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Hydrates in binary sulfuric acid-water vapor:
Comparison of CIMS measurements with the

liguid-drop model

Robert McGraw and Rodney J. Weber
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Abstract. We report calculations of the distribution of sulforic
acid-water hydrates under atmespheric conditions using the
liquid-drop hydrate model. The model-compated todal acid con-
ceotrations (free acid plus hydrated acid) are compared with
chemical ionization mass speciromesee (CIME) measunements of
total sulfune acid vapor over solutions of varying concentration
[Mari of al, 1997] BReaults from this first direct companisom
with experimental measurcment supgpesd that the liquid-drop
madel overestimates the extent of hydrate formaetion. We
explore the consequences of this oversslimation on binary
sulfiric apid-water nucleation rates, and on higher-order muli-
component nuckeation rates involving these and additional trace
species in the atmosphere. In particolar, il i% found that over-
estirmation of hydrate formation by the mode]l can result in
substantial underprediction of sulfuric acid-water nucleation
rafex.

Introduetion

The formation of gas-phase hydrates of sulfuric acid hes a
mgjos influence on the thermodymamics of sulfaric acid-water
maclextion and on the kinetics of particle growth [Jfeecker- Foira!
el al, 1987, McGraw, 1995]. Thermodynemice dominates
mucleation, and caleulared catesdiller enormowsly depending on
whether or not hydrates are taken iote account. This strong
dependence anses becanse the saturation properties of the vapor
are determined by the ratio of actual to equilibeium vapor pres-
sures of the pure compoment species, .., umassociated water
vapor and nnassociated (free) sulforic acid.  These ratios define
the water vapor relative umidity (RH) and relative acidity
(RA), respectively, on which the drving free energy for nucle-
ation depends. For a given totel sulforic acid coBceniration in
the vapor, the formation of hydrates bowers the relative acidity
by tying up a substantial fraction of tbe fres sulfunc acid. This
resules i a higher thermodynamic nocleation barrier, and theee-
fore a more stabilized vapor andd comespondingly lower nucle-
ation Taie, then would be the case in the absence of hydeate
formation. Equivalentlby, the greater the extent of brydration, the
more total sulfuric acid iz required 1o mamdain a specified RA,
Particle growih kinetics, on the other hand, is controlled 1o a
greafer extent by collision kmetics betwesn the particle and each
af the varipus condensing epocics present dn the vapor, free and
hydraied [Schelling and Reiss, 1981; Taleb ef af, 19497].
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Athough the dependence on hydration i stromger for meclention
than for patticle growth, the hydrate distribution needs to he
taken inte acoount nevertheless w obtaim an accurate represen-
tation of particle growth.

Recently a set of measurements has been made of the total
vapor phase sulfuric acid concentration [Mani e al., 1997] that
is suilable for comparison with the predictions of bydrate
midels. The primary objective of this letter 15 1o make this
comparison, We examine gas-phase bydration of sulfuric aced
within the context of the liquid-drop hydrate modal. The liguid-
drop model extends capillary concepts of bulk free energy and
bulk surface tension to molecular bydrate clusters [Saecker-
Faurod of al., 1987, Kwlmalz o al, 1991], Although thia is &
questionable procedure, in the absence of reliable molecular
descriptions of clustering it is frequently used to predict and to
coarect for the effects of hydratea in cabeulations of binary and
multicomponent nucleation rates aned mates of particle growth,
The present comparison should, therefore, provide B means of
assesaimg the effect of hydration for such applications,

