H,O Solutions at
Stratospheric Temperatures 18F

composition datatyge  T(K) note source

HCI—HNO3;—H>SOs—H>0 pHCI 208-233 b Elrod et al*? 1%
HCI—=HNO3—H,SQ:—H,O pHCI, pHNO; 204-205 c¢ Hanson®

apHCI, pHNOs, equilibrium partial pressure determinatioR€om-
positions 48 mass % 430, 3.5 mass % HN@ and 3.9x 1072 mol
dm~3 HCI; and 36.2 mass % 430y, 12.5 mass % HN@ and 6.2x
1073 mol dn13 HCI. The HCI molarities are room-temperature values
and were converted to molalities assuming a solution density equal to
that of SO, at the total molarity of the solution, corrected for the
difference in molar masse$Compositions 20.344.6 mass % k5O,
and 4.4-25.6 mass % HN@ containing 0-3.1 x 10°° mass fraction
HCI.

—
N
T

in(#*/ mol kg’ atm™)

—
(=
T

TABLE 6: Sources of Thermodynamic Data for gk
HBr —H,S0O,—H>0 Solutions

mass % H,SO, data U S SRR
min.  max. used type  T(K) source 38 42 . 461 50
59.6 69.8 yes MH*y/D¢ 200-233 Abbatt . . , 107/ K .
40.3 60.5 yes pHBrd 218-268 Abbatt and Nowa® Figure 25. Effectlve. Henry’s law constants-_w_) <_)f HBr in aqueous
495 67.6 yes pHBr¢ 298 Abbatt and Nowz@ H2SQ, from both kinetic uptake and equilibrium partial pressure
60 72 yes MH*/De¢ 204-240 Williams et aP® measurements. Symbols: (dot) 40.3 mass #@®, (solid square) 48.8
54 66 yes pHBre  209-234 Williams et aP® mass % HSQ, (solid triangle) 60.5 mass %:80;, (open circle) 59.6
0 80 no pHBr' 203-398 Gestrich et &t mass % HSQs, (open triangle) 64.4 mass %.800,, (open square)
50 50 no pHBr"  205-222 Becker et &P 69.8 mass % bBO,, (plus) 66 mass % $BO,, (cross) 72 mass %
30 72 yes D 220-300 Klassen et & H,SQ;. All solid symbols are equilibrium partial pressure data of Abbatt
) ) and Nowalk® open symbols are kinetic uptake data of AbBatnd
~2Used in the fit of the modeP Type of measurementH*v/D, the “plus” and “cross” are kinetic uptake data of Williams etzMote
kinetic uptake data yielding the molar effective Henry's law constant nat measurements of Williams et 28lfor 60 mass % bSO, are
(“H*/mol dm™2 atn7™) of HBr; pHBr, equilibrium partial pressurd, discordant with other data and are omitted. Lines: fitted values. See
diffusion coefficient of HBr in aqueous#30Q;. © Values of"H* were the notes to Table 6 for details of how the molal compositions of the
obtained using diffusion coefficients of Klassen ett&hnd converted solutions were estimated, and measufer (mol dm=3 atnr?) values
to molal units using densities of aqueousSi, from Myhre et aF® converted to molal units.
dResults were presented ¥bl*. Concentrations of HBr in the test
solutions ranged from 0.10 to 0.50 mol dfmat room temperature T
(personal communication, J. P. D. Abbatt). Molalitie$iBr and 5
mH,SO, were estimated assuming that the mixture density was the same 10 3 A E
as that of aqueous30Q, at the same total molarity, corrected for the i ]
difference in molecular masses. Note that the valué4tifpresented :
by Abbatt and Nowa® are not adjusted for the change of solution
density (hence HBr molarity) with temperatufdresults were presented
with HBr concentrations in molar units. The test solutions were made
up from stock solutions of known mass % composition, with dilution
to a fixed volume (personal communication, L. R. Williams). Molalities
of HBr and HSO, were estimated assuming that the mixture density
was the same as that of aqueousSE, at the same total molarity,
corrected for the difference in molecular mass$&esults are presented
as fitting equations giving bothH20 andpHBr. 9 Solutions contain i
10 mass % HBr" The data were not used in the fit of the model as [
they appear to be inconsistent with other measurements. [