Measured and Predicted Acld Vapor
Concentrations

Marti ef al. {1997} determmed sulfuric acid vapor pressures
by measuring the evaporation rate from particles af known sizs
{large enough that the effects of surface curvatare on vapar pres-
sure can be ipnored) and compogition: Cas phase measuraments
were made by chemical ionization mass spectroacopy (CTMS),
which enabled detection of sulfunic acid vapor down to comcen-
tratsons below 10F molecules'cm’. It is important 1o note that
the CIMS measurernents are sensitive to totel seid withour
discnimination between free acid and monoackd hydrates, or
eves betwesn free- and higher-order acid clusters (malfuric scid
dimers, trimers, ctc.) and their bydraies [Eirele and Tanmer,
1993]. As shown below, clusters containing two of more acid
molecules can also be evahusted vging the liquid-drop model,
However, these specics make & oegligible contribution to the
VEpOT composition, atd for this reason we consider bere only the
manoacid hydrate distribution. Hebee the total acid concen-
tration measured by CTMS is:

HﬂT ENH" ENﬁ (1)
k=1

where &, i3 the concentration of free acid. The summation
gives the fotal concentration of bydrate clusiers (each containing
a gingle acid molecule and & walers), Using Eq. 1, CIMS
measurements for & p can be combined with cstimates
{described below) of N, to obfain a prediction for the total
concentration of hydrate clusters, (Note that because the
concentration of water vapor greatly exceeds that of sulfuric
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acid, the affect of bydrate formation on the water vapore balance
it s ignored.

Figure | shows the moeasored total acid vapor pressure off
Marti at al. {1997), the vapor pressure of free acid, and the
present caleulation feescribed below) of the total acid vapor
pressure ablined by summation gver the free acid and hydrated
acid distributien for each of two sohetion models, Mote that as
the concentration of acid in solution is reduced, the CIMS
measurements show increasingly highee pressures than are
aceonnbed for by the vapor preasure of free acid, In the follow-
ing section we will show that these positive deviatiena of the
measurements from the comespending frec acid predictions are
consistent with hydrate formation

Calculation of the Acid-Hydrate
Distribution; The Liquid-drop
hydrate model

The liguid-drop hydrate model wes developed primanly to
accownd for the presence of hydrates in determining the vapor
phase activity of sulfuric acid for caleulations of binary sulfuric
peid-water nucleation rates [Joecker-Foirol ef al, 1987,
Kutmala g af,, 1991]. The namber concentration of bth hydrte,
defined a3 & vapor-phase chaster having @ acid and b2 | water
ml:l|ﬂl:l.l|q:_ HEJEJ‘[HE_I:;::I#. g

¥y = Nop exp{—Wy 1T = N, exp(—W, /&T) (2a)

where
W = b, — 6,04 (B, - 8, )+ OlLIIACLA)  (2h)

is the reversible work of hydrate formotion in the liquid-drop
model. In Eq. 2a, Ny is the tofal number concentration of
vapor phase species, which ia dominated by free water
molecules, N InEq. Zb, ¢, md ¢, are the chemical paten-
tials of water and free acid in ihe vapor phase, and o and ity
are the chemical potentials of water and acid in a balk solutien
having the composition of the hydrate. The surface tension
(1, 4} i5 that of the hydrate, which is spproximated as the balk
surface bengion over the sohiion of hydraie compasition.  The
surface area of the hydrate [assomed spherical), A{l &), is
computed from the partial molecular volumes of each of the
specica present in this same bulk solution. Curvature corrections
to the surface tension are neghocted in the liguid-drop mode].

To obiain the hydrate distribution, we first rewnite Bq. 2 using

W, —#, =—TIn(N, 1§ N3Oy

oy = =KT IRV ) N2 = kT Il ¥, =
Hg—#g =—kTIn(N "':;ﬂ{]'

oY -
£, = kTN INT ) = kT Iz 7 )