> J
>

—
<
o
ML
u
Vl

pHBr / atm

p—
)
2
T —

values of MHVD for (49 to 69) mass % pBO, solutions, 108
whereMH* (mol dm~=3 atnm?1) is the molar effective Henry’s
law constant of HCI an® the liquid-phase diffusion coefficient ! 1
of HCI. Robinson et a7 have also compared their own 42 hh . _146
measurements, and other solubility and uptake data, with 107 7K

redictions ofMH*v/D usina the model of Carslaw et &ako Figure 26. Equilibrium partial pressures of HBpKIBr) above HBr
P VD 9 H,SO,—H,O mixtures. Data of Williams et & Symbols: (open

calculateH* (see Plgte 1 of Robinson et ). The calculated triangle) 66 mass % ¥5Q; and 0.33 mol dm? HBr, (solid square) 66
MH* /D agree well with the measurements over several orders mass % HSQ; and 0.05 mol dm? HBr, (open diamond) 60 mass %
of magnitude, though deviations are observed for some dataH,SQ, and 0.33 mol dm® HBr, (plus) 60 mass % ¥5Q, and 0.05
sets. In these cases the model generally predicts a lowermol dni HBr, (open circle) 54 mass %280, and 0.66 mol dm®
equilibrium partial pressure than would be inferred from the HBr, (dot) 54 mass % bSO, and 0.33 mol dm® HBr. The symbols

experimental data. Robinson et?&lconclude that the results plotted with broken outlines were not included in the fit. Lines: fitted
values. See the notes to Table 6 for details of how the molal

48

overa.II. tend to confirm the model of Carslaw et?gbr HCI compositions of the solutions were estimated.
solubility in aqueous ESO,.
CalculatedoHNO;3; over the HCHHNO3;—H2SO;—H20 mix- molalities of HCI, and the model is parameterized for the

tures agree satisfactorily with the data of Hansbsee Figure interactions occurring in HN&-H,SO,—H,0O solutions (see
23. This is to be expected as the solutions contain only low section IV of Carslaw et &).
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TABLE 7: Thermodynamic Properties of Reactants and Products in Equations 11 to 18

species AfG® (kJ mol?) AfH° (kJ mol?) a b c d note
H ag) 0 0 0 0 0 0 b
NO3™(ag) —108.74 —205.0 —568.03908 2.2990619 —2.13091x 1073 0 d
Cl™ (ag —131.228 —167.159 —514.195 1.3 0 0 e
NOCliag) 67.16 20.138

Claag) 6.94 —-23.4

H20q) —241.294 —287.718 295.1626 —1.540508 0.0027023 0 g
HNO2(aq) -50.6 -119.2

NOg) 102.133 78.819 h
NO2ag) 62.222 12.309 i
Clyg) o] 0] 25.85177 0.0370274 —3.31044x 10°° 0 k
NOClg) 66.096 51.714 27.92211 0.0791387 —7.79266x 10°° 0 k
HNOy () —43.934 —78.827 27.04109 0.063755 0 0 k
NO) 86.600 90.291 36.18087 —0.051151 1.3532% 104 —1.17403x 107 k
NOy(g) 51.258 33.09% 34.80326 —0.032165 1.8736% 1074 —1.84614x 1077 k

aTermsa-d give the heat capacities of the species as a function of temperature (eqs 8 and A14), where known. Partial pressygesnof HCI
HNO;( were calculated using Henry’s law constants from Carslaw étvethije that of HO() was calculated using the liquid phase water activity
and vapor pressure of pure water given by Clegg and Brimblecdn®deefined.c Wagman et at® ¢ Heat capacity terma-d are from Clegg and
Brimblecombé’. ¢ Heat capacity terma-d are from Carslaw et &l Estimated assuming tha;SR (the value of InKyp) at 1T = 0, whereKy is
the Henry’s law constant in mol kg atn™) is equal to—13.167, as that for HOCY. ¢ Values of A«G° andAsH° are for 273.15 K (converted from
298.15 K values by integration using published heat capacity data) and therefore require th&use2@8.15 K in eq A14. Terma-d are from
Clegg and Brimblecomb®." These values were estimated usify@® and AsH° for NO, from Chase et af* Ky(NO) = 1.9 x 102 mol kg™*
atm* 38 and AH° for the dissolution reaction equal t612.472 kJ moi*.3® ' These values were estimated usii@° and AH° for NOx(g) from
Chase et aP! Ky(NO,) = 1.2 x 102 mol kg™t atnm* 38 and an estimated,H° for the dissolution reaction equal t620.786 kJ mot.3® i Defined.
kTermsa-d were fitted to data tabulated by Chase et'al.Chase et ai!