where N;'?I and H":"“! are the equilibrium vapor concentrations
of watsr and free acid over & bulk selation having the compasi-
tien of the hydrate, and N, and N7' are the corresponding
equilibrivm concentrations over pare liguid water amd pure
loquid sulfuric acid, respectively, The activity coalficients of
water and acid in solution, ¥, and ¥, arc abteincd from the
empirical solution models described bebow. The quantities £,
and f, are the differences in chemical potential betwesn a
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Figure 1. Sulfuric acid vapor pressure in pascals (1 Pa = 10
dyn'em?) over sulfuric acid-water golations of verying
concentration. Data points are chemical jenization mass
spectrometer (CIMS) measurements of barti et al. (1997). The
Iower curves (2olid and dashed) are the predicied partial vapar
pressures of unhydrated sulfuric acid monomer. Upper corves
{solid and dashed) are predicied totel sulfuric acid vapor
pressures (free acid monomer plus hydrates) from the Liquid-
drop hydrate model. Solid curves (upper and lower) were
obtained using the thermodynamic mode] of Taleb ot al {1996)
and sulfuric vapor pressore measurements of Ayers ot al, {19800
Dashed curves (upper and lower) were obdained using the
computer code ABROMIX, which is based on the
thermodynamic moede] of Clegg et al. (1997).

mobecules in s pare lequsd state, water and scid reapectively, and
in soluwtbon. Thus, from Eqs. 3

E:p[ —hM—h _r_,_,] = (5"
kT KT

4
ﬂlc{ Hg—¥g -'ra] i
e M= =gﬂ
T kT
where 3
Eh__b.fﬁ"w.l'n'l'w .
_'iﬂ-Nu.l'N:
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are the relacive bomidity and (free acid) relative acidity,
respectively, Equation 2p becomes:
fo fp 0
er=.‘f“,[5“.]‘F'SaExp_|’ﬁ—“+—ﬁ——h ()
\ kT KT T

for b= 1, where ﬂ.ﬁ =i}, AL A) s the last t=rm m Bg. 2h.
Hydrales are thus seen as clusiers in the vapor whose discrils-
tion i8 given by the Boltzmeno factor in Eq. 2a, or more con-
vienlently for our application, by Eg. 4.

For completencss we list equilibriam veapor pressares for the
pure liguid components, silforic acid and water. Pressures ars
expressed in cps units {dyn'em?) and temperatares in degross K.
For water | Pebaia, 1973]:

P:[T:I = Bxpl{26.316% - 420724 T - lﬁ3963.'”.|"1] (7
and for sulfuric acid [4yers ef al., 1980]:

FTIT) = Exp{ML08TT - 10156/ 7). (&)

Dhavision of the preasure by kT gives the number corceotrations
appearing in the denomimators of Fgs. 5.

In the abscnce of a bulk solation, with which the vapor ean be
i equilibriam {the asunl situation wnder atmospheric condi-
tigna), Eqs [, &, and B can be used to estinate the froe aced
concentration { N = £, /KT ) and relative acidity (5, ) needed
for predicting nucleation rales, provided the folal aced vapor
concentration, relative humidity, and temperamnre are known. In
the experiments of Marti e4 al. {1997), a hulk sofution was
presend and ibe free acid concentration and RH can be obtained
frem Eqs, 3, B, and the actidty coefficients of acid and water in
thie golutiosn. This i the siuation we now describe.

We first determine the relative tumidity (5, ) and relative
acidity { 5,) over bulk acid-water solutions of the appropriate
iemperatore and composition for use in Eq. 6. These are readily
obizined from Eq. 3, simee (or equilibrium with bulk solution
Ny =N and N = N2 additional ealculations, requir-
myg the use of thermodynamic solution models, are then camied
out to abtein f, and f; from the corresponding activity coef-
ficients, for the bulk solvtions of Marti et al, (1%%T), and for
sodutions having the various hydrate compoesitions. The resulis
shown in Figure | were obtained using tweo recenily described
s¥ution models. Solid corves in the figure are based on the
ternary aolution (sulfuric acid-nitrie acid-water) vapor pressure
correlation of Taleh et al. {199} applied 1o the sulfuric acid-
waley subsystem. Dashed curves are based on results obiained
from the computer code AERDMIX, which performs cabcula-
tions wsing the multicomponent solution model developed by
Clege and co-workers [s=e for example Clegg er al., 1997
Valucs of £l are computed from temperaure- and compaosi-
tion-dependent surface tension and volumetric data following
Schelling and Reiss (1981} The lower curves in Figure 1 give
the vapar pressure due to free acid £, = anT=N:I§tT. Maote
that the liquid-drop hydrate model is not used to obdain theae
lower curves. (The differences between these curves are
apparently due to differences in the empirical dats sets incorpa-
fated inio the solution models.) The upper curves show the
calculated total acid pressure By = M kT obtained by
summation over fres acid and the hydmte disiribution (Eq. L)
from the liquid-drop model. The mone- and dishydrte species
domimate the disfribution af highest RH, which oceurs over the
more dilute acid solutions, The concentration of hydmtes falls
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off sufficiently rapidly, with increasing oumber of water
mirlecules fe, that species for which & exceeds & make essen-
tizlly no contribution. Thus h = & is used as a convenient break
point for truncating the hydrace summation in Eq. 1.

Predictions of the total sulfuric acid vapor pressure from the
liqued-drop hydrate model agres qualitatively with the CIMS
measirements. As the acid weight pereent in solution increases,
the relative humidity abowe that selution is reduced, For
cxample, at T= 30°C and 75 weight percent acid, the BH iz
approximately 3%.  Under these conditioms the vapor is
dommated by free acid {i.e., the curves for the free acid and total
acid begin o coincide), and the vapor pressore i5 in good
ngreement with the CIMS measurements. More diloie acid
golufions are associated with higher relative umidity. For
cxample, 8t T=30°C and 35 weight percent acid, the RH iz
approxmmately Z&%, and most of the vapor-phese acid is in
hydrated form. Usder these conditions the liguid-drop miode|
predicts a total acid wapor pressure that is about eo order of
magnitude higher than the free acid pressore, indicating that only
ahowt 10% of the scid melecales remain unhydreted. This frend
15 s=en clearly in Figure 1 and is consistent with the CIMS
reasurements, which also show positive devialiom from the free
acid pressure, Albit not so preat as that indicated by the model.

'l'|'||.11.|g_h the liguid dn;rp madel nnd CITMS measurements ngres
qualitatively, Figure | shows that the luquid drop model over
predicts the extent of hydmte formetion. This deviation may
point o limitations with the liguid drop maodel, although
contributions dus to a sysiematic cxperimental error cannot be
ruled oul Because Marti e al, (1997) did not directly measure
ihe equilibrium sulfuric acid vapor presaure, & sysematic arror
which wvaried with hydration would produce 8 similar
discrepancy. One possibility ig ibat the CIMS delection
etficiency for sulfuric acid decreased with incressing hydration
dive i lower sul furic ionization efficiencies for hydrated acids.
Tanmer and Eisele {1993) experimentally smdied the ionization
efficiencies at various weter vapor concenirations {sulfuric
hydration) and found that, te withen expenmental uncertainiy,
the detection efficiency was independent of waber copcentratio.
Marti et al. (1997) explored other possible systematic ermors, but
fouand e significant bias in their measurements. Although other
syslemabic eTTors may exist, given the sssumptions inherent fo
the liquid drop model and uncertaingy m the selution properties,
it is wery plausible that current models do o sccarstely predice
the degree of sulfore hydration.