Reactions 1113 should occur in these solution mixtures. appropriate for atmospheric conditions) is reduced to 8.1 for
For the compositions studied by Hansbwe calculate equi- an aqueous HBr concentration of 1 molkga 39% change in
librium partial pressures of up to 25 times greater than those H*. Such differences need to be taken into account when
of HCI. However, as noted in section 4.3 the reactions may be interpretingH* values from equilibriumpHBr measurements,
sufficiently slow that little C} is generated over the period of as the test solutions can contain quite high molalities of HBr.
the experiment, which utilizes a flow tube rather than a sealed Effective Henry’s law constant$if) from the fitted model are
cell. also shown in Figure 24 and agree satisfactorily with the

HBr —H,S0O,—H,0. Carslaw et af based their model upon ~ measured values ¢f* at 298.15 K.
activities and equilibrium partial pressures of HBr above pure  Measurements dfi* and pHBr from sources listed in Table
aqueous HBr solutions at 298.15 K, with thermal properties 6 were used to determine the ion interaction parameters
(enthalpies and heat capacities) used to obtain the variation ofWWhso, 8r,H andWsq,gr 1, @and als®ACp/aT for the Henry’s law
the activites and Henry’s law constant with temperature. reaction HBfy) == H" (g + Br (g, The revised expression for
Activities of HBr in aqueous bBO; solutions were estimated  *Ku(HBr), and for the two interaction parameters, are given
without parameters for the ternary interactions expected to occurbelow:
in the mixtures. Comparisons with the data available at the
time?8 (see Figure 14 of Carslaw et Blshowed reasonable  IN(*Ky[HBr]) = 12.5062-85.13x 10%(1/T, — 1/T)/R+
agreement with tKr_lle)obsErved trend in thbe effectivle Henry's law 348.787 /T — 1+ In(T/T))/R —
constant of HBr Id*) with temperature, but quite large errors
for solutions dilute with respect to 430, L743(T/T = T, + T = T)/2R (A10)

Several additional studies of HBr solubility in aqueous _

H,SQ, at low temperature have been carried out since the work WHSOmB“H = —0.798159 (A11)
of Williams et al.28 see Table 6, and the results have been used

to revise the model of Carslaw et ZFirst, all data were Wso, gri = 13.6035-39722.2(1T, — 1/T) (A12)
converted to molality based units, where necessary (see notes

to Table 6), and checked for consistency. Figure 24 shows In- whereT, is equal to 298.15 K. Carslaw etahssumed a value
(H*) at 298.15 K measured by Abbatt and Now&kompared of 9A,Cy/dT = 1.3 J mot* K2 for the dissolution reaction, the

with extrapolations, as Ik*) versus 1T, from the low- same as that for HCI. The value ofL..743 J mot! K2 obtained

temperature measurements of Ab3&tAbbatt and Nowak? here is of similar magnitude. However, the estimate should be
and Williams et aP® It is clear, first of all, that the solubility of treated with caution as it has been obtained only indirectly, from
HBr in aqueous KSO, varies strongly with HSOy concentra- an optimization of solubilities in concentrated solutions, rather

tion, for exampleH* decreases by almost a factor of 1000 from than from calorimetric data. Values ¥, (HBr) calculated from

50 mass % to 70 mass %80, Second, the extrapolations of eq A10 above are greater than those given by Carslaw?t al.
the low temperature data, which are derived from both equi- by about 10% at 250 K, 67% at 220 K, and by a factor of 4 at
librium partial pressure and kinetic uptake experiments, agree 190 K.

reasonably well with théd* values determined at 298.15 K Measured and fitted values ¢i*(HBr), and equilibrium
suggesting consistency of the different data sets over a widepartial pressurepHBr, are shown in Figures 25 and 26 for
range of temperatures. The inset to Figure 24 shows calculatedHBr—H,SO;—H,0 solutions at low temperature. (Note that data
H* for a 15.3 mol kg* (60 mass%) kSO, solution as a function of Williams et al? for 60 mass% HSO, solutions were omitted

of added HBr. The decrease in () with mHBr is large: a as these appear to be discordant with other measurements.) The
value of 8.6 for trace HBr in the aqueous phase (which is solubilities and partial pressures cover the temperature range
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Figure 27. Comparison of calculated equilibrium partial pressures of
HBr (pHBr) above aqueous solutions containing 20 mass % HBr and
(0—40) mass % bSO, (indicated on the graph). Lines: (solid) this
study, (dashed) equation of Gestrich et'al.

200-298.15 K, and HSO, concentrations 4872 mass %, and
the model agrees well with the data overall.

In Figure 27 equilibriunpHBr calculated from the equations
of Gestrich et af! are compared with the model, for 20 mass
% HBr and G-40 mass % bSOy, from 293.15-323.15 K. The
work of Gestrich et at! appears to be based upon studies carried
out at high temperature and concentration, and agreement i
relatively poor. This is true even for pure aqueous HBr, for
which pHBr from the equations of Gestrich et%&lare lower

than predicted by a factor of 2 at 293.15 K, and by about 50%

J. Phys. Chem. A, Vol. 103, No. 21, 1994225

cT2 + dT3. Values ofA;G°, A{H®, and constanta—d for each

of the species in reactions 413 are listed in Table 7. Note
that heat capacities for many of the aqueous specigsNOICI,

NO, NO,, and HNQ) are not known. For simplicity, the heat
capacities of the gas-phase molecules were set to zero when
calculating their Henry’s law constants, makinglnj propor-
tional to 11T.
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