Implications For Atmaspheric Particle
Formation

The classicel binary nucbearion rate, J, is proporisonal bo the
number of nuckei of critical size, which in the liquid-drop model
is simply a gencralizarion of Eqs. 2 and 6 1o an arbitrary number
of acid Jmolegnles in the  cluster. Epecifically,
da(5,) (5,0 where i* and j* are the numbers of water
andd acid molecules in the ertical sucbous [JSaecker Foirod aad
Mirabel, 1988). To observe the effect that an overestimation of
hydrate formation by the liguid drop model wouold have on
nucleation rale, consider the vapor over a soluticn of approxi-
mately 61 acid weight percent at T=25°C, for which the BH is
0.2. Figore 1a shows about an order of magniwde difTerence
berween free acid pressure and the total acid pressure odiained
from the liquid drop model (and abowt a half crder of magnitade
difference, depending on which solution mode] is used, between
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the free avul pressure and measured total acid pressare) under
these conditions. These faclors are predicied e be independent
of the acneal values of N (gf Eqs. 1. 5, and 6). In the absence
of hydrates, classical hinary nucleation theory predicts a
nucleation race of eeder f =1 emi? 2 under these conditions for
RA = 0.005, comesponding to N, = 2.3x10¢ em'®. (I there
were no hydraces, this would be the fowal acid concentration
required for oucleation to pocur.} According to the ligquid drop
mode] the total acid concentration requined 1o achicve the same
free acid RA, and thercfore sbour the same nuclsation rate, i
actually an order of magnitude higher, Alternatively, for a fooed
toital acid measurcenent, any model overestimate of the degree of
hydration translates to an underestimate of free acid RA,
entering the classical axpression for the nucleation tate, Tesulting
i & much larger underestimate of ihe mie szl Thuoa for j* =
10, a iypical value umder atmospheric conditions [MeGraw,
1995]. a half order of magnitude undercatimate of 5, corre-
sponds 0w factor of 10 underestimate of J,

Field eeasuraments [Weber et al, 1997 suggest rates of
nucleation that greatly cxceed predictions based on binary
sulfuric acid-water nucleation theary, The differences, however,
are apparently oo large io be accounted for by uncertaindies in
the hydrece distribution - even if all of the measured Lofal acid
molecules were free, Recemd measurements suppect that addi-
tonal rrace species (pechaps ammonia) can acl, via a temary
nacleation mechanism, to enhance the binery nuclestion rate
[Welrer e @l 1998]. The emary nucleation Tale fuilm ns |1£|
extension of the binary cese. Thus J e=(5,, i (5, i (5, '
where r is the thitd companent and E" is 1|1c numb:r of
molegules of 1 in the critical ouelevs. Compuration of the rela-
tive acidity, 5., and its coupling to RH through brvdrate forma-
tion, is unchanged from the binary case.

In this letter we have shown that the deparure of CIMBE vapor
pressire measurements observed by Marti et al, (1997), from the
free-acid predictions, are consistent with bydration of sulfuric
acid in the vapor phase. The CIMS data suggest that the liquid
drop hydrate miode] tends to overestimate the extend of bydrace
tormation and that more sophisticated models of hydration are
required. For example, an ab jaitie stody of gas-phase solfune:
acid hydrates conieining | to 3 water molecules has recently
been completed [Arstifa ot af., 1998, These resualts, although
limited to caleulation of hydretion cothalpy, eather than free-
energy, are mdicative of less hydmation than expected from the
capillary drop model, in drection with the experimental compar-
ison of Figure 1. In & very recent shody, Kusaks et al. {199E)
wsed Monte Carlo simulations based on a paremeterized ab imifo
potential 10 obiain the hydrate distribution.  For thedr adopted ab
lmitle podential these authors found extensive bnpdration — the
probability that an acid molecule is unhydrated at 295K is
amaller by 3-4 orders of magninsde (depending on BH) than the
capillary drop model prediction, This trend is in oppesite direc-
fion from the experiments profiled in Figure 1 and would
suggest that the drop model undeTestimates brpdration. Kusaka
e al. point ouwl, however, thal the hydrate fraction is highly
sensitive to the nlermolecular potential parsmeterizsation used o
the model. Using a different s=t of ab inffic Tesohs, the scid
milecules showed po significent hydration [Rureks &f al,
1998). [n the present l=iter we have showm that it is ow feasible
to compare hydrate models with experiment.  Measuramenis
over more dilute acid solutions would be especially valuable for
guiding the development of improved bydrate maosdels fir geo-
pirysical applications. These applications inchude the comversion
Troms codal acid to free acid that will be requined in models repre-
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senting formation of atmospherc aersols from oxidation of
30y, Ina fumre soudy we will present & parameerization of the
biydrate distribution suitable for uss i such models,
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